YALE
PEABODY
MUSEUM

P.O.BOX 208118 | NEW HAVEN CT 06520-8118 USA | PEABODY.YALE. EDU

JOURNAL OF MARINE RESEARCH

The Journal of Marine Research, one of the oldest journals in American marine science, published
important peer-reviewed original research on a broad array of topics in physical, biological, and
chemical oceanography vital to the academic oceanographic community in the long and rich

tradition of the Sears Foundation for Marine Research at Yale University.

An archive of all issues from 1937 to 2021 (Volume 1-79) are available through EliScholar,
a digital platform for scholarly publishing provided by Yale University Library at
https://elischolar library.yale.edu/.

Requests for permission to clear rights for use of this content should be directed to the authors,
their estates, or other representatives. The Journal of Marine Research has no contact information
beyond the affiliations listed in the published articles. We ask that you provide attribution to the

Journal of Marine Research.

Yale University provides access to these materials for educational and research purposes only.
Copyright or other proprietary rights to content contained in this document may be held by
individuals or entities other than, or in addition to, Yale University. You are solely responsible for
determining the ownership of the copyright, and for obtaining permission for your intended use.
Yale University makes no warranty that your distribution, reproduction, or other use of these

materials will not infringe the rights of third parties.

This work is licensed under a Creative Commons Attribution-
‘ @ @ @ @ \ NonCommercial-ShareAlike 4.0 International License.

https://creativecommons.org/licenses/by-nc-sa/4.0/

SSSSSSSSSSSSSSSSS




SOME CONSIDERATIONS OF OXYGEN UTILIZATION RATES IN
PUGET SOUND*

By

CLIFFORD A. BARNES and EUGENE E. COLLIAS

Department of Oceanography, University of Washington
Seattle 5, Washington

ABSTRACT

Concentrations of dissolved oxygen in tributary basins of the fjord-like Puget
Sound region (Washington) have been determined during monthly surveys of water
characteristics. By selecting periods when a consideration of conservative properties
suggests that the effects of advection and diffusion are small, the local rates of change
in oxygen concentration have been determined; it is assumed that these rates
approximate the utilization or consumption rates. These rates, which averaged
5.8 ml/l/yr, were somewhat higher in shallow basins than in deep basins, decreased
with increase in time after the water entered the basin, and were considerably
higher than values that have been reported for oceanic waters.

INTRODUCTION

The concentration of dissolved oxygen in marine waters has long
been of concern to oceanographers and fisheries biologists. More
recently, with expanding waterfront populations and increased
discharge of domestic and industrial wastes into coastal waters,
sanitary engineers and others concerned with pollution problems
have been paying increasing attention to the concentration of dis-
solved oxygen in inshore waters. Of all the nonconservative variables
in the sea, the distribution of dissolved oxygen is perhaps the best
documented because it is routinely determined on most oceanographic
surveys. Richards (1957) has recently reviewed the subject of dis-
solved oxygen in the ocean. Despite the rather widespread know-
ledge of oxygen distribution, the rate at which oxygen is used in
sitw Temains an open question, with various authors quoting quite
different rates for ocean waters. Measurements using the rate of
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change of oxygen concentration in water contained in small bottles
are open to the criticism that an impounded sample behaves dif-
ferently from that in situ (Zobell and Anderson, 1936; Rakestraw,
1947).

In the photic zone of the sea the oxygen concentration tends to
be altered by local production, diffusion and advection, exchange
of oxygen across the sea surface, and biochemical utilization. Too
little is known of these individual processes to use the oxygen con-
centration or its change with time as a basis on which to estimate
oxygen utilization rates. Below the photic level the situation is
somewhat less complex, a steady state implying a balance between
the processes of diffusion and advection on the one hand and util-
ization on the other. If natural situations can be selected wherein
the effects of diffusion and advection are negligible compared to the
rate of utilization, the local rate of change in oxygen concentration
should then indicate the rate of oxygen utilization.

Certain of the fjord-type regions, such as Puget Sound, provide
natural situations in which relatively dense water is at times en-
trapped behind sills in deep basins or in certain appendages. This
water may remain there for periods varying from a few months to
more than a year, during which time the overlying water is some-
what less dense than that below sill depth. During these periods
the concentration of dissolved oxygen at depth in the basins grad-
ually decreases, then suddenly increases when the basin water is
replaced by water of greater density that flows in over the sill.
In general, the most active period of replenishment throughout most
of the Puget Sound system occurs in late summer or fall following
the subsurface intrusion of relatively low-temperature, high-salinity
water into the Strait of Juan de Fuca from the Pacific Ocean. This
water is associated with upwelling and is usually present in maximum
amount in August (University of Washington, 1953).

In their discussion of fjords in British Columbia, Thompson and
Barkey (1938) called attention to the low concentrations of dissolved
oxygen in embayed waters tributary to the Northeast Pacific Ocean;
they suggested a mechanism by which water, partially depleted of
oxygen when it is in contact with the bottom, might later appear
at an intermediate depth to provide a zone of minimum oxygen.
Additional data (largely unpublished) collected by Thompson with
his coworkers and students also showed relatively low concentrations
of dissolved oxygen in the deep waters of certain partially isolated
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basins of the Puget Sound system. Oxygen utilization rates were
not determined. In the present study an attempt has been made to
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Figure 1. Plan view of Puget Sound showing sills and selected sampling locations.

determine oxygen utilization rates by using selected observations
obtained from certain tributary basins in the Puget Sound area at
periods of time when advection and diffusion of basin waters ap-
peared to be minimal and during which periods dissolved oxygen
concentrations decreased progressively with time.
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SAMPLING LOCATIONS AND OBSERVATIONS

Fig. 1 shows the principal sills and selected sampling locations
in Puget Sound. Fig. 2 is a schematic longitudinal profile of the
Puget Sound basin and selected appendages. The sampling was
done at monthly intervals during 1953 and 1954. No attempt was
made to determine the microstructure of the water behind the sills
or to measure short-period changes in concentration, although re-
cent unpublished data? for Dabob Bay show the existence of oxy-
gen microstructure which is apparently associated with a complex
thermal microstructure described for this Bay by Shaw and Garri-
son (1959). Fig. 3 shows local dissolved oxygen concentrations during
1953 and 1954 for representative basin waters during rather extended
intervals of time when circulation at depth in the selected locations
was considerably restricted. Table I gives the concentrations of dis-
solved oxygen and the associated values of temperature, salinity,
and density. The Winkler method, as modified by Thompson and
Robinson (1939), was used to determine the dissolved oxygen con-
tent. Conventional oceanographic methods were employed to deter-
mine temperature and salinity. The situations prevailing in three
different subdivisions of Puget Sound are as follows:

DaBoB Bay. This was judged to be the location least affected by
advection and diffusion. The selected sampling depth of 180 m
was about 50 m below sill depth and as much as 10 m off the bot-
tom, depending on the tide stage and displacement from the selected
station position. According to Gran and Thompson (1930), the
compensation depth for nearby waters varies from 10 to 18 m, thus
photosynthetic processes are presumably negligible in the deep
waters of this Bay. Vertical gradients of temperature and salinity
at 180 m usually were less than 0.05° C and 0.05 /o, per 10 m. The
drifts in temperature and salinity were 0.1° C and 0.2 °/y, respectively
during the 8-month period from January 22 to September 22, 1953,
when the oxygen concentration dropped from 4.03 to 1.08 ml/l.
This corresponds to a local rate of change in oxygen of 0.012 ml/l/day.
In general, below sill-depth the spatial gradients of oxygen concen-
tration were small, changes apparently being more of a function of
time than of space. While the decrease in oxygen concentration
continued between September and October 1953 at a reduced rate

2 University of Washington Department of Oceanography, BRowxN BEeAR Cruise
221, March 3-5, 1959.
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Figure 2. Schematic longitudinal section of the Puget Sound basin and selected appendages.

compared to previous months, a relatively larger change occurred
in both temperature and salinity, suggesting an increased effect of
advection and diffusion (see Table I). From June to September 1953
the density of the available water entering over the entrance sill
to Hood Canal and Dabob Bay increased rapidly, but the density
at the sill did not reach that of the bottom waters in Dabob Bay.
A small amount of denser water probably passed over the sill in
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October 1953, for water of relatively high oxygen concentration
was found that month at the very bottom of Dabob Bay (193 m);
however, it was found at only one location and not at intermediate
levels below sill depth. Apparently this denser water was missed
because measurements on the sill that month were made near the
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Figure 3. Dissolved oxygen concentrations in Puget Sound sub-basins. (Parts per million,
Ppm, are expressed on a weight basis, using an average density of 1.023 for basin waters.)
Guide slopes should read ml/l/day.

end of an ebb tide when the lowest density water of a particular
tidal cycle is usually found. Moreover, denser water occurring in
the entrance channel during certain periods within a month could
easily be missed on monthly sampling cruises. The flushing which
began in October 1953 stopped in its early stages, most likely as a
result of heavy rainfall and runoff which decreased the density of
the mixed water that flowed across the sill. After December 1953
the water characteristics fluctuated somewhat erratically until the
period of March to June 1954 (see Table I). During this latter period
the temperature and salinity changed but slightly while the concen-
tration of dissolved oxygen decreased at approximately 0.010 ml/l/
day, a slightly lower rate than that during the period January to
September 1953.

In June 1954 the density at sill depth increased so that it was
slightly above that at basin depths (o, 23.46 as compared to 23.43),
and some new water penetrated into the bottom of the Bay. The
density of the water at the sill decreased again between June and
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TABLE I. WATER PROPERTIES IN PUGET SOUND BAsINS

DABOB BAY (at 180 m) Lat. 47°44.8° N Long. 122°49.8° W
(8ill Depth, Entrance to Hood Canal, 50 m; Hood Canal to Dabob Bay, 130 m;

Maximum Depth, 190 m)

Temp. Salinity o Ozygen
i €0 Cld (@) (mil)
1953
22 January 8.94 30.99 24.02 4.03
18 February 8.88 31.00 24.03 3.67
17 March 8.93 30.95 23.99 3.19
18 April 8.91 30.96 24.00 2.71
24 June 8.84 30.90 23.96 1.94
20 July 8.85 30.83 23.90 1.49
21 August 8.81 30.81 23.90 1.44
22 September 8.84 30.79 23.87 1.08

Average rate of oxygen utilization from 22 January to 22 September= 0.012 ml/l/day

24 October 8.87 30.73 23.82 0.86
16 November 8.80 30.71 23.81 1.14
9 December 9.09 30.65 23.73 1.14
1954

15 January 9.45 30.64 23.66 1.48
19 February 9.66 30.58 23.58 1.37
25 March 9.76 30.59 23.57 1.32
22 April 9.78 30.52 23.52 0.91
18 May 9.75 30.48 23.51 0.76
17 June 9.74 30.41 23.43 0.45

Average rate of oxygen utilization from 25 March to 17 June = 0.010 ml/l/day

9 July 9.60 30.36 23.42 0.63
17 August 9.55 30.30 23.39 0.46
30 September 9.56 30.27 23.37 0.24

Average rate of oxygen utilization from 9 July to 30 September = 0.005 ml/l/day

17 November 9.74 30.36 23.39 3.71

PORT SUSAN (at 120 m) Lat. 48°04.0’ N Long. 122°19.7” W; (Sill Depth, 100m;
Maximum Depth, 125 m)

Dt Temp. Salinity o Ozygen
ey (foo) (glt) (mi[l)
1953
23 September 11.14 30.56 23.32 3.36
16 October 11.19 30.65 23.38 3.20
17 November 11.14 30.62 23.37 2.45

7 December 11.10 30.62 23.36 2.31
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Date

1954
12 January

Temp.
0

11.10

Salinity
(°/o0)

30.53

Ot

(g/?)

23.31

Oxygen
(mift)

1.47

75

Average rate of oxygen utilization from 23 September 1953 to 12 J anuary 1954 =
0.017 ml/l/day

LYNCH COVE (at 30m) Lat. 47°21.5° N Long. 123°03.8' W

16 February
23 March
19 April

10.80
10.08
8.08

30.256
29.87
29.34

(Sill Depth, 356 m; Maximum Depth, 50 m)

Date

1953

18 February
18 March
18 April

21 May

Temp.
(°C)

8.37
8.66
8.62
8.61

Salinity
(°/oo)

29.52
30.00
29.99
29.97

23.14
22.96
22.84

0

(9/0)

22.88
23.30
23.29
23.28

1.14
1.70
4.69

Oxygen
(mifl)

5.18
4.56
3.86
3.29

Average rate of oxygen utilization from 18 February to 21 May = 0.020 ml/l/day

Average rate of oxygen utilization from 26 March to 9 July = 0.018 ml/l/day

25 June

20 July

21 August
22 September
23 October
17 November
9 December

1954
15 January
18 February

26 March
21 April
17 May
17 June
9 July

17 August
30 September
17 November

8.90
9.17
9.40
8.94
9.24
9.44
9.64

9.73
9.60

9.10
9.20
9.26
9.34
9.44

9.40
9.42
10.14

29.74
29.76
29.73
29.956
30.18
30.26
30.20

29.81
29.68

29.24
29.52
29.56
29.76
29.49

29.53
29.83
30.24

23.06
23.02
22.96
23.20
23.356
23.38
23.29

22.97
22.89

22.64
22.84
22.85
22.99
22.77

22.80
23.03
23.25

2.07
1.70
1.51
1.31
1.43
1.43
1.23

3.21
3.08

3.09
2.73
2.32
1.69
1.27

0.90
1.60
2.31
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July 1954, reflecting the effect of accumulated runoff from melting
snow. Rapid and apparently complete flushing of the water belf)w
sill depth occurred between October and November 1954, at which
time the density of the water at the sill was greater than that of
the water behind the sill.

That some vertical diffusion occurs at all times was indicated by
the continuing change in temperature and salinity and by the de-
crease in density during those periods when the density below sill
depth was greater than that in the overlying layers. The associated
diffusion of oxygen was downward; however, the system never
reached a steady-state condition of constant oxygen concentration
in which the local consumption was balanced by downward diffusion.
During the period July to September 1954 the concentration of
dissolved oxygen decreased by 0.005 ml/l/day, the lowest rate ob-
served. Thus there was a definite decrease in the apparent rate of
oxygen utilization with time as the basin water aged and as the con-
centration of dissolved oxygen decreased. In general, the change in
curvature of the oxygen concentration curves with depth (92[0,]/0 Z2)
favored an accumulation of oxygen at the 180 m level; thus the
actual utilization rates are probably somewhat greater than those
shown by the rate of decrease of oxygen with time.

Porr Susan. A slightly different situation existed in Port Susan,
which flushed out between August and September 1953 and which
was then affected relatively little by diffusion and advection through
January 1954; a second flushing started in February, with complete
replacement in March. The local change in dissolved oxygen at a
depth of 120m in Port Susan averaged 0.017 ml/l/day for the
period September 1953 to January 1954, or roughly 40 °/, higher
than the change below sill depth in the deeper Dabob Bay.

Ly~nca Cove. In relatively shallow Lynch Cove, the circulation
is restricted by the lateral configuration of the basin rather than
by an entrance sill. At a depth of 30 m, two periods of decreasing
oxygen concentration occurred, one in the spring of 1953 and an-
other in the spring of 1954. The rates averaged 0.020 and 0.018 ml/l/
day respectively, or about 70 °/, higher than for Dabob Bay water
entrapped during comparable periods.
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GENERAL DISCUSSION

In all, some 150 separate determinations of changes in local OXy-
gen concentration for Puget Sound waters gave an average decrease
of 0.016 ml/l/day (5.8 ml/l/year), with the rates being somewhat
higher in the shallow waters than in the deep basins. These rates
in Puget Sound are high compared to consumption rates reported
by others for the open sea: Redfield (see Rossby, 1936) estimated an
oxygen consumption of 0.36 ml/l/year for a stagnant pool of water
below sill depth in the Gulf of Maine; for the open Pacific off the
California Coast at depths of 200, 400 and 700 m, Sverdrup and
Fleming (1941) reported respective rates of 1.8, 0.6 and 0.05 ml/l/
year; Riley (1951) estimated 0.21 ml/l/year for a depth of 200 m
in the Atlantic Ocean, with rates decreasing at greater depths. The
higher rate of oxygen utilization in the Puget Sound waters, as
compared to offshore waters, may be due in part to the presence
of a higher concentration of freshly-formed organic material in the
water. It should be noted that water at a depth of 180 m in Puget
Sound has not been away from the surface for more than a year or
two at most, whereas water at 200 m and deeper off the California
Coast may have been away from the surface for many years. Par-
ticulate matter, partly organic in nature, is subject to oxidation as
it settles through the water mass. Presumably the relative concen-
tration of the less-easily oxidized matter increases with depth below
the surface although the total concentration decreases. Riley (1951)
estimated that in the Atlantic only 10 °/, of the organic matter pro-
duced in the photic zone is oxidized below a depth of 200 m.

However, the depth of water behind sills, as in Puget Sound, is
not a true measure of its isolation from the surface because the local
water often circulates quite freely throughout the water column
above sill depth, more or less continuously resupplying new-mixed
water from near the surface to that depth. This would insure a
rather rapid feed-rate of organic matter to depth, which is in agree-
ment with the quite high rate of oxygen decrease below sill depth.

The higher rates of decrease in concentration with time in the
shallow basins of Puget Sound as compared to those of deep waters
probably represent a real difference in the rate of utilization, but
the effects of diffusion and advection are especially difficult to
estimate in shallow water. An example of the type of advection
which can lead to high rates of change in local oxygen concentration,
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erroneously high if interpreted as oxygen utilization rates, is that
which occurs at the heads of inlets. Water in the bottom of a basin,
when displaced by new water of greater density during the flushing
period, will rise to a level just below the halocline in the upper
layers. This low oxygen water in turn displaces local water of high
oxygen concentration from its previous position. The local change
in oxygen concentration, which in such cases may amount to
0.27 ml/l/day, is due primarily to the effects of advection and not
to the effect of local utilization. Associated with this vertical move-
ment, which normally occurs in the fall, concentrations as low as
1.0 ml/l or 14 °/, saturation have appeared within 5 m of the sur-
face in Lynch Cove. Fish-kills have been reported in the fall in
Holmes Harbor at about the time when low-oxygen water is nor-
mally displaced from the bottom and rises toward the surface, but
an association of these events has not been documented.

The water entering the Puget Sound system near Port Townsend
varies in dissolved oxygen concentration from 6 to 3 ml/l at the
time of entrance. On the basis of an average oxygen utilization
rate of 0.016 ml/l/day, and in the absence of downward diffusion,
water remaining at basin depth in the system for about one year
would be depleted of oxygen. The effect of locally introduced pol-
lutants in reducing local oxygen concentrations cannot be evaluated
correctly in the absence of suitable background knowledge of the
natural oxygen regime and circulation patterns. Lack of this back-
ground information has confused industrial, plant, and sanitary
engineers in assessing the effects of industrial waters in Puget
Sound. It is of interest to note that at midchannel locations the
rate of decrease in dissolved oxygen concentration with time was
essentially the same in Dabob Bay and Lynch Cove, both of which
border thinly populated nonindustrial areas, as it was in Port
Susan near a heavily populated industrial area. In contrast to
midchannel locations, however, waters near shore may be appre-
ciably affected by local contamination.

The difference in concentration of dissolved oxygen from place
to place along a given flow pattern, in conjunction with local utili-
zation rates, can be used to obtain the difference in relative “age”’
of water between various places or to obtain a measure of the time it
takes for water to move from one place to another. In this rough
approximation it is assumed that the effect of diffusion on the
oxygen concentration is negligible compared to the rate of chemical
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utilization. Using this approach, it has been computed on the basis
of a year’s observation that bottom water at Point Jefferson averages
about 10 days older than that at Point No Point, located 10 miles
upstream toward the entrance sill. This is roughly the order of
magnitude found from a consideration of the temperature of bot-
tom water following the onset of a period of unusually cold weather
in the Puget Sound area in mid-January 1954. Since the gradients
in oxygen concentration are at times much greater than those of
the conservative properties of temperature and salinity, the distrib-
ution of oxygen and its changes with time should lead to a more
realistic interpretation of circulation patterns below the photic
zone than is possible from consideration of only the conservative
properties.

SUMMARY

The changes of local oxygen concentration with time have been
determined for selected basin waters in the Puget Sound system.
The average rate of oxygen utilization was 5.8 ml/l/year (0.016
ml/l/day), which is high in comparison to offshore water. The
oxygen utilization rates in the best documented regions of Puget
Sound decrease somewhat with a decrease in the concentration of
dissolved oxygen, and individual localities show that there is a
definite decrease in the rate of utilization with an increase in the
time that the water had been standing in the basin. The next step
in this study should provide a picture of the changing oxygen re-
gime in selected deep basins at close-spaced intervals of time and
space. For example, by monitoring discrete clouds of water in Dabob
Bay, where unique temperature and salinity characteristics are
exhibited, it may be possible to evaluate oxygen changes in the
absence of the usual boundary effects and thus estimate more
closely the rates of utilization as associated with individual parcels
of water.
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