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Using the Nutrient Ratio NO/PO as a Tracer of Continental Shelf Waters in 
the Central Arctic Ocean 
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Brookhaven National Laborator•h Upton, New York 

Historical nitrate, phosphate, and dissolved oxygen data from the central Arctic Ocean are 
examined with particular emphasis on the conservative parameters NO (9 * NOz + O•. ) and PC 
(135 * POt + O•.). The NO/PC ratio is shown to increase with depth in the Canada Basin, being 
~0.78 in Surface and Upper Halocllne Waters and ~1.0 in the Atlantic Layer and Deep Waters. 
Lower Halocline Water is marked by NO and PC mlnlma and intermediate NO/PC. NO/PC 
ratios from the Arctic sheri seas are examined to determine possible source regions for the various 
water masses. The NO/PC ratio of Canada Basin Deep Water implies an upper bound of ~11% 
shelf water contribution to this water mass. A slight oxygen maximum core in the Lower Halocline 
Water is identified at a salinity of 5=34.5 in the vicinity of the Alpha Ridge. This core appears 
to be diminished by diapycnal mlxing and does not extend into the Beaufort Gyre. 

BACKGROUND 

The distribution of chemicals in the ocean can provide 
insight into the locations, processes and rates of water mass 
formation. Direct observation of water mass formation is 

particularly difficult in the Arctic; hence Arctic oceanogra- 
phers have focused extensively on deriving such information 
from chemical oceanographic measurements. In this paper 
we examine the available historical data from the Arctic 

Ocean using perhaps the most basic chemical tracers: nu- 
trients and oxygen. 

Shelf Inputs to Halocline Water 

The Arctic Ocean's strong halocline separates a mixed 
surface layer from a deeper, relatively warm Atlantic-derived 
layer. Chemical oceanographers have sub-divided the halo- 
cline into Upper and Lower Halocline Water types (UHW 
and LHW [Jones and Anderson, 1986]). The UHW is iden- 
tilled by a nutrient maximum which was originally explained 
as a signature of Pacific-derived waters coming in through 
the Bering Strait. These waters were recogniled to be al- 
tered in the Chukchi Sea [Coachman and Barnes, 1961; Kin- 
nelt et al., 1970a]. Moore et al. [1983] attributed the high 
levels of all nutrients primarily to the Bering Sea source; 
however, they also suggested that "new" halocline waters 
formed over continental shelves might become enriched in 
nutrients through contact with sediments, and that the high 
nutrient content of halocline waters might therefore have a 
more widespread origin on other Arctic continental shelves. 
This idea was developed by Jones and Anderson [1986] who 
argued that nutrient regeneration within the confines of the 
Arctic Basin was primarily responsible for the maintenance 
of the nutrient maximum layer. Their reasoning implied 
that high nitrate and phosphate levels were less a function 
of proximity to the Bering Sea, but were more dependent 
on the physical nature of the continental shelf over which 
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the UHW is formed. These authors attributed UHW to a 

Chukchi Sea origin on the basis of high silicate concentra- 
tions (attributed to a Bering Sea source) and hypothesiled 
longer shelf residence times in this region which permit a 
greater contribution of bottom-regenerated nutrients. 

Kinney et al. [1970a] speculated that the LHW, which ex- 
hibits higher salinity and lower nutrient content, was formed 
via mixing over the Siberian shelf of the Eurasian Basin. 
Moore et ai. [1983] identified LHW as modified Atlantic wa- 
ter produced by upwelling via submarine canyons followed 
by cooling. Jones and Anderson [1986] argued instead that 
the LHW was produced by salinigation of shelf water due 
to brine formation, in a similar fashion to UHW. The lower 
nitrate and phosphate content of LHW compared to UHW 
was argued to reflect short residence times of LHW over 
shelf sediments during formation. In this view, dilution of 
tl•e supply of regenerated nutrients from shelf sediments is 
the primary control on halocline nutrient levels. These au- 
thors identified the Barents and Kara seas as likely source 
regions for LHW. 

Shelf Inputs to Canada Basin Deep Water 

Aaõaard [1981] first postulated shelf-derived saline wa- 
ter as a contributing source to account for the high salin- 
ities of the Canada Basin Deep Water (CBDW) relative 
to other Arctic Ocean deep water masses. A agaard et al. 
[1985] attempted to use a silicate-salinity relationship to 
show the contribution of shelf waters to the ventilation of 

the CBDW, and estimated that one third of the CBDW 
was shelf-derived. Ostlund et ai. [1987] subsequently used a 
61sO mass balance to obtain an upper limit of only 10-15% 
shelf water contribution to the CBDW. 

Nutrient-Based Conservative Tracers 

A shelf-water source for the LHW was inferred by Jones 
and Anderson [1986] partly on the basis that this water type 
represented a NO minimum in the vertical. Both NO and 
PO are nutrient-based tracers, defined by Broecker [1974] as 
follows: 

NO = 9 ß [NOel + O• 
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PO = ß [PO.] + o, 
These definitions utili,.e the traditional Redfield fRedfield et 
ai., 1963] ratios to account for the nutrient regeneration ac- 
companying oxygen depletion in a water parcel isolated from 
the atmosphere. The parameters NO and PO are quasi- 
conservative below the surface layer, and are directly related 
to preformed nutrient levels. 

In this paper we exploit differences in the relationship be- 
tween nitrate and phosphate in order to infer sources of halo- 
cline waters, and to estimate the contribution of shelf wa- 
ter to CBDW. When using a nitrate to phosphate relation- 
ship as a tracer there are three possible ratios that could be 
used: NO3/PO4, the oreformed values of NO3/PO4 (øNO•/ 
øPO4), and NO/PO. The parameters NO, PO, øNOz and 
øPO4 are all conservative tracers that are independent of 
biological processes for water removed from contact with 
the atmosphere. However calculation of øNO• and øPO4 
assumes knowledge of the"preformed" oxygen saturation, 
whereas use of NO and PO has no such requirement. High 
and variable oxygen supersaturations are observed in Arctic 
shelf waters in summertime [Codispoti and Richards, 1971; 
Chen, 1985]. Ice formation in wintertime restricts gas ex- 
change and cooling can produce significant undersaturation 
[Chen, 1985]. Hence an appropriate preformed oxygen level 
is difficult to choose. We avoid this problem by using NO 
and PO. Although an air-sea oxygen flux can also affect the 
NO/PO ratio, this effect is relatively small: for example, a 
100 •mol/L increase in oxygen (resulting from air-sea gas 
exchange) for typical nitrate, phosphate, and oxygen sum- 
mertime shelf values of 3.8, 0.8 and 360 •mol/L respectively 
(values are averages of all sheff data) would cause an increase 
of only 0.03 in the NO/PO ratio (from 0.84 to 0.87). 

Although NO has been used as a tracer in the Arctic 
Ocean, there has been no corresponding analysis of PO dis- 
tributions and little of N/P nutrient ratios. An exception 
is the study by Anderson and Jones [1986], who exploited 
the differing NO•/PO4 ratios between Arctic Ocean Surface 
Waters and Atlantic- derived waters in the Fram Strait re- 

gion to quantify mixing between near- surface water types. 
The NO3/PO4 ratios in the East Siberian and Laptev Seas 
have been discussed by Codispoti and Richards [1968]. 

METHODS, DATA SOURCES, AND DATA QUALITY 

A surprising amount of Arctic Ocean chemical data exists 
that has not been discussed fully in the literature. Both the 
Marine Environment Data Service, MEDS, (Canada) and 
the National Oceanographic Data Center, NODC (United 
States), have data records containing chemical data col- 
lected from ice camps and ships in the Arctic Ocean from 
the 1900s to the late 1970s. Those data are examined here to 

attempt a more complete description of the chemical char- 
acteristics of the Arctic Ocean. 

All data from stations within the Arctic Ocean for which 

oxygen and/or nutrient data existed were acquired from 
MEDS and NODC. Most of the data were from continen- 

tal shelf regions. Data sets with a large degree of noise in 
their profiles were immediately discarded. 

Most of the central Arctic Ocean data were collected from 

the T-3 ice island in the Canada Basin during 1958 and 
1969-1971 from seven different occupations. In addition, we 
use large amounts of data collected in various Arctic shelf 
regions. Data sets are differentiated by a NODC assigned 

the T-3 ice camp by "cruise number". When distinguishing 
between different stations taken as part of one cruise, we 
have used the station number from the data tapes. Figure 
1 shows the general sampling location of each cruise. To 
identify data sources (i.e., the institution and chief investi- 
gator) the dates and locations of the cruises were compared 
with data sets listed in reports by Birch [1984] and Kin- 
ney et ai. [1970b]. References to all cruises were found, 
but some were not adequately identified. Table 1 summa- 
ri,.es titis information. Cruise 5845 are the data reported 
by Coilin [1959], and cruise 2170 are the data discussed by 
Kinney et ai. [1970a]. Cruise 2171 was collected by Arhel- 
get and Kinney from the University of Alaska in 1969, but 
no discussion of the data has been found in the literature. 

Cruises 1678 and 1973 are data collected by English of the 
University of Washington; some of the physical data were 
discussed by Smith and English [1973] and by Morison and 
Smith [1981], but no analysis of the chemical data has been 
published. The methods used during cruises 2170 and 2171 
are discussed in Kinney et ai. [1970b]. Only cruises 2170, 
2171, and 1973 had nutrient data. 

The continental shelf data were broken down by geo- 
graphical boundaries defined as follows: Chukchi Sea, 150 ø- 
180øW; East Siberian Sea, 145ø-180øE; Laptev Sea, 110 ø- 
145øE; and Barents Sea, 30ø-60øE (the Kara Sea did not 
have any nutrient data). Only stations with sounding depths 
less than 100 m were examined, except in the deeper Bar- 
ents Sea, where 300 m was used as the cutoff. Station lo- 
cations are shown in Figure 1. Data from the Chukchi Sea 
include data discussed by Hufford et ai. [1974], Codispoti 
and Richards [1968,1971], and the shipboard data of Kinney 
et ai. [1970a]. The data from the East Siberian Sea and the 
Laptev Sea are discussed by Codispoti and Richards [1968, 
1971]. Table 2 summarizes this information. 

The quality of the data was checked, where possible, by 
comparing oxygen, nitrate, and phosphate versus salinity 
plots for data from depths greater than 500 m. The deep 
water of the Canada Basin is probably homogenous because 
of its slow ventilation [Wallace and Moore, 1985; Ostlund 
et ai., 1987]. Cruise 2170, the data discussed by Kinne•t et 
ai. [1970a], and data taken at the Arctic Internal Wave Ex- 
periment, AIWEX (Figure 1. [Anderson and Swift, 1990]) 
were used as standards. The oxygen and nutrient data from 
cruise 2171 and stations 20, 53, 57, and 61 of cruise 1973 
(see Figure 1) showed good agreement with the AIWEX 
and 2170 data. From this comparison the oxygen data are 
probably comparable to within •5 •mol/L, the nitrate to 
•1.0 •mol/L, and the phosphate to ~0.2 •mol/L. Propaga- 
tion of these errors provides uncertainties of •10 and •30 
•mol/L for NO and PO values, respectively, and •0.06 for 
the NO/PO ratio. Cruises 1571, 1377, and 1678 did not 
have enough deep data to perform tiffs check. While oxy- 
gen data from these cruises have been included, most of the 
work presented is based on the oxygen and nutrient data 
from cruises 2170, 2171, and the four stations from cruise 
1973. 

The nitrate samples from the East Siberian and Laptev 
seas were frozen and analyzed later, while the phosphate 
samples were run on board fL. Codispoti, personal commu- 
nication, 1990; U.S. Coast Guard, 1965]. While freezing 
might have altered some of the nitrate measurements, the 
overall effect ou the NO/PO distribution is probably small. 
As a comparison NO/PO values were calculated using frozen 

cruise number, hence we refer to the different occupations of phosphate values [U.S. Coast Guard, 1965] and compared to 
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Fig. 1. Map showing the locations of the "cruises" on the T-3 ice-camp whose data are discussed in this paper. A portion of the area over 
the Alpha Ridge is blown up in order to identify individual stations from cruise 1973 referred to in the paper. All of the stations of the 
continental shelf data are shown. The locations of CESAR, AIWEX, and the Canadian Ice Island are also shown. 

the NO/PC values using the field phosphate values. The dif- m. The extrema are slightly deeper at cruise 2170 but oc- 
ference is within the uncertainty in the NO/PC ratio stated cur on the same salinity surface as data from cruises 1973 
above. and 2171 (Figure 3). The NO and PC maxima both occur 

at •S--33.1, and the minima at •S=34.4, except for cruise 
2170, which has the NO minimum at S=34.3. The NO rain- 

NO/PC RATIOS IN TaE CENT•tA•. AIt½TI½ OCEAN imum varies between its lowest value of 375/•mol/L at 1973 
Profiles of NO and PC for cruises 2170, 2171, and sta- station 61 and 400 /•mol/L at stations 20 and 53 of 1973. 

ticns 61, 57, 53, and 20 of 1973 are shown in Figure 2. Both The NO maximum varies between 430 and 450/•mol/L. In 
NO and PC have maxima at •150 m and minima at •200 all profiles the NO increases below the minixnum to a value 
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TABLE 1. T-3 Canada Basin Data 
NODC 

Cruise 

Number 
Date Source Available Number of 

Data Stations 
Location 

5845 

2170 

1377 

2171 

1571 

1678 

1973 

1973 

June-Sept. 58 Coilin [1959] O2,PO4 19 
March-April 68 Kinney et. al. [1970a] O2,NOa, PO4,SiOi 2 
June-Sept. 68 ??? Oa 10 
April-May 69 Arhelger O2,NOa,POi,SiOi 5 
June-Sept. 69 ??? Oa 12 
Jam-May 70 English O2 16 
June-Dec. 70 English O2,NOa,PO•,SiO4 30 
June-Sept. 71 English Oa,NOa,PO•,SiO• 17 

Canada Basin 

Canada Basin 

Canada Basin 

Alpha Ridge 
Alpha Ridge 
Alpha Ridge 
Alpha Ridge 
Alpha Ridge 

TABLE 2. Continental Shelf Data 

Sea Date Sources 

Chukchi 

East Siberian 

Laptev 
Barents 

Aug. 63 
July-Aug. 64 
July-Aug. 68 
July 69 
Sept. 71 
July 72 
Aug.-Sept.72 

Aug. 63 
Sept. 63 
Aug.-Sept. 63 

Number of 

Stations 

Codispoti and Richards [1963] 39 
Codispoti and Richards [1971] 6 
Kinney et al. [1970a] 22 
Kinney et al. [1970a] 20 
Hufford et al. [1974] 20 
Hufford et al. [1974] 15 
Hufford et al. [1974] 35 
??? 56 

Codispoti and Richards [1963] 66 
Codispoti and Richards [1971] 6 
Codispoti and Richards [1963] 75 
??? 125 

of 420-425 pmol/L below 400 m. These results are similar 
to data from the ice station CESAR (Canadian Expedition 
to Study the Alpha Ridge), which had an NO minimum of 
~390 pmol/L (400 pmol/kg) at ~210 m (S=34.2) and an 
NO of ~413 /•mol/L (424 /•mol/kg) at 450 m [Jones and 
Anderson, 1986]. 

The PO profiles exhibit a less-sharp minimum than the 
NO profiles (cf. profiles of cruises 2170 and 2171, Figure 
2). The PO minimum (400-420 /•mol/L) occurs at 200 m 
(~S=34.4) and increases only slightly below the minimum. 
Note that the NO values vary over a small range, from 375 to 
450/•mol/L, and the surface NO values are not considerably 
different from the deep (>400 m) NO values. In contrast, 
the P O values change considerably from surface values of 
550/•mol/L to deep values of 425/•mol/L. This reflects vari- 
ability in pre-formed nutrient levels for the different water 
masses since 

øvo, = (vo - (3) 

øvo, = (vo - (4) 

where O• s'•t is the oxygen saturation value. 
Profiles of the NO/PO ratio are also shown in Figure 2. 

All of the plots are characterized by a low NO/PO ratio in 
the top 200 m, followed by a sharp increase to a ratio of 
~1.0. The NO/PO ratio is constant at 0.78 in the surface 
water, the top 200 m for cruises 2170, 2170, and the top 150 
m for stations 20 and 53 of cruise 1973. CESAR data had 

a surface NO/PO ratio of 0.80 [Jones and Anderson, 1986]. 

Stations 57 and 61 of cruise 1973 exhibit variable levels in 

their surface layers with relatively high surface values of 0.9, 
decreasing to 0.72 at 100 m. Data from the Canadian Ice 
Island (see Figure 1) on the continental shelf of Ellesmere 
Island [Jones and Anderson, 1990] also show some variabil- 
ity in surface NO/PO values, the ratio varying between 0.74 
and 0.77 in the upper 100 m. Despite this variability, the 
surface layer NO/PO values are all significantly lower than 
the deep water ratio (~ 1.0). 

Therefore on the basis of the NO/PO ratio there are at 
least two distinct water mass families in the Arctic Ocean. 

The surface water and UHW (S<33.5) are characterized by 
an average NO/PO ratio of 0.78, and the deeper waters 
(S>34.4) by a NO/PO ratio of 0.98 or greater. 

NO/PO RATIOS IN ARCTIC CONTINENTAL SHELVES 
Halocline waters are formed over the continental shelves. 

We therefore exantined the continental siteIf data to at- 

tempt to distinguish geographical origins of the halocline 
water mass families on the basis of nutrient ratios. For each 

shelf station with NO and PO data, depth-averaged NO and 
NO/PO values were calculated. The averages were binned 
to obtain frequency distributions of the NO/PO ratio and 
NO value for each shelf sea, as shown in Figure 4. Most 
of the NO/PO ratios for the Chukchi Sea are between 0.75 
and 0.85, the East Siberian are between 0.65 and 0.75, the 
Laptev are between 0.85 and 0.95, and the Barents Sea are 
between 0.90 and 1.0. A similar result is obtained using 
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Fig. 2. Depth profiles of NO, PO, and NO/PO for cruises 2170, 2171, and stations 20, 53, 57, and 61 of 1973 taken on the T-3 ice-camp. 
Cruise 2170 are data from Kinney [1970], cruise 2171 are data collected by Arhelger and Kinney, and cruise 1973 data are collected by 
English. 

the more standard NO3/PO4 nutrient ratio. For compari- the ratio ranges from 0 to 20 (clearly, low or zero nutrient 
son, NO3/PO4 frequency histograms for each of the seas are levels, when present, can give widely fluctuating NO•/PO• 
shown in Figure 5. The Chukchi, East Siberian, and Laptev ratios due to analytical noise). 
seas all have very low NOz/PO• ratios, less than 5, and All of the shelf data are summer data, except for the Bar- 
small ranges of values compared to the Barents Sea, where ents Sea, which is roughly half winter and half summer data. 
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Fig. 2. (continued) 

However, the inclusion of winter values is not the dominant 
cause of the higher NO/PO values seen in the Barents Sea. 
Excluding these values shifts the NO/PO distribution down- 
ward by less than 0.05. 

The NO/PO ratio was also calculated with high qual- 
ity data collected in the Nansen Basin and northern Bar- 
ents Sea by the Arktis IV/3 cruise of the Polarstern during 
the summer of 1987 [Anderson et al., 1989; J. $•vifi, , per- 
sonal communication, 1990]. Stations in the Barents Sea 
and throughout the Nansen Basin had a consistent NO/PO 
ratio of 1.0 4- 0.01. There was no low NO/PO water in the 
Nansen Basin halocline. 

The NO frequency distributions (Figure 4) show that 
most NO values for the Chukchi Sea are between 325 and 425 

lamol/L (72%), the East Siberian are between 350 and 450 
lamol/L (76%), the Laptev are between 375 and 425 lamol/L 
(75%), and the Barents Sea are between 350 and 4251amol/L 
(76%). The NO frequency distributions from the various 
seas are more similar than their NO/PO or NOa/PO4 dis- 
tributions. There is a high prevalence of NO values of ~$90 
•amol/L (400 •amol/kg), the low NO value which character- 
it. es the LHW [Jones and Anderson, 1986]. From this anal- 
ysis, it would appear that the source of the LHW cannot 
be determined by its NO value alone. Not only is low NO 
water not unique to the Barents Sea, but it appears that 
the Chukchi Sea has a higher prevalence of "low NO" water 
than the Barents Sea. 

Our analysis suggests that the NO/PO ratio can be used 
as a tracer of halocline water origins in the Arctic Ocean, 
and that the NO/PO ratio shows differences between the 
siteIf seas more strongly than using NO alone. The N O/PO 
ratio of 0.78 in the UHW and the low NO/PO of Chukchi 

and East Siberian continental shelf waters is consistent with 

the hypothesis that the UHW is derived from the Chukchi 
Sea. 

The water in the Chukchi and East Siberian is Pacific- 

derived, whereas the Barents Sea is Atlantic-derived [Coach- 
man and Aagaard, 1974; Coachman and Barnes, 1961.] The 
surface waters of the North Pacific also exhibit markedly 
different NO/PO ratios than North Atlantic waters. Sur- 
face water in the North Pacific (44-55øN, 170-177øW) has 
NO/PO of between 0.87 and 0.91, whereas the North At- 
lantic surface water has NO/PO of ~1.0 (GEOSECS data 
[Bainbridge, 1976a, b]). While the NO/PO ratio of the 
North Pacific is higher than values observed within the Arc- 
tic Ocean, it seems clear that the source of the UHW is 
surface water from the Pacific that has been further modi- 

fied on the sitelyes. 

Our Arctic shelf NO computation does not include any 
contribution from NH• + which might contribute to an ap- 
parent low NO/PO ratio. This cannot account for the low 
NO/PO ratios observed in the interior of the Arctic Ocean, 
as NH• + would be completely oxidized by the time shelf wa- 
ter reaches the interior. We see no reason to postulate an 
unusual algal stoichiometry that might account for a lower 
NO/PO ratio. The lower NO/PO ratio of the shelf water 
could be due to river runoff, or denitrification occurring in 
shelf sediments. Codispoti and Richards [1968] indicate that 
runoff from the Lena River has a higher NOa/PO4 ratio than 
the surrounding shelf water, which suggests that denitrifi- 
cation might be the dominant factor. However, sediment 
denitrification rates measured in the Bering Sea [Haines et 
al., 1981; Koike and Hattori, 1979] together with assumed 
shelf residence times of ~2 years can explain only ~30% of 
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Fig. 3. Plots of NO and PO versus salinity for cruises 2170, 2171, and stations 20, 53, 57, and 61 of 1973 taken on the T-3 ice-camp. Cruise 
2170 are data from Kinne•l [1970], cruise 2171 are data collected by Arhelger and Kinney, and cruise 1973 are data collected by English. 
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Fig. 4. Maps of the Arctic Ocean showing the frequency distributions of NO and NO/PO within the Chukchi, East Siberian, Laptev, and 
Barents seas. All data were collected during the summer, except for data from the Barents Sea, half of which are wlnter data. 

the observed difference between North Pacific and Chukchi 1986]. TILe Barents Sea has been suggested as a source of 
Sea waters. the LHW because of the its presumed low NO values and 

The LHW has intermediate NO/PO ratios, suggesting high salinities [Jones and Anderson, 1986]. Our analysis of 
that perhaps it is simply a mixing product between the shelf NO values suggests that a Barents Sea source cannot 
UHW and the deeper Atlantic-derived water rather than be definitively indicated on the basis of the NO value alone. 
a separate water type. However the contribution of an ad- For cruises 2170 and 2171, the S=34.2 end-member that 
ditional water type is confirmed by the NO minimum found defines LHW, occurs (on an apparent mixing line) at an 
in the LHW and by the T-S structure [Jones and Anderson, NO/PO ratio of 0.90 (Figure 6). Hence the LHW could be 
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Fig. 4. (continued) 

viewed as being composed of roughly half high NO/PO wa- ratio by diapycnal mixing within the Arctic interior. Sum- 
ter (Atlantic-type) and half low NO/PO water (Arctic Shelf mettime salinities in the Laptev Sea are generally <34.2, 
Water-type). The NO/PO ratio of LHW is lower than that but ice formation almost certainly raises the shelf salinity in 
observed in the Barents Sea (there are no available nutrient winter (but will not affect the NO/PO ratio). Martin and 
data for the Kara Sea), and is more consistent with ratios Cavilieri [1989] identify polynyas in the Laptev Sea as likely 
observed in the Laptev Sea. However the observed NO/PO source regions for saline shelf waters. While the observed 
ratio of LHW might have been decreased from its source NO/PO ratio tends to support the speculation by Kinney 
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Fig. 5. Histogram ßhowing the frequency distribution of the nutrient ratio NO3/PO4 for the Chukchi, Eaßt Siberian, Laptev, and Barents 
ß caß. All data were collected during the summer, except for data from the Barents Sea, half of which are winter data. 

at ai. [1970a] that LHW originates on the Siberian Shelves 
of the Eurasian Basin, we caution that definitive allocations 
of LHW origins should await a modern extensive survey of 
sitßIf and interior nutrient data. 

SHELF WATER CONTRIBUTION TO CANADA BASIN 
DEEP WATER 

The shelf seas surrounding the Canada Basin have a 
low NO/PO ratio of ~0.78, whereas the major deep water 

sources (e.g., Greenland Sea Deep Water, Norwegian Sea 
Deep Water, and Eurasian Basin Deep and Bottom waters) 
have NO/PO ratios of ~1.0. For example, GEOSECS data 
taken in the Greenland Sea (69ø-75øN, 0ø-20øW) indicate 
that the NO/PO ratio in the deep water is between 1.00 and 
1.02 [Bainbridge, 1976a]. Hence a mixture of Canada Basin 
shelf-derived water with parent deep water masses originat- 
ing in the Greenland/Norwegian Seas (GNDW)should dis- 
play a NO/PO ratio of less than 1. The NO/PO ratio of 
CBDW observed in the data from cruise 2171 is 0.99 and 
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Fig. 6. Plots of NO/PO versus salinity for cruises 2170 and 2171. The S=33.1 and the S=34.2 end-members are marked. 

recent high-quality data from AIWEX have an NO/PO ra- derived proportion of CBDW is much smaller than the initial 
rio of 1.00 [Anderson and Swift, 1990]. estimate by Aagaard et al. [1985]. The strong possibility re- 

Given these differences in NO/PO values between shelf mains that the higher salinity of CBDW is a remnant of an 
and parent deep water masses, a mass balance of NO and 
PO can be attempted to estimate the amount of shelf water 
in CBDW. For the Atlantic derived or Greenland-Norwegian 
derived water an NO/PO ratio of 1.01 and NO and PO 
values of 450 and 446 •mol/L (NOo•row and POodrove) 
were derived from GEOSECS data [Bainbridge, 1976a]. The 
NO distribution in the Canada Basin sheff waters (Chukchi 
and East Siberian seas) is variable, 94% of the observations 
lie in the range 300 to 500/•mol/L (Figure 5). Hence these 
values were taken as the range of sheff water NO (NOsw) 

earlier climate [Ostlund et al., 1987]. 

A LOWEI• HALOCLINE OXYGEN MAXIMUM 

Oxygen profiles for cruises 2170, 2171, stations 20, 53, 57, 
and 61 of 1973, 1377, 1571, 1678, and 5845 (stations 14-21) 
are shown in Figure 7. All tile profiles indicate a subsurface 
oxygen maximum occurring below the oxygen minimum in 
the LHW except for data from cruise 2170. The oxygen 
concentration (and percent saturation, not shown) reaches 

and using a NO/PO ratio of 0.80 yields 625-375 pmol/L a maximum slightly above 300/•mol/L and then decreases 
for shelf water PO (POsw). The following equation was to about 290/•mol/L. The subsurface oxygen maximum oc- 
used, with X being the fraction of sheff water, and (l-X) curs at ~S=34.5 (Figure 8), close to the salinity of the NO 
the fraction of GNDW: minimum (~S--34.4), which defines it as LHW. Cruises 1973 

X ß (NOsw) + (1 - X) ß (NOo•rvw) = 0.99 (5) 
x ß + - x) ß 

This yields a range of ~7-11% for the sheff water contribu- 
tion. 

Variability of the NO of the shelf water prohibits a more 
definitive calculation. The analytical significance of the 0.02 
difference in NO/PO ratios between CBDW and other Arc- 
tic deep waters used in this calculation is, of course, ques- 
tionable. Indeed the high-quality AIWEX CBDW data indi- 
cate an even snmller shelf water contribution. Collection of 

more nutrient and oxygen data of the highest possible qual- 
ity from the deep Arctic Basins and the continental shelves 
will allow more precise limits to be placed on sheff contri- 
butions. Our estimate is consistent with the upper limit of 
10-15% derived by Ostlund et al. [1987]. Hence the shelf- 

and 2171, the only cruises which show a subsurface oxygen 
maximum and had nutrient data, displayed slight nutrient 
minima at the same depthß 

While the subsurface maximum represents only a small in- 
crease in dissolved oxygen, it is significant that it is observed 
from six separate cruises during 1958 and 1968-1971; hence 
this was, or is, a persistent feature in this region. To the 
best of our knowledge, this feature has not been previously 
described in the literature. The apparent absence of this 
feature at the CESAR station (86øN 111øW) in the Alpha 
Ridge area in 1983 [Jones and Anderson, 1986] could be the 
result of limited sampling in this depth range. No oxygen 
measurements were made at the LOREX (Lomonosov Ridge 
Expedition) ice camp at the North Pole [Moore et al., 1983], 
but the phosphate data do not indicate any corresponding 
subsurface minimum. 
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Fig. 7. Depth proffies of dissolved oxygen for cruises 2170, 2171, stations 20, 53, 57, and 61 of cruise 1973 and cruises 1377, 1571, 1678, 
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The oxygen maximum and the NO minimum, at •S=34.5 
and •S-34.4, respectively, are indicators of the LHW. How- 
ever, note that the cores of the NO minimum and oxygen 
maximum lie slightly beneath the S--34.2 end-member iden- 
tified by Jones and Anderson [1986] as the LHW on the ba- 
sis of a change of slope of the T-S relation. According to 
the basin-wide water-mass classifications of Carmack et al. 

[1989], S=34.4 is a boundary between Polar Intermediate 
Water and Arctic Intermediate Water. 

The strength of the signal decreases at stations further 
west along the Alpha Ridge and into the Canada Basin. The 
profile with the strongest signal, station 57 of cruise 1973, 
is the furthest east on the Alpha Ridge, at 85øN 84øW. 
The maximum becomes less pronounced at stations 61, 53, 
and 20. Cruise 2170, which is the furthest west and in the 
Canada Basin rather than above the Alpha Ridge, does not 
show this signal at MI. Data from the Beaufort Sea do not 

indicate this feature as evidenced by AIWEX data, at 74øN 
144øW [Anderson and Swift, 1990] and data collected at the 
T-3 ice-camp in 1959-1960 at 72øN 130ø-163øW [Kusunoki 
et al., 1962]. 

The geograpldcal variability of the oxygen maximum 
might prove to be a tool for tracing the spreading of the 
LHW in the Canada Basin. The oxygen maximtun is 
presumably diminished as a result of oxygen consumption 
and/or mixing. These two processes would have differing 
effects on the NO minimum: diapycnal mixing will tend to 
increase the NO at the minimum, whereas oxygen consump- 
tion should have no effect on NO. Oxygen consumption rates 
in the Arctic Ocean [Wallace et al., 198• are sufficient to 
remove 10 t•mol/L of oxygen in ~1 year. However, for the 
oxygen maximum to be eradicated by consumption within 
the Arctic basin requires the unlikely scenario of preferen- 
tial oxygen consumption in the oxygen maximum layer corn- 
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Fig. 8. Plots of dissolved oxygen versus salinity for cruises 2170, 2171, stations 20, 53, 5T, and 61 of cruise 1973, and cruises 1377, 1571, 
1678 and $845, all taken on the T-3 ice-camp. Cruise 2170 are data from Kinnell [1970], cruise 2171 are data collected by Arhelger and 
Kinney, cruises 1973 and 1678 •re data collected by English, and cruise 5845 are data discussed by CoNin [1959]. The subsurface maximum 
occurs between 13=34.4 and 13=34.5. 



32O 

310 

3OO 

32O 

3t0 

3OO 
P,90 

•80 
27O 

26O 

Wilson and Wallace: Using NO/PO to Trace Arctic Shelf Waters 

32 

Cruise [377 Cruise 1571 

o 
o 

o 

o 

33.5 34 

SALINITY psu 

Cruise 1678 

32O 

310 

300 
mo 

•80 

ß ! , 

34.5 35 

3a.5 34.5 35 

26O 

320 

310 

300 
•0 

280 
27O 

ß ! 

o 
o 
oo 

o o 

o • 
• o 
o o 

o 

ø o 

o 

SALINITY psu 

Cruise 5845 14-21 

o o 

o 

o 

OoO 

o 
o 

,i I 

33.5 34 

SALINITY psu 

ß I 

Fig. 8. (continued) 

22,207 

pared to the layers immediately above and below. The NO 
minimum for cruise 2170, which has no oxygen maximum, 
is broader with higher NO values (by 6 /•mol/L) than the 
NO minimum at cruise 2171 (which has the oxygen maxi- 
mum) suggesting strongly that mixing, probably diapycnal, 
is the dominant cause for the demise of the oxygen max- 
iraurn across the Canada Basin. The distribution of the 

oxygen maximum is consistent with a source of LHW in the 
Eurasian section of the Arctic Ocean. Future surveys should 
collect detailed oxygen and nutrient data in the vicinity of 
S=$4.4 in order that the spatial variability of the oxygen 
maximtun and NO minimum can be resolved. 

SUMMARY 

1. The conservative parameters NO and PO are not iden- 
tical within the Arctic Ocean, and their ratio can be used 

to distinguish two separate water mass families. Compar- 
ison with NO/PO ratios for the North Pacific and Green- 
land/Norwegian Sea surface waters supports the designation 
of a Pacific- sector, low NO/PO water, and an Atlantic- 
sector, high NO/PO water. The NO/PO ratio in the Pacific 
sector seas is lower than that in North Pacific surface waters, 
which is possibly indicative of denitrification in Arctic shelf 
regions. The NO/PO ratio can be used to distinguish the 
Surface Layer and UHW from the LHW and deeper waters 
of the Arctic Ocean. 

2. It is not possible to clearly determine the source of 
the LHW by tracing its low NO value only. The shelf se•s 
surrounding the Arctic Ocean have widely ranging distribu- 
tions of NO, most of which are centered around the "low" 
NO value characteristic of the LHW. 

3. The shelf seas surrounding the Arctic Ocean have rel- 
atively distinct NO/PO ratios. The NO/PO ratios support 
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the Chukchi Sea as a source for the UHW. The intermediate 

NO/PO value of the LHW is consistent with a source in the 
Laptev Sea region but might have been altered by diapycnal 
mixing during transit. A high quality data set from the var- 
ious shelf seas and more detailed within-basin surveys are 
required to refine source assignments. 

4. Using the NO/PO ratios observed in the shelf water 
of the Canada Basin and in the Canada Basin Deep Water, 
we have calculated an upper limit of •11% for the amount 
of sheif-derived water mixed into the CBDW. 

5. A previously unreported, albeit subtle, oxygen maxi- 
mum has been observed above the Alpha Ridge. There is 
a subsurface oxygen maximum, and a nutrient minimum, 
in the LHW at •S=34.5. Titis oxygen maximum is evident 
over the Alpha Ridge but apparently absent in other parts of 
the Canada Basin (e.g., the Beaufort gyre). A picture of the 
spreading of LHW could be provided by detailed mapping 
of titis non-conservative oxygen signal (and the associated 
conservative NO signal) on the S-34.5 surface during future 
expeditions to the Arctic Ocean. 
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