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RESEARCH SUMMARY

Project Title: UPPER OCEAN MODEL OF DISSOLVED ATMOSPHERIC GASES

Investigators: Rebecca Schudlich and Steve Emerson
University of Washington School of Oceanography

Grant Number: DE-FG06-90ER61037
Disbursement Period: 09/01/91-05/30/95

Research Objectives: To quantify oceanic photosynthesis and respiration in the subtropical
Pacific Ocean, and understand the physical processes governing the behavior of dissolved
gases in the ocean.

Product: Three research papers: two appearing in the oceanographic research journals
Deep-Sea Research and Journal of Geophysical Research and a third submitted to Global
Biogeochemical Cycles; one conference proceeding appearing in Proceedings of the
International Council for Exploration of the Sea; and several presentations at international
research conferences.

Approach: We determined the concentrations of the major atmospheric gases (nitrogen,
oxygen, and argon) in surface waters at station ALOHA in the subtropical Pacific Ocean in
conjunction with the National Science Foundation's Joint Global Ocean Flux Study
(JGOFS) Hawaiian Ocean Time-Series project during the years 1990 and 1992. Under
DOE grant DE-FG06-90ER61037 we formulated a model of the seasonal cycle of
dissolved gases in the upper ocean. To quantify the biological and physical contributions
to the oxygen fields, we used data assimilation techniques to combine data with the
numerical model, thereby estimating net community oxygen production and carbon dioxide
uptake in the subtropical ocean. Since the subtropical ocean supports an oligotrophic
ecosystem which is typical of 70% of the world ocean, our results may be generalized to
global scales.

Results: Our results suggest that in the euphotic zone (the region of the ocean where
photosynthesis occurs), net community oxygen production consumption is 1.0 to 2.0
moles of gas per square meter of ocean surface per year. This agrees roughly with
estimates based on the carbon flux into the deep ocean, verifying for the first time the utility
of dissolved gases as chemical tracers of biological processes in the ocean. In addition, our
research has demonstrated that the process of bubble injection by surface waves is essential
to reproduce observed levels of gas saturation with the model. Thus it is vital to include
bubble injection in numerical simulations of dissolved gases.




ABSTRACT

This report summarizes results from three years of funding for a modelling study of
processes controlling the distribution of metabolic chemical tracers in surface waters. We
determined concentrations of the gases O, Ar, N, and the stable isotope ratio (180/160)
of molecular oxygen in surface waters at Station ALOHA in conjunction with the Global
Ocean Flux Study (GOFS) Hawaiian Ocean Time-series project during the years 1989-90
and 1992-93 (NSF OCE-8820380). Under DOE grant DE-FG06-90ER61037 we have
incorporated chemical tracers into an existing ocean mixed-layer model to simulate the
physical processes controlling the distribution and seasonal cycle of dissolved gases in the
upper ocean. The broad background of concurrent chemical, physical, and biological
measurements at station ALOHA provides enough redundancy of "ground truth" to assess
the model's accuracy. Biological oxygen production estimated from modeled chemical
tracers agrees with estimates based on measurements of carbon fluxes into the deep ocean
and nitrate fluxes into the upper ocean during 1989-90 and 1992-93, verifying for the first
time the utility of chemical tracers for determining biological fluxes in the ocean. Our
results suggest that in the euphotic zone (the upper 100 m of the ocean), the net biological
O, production is 1.0-2.0 moles m~2 yr-1. Inert gas (Ar, N;) supersaturation levels show
that air and bubble injection are important modes of air-sea gas transfer in the Station
ALOHA region. The results from this work appear in Emerson et al. (1995), Schudlich
and Emerson (1996), and Schudlich et al. (1996).

I. INTRODUCTION

The flux of carbon dioxide from the atmosphere to the ocean and the flux of organic
matter to the ocean interior are controlled by the same processes that maintain the flux of
nutrients and metabolic products (C, N, P, O) through the euphotic zone of the ocean.
Since nitrogen is usually the nutrient that limits phytoplankton growth, the rate of supply of
N into the euphotic zone has been coined new production (Eppley and Peterson, 1979;
Dugdale and Goering, 1967) and is a convenient estimate of the net flux of nutrients
through the surface ocean. This mass balance concept naturally applies to all elements that
flow through the biological cycle. Because recycling of organic matter within the euphotic
zone supplies nitrogen in the form of dissolved ammonia, and the nitrogen flux from below
the mixed layer is in the form of nitrate, the fraction of primary production that is "new" is
often measured as relative uptake rates of 15N-labled nitrate and ammonia. Traditional
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14C uptake incubations are believed to measure a value similar to that determined by the
rate of incorporation of both NO3;~ and NH4* which is between the rates of net and gross
primary production (Bender et al., 1987).

In the past decade, several workers have calculated new production rates using
dissolved oxygen as a tracer in the euphotic zone (Shulenberger and Reid, 1981; Jenkins,
1982; Jenkins and Goldman, 1985; Emerson, 1987; Craig and Hayward, 1987; Musgrave
et al., 1988; and Spitzer and Jenkins, 1989). The fraction of primary production
production that escapes the upper ocean is proportional to the biologically produced flux of
oxygen out of the euphotic zone and carbon dioxide out of the atmosphere. If the physical
processes of gas exchange with the atmosphere and transport between the mixed layer and
subsurface waters can be estimated along with the depth dependence of O, production, the
rate of new production is calculable from dissolved gas measurements and stoichiometric
ratios relating the metabolic tracers.

In the oxygen balance studies completed to date (Spitzer and Jenkins, 1989;
Musgrave et al., 1988; Thomas et al., 1991; Garcon et al., 1992; and Archer et al., 1992),
all have used mixed layer models capable of reproducing the density field. New production
in these studies was treated as an oxygen source of unknown depth dependence. The
drawbacks of this work is that many of these studies used physical forcing from historical
data, and there were no simultaneous biological and sediment trap measurements to
compare with model predictions. In the present work we address both of these
shortcomings, using contemporaneous meteorological forcing when possible and validating
model simulations against measured chemical tracers and hydrography.

II. RESULTS

A. The Model

We adapted the 1-dimensional "PWP" upper ocean model (Price, Weller and
Pinkel, 1987) to simulate the behavior of dissolved atmospheric gases O;, Ar and N;. The

model simulates the structure and depth of the ocean surface mixed layer based on surface
heat and momentum fluxes and Richardson number criteria. Gas exchange with the

atmosphere is parameterized using the method of Liss and Merlivat (1980) and air injection
by breaking waves is simulated based on the findings of Spitzer and Jenkins (1989).




Exchange between the surface ocean and the deeper ocean is represented by a constant eddy
diffusivity. We simulated the upper 300 m of the ocean at station ALOHA of the Hawaiian
Ocean Time-series program, using a vertical resolution of 2 m. Simulations are integrated
forward in time with a time step of 3 hours over a period of three (repeating) years, and the
third year is compared with measured oceanographic conditions at ALOHA in 1990.

B. Meteorological and Oceanographic Data at station ALOHA

Wind stress and air/sea heat fluxes used to force the model are estimated from bulk
meteorological measurements at an NDBC weather buoy near station ALOHA, using the
bulk flux methods of Liu et al. (1979) and Large and Pond (1981). Solar radiation is based
on satellite measurements made at station ALOHA in 1983-84. Satellite measurements of
the solar radiation at ALOHA in 1990 have just become publicly available and will be
incorporated into our approach shortly.

Our simulations are verified against our dissolved gas measurements (NSF OCE-
8820380) and observations of upper ocean hydrography and biological parameters made by
the Hawaiian Ocean Time-series program (Chiswell et al., 1990; Winn et al., 1992). These
measurements illustrate the annual warming of the surface ocean and the resulting
degassing of dissolved atmospheric gases. A late summer maximum in biological oxygen
production is apparent in the observed subsurface accumulation of oxygen and depletion of
160 (negative values of 5180).

C. Summary of Modelling Results

We have achieved both of our major goals for this study: (1) to assess the ability of
the 1-dimensional PWP model to reproduce conditions at station ALOHA, and (2) to assess
the utility of chemical tracers for estimating biological fluxes in the upper ocean. In
addition to these original goals, we have also used the modelling approach of (1) above to
assess the role of bubbles in air-sea gas transfer.

The main results of Emerson et al. (1995) are annual rates of net biological oxygen
production in the euphotic zone and respiration in the upper thermocline of the subtropical

North Pacific. These were determined using mass balances of oxygen, argon, and nitrogen
measured at U.S. JGOFS Hawaiian Ocean Time-series station ALOHA. We found that net
evasion of nitrogen and argon to the atmosphere caused by warming of surface waters is




balanced by supply primarily from cross-isopycnal transport. Mixing rates between the
euphotic zone and the top of the permanent thermocline required to balance the inert gas
flux are 1-2 cm2s~1, Application of mixing rates derive from the inert gas mass balances to
the oxygen field yields a net annual euphotic zone production rate of 1.4+1.0 moles O, m—2
yr1, one half of which is lost to the atmosphere, with most of the rest mixed into the top of
the thermocline. Since cross-isopycnal gradients of dissolved organic carbon (DOC) are
about half that of oxygen, we estimate that at least one quarter of the carbon flux out of the
euphotic zone is via DOC. Because surface ocean dissolved organic matter has a relatively
high C/N ratio, the stoichiometry among O,, C, and inorganic N in the upper ocean should
be different than that observed in deeper waters.

In Schudlich et al. (1996), we also determined the net annual biological productivity
(photosynthesis minus respiration) at Hawaiian Ocean Time-series station ALOHA, again
by using a mass balance approach. However here we formulated a more complicated and
realistic model of the important physical processes affecting dissolved atmospheric gases
(Ar, N3, Oy) in the upper ocean. Again, no biological processes are included in the model.
We determine the net biological production of oxygen, via data assimilation methods, as the
difference between the abiotic simulation of O, and measurements of oxygen at station
ALOHA made in 1989-1990. By this method, we find a net production of 1.6 + 0.5 mol
O, m~2 yr! in the euphotic zone and 0.7 + 0.3 mol O, m~2 yr~! in the upper 150 m. This
estimate of euphotic zone net productivity is similar to that found by Emerson et al., 1995,
and the 150-m value is somewhat lower than that determined from the carbon flux at 150 m
(Winn et al., 1992), though within its error range. This data assimilation method of
estimating net biological oxygen production is quite sensitive to the parameterization of air
injection, which we optimize by tuning air injection to the surface N saturation, and less
sensitive to most other processes. This study is one of the first uses of data assimilation
techniques to estimate biological quantities in the ocean.

In Schudlich and Emerson (1996), we use our one-dimensional model of mixed
layer dynamics to examine the roles of heat flux, gas exchange, and bubble processes in
producing nitrogen and argon gas supersaturation in the surface subtropical Pacific ocean at
U.S. JGOFS Station ALOHA. We demonstrated that bubble processes are essential to
produce observed supersaturation levels. N,/Ar ratios at Station ALOHA indicate that air

injection of small (totally-dissolving) bubbles is the dominant process during the summer,

but during the fall and winter larger (partially-dissolving) bubbles become more important.




Given current measurement techniques, it is possible to distinguish between small and large
bubbles when inert gas supersaturations are high (>2%) and when the dynamic range in
predicted inert gas ratios is largest (late fall). Existing models which parameterize bubble
dynamics as a function of wind speed do not reproduce the high observed supersaturations
that this study indicates are influenced by large bubble processes.
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