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ABSTRACT

A thrée year research project was presented'(first year) that would
define the role of the arctic ocean, sea ice, tundra, taiga, high latitude
ponds and lakes and polar anthropogenic activity on the carbon dioxide
content of the atmosphere. Due to the large physical and geographical
differences between the two polar regions, a comparison of COp sburce and
sink strengths of the two areas was proposed. Research opportunities during
the first year, particularly those aboard the Swedish iéebreaker, YMER,
provided additional confirmatory data about the natural source and sink
strengths for carbon dioxide in the arctic regions. As a result, the
hypothesis that these natural sources and sinks are strong enough to
sfgnificantly affect global atmospheric carbon dioxide levels is considerabTy

strengthened. Based on the available data we calculate that the whole
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arctic region is a net annual sink for about 1.1 x 1015-9 of CO,, ér the
equivalent of about 5% of the annual anthropogenic input iﬁtovthe atmosphere.
Three objectives are prqposed for the second year of this three year
proposed research effort. The first objective is to continue the research
on the seasonal sources and sinks of CO2 in the arctic. Pérticufar‘attention
will be paid to the séasona] sea ice zones during the freeze and thaw
periods, and the tundra-taiga regions, also during the freeze and thaw periods.
A -number of manuscripts havé resulted from the work to date. The
second objéctive is to complete the technical reports and manuscripts (9 at
this time) which are in various stages of deve1dpment.
The third objective is to prebare for the comparative Antarctic

oceanographic studies which will be carried out in the third year.
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INTRODUCT ION

The increase in atmospherié carbon dioxide is generally expected to
lead to increased global temperatures. It has been increasing at a rate
of 0.7 - 1.0 ppm/yr or 1.5 - 3 x 109 aT (Keeling et al. 1976). Fossil fuel
production has continued to increase also and if is estimated (Bocastaw and
Keeling, 1981) that about half (0.505 - 0.548) of the carbon dio*ide produced
- -from anthropogenic sources remains in the atmosphere. While global
temperatures may increase by 2°C, temperatures north of 60°N latitude may
increase by 4°-11°C or higher (Manabe and Weatherald, 1975; Manabé, 1979).
Carbon dioxide . induced temperature changes will affect several environmental
variab]és including decomposition, the production of organically bound
carbon, the thickness and extent of sea ice as well as the transfer of
gases across this interface.

Much of the recent discussion on global carbon balance has focused
attention on temperate or tropical regions. Less attention has been given
to the polar regions, and in barticu]ar the Arctic with its ice covered
ocean, tundra and taiga ecosystems. The role of vegetation and soils in
the world carbon budget is controversial. Furthermore? the effect of
climatic change on net accumulation rates in northern ecosystems is poorly
known. Fortunately, previous research efforts in the Arctic and subarctic
regions, in particular the large research efforts of the AEC/DOE spbnsored
Cape Thompson Project and the NSF sponsored Tundra Biome project of the
International Biological Program provided a sﬁbétantia1Adata base which is
useful in gaining an underStandfng of the role of the arctic biosphere
in the global carbon cycle (Tiezen, 1978; Coyne and Kelley, 1975).

It is unclear whether northern ecosystems will provide negative or
positive feedback in the global carbon cycle with the predicted increase in
atmospheric carbon dioxide, although most of the evidence indicates a negative
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- feedback role (Miller, 1980). Estimates of the current rates of carbon

accumulation in northern ecosystems vary, but most estimates indicate net
accumulation. If the carbon balance of terrestrial systems becomes negative
with increased global temperature, increased carbon dioxide released into
the atmosphere may have a positive feedback on global temperatures.  The
carbon dioxide release in northern ecosystems should be further accelerated
where permafrost is thawed. Although it is desirable to estimate the
current carbon balance of northe}n ecosystems as precisely as possible, it
is equally important to understand the current fluxes of this gas across

the land-atmosphere interface on a seasonal basis.

Information on the transfer of C0, across the air-sea-ice interface
was known in previous years only from short-terh observations from occasional
oceanographic cruises or ice stations. The DOE carbon dioxide research and
assessment program offered an increased opportunity to ascertain the role
of the ice covered ocean in the exchange of C02. Although, there are still
significant data gaps, the preliminary results of this research clearly
indicate that the arctic region (taiga, tundra, and ocean) acts as a winter
source (Gosink et al. 1976, Kelley, 1968, Gosink and Kelley, 1977) and a
summer sink for atmospheric COp, resulting in a net annual average sink of
1188 x 10129'002. This amount is equivalent to 4.6 percent of the annual
global anthropogenic input of CO» to the troposphere. Presumably, the very
Tow sea water équi]ibrium partial pressures of CO» (with respect to air) in
the arctic seas (Table 1; also Appendix 4) during the summer contribute
significantly to the draw-down of atmospheric carbon dioxide (Gosink and
Kelley, 1979). |

In this proposal we describe current progress of our research (See also
the interim report to DOE-Appendix 2), our proposed three tasks for the
proposed contract’renew$1 period, and a statement of future plans for

prospective field research efforts in both polar regions.
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" Table §. Seasonal Source-Sink Strengths of the Varfous Regions in the Arctic

Area 1 Area Invasfon APCOé Duration - - ,
Season Region (106 km?) _ Active Evasfon Rate {ppm) __(Months) Source{x1012 g9 €0,) Sink (x10'2 q €0,)
Winter V. Centra) Basin 8.4 5-10 1.48 x 1012 10 to 100 : 9 56 - 1119 » -
2. Barents, Llaptev, 2.5, 25 ig km-2 mo-1 atm-1)* -20 to -407 . 8 - 149 - 299
and Kara Seas
3. East Sibertan, 0.9 10 . - 20 to 40 A 6 16 - 32 -
Chukchi and '
Beaufort Seas . '
4. Greenland Sea 1325 - 10 to 1007 ‘ 6 . 28 - 208 -
and Baffin Bay :
5. Norweglan Sea 0.5 .00 S <1 6 . - m
6. Annual Sea Ice © 6-7 100 2.8-28.3 x l06 - 6 © 100 - 9o 7
' (g km-2 mo-1) :
7. Tundra and Talga 1.6 100 See text i 6 -7 ) -
Winter Totals 208 - 2636 : 260 - 410
(avg 1422) . (avg 335)
wn Sumner 1. Central Basin 8.4 10 ©1.48 x 1012 -30 to + 10 : 3 ' -37 n2z
. _ (g km-2 mo-1 atm-1)* :
2. Barents, taptev 2.5 100 -90 to -140 4 - 1332 - 2072
and Kara Seas : . ‘
A : 3 - 160 - 320
3. East Siberfan, 0.9 . 100 “ -40 to -80
' Chukchi and
Beaufort Seas
A. Greenland Sea 1.3 - 50 - -10 to -407 3 - 29 - N5
and Baffin Bay
5. Norwegian Sea 0.5 100 " -50 to -100 , 6 ) - 222 - 444
A : . . . _ .
6. Sea Ice Melt Ponds 17 ? See text - K4 407. ' 407 o
‘ o . _ P2
7. Tundra-Taiga 1.6 70 See text - 3 179 . - L
"~ Freeze-Thaw 1.6 100 . - ) - i 0.5 0.4 - 56 - S
Plants 1.24 100 ’ - 3 - o, 213 - an
Ponds and Lakes 0.36 - 100 }.47 10 ' . 300 3 18 -
(9 km~2 mo-! atm-1)* o0 : -
Sumner Totals 304 - 360 ’ 2108 - 351
{avg 332) . {avg 20811)
Annual 1. Anthropogenic See text . ' V-1 ‘
| Annual Totals 513 - 3403 2368 - 3924
!

{avg 1958) {avg 3146)
. { }
*This is the same as 0.078 nmole cm=2 atm=2 min-) ! : Annual Wet Sink 1180 x 1077 g co,
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ACCOMPLISHMENTS (FIRST YEAR)

YMER-80: Based on technical presentationé in Sweden made by each of
the principle invéstigators and a proposa].submitted to the Swedish
. government YMER-80 organizing committee, we were invited to particiapte on
both legs of the YMER-80 expedition to the eastern Arctic Ocean. A cruise
report is given in Appendix 1. As a result of this cruise, earlier
observations (Kelley, 1970) of the extensive low partial pressures of C0p
(ca. 180-220 ppm) in surface seaiwaters were confirmed. It was also possible
to show that these very low partial pressures had a much greater area]i
extent, thus affording a greater sea surface area for the exchanée of
atmospheric COz.i It was also possible to estimate how deep these very low
partial presgures penetrate (ca. 20 m) and the depth of which the PCO»
equals the average partial pressure (ca. 130 m) in the late summer northern
atmosphere. It was also possible to estimate the invasion rate of CO»
across these cold surface waters (0;078 mmoles atm=1 cm-2 min-1) which
allowed us to determine that the Barents - Kara - Laptev - MNorwegian Sea

area acts as a strong summer sink absorbing about 2 x 10159 C0,.

Manuscripts: A backlog of publications resulted because we were waiting
for confirming data (e.g. YMER-80 data). We now have articles in various

stages of preparation to be submitted for publication (Appendices 3-7).

Techniques and Instrumentation: We have developed a new technique (Gosink

and Kelley, 1981) tested on the YMER-80 expedition, whereby we can retrieve
reasonably accurate data for .CO» in sea water from accurate measurements of
pH, salinity and temperature (Appendix 5 and 6). The preliminary results

indicate that this method yields data that closely follow those obtained by

-gas chromatography. If this technique proves to be a reliable one, the data
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base for COz in oceanic surface waters and at depth could be considerably
expendéd. |
There have been long delays in acquiring urgently needed analytical
instruments primarily as a result of late receipt of FY-1981 funds for this
research from DOE. All of the instrumentatipn has-only recently been
acquired (due to'long manufacturer lead times) but will be calibrated and

ready for field testing in April, 1981.

Bering, Chukchi, East Siberian Seas: We expect to complete by the end of

the first year of this study the first of four cruises to the area of the
Bering, Ehyﬁchi, and East Siberian Seas. These cruises are scheduled aboard
the R/V Alpha He1ix.(U of A1ask$ operated UNOLS vessel). These cruises

" will enable us to obtain information on the CO, partial pressure differences
between the ocean and'atmosphere during two critical periods of the year,
namely around the tiﬁe‘of the spring plankton bloom at the seasonal ice

zone; and during freeze-up in the fall.

Tundra-Taiga Regions: Previous information on the evolution of CO2 from
frozen soils, especially during the period of change of phage (thaw or
freeze-up) (Cﬁyne and Kelley, 1971, Gosink and Kei]ey, 1977, and Gosink and
Kelley, 1979) was obtained primarily by occasional in situ 5amp1ing at
sites well above the Arctic Circle and laboratory experiments. - Depending
on the soil type, dfainage conditions, depth of thaw, etc. the evasion of
CO2 to the atmosphere could be substantial. Laboratory experiments with
different tundra and taiga soil types (Coyne and Kelley, 1971) indicates
that release of CO0p from soil during the period of change of phase may
account for 0.4 -56 x 10129 of CO, to the atmosphere. The objective of our

springtime research is to complete a series of COp observations in situ
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“on a transect from about 64°N to 70°N latitude which will traverse a north-

south section of the northern tundra and taiga region including a wide
variety of soil types. The first transect will occur~duking the period of
phase change'(thaw) which will allow us to test the validity of the datav
obtained from laboratory experiments as they relate to actual field
measurements aﬁd to estimate the CO2 flux from the soil to the atmosphere-

associated with the northward march of the thaw line. This period of change

of phase also is an important one to the various ecosystems encountered

along this extensive north-south transect. The authors have also consulted
with Dr. Philip C. Miller (San Diego State University, San Diego, CA) in
order to bring about a mutually beneficial liaison for both DOE related

projects. Dr. Miller will attempt to coordinate some of his field studies

‘with ours whenever practical. The first transect is scheduled during a

'six day perﬁod at the end of April. During the period of phase as deduced

from previous observations at 70°N latitude in Alaska, it is noted that
subnivean CO» increases greatly (more than 8 times the atmospheric concen-

tration) several times (Coyne and Kelley, 1973) during this period. This

‘phenomena is not observed in the data from other temperate or tropical

areas. It is suspected that this.gdditional evolution of C0p may be due
to fungal spore formation and mycelial growth which is enhanced during
periods of high relative humidity under the snow and associated with the

evolution of COjp.
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PROPOSED RESEARCH (SECOND YEAR)

Three objectives are proposed for the second year of this three year
proposed research effort. The first objective is to continue the reseérch
on the seasonal sources and sinks of carbon dioxide in the arctic regions.
Particular attention will be paid to the seasonal sea ice zone during the
thaw- and refreezing period, and the tundra-taiga regions, also during the
freeze and thaw periods.

The University of Alaska Ship Committee haé been‘apprised of our need
for two cruises to the Bering/Chukchi Sea ice edge area. One is scheduled
for the fa]l 1981; the other for the late spring 1982. In addition to
obtaining ‘sea surface water partial pressure data, as well as vertical PCOg'
profiles, attention will also be ;oncentratedlon the ice edge boundary
particular during the spring.

The Berfﬁg Sea ice edge is an air-sea-ice frontal §ystem that offers
an opportunity to study the coupling of meteorological, physical and
oceanographic processes in an area where events are concentrated in time
and space and can be expected to occur each year within a more or less
predictable time period (e.g. spring). After reacﬁing its most southerly
extent, thjs'fronta1 jce edgé system will move north eventually exposing
the surface waters of the marginal seas of the Arctic Ocean (e.g. Chukchi,
East Siberian). Whenever possible we will use cruise periods where other
on-board projects will provide mutually beneficial data (hydrographic
plankton, primary productivity data etc.). |

The sea ice edge is a very heterogeneous region-consisting of several
types of sea ice of variable thickness and extent. Melt water may serve to
stabilize the water co1ﬁmn with the possibility of phytoplankton bloom

production associated with an uptake of COp from the water column. Any
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upwelling phenomena associated with the ice edge will also serve to promote
a phytoplankton bloom through nutrient enrichment of the photic zone.
~Stormé will also modify the composition of the marginal ice zone and aid in
the formation of plankton blooms and the possib]g,re]ease of alge from the
ice with the net effect that CO, fn the water.and presumably in the near
surface atmosphere will be affected. Data obtained from spring and fall
cruisés will allow us to mbre confidently assess the effect of these ice
covered éeaslon the atmospheric CO» balance.

We anticipate some foreign participation on these cruises.

Contact and letters of interest have been sent to Japanese and Swedish
colleagues who héve provided us with exce]]ent logistic support in the
‘Arctic for our research (Hakuho Maru 1978; YMER-1980) in the recent ﬁast.

A number of manuscripts have resulted from the work to date. fhe
second objective, thereforé, is to complete these technical reports and
manuscripts which are in various stages of deve]opmenf. Draft manuscripts
scheduled for submission to scientific journéls are appended (Appendices 3-
6). Manuscripts in preparation are listed by‘tit1e in Appendix 7.

The third objective is to prepare for the comparative Antarctic
oceanographic studies which will be carried 6ut'during the third year of
this study. We anticipate an invitation to participate in the cruise of
the Hakuho Maru (Japan) to Antarctica (ca. 5 months).  We have already
begun -an ana]yéis of previously collected pH, salinity and temperature data
from past Japanese research vessels cruising in Antarctic waters. Although
wé cannot ascertain at this time the quality of these data, application of
our pH method (Gosink and Kelley, 1981) does allow us to assess sea surface

water COp variability.
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We have also been informed that a second cruise of the Swedish icebreaker
YMER is under consideration by the Swedish government. It is expected that
we will be in?ited to take part. Another YMER cruise would be especially
attractive if it were scheduled to make a deep penetration into the summer
pack ice as we1i as to revisit the Norwegian, Barents, and Kara Seas.. Hoped for
Russian participation on that cruise would assure that we could sample new
areas to the east, namely the Kara and Laptev Seas.

Priority would be given to fhe Hakuho Maru cruise to Antarctica as
much Tess is known about CO» in Antarctic waters, and éhips of opportunity
for this type of research are difficult to find. Since long lead-times are
usually associated with preparations for these cruises it is necessary for
us to prepare as early as possible. At this stage, preparations will entail
~primarily extensive liaison with our prospective hosts with regard to the
overall scientific mission, interface of equipment, and potential scheduling
problems so that no interference results with our second year research
- objectives.

Finally, there already exists a sufficient amount of information to
warrant the convening of a small working group to synthesize existing
information on the polar interactions among the étmosphere, land, sea; snow
and ice in'drder to eQaIuate the hypotheéis that with CO2 induced climatic
'change the polar regions, particularly the Arctic, will become stronger
carbon sinks than they are currently and that they will function significantly
to damp out the global use in atmosphere CO» and temperature a prospectus
for a workshop -to be held in early 1982 was jointly drafted (Kelley, UA and
Miller, SDSU) and submitted to the Department of Energy (See Appendix 8).
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Gosink, T.A. and R. Seitz, Automatic Gas Sample Pressure Controller.
Int.»J. Environ. Anal. Chem., 6, 263-266, 1979. '

Gosink, T. A..and J. J. Kelley, Cérbon monoxide evolution from arctic
surfaces during spring thaw. J. Geophys. Res., 84, 7041,
1979.

Jones, P. R., G. R. Wrisnan, M. J. Baillargeon and T. A. Gosink,
Atropisomerism in o-arylacetyl-N, N-dimethylbenzamides,
J. Org. Chem., 45, 3618-20, 1980.

~Gosink, T. A., Trace element studies in Port Valdez, Alaska. Chapter
5 in: Port Valdez: Environmental Studies, 1976-1979, Inst. of
.Mar. Sci. Publ. Occas. No. 5, Fairbanks, Alaska, pages 77-106,
1980. : .

Gosink, T. A., Atmospheric trace gases in association with sea ice.
Antarctic Journal, 15, 1980.

SUBSTANTIVE REPORTS

Gosink, T. A., D. C. Burrell and D. W. Hood, Trace and metal analysis
of aqueous systems. A study of the development of gas chroma-
tographic techniques and of analytical errors. Final report
to the N.S.F. Grant GA 37740. Feb. 1975.

Fleischer, P., T. A. Gosink, W. J. Hanna, J. C. Ludwick, D. E. Bowker
and W. G. Witte, Correlation of chlorophyll, suspended matter,
and related parameters of waters in the lower Chesapeake Bay
area to LANDSAT-] imagery., Inst. of Oceanography, 01d Dominion
Univ., Tech. Report No. 28, 1976.

Gosink, T. A. and D. C. Burrell, Special Data Report. Natural dis-
tributions and environmental background of trace heavy metal ,
in Alaskan shelf and estuarine areas. To the Outer Continental
Survey Program. Task order 12, R.U. # 162/163/288/293/312.

Jan. 1977.

Gosink, T. A., Dissolved chemical fluxes. in: Interdisciplinary Panel
statements. Seasonal Sea Ice Zone Conference, Cold Regions Sci.
. : Technol. 2, 339-340 (1980). .
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REPORTS (Cont'd)

Kelley, J. J., T. A. Gosink and J. G. Pearson, Gas in Sea Ice.
Annual report to the Office of Naval Research Code 461, Arlington,
Virginia, 22217. Contract No. NO014-76-C-0331. Sept. 1976.

Gosink, T. A. and J. J. Kelley, Gases in Sea Ice, Annual report to
the Office of Naval Research, Code 461, Arlington, Virginia
22217. Contract No. NOOO 14-76C-0331, Sept. 1977 and 1978.
Final Report, 1979.

Gosink, T. A. and D. C. Burrell. Four quarterly reports and one
annual report. Chromium, and se1=n1um data for Beaufort Sea
Norton Sound and Gulf of Alaska. - 1976-77.

Gos1nk T. A. Quarterly, 1 annual and 1 final reports in the Contin-
uing Environmental Studies in Port Valdez, Alaska. Trace
element 1976-1979.

RECENT PRESENTATIONS: 4 i

Bowker, D. E., W. G. Witte, P. Fleischer, T. A. Gosink, W. J. Hanna
and W. G. Witte, An investigation of the waters of the lower
Chesapeake Bay area. Proceeding of the Tenth .Intl. Sympos.

-on Remote Sensing of the Environment., 6-10 October 1975, pp.
411-420, Research Inst. of Michigan, Ann Arbor, 1975.

Gosink, T. A., Sample Size and Analytical Error. POAC-75 meeting,
Fairbanks Alaska, August, 1975.

Kelly, J. J. and T.A. Gosink, Trace gases in the arctic atmosphere-
air-sea-ice land exchange. Eleventh Int. Polar Meeting.
Berlin Geophysical Society, Berlin October 1978.

Gosink, T.. A. and J. J. Kelley, Sea ice influence on air-sea inter-
actions. American Geophysical Union meeting, Miami, 1978.
Abstract M4.

Gosink, T. A. and J. J. Kelley. Arctic source-sinks of trace gases.
177th Annual American Chemical Society. Joint meeting with
Japan and Australia, Honolulu, April 1979.

Gosink, T. A. and J. Jd. Kelley. Partia1 pressures of carbon dioxide
in surface waters of the Ber1ng Sea and other Arctic Oceans.
XIV Pacific Science Congress in Khabarovsk, Russia, August
1979.

Gosink, T. A. and J. J. Kelley, The influence of sea ice on trace
gases in the arctic, XIV Pacific Science Congress in Khabarovsk,
Russia, August 1979, :

. Gosink, T. A. and J. J. Kelly, Trace gases of the arctic, American
Chemical Society, Washington, D.C., Sept. 1979.

Gosink, T. A. and J. J. Kelly, Air-sea gas transfer through annual
sea ice. IUGG-IAPSQ XVII General Assembly. Canberra, Australia,
December 1979.
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Gosink, T. A., Properties of sea ice, and the natural sources and
sinks of carbon dioxide in the Arctic. To the NOAA/ERL CO;
-monitor group. Boulder, May 1980.
Gosink, T. A., Studies of trace gases in the Arctic and Subarctic. To

the Env1ronmenta1 Resources Technology Research Group. Los Angeles,
May 1980.

PATENTS:

Gosink, T. A. Preparation of N. N-Dialkydithiocarbamates for oil oxidation
| inhibitors. A1l rights to Shell Qi1 Co. 1962.

Gosink, T. A., Preparation of Triphenyllead Acetate (for use
in antifoulant paints). Seaguard Finishes Company, Inc., 1969.

IN PREPARATION:

The g1oba11y significant sources and s1nks of carbon d1ox1de in the
- Arctic.

Annual sea-ice. An air-sea gas exchange moderator.
Observations and calculations of PCO» in sea waters.. A new approach.

, Arctic tropospheric carbon dioxide and low altitude aircraft
sampling.

Calculations of the carbon dioxide-carbonate system from a single
parameter-insitu pH.

| I ~An'exp1anation for the extreme1y Tow partial pressure of carbon dioxide
in surface waters of the Barentz, Kara and Green]and Seas..

Properties of sea ice and the natural sources and sinks of carbon
dioxide in the Arctic.

b Studies of trace gasés in the Arctic and Subarctic.

February 1981
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Education:

Member:

Professional
Experience:
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Biographical Sketch of

JOHN J. KELLEY

B.S. Pennsylvania State University, Geophysics
-Geochemistry, 1955-1958

University of Washington, Graduate Student and
Scientist, Atmospheric Sciences, 1962-1968

University of Alaska, Fairbanks, Graduate Student,
Ph.D. program, and professional staff member,
1968-1970

Ph.D. University of Nagoya, Nagoya, Japan, Chem~
ical Oceanography, 1974

American Geophysical Union
Arctic Institute of North America (Fellow and Governor)

Explorers Club of New York

1959-1968, Principal Scientist, Chemical Micrometeor-
ology Program, University of Washington

.1969-1970, Invited participant in research design of

- Tundra Biome, International Biological Programme
(USIBP)
1969-1975, Co-Principal Investigator, Tundra Biome,
. USIBP

1969-1973, Co-Principal Investigator, USN-ONR Con-
tract, Carbon Dioxide in Polar Seas

1971-1972, Co-Principal Investigator, National Science
Foundation Grant, Bering Sea Oceanography

1973-1974, Co-Principal Investigator, NSF-NCAR
Experiment, Tropical Atmospheric Carbon Diox-
ide and Water Vapor

1973, Invited participant, International Bering Sea
Oceanography Program, IDOE (NSF)

1974-1976, Principal Investigator, USN-ONR -

(Arctic Branch), AIDJEX (ALIX) Experiment

1974, Assistant Professor, Institute of Marine Sci-
ence, University of Alaska, Fairbanks

1974-1976, Program Manager for Meteorology and
Oceanography, Division -of Polar Programs, NSF
(Professional leave of absence, Un1vers1ty of
Alaska)

1976-1977, Liaison/Research Management Officer,
Governor's Office, State of Alaska, at NOAA
Outer Continental Shelf Environmental Assess-
ment Program (OCSEAP), Boulder, Colorado
(Sabbatical leave, University of Alaska)

1977-1980, Director, Naval Arctic Research Labaratory,
Barrow, Alaska, and Associate Professor, University
of Alaska, Fairbanks, Alaska

1980-Present, Associate Professor, Institute of Marine

Science, University of Alaska, Fairbanks _
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Inventions: 1973, J. J. Kelley. and G. Mimken. Logic Controlled
solid-state manifold sampling system for liquids
and gases. Invention Disclosure submitted to
the U.S. Patent Office.

Publications: Kelley, J. J., Jr. and E. LaChapelle. 1966. Atmos-
pheric carbon dioxide variations on Mt. Olympus,
Washington. J. Geophys. Res. 71(8):2173-2174,

Kelley, J. J., Jr. and D. F. Weaver. 1966. Carbon’
dioxide and ozone in the arctic atmosphere. Proc.,
l6th Alaska Science Conf. 151-167 pp.

Gudiksen, P. H., P. W. Hildebrandt and J. J. Kelley,
Jr. 1966. Comparison of an electrochemmal and
a colorimetric determination of ozone. J. Geophys.
Res. 71(2):5221-5223.

Kelley, J. J., Jr. 1968. Carbon dioxide and ozone
studies in the arctic atmosphere. (Invited pa-
per.) Proc., AINA-ONR Drifting Stations
Symposium. Arctic Institute of North America,
Washington, D.C.

Kelley, J. J. Jr. 1968. Investigations of atmos-
pheric trace gases and suspended particulate
matter on Mt. Olympus, Olympic National Park,
Washington. J. Geophys. Res. 74(2:435-443.

Kelley, J. J., Jr. 1968. Carbon dioxide in the sea

' water under the arctic ice. 'Nature 218:5144,
1-5,

Kelley, J. J., Jr. 1968, Observations of carbon
dioxide in the atmosphere over the western
United States. J. Geophys. Res. 74(6):
1688-1693.

Kelley, J. J., Jr. and T. McTaggart-Cowan. 1968,
The vertical gradient of net oxidant near the
ground surface at Barrow, Alaska. J. Geophys.
Res. 73(10):3328-3330.

Kelley, J. J., Jr., D. Weaver, and B. Smith. 1968,
Variation of carbon dioxide under. snow in the
Arctic. Ecology 49(2):358-36l,

Kelley, J. J., Jr. and D. F. Weaver. 1969. Phys-

. ical processes of the surface of the arctic tun-
dra. Arctic 22(4):425-437.

Kelley, J. J., Jr. 1970. Carbon dioxide in the
surface waters of the North Atlantic Ocean,
Barents and Kara Seas. Limnol. Oceanogr.
15(1):80-87. ,

Johnson, P. L. and J. J. Kelley, Jr. 1970.
Dynamics of carbon dioxide in the arctic bio-
sphere. Ecology 51(1):73-80,

Coyne, P. I. and J. J. Kelley. 1971. Release of
"carbon dioxide from frozen soil to the arctic
atmosphere. Nature 234(5329):407-408.

Kelley, J. J. and D. W. Hood. 1971. Carbon diox-
ide in the surface water of the ice-covered Bermg
Sea. Nature 229(5279:37-39.
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Kelley, J. J. and D. W. Hood. 1971. Carbon diox-
ide in the Pacific Ocean and Bering Sea: Up-
welling and mixing. J. Geophys. Res. 76(3):
745-752.

Kelley, J. J., L. L. Longerich, and D. W. Hood.
1971. "Effect of upwelling mixing and high
primary productivity on carbon dioxide con-
centrations in surface waters of the Bering Sea.
J. Geophys. Res. 76(36):3687-3693. ,

Miller, R. F., D. C. Berkshire, J. J. Kelley and
D. W. Hood. 1971. A method for the deter-
mination of the reaction rates of carbon diox-

.- ide with water and hydroxyl ion in seawater.
Envir. Sci. and Tech, 5:127-133.

Coyne, P. 1. and J. J. Kelley. 1972. Carbon diox-
ide exchange in the Alaskan arctic tundra:
Meteoralogical assessment by the aerodynamic
method. Proc., Tundra Biome Symposium,
USIBP, Lake Wilderness Center, University
of Washington, Seattle. 36-39 pp. -

Kelley, J. J. 1973. Microclimatological investiga-
tions near ‘the arctic tundra surface. (Invited
paper.) Proc., 25th Anniversary of Naval
Arctic Research Laboratory Symposium, 1972,
In: Alaska Arctic Tundra, AINA Tech. Paper
No. 25. 109-126 pp.

Kelley, J. J. 1973. Surface ozone in the arctic at-
mosphere. In: Pure and Applied Geophysics,
106-108:1106-1115. Birkhauser Verlag, Basel
(Switzerland).

Kelley, J. J. 1973. Baseline observations of atmos-
pheric trace gases in the arctic atmosphere of
North ‘America. (Invited paper.) Proc.,
TECOMAP Conference, sponsored by United
Nations WMO/WHO, 1973 August, Helsinki,
Finland. _ :

Coyne, P. 1. and J. J. Kelley. 1973. Variations
in carbon dioxide across an arctic snowpack
in spring. J. Geophys. Res. 79(6):799-802.

Coyne, P. I. and J. J. Kelley. 1973. Equilibra-
tion partial pressure of carbon dioxide in arc-
tic surface waters. Limnol. Oceanogr.
19(6):928-938.

Kanamori, S., J. J. Kelley and D. W. Hood. 1973,
The distribution of equilibrium partial pressure.
in the Bering Sea. Proc., Geochemical Society
of Japan, Akita University, Akita, Japan, 1-3
October.. 45-48 pp. ,

Kanamori, S., J. J. Kelley and D. W. Hood. 1973,
Determination of equilibrium partial pressure of
carbon dioxide in sea water. Proc., Oceano-
graphical Society of Japan, Tokyo University
.of Fisheries, Tokyo, 6-11 June. 158-159 pp.
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Gordon, L. I., P. K. Park, J. J. Kelley and D. W.
Hood. 1973, Carbon dioxide partial pressure
-in North Pacific surface waters. 2. General
late summer distribution. Marine chemistry -
1:191-198. . ,

Kelley, J. J. 1974. On the role of calibration integ-
rity in atmospheric trace gas monitoring. Proc.,
lleme Colloque International sur les Atmospheres
Polluees, IRCHA, Paris, France.

Coyne, P. I. and J. J. Kelley. 1975. Carbon diox-
ide exchange over the Alaskan arctic tundra: *

- Meteorological assessment by an.aerodynamic
method.- - J. Applied Ecology 12:587-611.

Gosink, T. A., J. G. Pearson, and J. J. Kelley.

1976.  Gas movement through sea ice. Nature
263:5572,

Hood, D. W. and J. J. Kelley. 1976. Evaluation
of mean vertical transports in an upwelling by
CO, measurements. Marine Science Communica-
 tiofis 2(6):387-411 | |

"Fletcher, J. O. and J. J. Kelley. 1977. The role
of the polar regions in global climate change.

In: Polar Research to the Present and Future,
edited by M. A. McWhinnie, A.A.A.S., 97-116.

Kelley, J. J. 1977. Icebergs--A natural resource.

In: Iceberg Utilization, -edited by A. A. Huseing,
Pergamon Press. 20-24.

.Coyne, P. I. and J. J. Kelley. 1978. Meteorological
Assessment of CO, exchange over an Alaskan ‘Arctic
Tundra (pp. 299-%13, Chap. 12) in Vegetation and
Production Ecology of an Alaskan Arctic Tundra.
Ed. by L. L. Tiezen. Springer-Verlag, New York.

: 668 pp. '

‘Laursen, G. A. and J. J. Kelley.  1979. Arctic and
Subarctic Research Support Facilities above the
Arctic Circde. In Comparative Mechanisms of Cold
Adaptation. Ed. by L. Underwood, L. Tiezin, A.
Callahan, and E. Folk. Pub. by Academic Press,
N.Y. 379 pp. '

G. Wendler, A. Poggi, and J. Kelley. 1979. On the
Katabatic Wind in Antarctica. Antarctic Journal.
(In press) -

T. A. Gosink and J. J. Kelley. 1979. Carbon Monoxide
Evolution from Arctic surfaces during spring thaw.
J. Geophys. Res. J. Geophys. Res. 84:Cll, 7041.

Kelley, J. J. 1980. Background levels and biogeo-
chemical cycle of CO2 in the Arctic: Multimedia
monitoring requirements. Proceedings of the
International Symposium on the Multimedia Mon-
itoring- of Environmental Pollution, Riga, USSR.
(In Russian), pp. 266-271. Proceedings to be
published by WMO. (In press).
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Kelley, J. J., D. T. Bailey, and B. J. Lieske. 1964.
Radiative energy exchange over arctic land and
sea. Scientific Report No. 5, Dept. of Atmos-
pheric Sciences, University of Washington.
pp. 125.

Kelley, J. J., Jr. 1966. An aria.lysis of carbon
dioxide in the arctic atmosphere, Part 2.
Scientific Report No, 7, Department of Atmos-
pheric Sciences, University of Washington.
pp. 133.

Kelley, J. J., Jr. 1967. Atmospheric ozone inves-
tigations at Barrow, Alaska, 1965. Scientific
Report No. 9, Department.of Atmospheric
Sciences, University of Washington. pp 96.

Kelley, J. J., Jr. and S. M. Hodge. 1967. Meas-
urements of the chemical constitution of the
atmosphere at the Blue Glacier field station,

Mt. Olympus, Washington. Scientific Report
No. 10, Department of Atmospheric Sciences,
University of Washington. pp 44. :

Kelley, J. J., Jr. and D. F. Weaver. 1968. Meas-
urements of the thermal regime of the soil and
atmosphere near an arctic tundra surface. Sci-
entific Report No. 12, Department of Atmospheric
Sciences, University of Washington.  pp.34.

Kelley, J. J:, Jr. 1969. An analysis of carbon diox-
ide in the arctic atmosphere near Barrow, Alaska,
1969-1967, Scientific Report No. 3, Department
of Atmospheric Sciences, University of Washington.

: pp. 172.

Kelley, J. J., Jr. 1970. Atmospheric ozone investi-
gations at Barrow, Alaska, 1965-1967. Scientific
Report No. 2 (Final Report), Department of Atmos-

pheric Science, University of Washington. pp. 110.

Kelley, J. J. and A. Hanson. 1970. Observations of
carbon dioxide in the surface waters of the east-
ern North Pacific Ocean and Bering Sea. Scien-
tific Report, Department of Atmospheric Sciences,
University of Washington. pp. 38.

Kelley, J. J. and P. L. Johnson. 1970. Observations

"of carbon dioxide and plant growth in arctic eco-
system. Scientific Report, Department of Atmos-
pheric Sciences, Umver31ty of Washington.
pp. 130.

Kelley, J. J. 1971. Observations of carbon dioxide
in the surface waters of the North Atlantic
Ocean, Barents and Kara Seas. Scientific
Report, Department of Atmospheric Sciences,
University .of Washington. pp. 18.
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Kelley, J. J. and D. W. Hood. 1971. Carbon diox-
ide in surface waters of the Barents Sea:

- Southwind Expedition, 1970.  Report 71-20,

Inst. Marine Science, University of Alaska,

Fairbanks. pp. 9.

Longerich, L. L., J. J. Kelley, and D. W. Hood.
1971. Carbon dioxide in the surface waters
near the coast of southern Alaska and the
eastern Aleutian Islands. In Report 71-19,
Inst. Marine Science, University of Alaska,
Fairbanks.

.Longerich, L. L., M. Billington, V. Alexander,

-J. J. Kelley, and D. W. Hood. 1971, Carbon
dioxide and.primary productivity in the glacial
fjord system of Southeast Alaska. In Report
71-19, Inst. Marine Science, University of

: Alaska, Fairbanks.

Kelley, J. J. and P. I. Coyne. 1972. A case

"~ for comparison and standardization of carbon
dioxide reference gases. Eastern Deciduous
Forest Biome Report 72-28, U.S. Atomic Energy
Commission, Oak Ridge, Tennessee. pp. 24.

Hobbie, J. E., R. J. Barsdate, V. Alexander, D. W.

' Stanley, C. P. McRoy, R. G. Stross, D. A.
Bierle, R. D. Dillon, M. C. Miller, P. I. Coyne,
and J. J. Kelley." 1972. Carbon flux through a
tundra ecosystem at Barrow, Alaska. 'USIBP
Tundra Biome Report 72-1. pp. 29.

Coyne, P. I. and J. J. Kelley. 1973. Carbon diox-
ide dynamics on the arctic coastal plain. U.S.
Army Cold Regions Research and Engineering
Laboratory (CRREL), Final Report. pp.l19.

‘Kelley, J. J., D. W. Hood and L. L. Longerich.
1973, Oceanography of the Bering Sea. Phase
2. Turbulent upwelling and water mass iden-
tification in the vicinity of Samalga Pass,

- eastern Aleutian Islands. Final Progress Report
to the National Science Foundation, Inst. Marine
Science, University of Alaska, Fairbanks, Vol. 2,
Part 1. pp. 115. -

Kelley, J. J., D. W. Hood, J. J. Georing, R. Bar-
sdate, M. Nebert, L. Longerich, J. Groves, and
'C. Patton. 2973. Oceanography of the Bering
Sea. Phase 2. Turbulent upwelling and. water
mass identification in the vicinity of Samalga
Pass, eastern Aleutian Islands. Final Report
to the National Science Foundation. Vol. 2,
‘Part 2 (Methods and Data), Inst. Marine Sci-
ence, University of Alaska, Fairbanks. pp. 263.
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Kelley, J. J. 1974. Dynamics of the exchange of
- carbon dioxide in arctic and subarctic regions.
Ph.D. Thesis, University of Nagoya, Water
Research Institute, Nagoya, Japan. pp. 171.
Hood, D. W. and J. J. Kelley. 1974. Upwelling
. phenomena in the eastern Aleutian passes with
a suggested method of measuring material trans-
port. In: Bering Sea Oceanography: An up-
date, 1972-1974, edited by ‘A. Y. Takenouti and
D. W. Hood. Report 75-2, Inst. Marine Science,
University of Alaska, Fairbanks. 245-277 pp.

Kelley, J. J. and T. A. Gosink. 1976. Gases in
sea ice. Annual Report to the Department of
Navy, Office of Naval Research, Arlington,
Virginia. pp. 15.

Gosink, T. A. and J. J. Kelley. 1977. Gases In
Sea Ice. Annual Report to the Office of Naval
Research, Arlington, Virginia. pp. 49.

Gosink, T. A. and J. J. Kelley. 1978. Gases In
Sea Ice. Annual Report to the Office of Naval
Research, Arlington, Virginia. pp. 91.

Kelley, J. J. and T. A. Gosink. 1978. Trace gases
in the outer atmosphere. Report of the 1llth
International Polar Meeting, Berlin, October
4-7,. 1978.. (In press).

Kelley, J. J. 1978. Thirty Years of Research at
the Naval Arctic Research Laboratory. Report
of the 1llth International Polar Meeting, Berlin,
4-7, 1978 (In press).

Kelley, J. J. and T. A. Gosink. 1979. Gases in
Sea Ice: 1975-1979. Final Report to the Office
of Naval research, Arlington, Virginia. 104 pp.

Kelley, J. J. and G. A. Laursen. 1979. Investiga-

: tion of the Occurrence and Behavior Patterns of
Whales in the Vicinity of the Beaufort Sea Lease
Area. Report to the Bureau of Land Management.
48 pp.

Kelley, J. J. and G. A. Laursen. 1980. Investigation
of .the Occurrence and Behavior Patterns of Whales
In The Vicinity of the Beaufort Sea Lease Area.
Final Report to the Bureau of Land Management.

. 753 pp.
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. Prentki, R. T., M. C. Miller, R. J. Barsdate, V.

Alexander, J. Kelley, and P. Coyne. 1980.
pp. 76-178. In Limmology of Tundra Ponds.
Ed. by John E. Hobbie, Pub. by Dowden,
Hutchinson and Ross, Inc., Pa. 514 pp.

Kelley, J. J. and G. A. Laursen. 1981. A Short _
History of the Naval Arctic Research Laboratory.
In Proceedings of the First Intermational
Symposium on Arctic Mycology, Univ. of

. Washington Press (in press).

Kelley, J. J. 198l. Factors to be considered for -
the evaluation of a multipurpose arctic research
laboratory on the north coast of Alaska. Report
to the President, University of Alaska. Institute

.of Marine Science. 41 pp.

Gosink, T. A. and J. J. Kelley. 1981l. Atmospheric
Chemistry.. A plan for a research-study program.
Report to the Director of the Geophysical Institute.
Geophysical Institute. 24 pp.

" Kelley, J. J. 1981.  Drift of Ice Island T-3 (Fletcher's

Ice Island) in the Arctic Ocean.  Report to NASA,
Goddard Space Flight Center. 4 pp.

Kelley, J. J. 198l1. Prospectus for the Science Advisory
Committee of the Alaska Eskimo Whaling Commission.
- Institute of Marine Science. 18 pp.
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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. Dr. T. A. Gosink

- Gases in Sea Ice (Through Institute of Marine Science)

Agency - U.S. Navy - ONR Code 461 and
Department of Energy
Amount: $I100K FY-79

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

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

Agency: Bureau of Land Management

Amount: $150K FY-78

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

Agency: Bureau of Land Management

Amount: $650K FY-79

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

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

Agency: Bureau of Land Management

Amount: $400,000 FY-80.

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

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

Co-P.I. Dr. T. A. Gosink.(Geophysical Institute).

Carbon Dioxide in Arctic and Subarctic Regions (through
Geophysical Institute).
Agency: Department of Engergy
Amount: $196,912 (first year FY-80). Total requested for
A three years $557,000). '
P.I. Dr. T. A. Gosink
Co-P.I. Dr. J. J. Kelley

2/81
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ATTACHMENT A (cont'd)

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

Agency: AEWC, Barrow, Alaska

Amount: ~ $22,000 (1980/81)
P.I.: Dr. J. J. Kelley

J.
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ATTACHMENT B
Informal or Unscheduled Ihstructional Activities:

In addition to the presentation of informal seminars at the
NARL, the following activities have been pursued:

Editor - Newsletter - NARL NEWS.

Instructional television series on Environmental Sciences
sponsored by North Slope Borough School District.
The series is designed for the senior high' school
young adult level of education is 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. Ar-
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 topxcs to
North Slope Borough leaders.

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

Develope and Edit a quarterly publication: Instifute of
Marine Science Notes (1980/81).

Participate in the development of science training program
for students living in remote villages (through WAMI
Program). Courses will be taught on-campus (summer)
with visits to the remote villages in the winter
(1980/81).
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ATTACHMENT 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:

i, Presented seminar on trace gases and exchange processes
at the Annual NOAA/ERL-GMCC Conference at Hilo,
.Hawaii, January '1978.

2. Consultant on siting criteria for atmospheric physics
and chemistry. UN/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 1llth International Polar Meet-
ing, Berlin, October 1978.

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 monitoring/research plan at the
UN/WMO, Geneva, September 1-5, 1980.
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ATTACHMENT C (cont'd)

12. Panel Member:. Interagency Committee on Ocean Pollution
Research and Monitoring (provides review and future re-
. search recommendations for all U.S. Outer Continental
. research efforts) 7/26, 27, 28, 1980; 8/25, 26, 27, 1980;
. 9/22, 23, 24, 1980. :

.13. Serve on University of Alaska'Telecommuhications Committee
-(1980/81).

14. Serve as Chairman of the Alaska Eskimo Whaling Commission
-Science Advisory Committee *(1980/81).

15. Serve as member of the President's UAF:Arctic Research
- Laboratory Task Force (1980/81).

16. Invited to present two papers at the 10th Annual Arctic
Workshop, INSTAAR, 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. 4

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

Salaries ,
Co-Principal Investigator, T. Gosink,
. Research Assoc. in Geochemistry
6 mo. @ $4725-
Co-Principal Investigator, J J. Kelley,
Assoc. Prof. of Marine Science,
3 mo. @ $4326
Laboratory/Field Technician,
’ 12 mo. @ $2016
Data Processing Asst., 3/4 mo. @ $1620
Subtotal
7.5% salary increment - FY 82
» Subtotal
Reserve for annual leave 11%
Holiday and sick leave 9.5%
Total Salaries

Staff Benefits
Hospitalization, Social Security,
- Retirement, 16% of total salaries

Travel
iDome tic:)
one-way trips, Fairbanks-Seward 0$.35/mi.
6 one-way trips, Fairbanks-Dutch Harbor
including 20 days subsistence 0$74/day
2 round trips, Fairbanks to a National
meeting, including 10 days @ $65/day
8 round trips, Fairbanks-Barrow, including
24 days subsistence @$100/day
2 round trips, Fairbanks-Denver-San Diego,
including 10 days @ $65/day
Subsistence for haul road travel, 30 days @$67
(Foreign:)
2 round trips, Fairbanks- Stockho]m, 1nc]ud1ng
6 days subsistence @ $100/day
2 round trips, Fairbanks-Tokyo, including
6 days subsistence @ $100/day

Supplies
Miscellaneous expendable materials & supplies

Services
1200 miles vehicle use, haul road, $.50/mi.
Shipping -
Report preparation and page charges
Communications

- Computer costs

Logistics
4 days cost share for 25 days at $6000
per day on R/V Alpha Helix

Total Direct Costs
Overhead - 38.2% of total direct costs

Total Budget

32
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2,460
4,240
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2,010
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3,000
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86,446

13,831

22,976
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6,400
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EXPLANATION OF THE BUDGET

A. Salaries and Wages: The Principal Investigator named in the proposal

will be responsible for the overall management of this research. Salary
for a.total of -nine man months is requested. Salary for a full-time
technician is also requested. The investigators are the same as those
supported under the DOE proposal fdr 1980-81.

It should be noted that due to the high cost of living in A1ask§,
~salaries are considerably higher than the national average for any given
position. For instance, the federal government recognizes this fact by
paying a 25% taxfree cost of living allowance to its employees in Alaska;
on similar grounds, NSF has agreed to raise the salary limitation for
Alaskan .investigators to $59,375 from the mandated $47,500 per annum.

B. Staff Benefits are provided at the current University of Alaska rate.

C. Travel requests are made for fhe transport of investigators to and
from the field research sites, and to work with co11aborétors (Peterson,
NOAA, Denver, and Miller, San Diego). Funds are requested at this time for
one national meetiné for-each Principal Investigator.

Foreign travel is to transport the Principal Investigators to discuss
and consu]t on data collected on the YMER-80 cruise, and to plan and join
tﬁe Japanese Antarctic Research Expeditipn on the R/V Hakuho Maru.

D. Supplies refer to purchase of gases, glassware, mechanical and electronic
parts-not normally designated as permanent_equipment. These are consumable
items. |

E. Other items (services) are divided into several categories. Report
preparation includes costs involved with reproduction and journal page

- charges if applicable. Communication charges refer to telephone charges.

Shop support is provided for electronic and mechanical repair and modifications.
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Shipping charges er the transport of equipment are provided. This level
Aof funding is conservati9e1y estimated from charges normally inciurred
during past years of operations. |

F.. Logistics are.a direct charge item .in line with past expenditures.
fhe»various categories are’listed. .

G}. Indirect Costs: This item is listed in accordance with the current

University of Alaska rate.
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APPENDIX

-The fb]]owing4appendices represent results of research carried out
under DOE Contract 80EV10429 for fiscal year 1980. Excepf for internal
reports, all manuscripts in this appendix are to be considered in preliminary
or draft form. They are appended for the convenience of the DOE and its
need for timely reporting of research products.- A]though, the manuscripts
will undergo extensive editing, it is unlikely that the reporting of research
results will chénge substan#ia]]}. It is requested that the appended
manuscripts be treated as internal documents and that republication or
reproduction:for public dissenumation not be done without the permission of

the authors.
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CRUISE REPORT, YMER-80 LEG I & II, July-September 1980

Nitrous oxide data are presented in tabular form
Reduced, corrected cruise data for PC02, temperature and salinity
are presented in graph form.
Activities
Nitrous oxide determination of surféce waters at 15 stations on 3

transects were completed during Leg I. . A few comparison measurements were

‘a1so made during Leg II.

Partial pressures of carbon dioxide in the air and.in surface waters
were measured over the entire area covered by Leg II.

Partial pressure§ of CO2 in surface waters for Leg I, were calculated
from pH data from that period, and verified during Leg’II.

N
Routine observat1ons of the in situ PH | temperature and salinity of

N -’ /

surface waters were recorded during both~ﬁeg I and Leg II.
\ \ l \\ /»
<\—\ \,'\" ,"\\‘ \‘ )

pH and temperature measurements were made with a Corning Model
135 pH meter. with a combination reference .electrode. _NSS standardized
buffer solutions (4.01, 7.00, 9.12) were used for instrument calibration.
~ Salinity measurements were made with #4403 Electromark Digital
Analyzer. Standardized sea water was used for calibration.
Nitrous oxide measuremenfs were made on a Perkin Elmer Mpde]

3920 gas chromatograph with electron capture device (ECD), using

~ standardized ECD methods with a 2 m. Porapak Q column. A 1 ppm Matheson

calibrated gas standard was utilized. SémpTes were collected using the

. vacuum expansion methods of Herr and Barger (1978).
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YMER-80 LEG I‘NITROUS’OXIDE DATA

Date Lat. (°N) - Long. (°E) Depth (m)  nmoles Ny0/2
3 August - 79.5 40 - ' 10 : 22.4
20 22.2 -
-40 . 17.5
50 22.2
100 - 18.0
125 o 20.0
150 20.9
200 19.6
275 21.2
3 August 79.7 44 o 10 - 21.3°
: ' 20 18.2
30 - 19.4
40 18.8
50 16.7
75 16
100 16
150 17
- 3 August 79.7 46 10 19.4
20 ' 19.3
30 17.6
40 17.1
50 20
75 15.6
100 18.3
125 - 18.5
150 19.7
200 17.5
250 17.9
4 August 75.5 22 10 . 22.4
~ ' : 20 22.1
30 20.3
40 22.9
50 26.2
65 23.6




Carbon dioxidé measurements were made with a Perkin Elmer Model
3920'f1ame ionization detector (F 10) after methanization of the carbon
dioxide; A 4' carbosieve.B column with appropriate valving was used
for restoring ‘the COp. A Keeling international carbon dioxide =
standard (287 ppm) was used for calibration. Sample collection was

achieved with a continuous countercurrent equilibrator as described by

Gosink and Kelley (1978).

-Results
. The entire area covered by both legs 1 and Il are markedly under-
saturated with COp in the water. Less so than any open waters of the
Barents and Kara Seas, but still more than any open ocean areas at
lower latitude. The gndérsaturation extends to a depth of about 75
meters, varies f}om 56 to 100 m and occaﬁionéi]y}goes to a depth as
great as 200 m. The only exception was the region in the vicinity of
Nord, Greenland, 80'N 2.5'E. |

Atmospheric carbon dioxide also decreased as one proceeded north;
particularly in the vicinity of Greenland, and when the wind originated
from maritime areas. |

Late season carbon dioxide concentrations in the sea wéter seem to
be essentially the same as the early season.

pH data are'presented in only the broadest outlines. 1In general,
the higher the pH the lower the PCOp. The pH varied-around 8;17i303 for
most of the cruise rising to 8.37+.02 during the deepest penetrations
'of the ice pack. There was a perijod between 27 and 31 July, during the
trip from heavy ice NW of Franz Josefs Land to about 50% open water south-

west of Franz Josefs Land when the pH steadily rose from 8.2 to 8.5.




Unfortunately there was some reference electrode prob]emsvat that time,
but two replacement electrodes provided simflar high values. This high
. pH would agree with the extremely low partial pressures of CO2 reported
by Kelley over a decade ago for.the Barents and Kara Seas.

Surface (1-20 m) nitrous oxide measurements for 35 observations
is 16.8 + 4.2 nmoles Np0/L. The range was from 7.4 to 22.4 ﬁmoles N2O/L.
- Average temperature and salinity were -1.50C and 31%. Intermediate
depth waters ranged from 13-30 nm61es N20L. and deep wéters between
12 an 16 n moles NpO/L. Two statibns near 79.3'N 36'E had unusually

high values, up to ca. 50+nmoles N20/L.

Discussion

‘The normal range of partial pressure differences between the
. atmosphere and ocean €02 is on the order of +30 ppm, usually on the
negative sfde. Kelley has already reported exceptionally low (-90 to
-190 ppm) for the entire Barents and Kara Seas surface. Cdnfirmation
of these values was successfully achieved during Leg II. The probable
cause of the extréme]y Tow PCO» values is cooling of warmer N. Alantic
waters rather than biological activity. A 10°C temperature drop in a
body of water lowers its PCOp by about 140 ppm. If'the water was already
normai1y (biologically caused) low by 20-40 ppm, the net result would Be
to produce the extreme (-160 ppm) lows observed.
| The arctic seas appear to be a major sink -for atmospheric carbon
dioxide during the brief summer period. As a preliminary estimafe
.0.3 x 1016 g of CO, may be absorbed in the region alone, and may

represent the apparent missing sink for "Ns,




Nitrous oxide concentration§ are about normal for:surface and
.deeper waters.. The prihcipa] différence is again due to temperature
differences. These po1af-oéean surface waters are not highly sé;urated
Qith NoO.as at lower 1atitude.(110—]80%) but almost exactly saturated
(if30%) with respect to air at 330 ppb. Nitrous oxide.is a ubiquitously

produced trace gas which infTQences stratospheric chemistry.

References




YMER-80 LEG I NITROUS OXIDE DATA

- Date tat. (ON) -Long. (°F) Depth (m)  nmoles N,0/g
13 July 81.0 23.0 0 ‘ 7.4
: 15 20.3
22 211
14 July 81.4 23.0 35 15.4
' 55 16.0
© 250 13.9
500 14.2
000 18.9
1500 14.4
2000 15.8
.. .2500 15.8
3230 15.0
17 July 82.2 25.0 - all surface 16.3 '
- samples 14.5
taken 13.3
from - 14.3
around 15.2
melting 14.3
sea ice 13.4
' 15.2
13.8
14.8
22 July 81.5 49.9 10 13.7
20 12.8
- 40 14
50 13.4
75 13.5
100 13.3
Sat.
29-July 80 38 all 20.7 29.4
surface 21.4 - 30.2
. samples 17.9 32.4
taken 18.4 31.4
from 17.9 31.7
around 21.8 - 31.4
melting 19.9 27.9°
sea 17.9- 26
ice 17.7 28.5
9 25.5




.. YMER-80 LEG I NITROUS OXIDE DATA

Date Lat. (ON) Long. (©F) Depth (m) nmoles N,0/2
4 August 10 16.1
20 -
30 19.7
40 . 20.0
- 50 19.3
.75 22.9
100 24.0
125 23.5
150 21.0
170 22.6
5 August . 10 14.3
20 16.7
30 - 16.1
40 17.8
50 18.5
75 17.8
100 20.2
150 19.9
190 20.9
250 19.3
440 20.0
5 August 10 13.9
' 20 18.0
30 18.2
40 14.2
50 211
150 15.9
200 22.1
300 21.7
400 21.4
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-INTERIM REPORT

TO THE DEPARTMENT OF ENERGY

. FROM THE GEOPHYSICAL INSTITUTE
_ UNIVERSITY OF ALASKA
'FAIRBANKS, ALASKA 99701

CARBON DIOXIDE IN ARCTIC AND SUBARCTIC REGIONS

Drs. T. A. Gosink and J. J. Kelley

February 1981
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This is our first interim report to the Department of Energy under
this contfact number (80EV10429). Ve reportedA1ast year through the Office
of Nava]lResearch (Code 461). We had had a long standing Arctic research
contract program with ONR and through that agency last year we received
phase-in funds from the Department of Energy. |

We have completed our investigation of sea surface water PCOp between
Greenland and Franz Joseph's Land. This was conducted in conjunction with
the Swedish Sponsored arctic expedition YMER-80 duriﬁg the summer of 1980.

A copy of the cruise report is attached.

As a result of that cruise we:

(1) confirmed our earlier observations of extensive low partial

pressures of COo (ca. 180-220 ppm) iﬁ surface waters in that region

(Kelley 1978).

(2) showed that thé very low partial pressures .extend farther north (ca.
82°N) and to the west (ca} 5°W) (see map in cruise report and cruise
track data. i

(3) obtained estimatas as to how deep these very low partial pressures
(ca. 20 m) and the equi1ibrium-dépth {ca. 130 m) penetrate (see cruise
reporf).

(4) cohfjrmed a new simple emp%rica1 method for the determination of
PCO» in sea water (Technical paper in preparation).

(5) obtained an estimate for the invasion rate of CO» across cold Arctic
surface waters (0.078 m moles atm-l cm-2 min-1).

(6) have estimated the Barents;Kara-LapteY-Norwegian Seas area as enormously

stroag sinks, absorbing ca. 2 x 1015g CO, during the summer months alone.

(7) can now estimate that the Arctic is an annual set sink of 1 x 10]59
COp per year and that a large portion of its annual variations are

naturally occurring. (Technical paper in preparation).




At the present time We are engaged in fepairihg our~o1d.equipment,
obtaining and ca]ibrating our new equipment,and prepariné for two more
field events before the end of our first fiscal year Of'suppért under this
contract. One field trip is to observe tundra and taiga surface €0,
emissions during spring breakuplto.conffrm ouf earlier evidence of substantial
release of gases from those soiis during that period of ﬁime, e.g. Cdyne
and Kelley 1971 and 1973, Gosink and Kelley 1978 aﬁd Gosink and Kelley
1979. The second field trip iS‘to.be<into.the north B8ering Sea edge during

spring thaw.
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Arctic Seas. Are they Overlooked Significant Sinks
for -Atmospheric Carbon Dioxide?
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ABSTRACT :

Two arguments are presented to support the concept that the Arctic
Ocean and its surrounding séas)3.8 percent of world ocean and sea surface '
can absorb during the summer between 5 and 10 percent, or more, of the
annual anthropogenic proddction-of carbon dioxide. The implication is

that the arctic seas are important sinks for atmospheric carbon dioxide.

' INTRODUCTION

During the recent Swedish Arctic Expeditioﬁ, YMER-80, we measured
the atmospheric and sea surface p;rtial pressures of carﬁog‘dioxide.
Obéervations~aboard_tﬁe YMER were made in the Norwegian and North Greenléndv
Seas, and the oceanic areas north of Svalbard and Franz Josef Land including
the associated seasonal ice zone.. We present here two arguments which
lead us ‘to believe that the Arétic Ocean and surrounding seas are absorb-
ing between 5 and 10 percent, and possiblyAgs much aé 40 percent, of the
énnuaivanthropogenic production of CQz during‘the 3 to 4 month summer period.
We are aware of other seasonal and geographic arctic water mass sources and

oF uuaeﬂ r\\c- O

31nkah(G051nk and Kelley, 1980a) but the apparent intensity of Barents Sea

area warrents particular note and study.



Polar oceans and adjacent seas affected by sea ice constitute about
35 x lO6 kmz, or essentially 10 percent of the world oceans and seas sur-

face. 1In the northern hemisphere, sea ice extends over about 8.4 x lO6

‘ A1 ?
kmz.in the summer, and up to 15 x 106 km2 in the winter including thelgéas &g

A .
of Japan\Okhocsk. The Arctic Ocean basin and surrounding seas comprise about
i : .

13.6 x lO6 kmz or 3.8 percent of world oceans and sea surfaces. (Sverdrup
et al, 1942 and Barry, 1979). 'We have tepo;ted tﬁat carbon dioxide is
transferred, through sea ice (Gosink, et al, 1976) and that it, based on

Alaskan Arctic observations, can be a significant source of CO, to the Arctic

2

atmosphere in the winter (Gosink and Kelley, 1980b). We are concerned here, | L
however, only with the summer open ocean‘water which is moderately to ‘
extremely undersaturated with respect to carbon dioxide'i.e.,bcarbon dioxide
' ) g oot ' o S
partial pressures in sea water-areﬂless‘that1atmospher1c CO2 partial pressures.
Most of the available data for carbon dioxide in seasonally ice covered
sea water comes from the Bering Sea. 'Research results summarized by Park
et al, (1974) shows the carbon dioxide in Bering Sea surface waters varies
seasonally and spatially from strongly supersaturated to strongly uynder-
saturated conditions. North Atlantic waters wefe'feported nearly 50 years
ago by Buch (123@) to have vefy low partial pressures of carbon dioxide (160
ppm) in the vicinity of sea ice, which was verified by Kelley (1970) when
he extended those observations into the Barents and'Kara‘Seas, and closely
retréced Buch's transatlantic cruise track. . Unlike Buch, however, Kelley
did not observé éxtremely léw atmospheric carbon dioxide concentrations,
although it was significantly lower than continental air. On the recent

YHER-80 cruise, we further extended the sea surface and atmospheric observa-

tions to about 84°N between Greenland, Spitsbergen and Franz Josephs Land,



and south off the Norwegian coast. With the only exception of the region

- near Nord, Greenland, where arctic basin waters are flowing into the

Greenland Sea, and a station at the Greenwich meridian at 80°N, the surface

waters were ‘all highly undersaturated with respect to CO, during the entire

2

"July through September period. The two Greenland sea stations were neverthe-

less undersaturated, but only to the extent of 5-25 ppm, respectively. We.
are publishing elsewhere thé full report of the YMER-Sb CO2 observations, and
our explanation for the principal cause for these exceptionally low surface
water'parﬁial pressures of COZ,.which extend Eo 20-200 m depth. (Gosink and

Kelley, 1980c, d).

The First Arcument

Near surface air flowing out of the Arctic was observed to have CO2
concentrations on the order of 317 to 325 ppm (August and September'l980);'

Our analytical data for CO, are based on S.I.O. standards on the Jc Scale,

2
and are accurate to * 2 ppm). Under laboratory conditions, our gas
chromatographic analytical method has an accuracy and precision of about
+ 0.2 ppm. -(Gosink and Kelley 1977). Air flowing into the arctic basin
north of Norway (July, August and September) had concentrations in the
range of 336 to 341 ppm. Lower tropospheric continental air at 55°N- in
the Skaggerak Strait region during SeptemBer was observed to be 351 ppm.
Thus~tropospheric air passing through the summer arctic basin apparently

loses 11 to 24 ppm of its carbon dioxide content. If the air in the arctic

basin is exchanged every 2 weeks, there would be about 9 air mass changes

*during the summer open water period of June through September. Treating the

6

arctic basin as a simple cylinder of 10 x 10 km2 base area, and arbitarily




of 2 km in height, the CO, air mass volume is 20 x lO6 km3 per exchange.

2

fhe rationale for the 2 km figure is-based partly upon the work of Bolin
and Bischof (1970) who point out that thefe is a 25 to 30 day delay in
seasonal variation between the lower and upper troposphere (9 km). Thus,
the entire arctic troposphgre will not be uniformly relieved of part of

its CO2 burden, before it exits the Arctic. The other factor is that the
density of the air column is not uniform, and 2 km seems.a reasonable
arbitrary first estimate-to approximate the mass of air in the lower tropo-

sphere. An 11 ppm depletion of CO 3

4 .

5 in this simple scheme yields 220 km

or 4.3 x lOl g of CO, per air mass change or 3.9 x lOlS g CO, in the summer ..

2 2

15

period. If 24 ppm of CO, are removed, then 8.4 x 10 g of atmospheric CO

2 2

are deposited in Arctic surface waters over the summer. - The lowest figure
is 12.4‘percent of current annual fossil fuel and cement production figures,

and the highest figure, 40 percent, based on a 2 percent/yéar updating of

. - |
Rotgy's compilations (1977). If a lower exchange rate (0.034 mmole cm 2 atva

,mri min_l) suggested'by Keeling (1965) is employeq}then'the percentage range

»'st4¢is reduced to 5.4 to 17.5 percent. The Hood and Kelley (1976) rate as deter-

/

mined in cool (7-9°C) waterg;affords a 6.9-22%ercent range.  The surface
, o . ,
waters of the Eastern Arctic were in the € to42°Cean—=y ¢
I1f during the winter freeze-up, the cooling and salt rejection from

forming sea ice causes the otherwise stable surface waters to sink to great

depths (below 2-300 m) with this added CO,, then that CO, is effectively

S AR T L H R
P-\R“’" 1l ta iy \L}"-"“ [ Y S | N 1\-.\_. .,%: L~ s,

removedy If it remains near the surface and flows south again (as some
portion of it certainly does) where it is warmed, then part of it will be

released to the atmosphere again.

v




The difference between CO2 in air and sea water based on YMER observa-

tions, (Eastern Arctic'Ocean) indicated undersaturation in sea water of
about -110 ppm. Kelley's (1970) observations in the Barents sea area
(1970) suggests an average under saturation of about 130 ppm. If arbitrary

geographic division of the arctic oceanic regions are used, then over a

100 day period, the Barents, Kara and Laptev seas‘(2.3 X lO6 km2 surface

area) would absorb 1.3 X-lol5 e of CO,. The-openuwater of western arctic

e 2
ocean, also of about 2.3 x 106 ka area, with its apparent APCO, of about

2
ol> g of COZ for a total of

2.0 x lOlJ g of CO2 (9.6 percent of anthropogenic production) which agrees

with the results of our first argument. If, of course, some of the carbon

- 60 ppm would absorb-an additional 0.7 x 1

dioxide above 500 m was also being absorbed, then the figures mentioned
above -would all be prdportionally larger, aﬂd still in agreement with the
results of the first argument.

Although the Arctic oceanic regions occupy a small area of the world
oceanstand seas surface (3.8 percent) it would appear that they may be a

CQ.. ’

significant sink for &&\during Fhe summer. Little can be said at this
time about the possible role of Antarctic seas and the exchange of CO2
across the sea surface. Data are difficult to obtain in both regiqné,both
on an areal and temporal basis due to logistics problems. In order to

further test these arguments it will be necessary to obtain data within

the pdlar pack ice and marginal seas from spring to fall which may only

be possible by taking advantage of future floating ice stations.
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THE GLOBALLY SIGNIFICANT SOURCES AND SINKS:
OF - CARBON DIOXIDE IN THE ARCTIC

J. J. Kelley and T. A. Gosink | e

INTRODUCTION =~ <& %

This article is the first comprehensive considé}ation of the Arctic
as a whole with respect to atmospheric cérbon_dioxide, its natural and
anthropogenic origins and interéction with the various arcf%c surfaces.
The paper is based on our own field research of more than two decades.
and other relevant scienfific-papers.f-

The issue of atmospheric carbon dioxide is international in scope
and interest because of its potential disastrous effects on atmospheric
| heating{ The Arctic can be marked]y affected by this heating.and'in turn
trigger other climate modifications (e.g. Fletcher and Kelley, 1978).

In this paper we will develop the various factors and synthesize an
annual cycle for the Arctic which c1ear1y shows that this ice dominated
region plays a surprisingly large role in moderating atmospheric dioxide.

The Arcfic (above 67O0N), at first glance, appears to be an
almost insignificant region as far as atmospheric carbon dioxide is con-~
cerned.. The whole surface area of the Arctic is only 4% of the earth,.
its ocean-sea area 3.8% of the world oceans surfaces, and is heavily
influenced by both glacier and sea ice. The winter to summer average
variations in tropospheric carbon dioxide are the largest (12-16 ppm)
recorded at all of the remote monitoring sites in the world (eg. Bolin
and Keeling, 1963 and Keeling et al, 1976a,b) and have a curious repeat-

able spring surge just before the summer minimum. On the other hand,




_ the annual Eate of increase of the mean concentration is the same as

. recorded in Mauna Loa or the South Pole. These'énnua1 artic
tropospherchCOZ eiéursions are generally ascribed to transport

of polluted lower latitude continental air into the region during the
wiﬁter, and reduced in the spring-summer due %o hemispheric resurgence
of photosyﬁthetinactivity._ Our an research in the Arctic, however,
detided1y shows that the arctic~hydrosphere, and to a lesser extent

the geosphere, markéd]y affect trbpospheric carbon dioxide, and that
these effects'operaté throughout the entire year. These natural arctic
phenomenon have indeed been obscurred by transport of anthropogenically
polluted air from lower Iatitudeé, but we have been_reasonab]y'successful
in reading through- that masking by means of seasonal source-sfnk
experimentation. e estimate that the natural sources and sinks of
-carbon dioxide within the Arctic are causing about 20-40% of the

annual apparent tropospheric CO2 concentration excursion.

Current estimates of annual tropospheric anthropogenic carbon
dioxide input are about 2.6x1016.of-C02 when considering recent
recognition of tropical forest clearing (Rotty, 1977; Bolin, 1977;

Wong, 1978; Woodwell et al, 1978). .Anthropogenic factors within

the Artic and the adjacent subarctic are virtually inconséquentia] with
respect to carbon dioxide. They are likely to remain so even with

the increased o0il exploration and production activities.

We will show that physical-chemical rather than biological processes
dominate the entire annual cycle. Arctic phenomena are so intense, for
example, that we estimate that an equivalent of nearly 10 percent of the entire
burdeh of carbon dioxide introduced annually by a11.anthr0pogeﬁic activity is
absorbed by north polar seaé just during the short summer period. On the other

2




hand, we have also shown that annual sea ice is perm?able enough towards

carbon dioxide so that about a third of the carbon dioxide absorbed by the seas
over the summer months is transferred back to the troposphere during the
remainder of the year. Tundra 5911, plants, ponds and lakes are also treated

in our discussions as well as preliminary estimates of latitudinal transport.

EXPERIMENTAL METHODS

A1l gas - analyses were accomplished on a Car]é 311 M gas chromatograph.
Carbon'dioxidé reference gas standards prepared at the Scripps Institute
of Oceanography (Ss.1.0; C. b. Keeling Laboratory) were used. In addition, air
samples were periodically taken in the vicinity of the Point Barrow NOAA/ERL-
GMCC site for comparison. VYalues for CO» in air agfeed with the NOAA ﬁeasure-
ments within 1 ppm by Volume. The NOAA analyses were made by means of a
nondispersive infrared anaTyzer'using S.1.0. standards.

Air samples were either collected and held briefly under slight
positive pressure in teflon coated steel and glass (10 ml) gas tight syringes,
or in 250 ml gas sample bottles. It was necessary to employ oversize O-rings
under the plunger in order to achieve a gas tight fit at 16w temperatures.
.'Analyses were cpmpleted within 24 hours; usually within 1 to 6 hours.
Standards held in these syringes were stable for‘24-72 hours, depending .
on the~particu1ar syringe in question. Standards stored in slightly
pressurized routine commerical glaﬁs gas sample bottles were
stable for several weeks.

Samples of air from under a snow cover were taken by holding the

gas tight syringe upwind of the operator, and inserting the need]é or

3




extended cannula beneéth the snow and frost to withdraw 5 to 10.ml of
air. |

In some experiments over sea ice or tundra, the increase of carbon
dioxide over the original air trapped in a chamber was followed. In
other experiments, the sealed chamber was .flushed with hefidm. The
recovery rate of COp verus oxygen was determined asva function of time,
.tghpérature and salinity of the ice. The sealed chambers on' the seé
ice were prebared by packing snow around the chambers and wetting it
Qith freshwatef to provide a gas tight ice seal.
| E;perimehtS'with atmospheric sampling from aircraft are published
elsewhere {Gosink and Kelley, 1981a) as are the procedures for research

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

Description of the Arctic

Our physical description of Arctic is one of defining the areas

. of the Qarious interfaces which may interact with the troposphere. These
estimates are used through out this article to calculate seasonal
quantities éf carbon dioxide exchanged across those surfaces.

The surface of the Arctic, based on simpfe spherical geometric
calculations, is taken to be 2.12x107 km2. The troposphere of the Arctic
is assumed to be 2.1x108 km3 in volume and to contain 6.9x1016 g of COp
at an average concentration of 335 ppm { u atmospheres). Table 1 shows
our breakdown of the various land and sea areas that have'different

-degrees of influence on tropospheric carbon dioxide.

4




The central pack ice, including aboﬁt a third of the Canadian
Archipeligo, is the largest of all subcategories, and is considered to
be almost'closed to ocean-air interaction. The two exceptions are the

Aestimated year round 5-10% open water in cracks, leads and polynas.
(Whitman, 1966) and the ca 50% annual sea ice which we have shown to be
permiable (Gosink et al, 1976) and will dicuss further in this paper. The
surrounding seas have been subdivided into four categories for two
different reasons. The princip1e,reason.is that these regions appear
to display different partial pressures of carbon dioxide, particularly
during tﬁe summer period. The secondary reason has to do with the
amount and duration of the ice cover. Three of these areas are considered

_zsbbe 10% open water durihg the winter due to wind and current stress
on the ice. . Only two are considered to be 100% open for a 3 to 4 month
period during the sum;er. |

The Gréénland Sea-Baffin Bay category is considered to contain
the remainder of the Canadian archipe]igo water area, and to be 50%
open water during the summer periqd. A1l of these Arctic seas may be
referred to as the seasonal sea ice zone (SSIZ) which Barry (1979)
defines as annually varying between 8.4 énd 15 x 106 km2. His
definition, however, includes subarctic sea ice, e.g. the Bering Sea
and Sea of Othosk etc. Sverdrup et af, (1942) tabulate the Arctic
Ocean and surrounding seas as covering 14.1 x 106 km2, but they include
areas south of the Arctic circle such as the Norwegian and North seas
which we consider to be perpetually open water. Our total Arctic Ocean
and seas area is therefore 13.8 x 106 km2.

We estimate the land area.within the Arctic to be predominantly
glaciated and or mountainous, e.g. Greenland. We know of no significant -
(> 1x 1012 g C02 sources or sinks for carbon dioxide in these glaciated areas,
and thus will not consider them in our source-sink calculations. The remaining
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Table 1.. Estimated Surface Areas of Various Regimés of the Arctic

Ocean Sea

. Land

Region

Central Pack Ice

Barents, Kara, Laptev Seas

East Siberian, Chukchi,
Beaufort Seas’

- Greenland Sea and Baffin Bay

Norwegian Sea
Total Ocean-Sea Area

Tundra

Taiga

Mountainous and/or Glaciated
Total Land Area

- Total Area

(Area x.106 km2)

o -0 N 00
g w o o >

O~ O
O OO

T x 106 km2



land area within the Arétic circle is conservatively estimated to cover
1.6x106 km¢. It is composed of the wet tundra, for which there is some
field data, and the more dominant higher taiga for which we will have to

use estimates from other souces about its effect on atmospheric COp2. We

‘estimate the wet tundra as occupying 0.6x106 kmZ as shown in Table 1.

Aside from knowledge of the area and the partial pressure
differences between the air-sea boundary, a reliable figure for the
rate of invasion or evasion of cérbon dioxide across the interface is
required. Skirrow (1975) tabulates eleven laboratory and field study
rates that vary between 0.00045 aﬁd 1.5 mmoles cm-2 atm-Imin-1
(see Figure 1). .We have recently observed within the Arctic an apparent
invasion rate of 0.078 mmoles cm-2 atm~1 mm-! which we use in all of our
calculations for this article (Gosink and Kelley 1981b). We use this
figure since there is an apparent trend in change in rate as a function
of sea water temperature. The numerical value of Kee1fng's rate (0.034)
was for mid-latitude waters (assumed to be ~25°C5.' Hood and Kelley's
rate (0.043) was for colder Bering sea water (ca.99C) and our recent

value (0.078) was for surface water at -1 to 00C.

Arctic CO» Source-Sink Inventory

In the foliowing sections we will utilize our field evidence to

calculate the source and sink strengths for the various categories

1isted above for a summer and winter period. The results are compiled

-in Table 2.




rigure 1.INVASION  RATES - OPEN WATER - APCO,

mmoles cm@ atm’! min™!
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00045

% Stable Inversion ~500m , calm-5 knots (20 Sept
339 to 331 ppm over 48 hours

~ Sea water ~255 ppm; APCO, 80 ppm



‘The central pack ice of the Arctic apparently is shielding the troposphere

from a large area of'high to very high partia1 pressures of carbon dioxide,
particularly during the winter period. Kelley {(1968) reported an average
difference in partial pressures ( APCOp) between the water and air °
ﬂwater-air) of +42 ppm for aﬁ3 week station during the month of January
~near 78°N and i7s°w. The range of : APCO, was +14 to +87 ppm.

Personal communications with chemical oceanographers on the LOREX 79
Experiment near the North ﬁole permits us to ca1cu1ate}(Gosink and

Kelley 1981c) the partial pressure of carbon dioxide (PCOp) in the winter
period at 475 ppm or a APEbE_bf about 120 ppm considering typical winter
arctic tropospheric Eurden of COp at 345 ppm.

Lyakin and Rusanov (1980) have recently published historical data for
the surface waters of the Arctic Basin for 1948 to 1978. When we -employ
their pH data (8.05 to 8.15) in our empirical method (Gosink and Kelley,
1981¢) the surface water partiaf pressures are tﬁereby determined to be
iﬁ the range of 301 to 383 ppm or A PCO» of -40 to +40 ppm. The exact
time of "winter" and locations for the historical data are unknown.

‘ Summer ‘data for the Central Arctic is even more sparse.  Our
recent YMER data (Gosink and Kelley, 1980c) indicate that surface
water along the periphery of the Arctic Ocean Basin are slightly under
saturéted ( ~-10 to -30) ppm) during the summer pefjod, Lyakhin
énd Rusanov's pH data (1980) affords a calculation of summer
PCOy by the empirical method (Gosink and Kelley 1981c) to be in
the range of 223 to 359 ppm for the Arctic Basin. This is in reésonab]e
agreement with our YMER-80 observations along the periphery of
the basin; A PCOp = ca. -100 to +36 ppm, or approximately averaging

-30 ppm. If the arbitrarily assigned range of -30 to +10 ppm for
9




the APCOz of the summer central Arctic is correct, then the summer
central Arctic operator:provides for a source and sink range of 37 MT
. and 112 MT of COp respectively as shown in Table 2. Some smaller
- subsections of the central basin are probably supersaturaiéd with
C0> at the surface as the compiiation of Lyakhin and Rusanov suggest.
Melt ponds on the surface of sea ice were observed from the YMER

~ cruise (80 - 82°) to have very high PCO,.in August'(420-490v2PM);'but
this may have been due to the decay of plankter. Those ponds in August
were covered with ice and had a salinity of about 69/00, and as far

as we can estimate at this time efectively cancels their presumed sink
condition of earlier in the summer based on our observations north of
Alaska (710N). They are shown as 40 MY sources and sinks in Table 2.

The winter low figure for the Central Arctic open water,

assuming that 5% of the total area is open water with a APCO» of 10 ppm,
- that the length of time under such conditoﬁs is 9 months, is that

56 x 1012'9 o, (1012 g = mi1lion metric tons = MT) will be transferred
from the ocean to the atmosphere. If the open water is 10% as has

been suggested by Whitman (1966), and if the o PCO2 = 100 ppm, then
the output of CO2 to the air in the Central Arctic duriﬁg winter

jumps to 1119 MT CO2 for the high figure.
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The Barents Sea Region has been confirmed to have exceedingly low (180-

250 ppm) summer-partial pressures of COp at the surface (Kelley 1970 and Gosink
and Kelley 1981b).- The average a PCO2 for that region is on the order of
'-110 ppm). Considering the general easterly circumpolar flow of
surface waters on that region, the phenomenon is assumed tb extend
into the Laptev Sea. If this intensity is maintained for a 4 month
- summer period.over the entire-area of 2.5x100 km?, then 1628 MT of
CO0» will be absorbed. As can be seen from inspection of Table 2, this
figure alone -overwhelms all qf the othef ﬁources or sinks within the
Arctic. | |

The Barents Sea region therefore is the predominant cause for the Arctic
to be a net COp sink. The partial pressure of COp in those waters in the |
‘winter is‘unkhown, but if our explanations for the principal cause of those
low partial pressures is correct (Gosink and Kelley, 1981d) i.e. the coo]fng
of surface waters as they are transported north, then we would expect
those waters to remain undersaturated throughout the remainder of the year,
but perhaps only at -20 to -40 ppm due to organic decomposition and the lack
of photosynthesis. The winter open water factor would be reduced
to ca 25%, and thus the transfer from the atmosphere would be ca. 225 MT
CO2 for that area and time period.

Chukchi‘and Beaufort Seas summer APCOp .values are significantly less

than that in the Eurasian basin, being on the. order of -60 ppm {Gosink
and Kelley, 1979). Winter data in the Beaufort Sea suggests super-
saturation of 20 to 40 ppm. Therefore the East Sfberian, Chukchi,
Beaufort subcategory is calculated to be a summer sink for COp of 240 MT

and a winter source in the range of 16-32 MT C0, based on the following

observations. ' 1




Our experiments (Gosink-and Kelley, 1978, 1979, 1981b) indicate
that winter partial pressures of CO» under seé ice are patchy and
mixed from under-saturated to the more common_super-Saturated.

For eXamp]e; PCO» returns rapidly to the supersaturated (to 360+ppm)
in the fall or duriné the month of November. ?Qrthermore; indications
are that partial préssures on the order of 400 ppm are close (10-20 m)
to the surface then (Gosink and Kelley 1979).

In the northern Bering Sea we measured PCOp values of 400-440 ppm
at and just:below the thermoc1;;;_1océted at 20-40 m (Gosink and Kelley,
1978 Hakuhd Maru cruise, ]978 and 1981c). At lower latitudes, where
‘photosynthesis extends below the surface thgrmoc]ine, the dgpth at which
the high PCO, water is encountered is as mdéh as several hundred meﬁers
(e.g. Li et al., 1969). In the Beaufort Sea within 200 km of the coast,

- the:- thermocline is only 10-20 m below the surface. On 11 November 1978,
the PCOp» of newly ice-covered surface waters 30 km offshore had already
risen to 341 pph, about 10-12 ppm greater than the ambient air. The PCOé
just 6-7 m below the surface was 420 ppm. . Light levels were 1ow at that
time with the sun being above the horizon for only one hour per day,
“thus photoéynthesis effectively haa ceased.

It-wou1d appear from three sets of winter experiments (1-30 day
observations each) (Ke]]éy, 1968; Kelley and Hood, 1971 and this report) in
addition to several spot samples, that the‘surface sea water PCOziin the winter
with{n 2-300 km of the coast is about 340-360 ppm, but with an occasional high

- observations of ca. 400 ppm. However, on one occasion, two separate samples of sea

12




water from.under the ice ~ 200 km north of Alaska during early April 1978
(floating ice station ARLIS-VII) unequivocally displayed PCOo of 295 and
300 ppm. -The light level at that time of year was low to moderate, but nearly
cqnstanf for ca. 15 hours/day. Those isolated Tow -PCO9 observations_suggest
- that slight but ;ignificant offshore bid]ogical activity had commenced immediately
under.the sea ice in Aﬁri]. This‘departs.from other winter and spring
month observations when the PCOy values for surface Beaufort Sea waters
Qere generally 340>350 ppm and higher (Kelley, 1968; Gosink and Kelley,
1978). Coasté1 and near-coastal waters maihtained 10-60 ppm above |
ambient atmospherié C0y values at Barrow in April to early May 1979.
Migratory filter-feeding whales move-into the general offshore area of
Barrow, Alaska during April. It may.be assumed that plankton are
abundant enough at that time to sustain them as well as to modify
the carbon dioxide in the water column. |
Another seemingly anomalous situation was -observed in June of
1979 over two days. Partially trapped coastal waters inside the off-
shore bar and grounded ice displayed the expected low PCO» (280-300 ppm)
due to photosynthesis. On the sthef'hand, waters just 1-2 km further '
offéhoreAconsistent1y analyzed for a PCOp of ca. 400 ppm. Zooplankton
were onious]y abundant, and their respiration may have overcome the

prior influence of the phytoplankter.
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The Greenland Sea-Baffin Bay region is dominated by sea ice throughout

the year. We estimate for our calculations that it is 10% open in the
winter and 50% open in the summer. The only PCO, data we have are

for. the summer periodf%n the Lena Trough area (Gosink and Kelley 1981d).
The surface sea water coming out .of the Arctic in that region was

s1ightly undersaturated with a- APCO2 of about 0 to 10 ppm. Surface

waters farther south, probably modified by the Spitsbergen Atlantic
current, were undersaturated by 10 to 45 ppm. We can only assume that
winter waters are similar to the central. pack ice, and have supersaturation
APCO2 on the order of 10 to 100 bpm. On the basis of these data and
assumptions, the.winter source strength range for the Greenland Séa-Baffin :
Bay regfon is estimated to be 28-288 MT COp and the the summer sink
strength 29-115 MT CO»p.

The perpetually open water of the Norwegian.Sea and southern edge

of the Barents Seas have summer partial pressures ranging from{SO to.
100 ppm below that of the atmosphere (Gosink and Kelley 1981c).and is
considered to be a year long phenomenon for reaéons mentioned above.
The winter‘partia] pressure difference is unknown but is assumed at
this time to be -25 ppm. Thus this small area is listed as sink for
the entire year with winter and summer season stréngths of 111 and 222-
444 MT €0, respectively. |
The remaining months, not included in tﬁe above or f911owing

calculations are considered to be transition periods during which the

A PCOo is relatively small and self compensating as the process
changes from source to sink or vice versa. |
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- Gases at the Sea Ice-Air-Snow Interfaces. The only air-sea interface

- left for discussion at this point is the sea ice-air interface. We

have reported that annual sea ice, not multi-year ice, because of its.
brine channels and the .carbonate nature of the brine, is permiab1e.to
carbon dioxide (Goéink et al, 1976 and Gosink and Kelley 1977, ]978,'
1979 and 1981e). Carbon d&oxide, carbon‘monoxide,.methane and sometimes
nitrous oxide have all béen observed to emanate from the sea ice surface.
. A1l of these gases can usually be found over‘the_surfacé of annual

sea ice in concentrations significantly greater‘than that of

the ambient air (Gbsink and Kelley, 1977, 1978).‘ We<ar¢~reporting

at this time, however, only on the concentration and exchange of carbon
dioxide. rA}description of sea ice and the probable causes of its
porosity to gases is presented elsewhere (Gosink and Kelley, 1981e).

Air samples withdrawn by syringe from beneath. the snﬁw cover over

sea ice were enriched in carbon dioxide if the wind velocity was low, or
if the sample came from a wind protected area. This difference between the
subnivean concentration and air at 2 m ranged from 0 to 80 ppm.

A sumﬁary of_results for the recovery of géses in helium flushed
chambers to sea ice are 'shown in Figure 2. The fact that thevoxygen
concentration in the fresh ice sealed, helium flushed chambers (Figure 1)
did not recover nearly as rapidly as the COp, prcves that the gases are

being evolved from the sea ice surface, and are not leaking in around the
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Table 2. Seasonal Source-Sink StrengthAs of the'Variou's Regions 1n the Arctié

L Area % Area- - Invasion APCO) Duration :
Season Region (106 km?) Active Evasion Rate - (ppm) * {Months) Source{x10'2 q C0,) sink (x10'2 q C0,)
Ninter 1. Central Basin 8.4 5-10 1.48 x 1012 10 to 100 - 9 56 - 1119 .
2. Darents, Laptev, 2.5 25 ﬂ(g km-2 mo-1 atm-1)* -20 to -407 8 - Mg - 299
and Kara Seas ) ) ’
3. East Sibertan, 0.9 10 * 20 to 40 . -6 16 - 32 -
Chukchi and :
Beaufort Seas o
4. Greenland Sea 1.3 - 2 . 10 to 1007 6 . 28 - 288 .
- and Baffin Bay :
5. Norwegfan Sea 0.5 I ) - -257 6 . - ' m
6. Annua) Sea Ice 6-7 100 2.8-28.3 x 106 - 6 ~ 01 - 1190 4 ' ?
{g kn-2 mo-1) ’ ‘
7. Tundra and Talga 1.6 100 See text - 6 A , _ B
Winter Totals 208 - 2636 260 - N0
(avg 1422) (avg 335)
@ Summer 1. Central Basin 8.4 10 1.48 x 1012, -30 to + 10 3 -37 n2
. . (g km~2 mo-1- atm-1)* '
2. Darents, Laptev 2.5 100 -90 to -1490 4 - 1332 - 2072
and Kara Seas . : :
T , 3 , - 160 - 320 -
3. East Siberian, 0.9 100 * -40 to -80
Chukchi and :
Beaufort Seas _
4. Greenland Sea 1.3 50 . -10 to -407 3 - 29 - N5
and Baffin Bay . ’ . :
5. Norwegian Sea 0.5 100 " -50 to -100 6 - 222 - 444
6. Sea Ice Melt Ponds 17. ? See text - 2 307 407
7. Tundra-Taiga 1.6 78 See text - 3 179 : -
Freeze-Thaw 1.6 100 - - 0.5 0.4 - 56 -
Plants 1.24 100 ) - 3 - 213 - AN
Ponds and Lakes 0.36 100 5.47 10 . . 300 3 48 . -
(g km2 mo-1 atm-T)# A : )
Sumrer Totals 304 - 360 2108 - 3511
: {avg 332) {avg 2811)
Annual 1. Anthropogenic . See text . 1-1
| Annual Totals 513 - 3403 2368 - 3924
| {avg 1958) (avg 3146)

) . .
*This is the same as 0.078 nmole cm~2 atm-) min-? | . ’ i ‘ Annual Net Sink 1188 x 10]2 8 CO?




A HECOVERY

-Figure 2



edges. Full (100%) recovery to ambient conditions for CO» equals

£ 0.034% (340 ppm) and for 0p, 21%. In all cases (Figures 2: a, b, c)
oxygen recovery lags behind COp recovery. The CO» partial pressures in
the brine in the sea ice matrix have been observed to be in excess of
1440 ppm (Gosink and Kelley, 1978). Probably the brines are depleted

in 0, because of the high salt. concentration, and because of the
suspected slight biological and'chemica]3oxygen.consumption within the
relatively warm sea ice matrix.

- Curve pa{rs (Figure 2a) dénote experiments performed on relatively
warm (-10 to -150C) saline (3-49/00) coastal annual sea ice. In |
that case, the CO» concentration exceeded ambient atmospheric concentration
levels (then about 340 ppm) and reached a plateau of about 360 ppm
within a few hours, while the 0 level continued its slow rise over
the following 12 hours to only 60% recovery when the experiment was
terminéted. Curve pairs b and ¢ were for experiments pefformed over
less saline (1-2%/00), colder (-20 to -259C) offshore ice at ARLIS
VII (about 220 miles NNE of Point Barrow, Alaska) during 7-11 April 1978.
The temperatures in all cases were.the ambient air temperatures. The
effect of the salinity difference is clearly demonstrated by curve
pairs b andAc. The ice for cases bvanq ¢ were, respectively, annual
sea ﬁce probabiy formed late in the previous spring, and multi-year ice.
[t is uncertain if the difference between curve pair (a) and pairs (b)
‘and‘(c) is caused more by the temperature rather than the salinity

differences.
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Based on experiments at -10 to -159C, the rate at which carbon
dioxide was being. released to the atmosphere from annual ice surfaces
was 2-4 x'10-3 ml cm-2 hr=1, At -20 to 250C, it apparently dropped to
abouf 10-4 ml! cm=2 hr=1. The veins in sea ice theoretically should
close-by\two~9rder$ of magnitude at -200C, which is in agreement with
the 20-40 fold decrease.in gas fques observed for annual sea ice,
assuming the much larger brine channels opened and closed at about
.the same levels of magnitudg a§ did the much smaller multi-grain
boundary veins (Gosink and Kelley, 1981e). o

Chambers'containing ambient air §ea1éd to the jce at ARLIS VII,
showed carbon dioxide levels of 351-362 ppm‘whén sampled a few hours
{éter (4 and 24 hours) and suggest a transfer rate compatib]e.with the
104 m) ecm~2 nr-1 discussed shown above. The ambient air CO, concentration
was ‘stable between 339-341 ppm. ‘Samples of the subnivean air at ARLIS VII
generally ran around 350 ppm. The range was 337-374 ppm, with the samples
-taken over multi-season ice being the lowest.

" There are brief periods in early May whenvsea ice 1s begining to
. rot, when 2 liter chambers covering 200 cm2 of sea ice were enriched
(10-20 ppm) in COp in a few minutes.  The PCO, of winter sea
1§é brine was on the order of 1000 ppm. We suggest that this is one
of several possible causes for the small repeatable atmospheric surge
of carbon dioxide before the rapid summer decline, as mentioned in the
introduction. That is, the brine and multi-grain boundary veins were
opening up with the onset of warmer weather, thus allowing for'a final

burst of carbon dioxide from the brines before photosynthesis at the
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surface reversed the process. Other possible causes are yeast sporilation,

on land, as yét thoroughly uninvestigated, and tundra freeze-thaw procesées.
These facets are mentioned at the end of the next section.

Contact of high PCO, waters during<the winter witﬁ porous annual
‘sea ice should léad to a'net_flow of CO» to the atmosphere. .Resistance
. to -exchange in'this‘case is affected'by the sea ice as éompared to the
thin film exchange on open water. A definite value for this ice
resistor éffect is unknown at this time, but must-be‘re1ated to the
10-3 to 10-4 m1 cm-2 hr-1 figures stated earlier. It is this high
PCO, water rather than the brines in the sea ice that is the probable
cause of the continental outgassing of COp from the annual sea ice to
ﬁhe atmosphere. There is insufficient €02 in the small amount of brine
trapped in annual sea ice to maintaih the observed winter-long output
of the CO5. |

"'Our only data for carbon dioxide being evolved from annual sea ice

comes from the Beaufort Sea area. If the APCO» in the Barents sea
area remains negative as disﬁusSed earlier, there is the probability
that annual sea ice in that region of the arctic does not evolve
C0p to the atmosphere over fhe winter, but rather operates'as a small sink
for trdpospheric'coz. The Barents Sea region is perhaps one of the most
critical regfonS»for further research pargicular1y in the winter.

Given a total area of annual sea ice on the order of 6.7 x 106
km2 (e.g. Barry, 1979) then 101-1190 MT of C0, is probably being evolved
to the atmoéphere over the winter from annual sea depending on thé
salinity and temperature of the'annua1 sea ice.

20
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Bélin»and KéeTing's 1963) earlier high altitude samples and our
(Gosink and Kelley 1979) recent intermediate altitude sampling also indicate
a source of CO2 at the surface during winter. Low altitude winter atmospheric
CO0p values are usually always larger than those at hiéher altitude.

These considerations of sea-ice-air 1ntérfaces alone account for most
of the source-sink strengths as §hdwn in Table 2. The net result is‘to
indicate that the Arctic is an annual net sink for CO» of more than 1000 MT or
-an equivalent to.15% of the annual anthropogenic contribution of COp to the |
troposphere. These figures were derived by the use of our recent]y observed
inversion rate for COp across Barent Séa-Arctic Ocean water.. If the lower rate
proposed'by Keeling (1965) for mid-]atitude waters 1s substituted (0.034'vs..0.078
mmole atm=1 cm-2 min-1) then the affect of the Arétic on tropospheric
CO» is that it still behaves as a sink, but absorbing an equivalent of
ca. 7% rather than 15% of the annual antropogenic CO. Hood and Kelley's
intermediate invasion rate (0.043) provides for a net Arctic CO2 sink equiva]enf
of ca. 8% of anthrOpogenic‘COZ.

We have recently calculated simple box models (Gosink and Kelley, 1981b)
considering COp partial -differences for atmospheric COp entering and
exiting the Arctic and have arrived at reasonably .similar net sink
results. |

The relatively small but fairly numerous sources and sinks
associated with the land portion of the arctic as shown in Table 2

~are explained in the following sections.

21



Gases from Tundra, Lakes-and Ponds A large net source of carbon

dioxide in the arctic is the tundra with its bogs, ponds and lakes.
Extremely high levels of methane and carbon monoxide as well as carbon
dioxide wére found at the surfce of the tundra and in the lakes and

ponds of the arctic in the vicinity of Point Bafrow. Kelley et al (1968)
and Coyne and Kelley (1974a), reported on the existence of elevated |
levels of carbon dioxide under the snow across the tundra, particularly
.in the spring. The level of carbon dioxide was inversely proportional

to the wind speed (high wind velocity aspirates and replaces the_carbon.
dioxide enriched subnivean air) .and the hiéhest"1eve1§ (as much as several
thousand ppmvfor a few hours over a few days) occurred in May during the
annual final rise in atmospheric carbon dioxide mentioned earlier. Gas
chrohatogfaphic procedures required only § cc samples of air. Thus the
natural microenvironment was not disturbed. In this ﬁanner, small

(0-30 ppm) but nearly continuous enrichments of carbon dioxide under the
snow were noted throughout the winter. Similar subnivean enrichment "of
COo has been observed for samples téken in the Fairbanks, Alaska, area
(650N). In§ufficient data are available to calculate the evasion rate

of CO» from frozen tundra surfaces, but it is estimated to be on the order
of 104 m1 em-2 hr'], or an almﬁst insignificant 7 MT of COp evolved to
the atmosphere over winter.

Anthropogenic sources of COy in the arctic are negligible (est.

<1012 g). However, recent petfo1eum developments may make this a
soﬁrce comparable to the natural outgassing of the winter tundra,
particularly if COp stripped from the petroleum gaées is released to the
atmosphere rather fhan being reinjected into the well.
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‘ During'the'months of June and September, the period of thaw andv
freeze, the concentration of land surface-evolved gases are large and
" variable, at least in the vicinity of Point Barrow. The region is
dominated by ponds and lakes with organiC‘rich sediment (Brown and
Johnson, 1965; Douglas and Tedrow, 1960). Partial pressures of carbon
dioxide in the lakes averagé abouf 115 ppm higher than that of the
ambient atmosphere. The ponds, wfth'warmer bottom sedimént and smaller
volume dilution, had an average PCO2 of 357 ppm greater than the ambient
aire (Coyne and Kelley, 1974b). These lakes and ponds constitute 50-80%

of the tundra in the vicinity of Barrow (Miller et al., 1976). Coyne and

R R

Kelley (1974b) calculate an evasion rate of €O, of 0.34 mg em=2 atm~! min-t.
Using Coyne énd‘Ke11ey's evasion rate for ‘tundra lakes and ponds, with
an estimated average gradient bétween lakes and ponds of 300 ppm greater
than that of the atmosphere, and that 60% of the 0.6 x 106 km? of tundra
is invo1ved; then 48 MT of CO2 is calculated to evolve to the atmosphere
over the summer from that interface.

Mii1ér'et al, (1976) and Coyne and Kelley (1975), calculate that
the vascular plants on fhe wet tundra fjx about 400-770 g CO, m~2

season']

, With about 43% of the CO, being drawn from the atmosphere.
During-periods of low photosynthesis, the hours around midnight, the

soil is a.source of about 0.2 g €O, m“'2 hr=1. Therefore given the facts and
estimates that wet tundra emits more CO, than the plants can fix

 during.a portion of this time, i.e. Miller et al's soil source rate for an
estimated 8 hours a day ovér'90 days, Coyne and Ke11ey's vegetation

drawn down values, and that 40% of the tundra and 100% taiga or boreal

vegetation are involved then 179 MT of CO» are added to the atmosphere
; S
23 ‘




from the soil while the vascular and other plants remove 213-411 MT from
the air. This figure is in general agreement with estimated for tundra
and alpine ecosystems tabulated by Revelle and Munk {1977).

Finally there is the interesting phenomena that the tundra iéhknown to
outgas carbon dioxide during free;ing and thaw at the rate of 500-90,000 1/heétare_
(Coyne and Kelley, 1971). The effect of this is to add yet anothef 0.4 to
56 MT of COp to the arctic troposphere err short periods of time both at
the beginning and end of the arctic winter. This small quantity alone
could influence near.gfound 1eve1,monitoreﬁ concentrations of atmospheric
COp by a few tenths of a ppm as suggested in a recent articles by Peterson
et al (1980), and Halter and Peterson, (1981). It may be the cause, or part

of the cause of the annual spring atmospheric CO2 surge noted earlier.
RESULTS

i The Arctic emerges from this source-sink analysis to be a source
of 1107 MT of COp during the winter period, a sink for 2479 MT of
atmospherfc CO» during the summer to yild a net annual sink effect of
1188 MT. The annual effect is equivalent to 4.6% of the global
antrOpogenic input of COp to the troposphere. The effect ié even Iérger
if one considers that half df the antropogenic input of CO, to the
troposphere remains there while the remainder is withdrawn by the oceans
and biosphere throughout the world. High PCO» surface yaters on the

average exist in the equitorial Atlantic and Pacific (Keeling 1968)
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‘which largely offsets much of the low PCO; surface waters of the mid-

latitudes. Surface waters near Antarctic also display high' PCO2 during

the Austral summef. This is due to surface runoff of CO2 saturated fresh

water being affected by the salt of ocean water, plus the upw¢11ing

phenomena as§ociated with Antarctic oceans. Therefore the Arctic,

which is mostly oceanic in.nature; appears to be inordinately important

to the removal of atmospheric COp compared to the rést of the world

oceans. | |
Keeling and Bocastow (1977) point out in their models that the ocean;

air CO2 interactions is an equilibrium process. The net removal e?fect

of the oceans an atmospheric CO; depends to a large extent on whether

- or not surface waters, with the absorbed COp, are mixed down to.about 58 m

depth. Winter cooling and salt injection into cold suface water in the
~Arctic by forming ice fairly well assures that the COp absorbed by
surface summer water sinks to depths where it is effectiveiy removed
from re-equi]ibrafions with the atmosphere. |

If we assume that if only 1/12 of the seasonally absorbed or evolved
C0o affects tropospheric COp in the Arctic.(see arguments in Simp1e box
model by Gosink and Kélley, 1981b) then the natural arctic sources and sinks
are causing a winter—summer,f1uctuatioﬁ of 2.7 ppm, or 22% of the
observed average 12 ppm annual variation. However, since both the

CO2 monitor 1eve1§, but more importantly that the source-sink effects

are at the surface, the apparent effect may be closer to 44%.
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CONCLUSIONS

Three conclusiohs can be drawn from this work.

1. The arctic is not an ice sea1ed inert surface with respect to
atmospheric carbon dioxide balance, but is a. viable, essential and
substantial part of the whole carbon dioxide question. |

2. The natural sources and sinks of COp within the Arctic
themselves cause a suSstantia1 part of the annual concentration
excursion of atmOSpﬁeric €02, pafticu1ar1y at~£he surface.

3. There ggzmoreisou;EE:éink.data required in-three logistically
difficult ?reas if these estimates aré,to be improved. The most
important is the Barents Sea region during the winter because of its
tremendously large‘partia1 pressure difference, and for which no winter
data is avajlable. The next important region is the logistically difficult
central Arcfic Basin during both the winter and summer. BackgfoundA A
data for both the atmosphere and surface water is required.

Information abouf the ‘seasonably variable COp partial pressures

in the extensive melt ponds (est. ca. 1-2 x 108 km2) in the Arctic can
s be'exbected fo have some bearing on temporary source sink strengths.
The third need is for the smaller regions for which data is lacking.

‘These are the Easﬁ'Siberian Sea, the Canadian Archipeligo and Baffin Bay.
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FIGURE CAPTIONS

Figure 1. Various rates for transfer of C02 across the seas-water-

air boundary.

“Figure 2. Recovery of CO2 and .oxygen in helium flushed chambers over’

sea ice as a functio of time, salinity and temperature.
(a) =10 to -150C; 3-4%/00 S (b)--15 yo -200C; 29/00 S (c)
=15 to -200C; 1°/oo S. . : .




}pHc_19'568

CARBON DIOXIDE IN OCEAN SURFACE WATERS: FE RN
A SIMPLIFIED METHOD OF MEASUREMENT! T

T. A. Gosink and J. J. Kelley

Geophysical Institute and Institute of Marine Science
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Fairbanks, Alaska 99701

ABSTRACT
Partial pressures of carbdn dioxide in sea water can be estimated
. LX)
. Pt
with reasonable accuracy by use of the equation: PCO, = 3.98 x 10‘2'l X

2
, where pHc = pHs + (pHs x Sal. x 10"3). It should be possible

to equip ships-of-opportunity with relatively simple instrumentation to

inexpensively assess ocean surface PCO2 on a seasonal basis or to derive

PCO2 values from archived pH data if they are of sufficient accuracy.
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INTRODUCTION

A simple relationship between pH and PCO2 ﬁas been found so that
PCO2 in sea water can be calculated with only knowledge of in situ pH
(pHs) and Salinity (S). The required accuracy of the pH measurement
should be better than t 0.0l pH units in order to maintain an accuracy of

+ 6 ppm PCO The accuracy of the salinity measurement needs only to

2" '
be + 0.2°/,,. Water temperéture:measurements are not required if pH is
measuFed in situ, e.g., at the vessels engine cooling water inlet. Tem~-
perature measurements are, however, required (t.0.26C) in order to calibrate
the pH meter against temperature dependent pH standards.

An important- sink for atmospheric .carbon diéxide is tﬁe ocean.
Partial pressure differences Between the ocean and the atmosphere usually
. are on the order of * 0-40 ppm concentration mixing ratio (approximately
* 0-40u atmospherés) with extreme ranges of % ~v150 ppm. In order to

2

chromatographic analysis of clean air equilibrated with the sea water

determine PCO, in sea water, direct methods such as infrared or gas

are used, or it is calculated from pH and alkalinity titration data.

The latter indirect method produces data which are usually about 5% |

(or more) higher tham the former methods (about 15 ppm with air values

at 300 ppm) when performed simultaneously. The indirect method, further-

K, and KB employed for

1’ 72

the apparent ionization constants for carbonic and boric-acids (Gieskes,

- more, is variable depending on the values of K

1974; Millero, 1979). 1In order to perform any of these méaSurements,
skilled personnel are usually necessary, and thus data for only limited

‘areas and seasons are available from various scientific cruises.




—

DISCUSSION

The pH of pure rain water in equilibrium with atmospheric CO_2

should be about 5.7 (with no contribution frbm.SOZ). The pH of a pure

.calcium carbonate solution is about 9.9, but when .in equilibrium with

atmospheric CO2 (carbonié acid production) it is about 8.4 (e.g., Garrels
and Christ, 1965).. Sea water not only is essentially a calcium carbonate
sysﬁem in approximate equilibrium with carbonic acid produced from atmos-

pheric CO,, but also has additional acid-contributions due to boric,

2
silicic and phosphoric acids etc. and thus its "ﬁormal" pPH is closer to
8.1. The contributiohs of the additional acids are proportional to the
salinity of the water. Edmond (1970) calculated that in 35°/,, sea water,
bicarbonate and carbonate account for 96.5% of the conjugate base present.

Therefore 3.5% is the. contribution of the other conjugate bases (borate,

etc.). Assuming a reasonable constancy of composition, the correction

0.035
35

Salinity x 10_3. This factor can be applied either to the pH in an

factor for alkalinity titrations (and for pH) is x Salinity, or
additive fashion as in this work, or to the total alkalinity as a substra-. .
tive term in place of the borate term to obtain an estimate of the car-

bonate alkalinity (Gosink and Kelley, 1980). Thus, KB and IB, uncertain

- terms in the calculation (Millero, 1979) are not required. Silicates etc.

are usually ignored, but are important for.occurrences of < 0.008 pH units.:-
The ‘observed sea water pH is lower than the theoretical calculated
carbonic acid-carbonate pH due to the presence of other acids in sea water.

Thus, if the pH is corrected by adding the term pHs x Sal. x 10-3, then

the PCO2 of the sea water can be calculated by the formula PCO2 = a pch.



The subscripts on the pH term refer to in situ (s) and corrected (c). terms.

The least squares fit for [a] and [n] based on observations from a summer.
cruise (Hakuho Maru, 1978) to the Bering Sea (Gosink and Kelley, 1980) are
a = 3.98 x 1020 and n = ~19.568. An initial emperical fit (Fig..1l) for

data based only on calculations of PCO, from pH and alkalinity titrations,

2
and randomly selected to cover a limited pH range from 7.9 tb 8.2 are
a=6.34 x lO21 and n = -20.83. . The slopes of thé two curves (n) are
essentially the same. The intercepts (a) différ because of the differences
between observed and calculated PCO, thch is treatea elsewhere (Gosink

2

and Kelley, 1980). Comparison of this method.té 3c02 calculated for sea
water at 2000 m to the surface from alkalinity data also appears to be good.
The method, however, fails below 20°/,, éalinity.\ We calculated the

in sity and pressure corrected aH and pH by the thermodynamic‘methods
reported by Millero (1979) and are related to NBS rather than tris

buffer calibrations. Table 1 may be used with interpolation for the deter-

- mination of the partial pressure of CO, in sea water from in sifu pH (NBS

2
buffer reference) in the’salinity range of 26 to 36°/,,. This range should
cover nearly all expected observatiens in the near surface to 400 meters

of sea water.

CONCLUSIONS
Careful measurements of pHs along with salinity and temperature should
make it possible, with reasonably simple periodic calibrations, to economi-

cally employ any ship of opportunity to more easily assess PCO2 in ocean

‘surface waters fduring all seasons or to retrieve PCO, information from

2




. archived pH data. This should provide a more extensive data base, for
example, for models related to global climate change‘in_response'to CO2
changesAin the natural environment.

Further observations of PCO2 by direct (gas chromatography) and
indirect (alkalinity titrations) measurement will be necessary to refine
the values ;f a and n. A more detailed comparison of the.met@pds is to be

published elsewhere (Gosink and Kelley, 1980).
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v Table 1. Partial pressures on CO, (ppm) in sea water for in situ pH
) T _between 7.9 and 8.4 and"26 to .36°/,, salinity.

PCO, (ppm)

s °/oo 7.90 - 8.00 - 8.10 8.20 8.30 8.40
36 543 424 333 262 206 157
34 564 . 441 346 272 - 214 163
32 " 585 458 359. 282 223 169
30 608 475 373 1293 231 177
28 632 . 49 387 - 305 240 185

26 .565 . 513 402~ 316 250 - 192




Figure 1.-.

FIGURE CAPTION

Empirical fit of 1n pHc versus ln PCO, where the solid circles
are. for calculated PCO, from randomly selected stations in the
Bering Sea (Hakuho Marii, 1978) and the solid squares represent

the observed PCO2 data.




ARCTIC TROPOSPHERIC CARBON DIOXIDE.
LOW ALTITUDE AIRCRAFT SAMPLING
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ABSTRACT
Atmospheric carbon dioxide levels monitored at Barrgw, Alaska show
the largest winter-summer Qariations in the world for a clean background
environment. Past high altitude aircraft data suggest a low altitude CO2
source in the winter, and a sink in the summer. Our data, based on samples
collécted,(3000 and 50 m), clearly show the source~sink effects of the
Arctic Ocean and tuﬁdra throughout the'year,,particularly during .the

periods of freeze and thaw.
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INTRODﬁCTION
Regular'analyses-of CO2 in the atmospheré at Barrow; Alaska, and farther
north, beganA;n the éarly 1960's (Bolin and Keeling, 1963; Relley, 1969 and
1973). Bolin and Keeling (1963) have shown extreme differences between the
two poles with respect to atmosphefic Cco

2.c'oncentrations. The South Pole’
showé minimal annual fluctuations (&1 ppm), the intertropical convergenﬁe
zone shows a fairly persistant intermediate high, and the arctic atmospheric
Co, varies (V12 ppm) from a worldwide high in winter to a ;orldwide low in

. the summer; Both poles, however, reflect similar loné'term trends. in the

- gradual. annual increase of CO, in the atmosphere of N1 ppm (Keeling ét al.,

2
1976). Our‘lov altitude (<4000 m) airecraft data refine some of the implica-

tions to be found in.the earlier high altitude (>5500 m) arctic data of Bolin
and Keeling (1963).

.The atmospheric CO, level begins to rise at Barrow, Alaska in late

2
August, months before it does at mid-latitudes (late October) and reaches

a worldwide high (for ;leah backgrounds) of ea. 340 ppm in late May, months
after northern hemispheric‘gnthropogenic.space heating has ceased, and lower.:
latitude photosynthesis has recommenced. Furthermore, the late spring high
is a resurgence rather than a continuous climb to that level, and the high
levels persist -a few hundred km offshore for 1-2 weeks as compared to Barrow
(Kelley; 1973 and this work). Our estimates of the arctic source-sink
strengths for C02, and for the role thét annual sea ice plays in the wintet-A

summer mixing ratio of atmospheric CO, have been published_elsewhere (Gosink

2
* and Kelley, 1979a, b). This article dea;s.with the results of our low

altitude aircraft atmospheric CO2 program, and shows the intensity of regional

sources and sinks for CO2 on the lower troposphere.



- EXPERIMENTAL METHODS -
.The gas chromatographic proceduré, standards and accuracy have been -
published elsewhere (Gosink and Kelley, 1979a).  The sample collection
. procedures are«described'beléw.

A Naval Arctic Reséarch Laﬁoratory Twin Otter aircraft was usually
used td collect air samples. Air was conducted to a 250 ml sampling flask
via a-small‘viton diapham air pump in the non-pressurized cabin at a rate
of about 4-5 2/min. - The air intake tpbing (Teflon) was located on a strut
well ahead of the engines. A Cl17 aircraft was also occasiomally used. The
.tubing was placed in one of the clean air'scoops mounted abovg the fuselage
forwﬁ;d of the engines. Sampling flight plgns were established to fly 150
to 1000 km north of Barrﬁw, Alaska. Samples were periodically collected at
approximately 100 m a;titude outbound. At the farthest'point,.a vertical
profile was made from 40 m to 4500 m alﬁitude. ‘Samples taken inbound were
madé at 3200 m to a point usually about 80 km inland. Another set of
" samples was taken to establish a vertical profile over land.

Care was.taken to flush the .short section of glass tubing leading to
the stspcﬁck-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
pressu£e'in Teflon and glass (10 ml) gas light syringes. It wﬁs necessary
‘to employ oversize O-rings under the teflon plunger in order to achieve
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



stable.for 24-72 hours, depending on the particular syringe in~questibn.
‘Slightly pressurized gas sample bottle samples were stable.fpf several

weeks.

.'AIRCRAFT OVERFLIGHTS OF THE ARCTIC. ICE AND TUNDRA

For-thé sake of brevity we:ﬁavé sélected Figures 1 a—d,aﬁd Figures
1l e,f from 7 of our 17 flights,‘to<Show hbrizdntal and vertical profiles
-respectively=§f,atmospheric carbon diokidéfagéfiéh&; éeasodal-ice.from
late spring to late summer when the changes.are most pronounced. Other
data show little horizontal and vertical change.. A strict minority of.
.our data poiht to opposite trends. The area sampléd was élwais.withiﬁ ;’
few hundred km froﬁ Point Barrbw, Alaska. There was a strohg,énrichment
- of CO

2

over the sea ice, and a noticeable depletion only 80 km inland on
26 June 1977 (Fig. la). The sea ice was nearly continuous and had only
begun to melt about 150 km north of Point Barrow at that time. Thus, off-

shore CO, evolution would have been high due to optimal opening of brine

2
channels, The tundra at that time was free of snow and ice, ‘and was -
biologically active i.e., soil :espiration_was going on. A few weeks later,
7 July 1977, there was only a suggested tfend in enrichment over the ocean

. portion of the north-south transect. The sea ice around Point Barrow was .

- breaking up and melting out to 300 km by that time, thus low»PCO2 surface
waters.may have influenced the local lower atmosphere at that time. The
déﬁa fdr 20‘Jul§ 1977'shows*essentially constaﬁt oceaniﬁ‘atmosphere concen-

-tratioﬁS'of-CO2
to note that. the 20 July 1977 flight was at 2 km altitude, whereas the pfeviops

~out to nearly 1000 km north of Point Barrow. It is iméortant

. two were conducted at 30 m over the ice. There was, however, evidence for

significant (10 ppm) énri;hment'at low altitudes on 18 July for a flight




300 km east of Point Barrow. That flight had nearshore altitudes over

melting sea ice'of ea. 150 m dropping fo'lS m 100 km offéhore over
continuous ice which was beginning to melt.

The data shown in Figure 16 is for the same time period as Figure,la,
but a year later when the ice had élready broken up several weeks earlier.
- The data from these flights show essentially éonstant'lbw level atmospheric

concentration of CO, from inland 90 km south of Point Barrow to 300 km off-

2
shore to the north. The 6nly exception was the far iniand early data of 27
June 1978. . There was a shafp depressioﬁ in atmospheric CO2 130 km inland,
presumably due to the uptake of CO2 by the vegetation. The higher v#lues
90 km inland may represent a seasonal latitude change when the surface was
still thawing, and soil respiration was dominant. Similar data of slightly
dePressedACO2 values near the mountains an& of higher level of CO2 further
north~over_ﬁhe.tundra;-have-been oBserved in the past at surface monitoring

-sites (Relley, 1973). \

In early Junme of 1979, the sea ice and tundra were only beginning to
thaw within 100 km. of Point Barrow. The CO2 partial pressure was essentially
constant at 340-341 ppm to 850 km north of Point Barrow, and only droppéd
2-3 ppm, 200 km inland. Carbon monéxide at that time showed a more dramatic
change and has been reported elsewhere (Gosink and Kelley, 1979c¢).

Figure lc shows the data from flight transect during late summer (8-9
Septemger 1978). Freezing had set in so that the .intense 5iolbgica1‘activity
in the tundra had greatly diminished, yet the ground had not frozen hard and
could outgas without biological fixation of the CO2 (Coyne and Kelley, 1971).

The oceans were nearly clear of all ice out to about 200 km, and skim ice

was showing in the many leads in the pack ice. Low PC02 water was still at



the surface. This is in contrast to the 27 June data (Fig. 1b) when biologi-
cal activity was uniformly high. .The .far inland atmospﬁeric concentrations
of 002 in this case were high and variable,; and decreased northward to. the
coast where the 150-200 km of -open low PCD2 water appeared to influence the
lower troposphere. Our aircraft sample data near Point Barrow are in general
agreement with the NOAA-GMCC recorded values at Barrow for the 2 days prior
to and during~tﬁe flight as showq by the small bar in the figure. The surface
winds were from a clean air northern (oceanic) sector, Winds aloft near Point
Barrow usually have a westerly origin when the surface winds are from the n§rth,
and thus would have been influenced by the low PCO2 open waters of the Chukchi
and northern Bering Seas. The air from the pack ice reéion is dlearlf enriched
in COz'near the surface as shown in Figures 1ld and le.

Figure ld presents data for a flight transect a few weeks later after
the tundra had ffoéen (30 Septeﬁber 1978). . There had been almost continuéus
high winds and wave activity ffom the northeast and northwest. 'The surface
‘ sea water PC02 1evel>rem§ined'surprisingly lowvat about. 270 ppm 20'kp.off-
shore. The'lower*atmosphere appears to be well mixed lower. There was
" however, a definite but small (2-3 ppm) trend for enrichment 300 km offshore
for the air at 3200 m which suggest possible enrichment by either new sea
ice or high PCD2 surface waters very deep in the pack. Annual sea ice was
forming in the leads in the pack ice, which was still 150 km offshofe of
the viéinity of Point Barrow. The offshore vertical gradient for the same
flight is shown in Figure 1f.

On five ocassions, both north and south of Point Barrow, vertical pro-
files showed the layered presence of higher (6~10 ppm) C02 near 1 km altitude.
Occasionally, enrichmen; at 3 km was evident too. Our tentative interpreta-

tion is that they are real since they are well within the limit of our




analytical error. A complementary study on aerosols (G. Shaw, University of
Alaska, personal communication), on one such flight sHerd that there were
increases in aerosols at those same levels. These data suggest boundary

- layer entrapﬁent. Ozone, incidently, displayed a minimum in these COZ-maxi-
mum layers. Om 16 January 1978, a low CO, concentration rather than a CO,
maximum was evident at 600 meters. The ozone concentration in that CO2
Zminimum layer was reversed in that it displayed a maximum.

The winter profiles were variable for the month of January 1978. There
was generally a small trend for enrichment of»CO2 near the surface, and the
air ét'altitude over the sea ice was hore highly enriched compared to the
over land profile.

Figures le and 1lf are vertical profiles of CO2 and temperature ca. 300 km

offshore over pack and newly forming sea ice, 8 and 30 September 1978. Hori-

zontal profiles for these same sites were discussed in connection with Figures -

lc and 1d. The high offshore surface values for 8 September 1978 (Fig. le)
are believed due Eo the relatively calm freezing weather, the formation of new
sea ice, or possibly by high PCD% surface waters deeper in the pack. The low
surface values and slightly elevated concentratioﬁ offshore at altitude on
30 September 1978 kFig. lc) on. the other hand, are interpreted t§ reflect the
presistent turbulent mixing of the previous 3 weeks, and the influence of the
low surface PCO2 ocean water south of there.

'B§ 8 November 1978, the annual seé ice had reformed. There was high PCO2
water (341 ppm) under the ice and.there was a definite enrichment of CO2 in
the air above the sea ice 180 km north of Barrow at that time. The air neaf

(30 m) the surface 180 km north of Barrow had ca. 340 ppm'COz, 80 km north it

was 332 ppm at Barrow it was 327 ppm (328 ppm according to the NOAA data).




. SUMMARY AND CONCLUSIONS
Low altitude aircrafgnsampling for -atmospheric CO2 éhows how intense

ground level sources and sinks can, on occasion, modify the observations

made on a fixed ground level station (e.g. Fig. lc).  Layering effects are
also seen on occasion as opposed to continuous gradiénfs. The most impertant
fact is that the'Arétic Ocean shows itself to be a significant source of‘CO2
.in .the winter and sipk in the:summer,'which is furhter substantiated both by
high altitude flights (Bolin and Keeling,.l§63) and the l;w‘altitude data
presented here. Thérefore, future atmospheric models will have to account

for the natural sources and sink of CO, in the Arctic (Gosink and Kelley,

2

'1979a) and not to consider them as essentially inert regioms.
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.FIGURE CAPTIONS
Horizontal profiles of atmospheric CO, at low and high altitudes
north and south of Point Barrow, Alaska, June-July 1977.

Horizontal profile of atmospheric CO, at low altitude north and °
south of Point Barrow, Alaska, June-July 1978.

High and low altitude horizontal profiles at atmospheric CO, north
and south of Point Barrow, Alaska, 8-~9 September 1978.

High and low altitude horizontal profiles of atmospheric CO, north
of Point Barrow, Alaska 30 September 1978.

Vertical profile of CO; and temperature 320 km. north of Point

Barrow, Alaska, 8 September 1978.

Vertical profile of CO; and temperature 260 km north of Point

‘Barrow, Alaska, 30 September 1978.
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- 'APPENDIX 7‘
List of manuscripts (with titles) in preparatioh or partial comp]etioh.
1. Observations and calculations of PCOp in sea waters: A new approach.
2. An explanation for the extfeme]y Tow partial preésure of carbon dioxide
in surface sea waters of the Barents, Kara, and Greenland Seas.

3. Annual Sea Ic. An air-sea gas'exchange moderator.




‘Pfoépectus to the U.S. Department of Energy Carboﬁ Dioxide and Climate

Division for support of a working group on the past, present, and future
interactions with CO, induced climatic change among the atmosphere, land,
sea, snow, and ice in polar regions

Principal Investigator: ~ Philip C. Miller .
. Systems Ecology Research Group
San Diego State University

John J. Keliey, Jr.
Institute of Marine Science
University of Alaska




We propose a small working group t§ syntheéize existing information on
the interactions among the atﬁosphere, land, sea, snow, and ice in order to
evaluate the hypothesis fhat with CO2 induced climatic change the pélar
regions will become stronger carbon sinks than they are currently and that

they Will function significantly to damp out the global rise in atmospheric
€0, and temperature.: As CO, contents andAtempératures rise within the
northern polar regions, térrestfial.ecosystems will become stronger sinks,
the polar ice cap will become a.C62~sourcé, and open water will become a -
stronger CO2 sink. The net result will be a nqrtherﬂwsiﬁk for COZ'

The hypothesis will be evaluated by reviewing aﬁd synthesizing the
current data on the current carbon budgets, past carbon budgets, and futuré

carbon budgets with CO, induced climatic change. To develop these carbon

2
budgets, the polar region will be divided into. geographic units consisting
of ice, snow, land, and open sea. The region under consideration will be
_that dominated by the polar'air mass or underlain by‘pe%manent or discontin-
uous permafrost, i.e., with an annual mean temperature of about -2°C. The
- working group will also develop a preliminary modei of the three-dimension
fluxes of CO2 in the polar regions which car be used to project ?he current
understandipg into future coﬁditions.

We propose to include 12-20 scientists actively involvea in polar
research or atmospheric CO2 questions. Some posbiblg participants are:
6. Kukla, J. Keliey, P. C. Miller, T. A. Gosink, W. C. Oechel, ﬁ. 0. Heal,
'L.'C. Bliss, C. D. Keeling, Thomas Rosswéll, John Andreﬁs, Roger Barry,
Kenneth Hare or Ritchie, P. Webbér, V. Alexander, J. Hobbie, M. Miller,

Joyce Harris, Brian Halter, Ken Rahn. The workshop should involve 5 days

since the group has not worked together on this sort of problem and some




time must be spent'onfdeveloping_a commbn background for productive discussions.
Prior to the workshop J. Kelley and P.'ﬁiller will develop the format for data
from the workshop, which shouldvexpedite tﬁe processing of the data, the
development of ;onclusions,<and pdblication'of the workshop report. The basic
data will involve current areal extents of the geogfaphic units, carbon

contents, and carbon fluxes, and future areal extents, carbon.contents, and

carbon fluxes with CO2 induced climatic change.. Consideration of the transient
responges must be given. -

The proposed budget will be:about_$l7,000, including about $10,000 for
travel,.$5,000 for local érrangements,.and $2,000 for preparation and publi-
cation of the report.  The workshop might best be held in ‘Boulder, Colorado,
to be centrally located and ﬁake Qse of the facilities of INSTAAR or NOAA.

Alternatively, it could be held in.San Diego.






