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For a number of years during the 1980s, observations of the physical and chemical properties of seawater in the southeastern
Beaufort Sea have been acquired in late winter. The most complete data set, from 1987, has been used in a comparison of winter

and summer [Macdonaldet al., 1989] water propertiesin the area. Most obviousis an increasein the salinity of surfacewatersin
winter. The magnitude of this increase varies dramatically from year to year. Part of the increase is a consequenceof brine rejection
during the growth of sea ice, and part is associatedwith an intrusion over the shelf of a water mass of high nutrient and low oxygen
concentrations which is a feature of the entire western Arctic Ocean. Principal component analysis was used to allow all five chemical
tracers to be combined and viewed simultaneously. The properties of the upper 120 m are found to lle, to a close approximation, on
a plane. This leads us to a simple interpretation based on a three-component mixing model involving river runoff, water from the
nutrient maximum, and an offshore near-surface component. It is shown that the best fit plane occupied by arctic surface waters in
the Beaufort Sea closely matches that defined by the influences of river inflow, of the freeze-melt cycle, and of photosynthesis and
respiration. However, the effectsof freezing/melting and of river inflow cannot be clearly distinguishedusing the chosensuite of
tracers. It has been determined that if the waters of the upper 250 m axe to be represented in the same manner, a fourth end member
is required.
INTRODUCTION

of freezing for dense water formation goes back to Nansen

From observationsmade during the late summer of 1986,

[1906],though evidencefor its actual effecton watersin

Carmack et al. [1989] and Macdonaldet al. [1989] have

the Arctic basins has been rather limited, especially for the

described

the summertime

the Mackenzie

distribution

shelf of the Beaufort

of water masses over

Sea. There

is a marked

contrast between the water properties that they describe
and those which have been observed

in the wintertime

over

a number of years. These differences are mainly due to the
much reduced supply of fresh water to the system from
the Mackenzie River in wintertime, and to the influence
of salt addition from the growth of sea ice. Both these
factors will apply during any winter season, though in
varying degree. Other factors can also be important, in
particular the efficiency with which low-sMinity water is
exported from the shelf during the late summer and autumn
and the extent to which salt is supplied to the surface layer
from below by the processesof upwelling and entrainment.
Other

differences

between

the waters

in summer

and winter

involvethe concentrationof nutrients(nitrate, silicate,and
phosphate).This paper usesdata collectedduring the late
winters of 1985-1987 as a basis for the description of the
winter

water

masses.

The collection

of the data described

Canada Basin. Midttun [1985] has providedevidencethat
the process occurs in the Barents Sea where, he reports,
it is a fairly regular event on the Novaya Zemlya shelf.

Aagaard et al. [1981] discussedthe possiblelocationsin
which the processmay be important and provided evidence
for its occurrence in the shallow waters of the Chukchi Sea;
further data from the same area are reported by Aagaard

et al. [1985a]. Melling and Lewis[1982]havediscussed
the
production of cold subsurfacearctic waters from salinization
occurring on the continental shelves and have provided

evidencefrom the BeaufortSea. Aagaard[1989]arguesthat
these shelf processesinfluence the waters exported from the
Arctic Ocean through western Fram Strait, which mix with
deep water from the Greenland Sea to give Norwegian Sea
deep waters; thence the influence is transferred to the dense
flows into the North

continental

here was motivated

by interest in the production of dense waters over the

continental shelvesof the Arctic Ocean by freezing during

Atlantic.

We wish to determine whether the chemical properties of
winter shelf waters which may ultimately ventilate the arctic
halocline are modified by their period of residence on the
shelf.

The

Mackenzie

shelf of the Beaufort

Sea

is a covenientlaboratory for this investigationof wintertime
oceanographicphenmnena which may occur widely in arctic

the winter.Of the total areaof thisocean(1.3 x 107km2),

shelf seas.

approximately35% is continentalshelf where water depth

Field studies carried out in the years 1985-1987 did
not show the presence on the Mackenzie shelf of waters

is lessthan 200 m. Recognitionof the potential importance

having sMinities(and thereforedensities)sufficientlyhigh
Copyright 1992 by the American Geophysical Union.

to ventilate the halocline. Since the seawater properties
observed during these three winters were similar and lay
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[e.g., Melling 1992], it is reasonableto considerthem as
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the extremes

which

have been observed

in this area
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median conditions in the Beaufort Sea, at least for the 1980s.
These properties are compared with those in summertime,

about 1 week. At each location water samples were collected

will be the focus of this paper. Very high surface salinities
were observed over the entire area in 1981, but no sampling
for chemical constituents was carried out at that time, and
the type of analysis presented in this paper could not be
attempted. The 1981 observationsare discussedby Melling

drawn off in a warmed environment with subsamplesbeing

[1992].

and Parsons[1972]. The error in silicatemeasurements
is
calculatedas 4-0.3 /•M (i.e. 4-2a), and the nitrate erroris

through the ice using syringe type samplersdeployedat
describedby Macdonaldet al. [1989]. Our most complete depths from the surfaceto 250 m with a spacingbetween
data sets are for the years 1986 and 1987; the secondof these samples of 5-20 m. Water samples were immediately

In the following description of the water properties,
information on the nature of the interacting water types
could have been derived directly from examination of plots
of individual properties, one against another. However, on
account of the number of chemical properties for which we
have data, we have used principal component analysis to
combine and view all the tracers simultaneously. If this
procedure shows that all the tracers lie within a plane, as
in our case,it may be possibleto identify three mixing endmembers.

A tentative assumption made in this work is that the
nutrient

concentrations

could

be

treated

as water

mass

taken for the determinationof salinity, nutrients(sihcate,
phosphate,and nitrate), and dissolvedoxygen. Samples
were analyzed usually within 24 hours. All nutrients were
measured by standard proceduresdescribedby Strickland

4-0.2 /•M. The phosphateerror, calculatedas 4-0.07 /•M,
is higherthan the methodwouldnormallygive becausethe
analyses
hadto be donewith a shortpath-length(2 cm) cell.
Dissolvedoxygenwas measuredby an automated Winklet
procedure on 125-mL samples. While repeated titration
of aliquots of the same iodine sample gave a precisionof
4-0.8 t•M (i.e., 4-2a), a morerealisticestimateof precision
for the entire procedureincluding samphngand preservation
is -t-2 t•M.
Detailed profiles of sea water temperature and salinity were acquired using a Guildline 8706 conductivity-

temperature-depthprobe (CTD) samphngat 25 Hz, and
descending
at a controlledrate of 1.6m/s. Useabledata were

tracers, since during the wintertime they would not be
affected by biological uptake. It was recognized that
regeneration processes might be providing a source of

obtained between about 0.5 m beneath the lower surface of

additional nutrients to the system [Jones and Anderson, the ice, and about 2 m above the seafloor. The probe was
1986] and at the same time causing a possiblereduction equippedwith a seafloorproximity switch to permit such
close approachwithout hazard. For temperature, in situ
in the dissolved oxygen concentrations. In the treatment
checks against precision thermistors prior to each profile
used, such processesshould be manifest as nonlinearities in
providedthe offsetfor the linear cMibration equation,while
the mixing of properties, or equivalently, in the existenceof
laboratory data overa wider temperaturerangeprovidedthe
additional
end-members.
slope. Temperaturesare judged to be accurateto 0.003øC.
METHODS

The study area is shown in Figure I with the location
of samphngsites in 1987. Each year's survey was done in
late March or early April, and sampling was completed in
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Fig. 1. A map of the southeasternBeaufort Sea showingthe location of seawatersamplingin 1987. The isobaths
are 25, 50, 200, 1000, 2000 and 3000 m.
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and noting the differencebetweenthe indicated pressureand
that

calculated.

Pressure

values are considered

accurate

to

0.3 dbar and precise to 0.1 dbar.

A single water sample was collectedin conjunction with
each profile for calibration of the conductivity cell. This
sample was taken at a depth of minimal gradient in salinity,
with the probe in motion during the downward cast. A
microswitch attached to the bottle signalled the exact
moment of sample acquisition on the CTD record. These
sampleswere analyzed in triplicate using a Guildline Autosal
salinometer. The overall accuracy of the calibrated salinity
profilesis estimated to be in the range 0.005 to 0.008. Under
difficult arctic conditions, careful procedures are required to
achieve the quoted accuracies.

In addition to collectionof temperature-salinity(T-S)
data by CTD, the water samples collected for chemical
measurements were also analysed for salinity using a
Guildline Autosal salinometer. The accuracy of the salinity
of these samples is estimated as 4-0.01.
RESULTS

AND

DATA

ANALYSIS

All of the tracer measurements acquired in 1987 are
shown as scatter plots in Figure 2. Later in this paper
we demonstrate

0
28

how these measurements

3})

3'2

can be condensed
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into a more manageable form through the application of
principal component analysis. The same data are presented
in Figure 3 as vertical sections running across the shelf.

The three westerlyobservationlines (near the mouthsof
the MackenzieRiver) havebeengroupedtogether(denoted
sections1-3), and the two easterlylineshavebeengrouped
as sections

4 and

5.

A section

is not

included

In wintertime, the uppermost 20-40 m over the
continental shelf is occupied by a well-mixed layer of salinity

lower than that in the haloclineof the arctic basin but higher
than that found at the surface in the basin in summer.

400
l

400

35O
•

surface layer at about 20 m depth in late summer. Beneath
the wintertime surface layer the salinity rises steeply, as is
illustrated by the sectionsin Figure 3.
A wintertime surface layer of intermediate salinity is
characteristic of arctic waters in general and reflects the
combined effects of significant river inflow to the Arctic
Ocean and of the growth-melt cycle of sea ice. However,
in the southeastern Beaufort Sea, these effects are amplified
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Fig. 2. Scatter plots for the five tracers of the 1987 data set. Nutrient and •ssolved oxygen concentrations •e in
u•ts
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per liter.

This

is in contrast to the situation in summertime[Carmack et
al., 1989] when the surfacelayer is much shallower(,,,510 m) and of muchlower salinity (-,, 20). Carmacket al.
[1989]note a sharpriseto salinitiestypical of the wintertime

3'4
450

the

for silicate.

salinity
450 i

for

phosphate concentration due to its close similarity to that
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by a largelocalinputof freshwaterfromthe Mackenzie varied during the 1980s. At the end of the winter of 19801981, near-surfacesalinitieswerehigh evenfar offshoreand
increaseddramaticallyoverthe shelf. In March 1989,surface
salinitieseverywherewerebelow31 and werefairly uniform

in summer and by the large amplitude of the growth-melt

cycle in this seasonalsea ice zone. Figure 4 illustrates
the range over which near-surfacesalinity in late winter

silicate

salinity
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Fig. 5. The departure of water temperatures from freezing point
for the three westerly transects in March 1987. Distances offshore

over the width of the shelf; at the shallowest station, the
effect of fresheningby river influence is seen. The data from
1987 which are discussed in this paper are from a winter
which falls between oceanographic extremes for this area.
Salinities

associated

with

cold waters

are in nautical

miles.

-1.0

over the shelf were

not sufficiently high to drive ventilation of the halocline in
the Canada

Basin

-1.2

to the north.

The rejection of brine from growing sea ice plays a
major role in the change in surface water salinity between

summerand winter [Mellingand Lewis,1982]. However,the
Mackenzie shelf is the most estuarine of the arctic shelves,
with an annual river inflow amounting to about 6 m over

its entire area [Macdonaldet al., 1987]. Thus becauseof
the large differencesbetween winters, it is unlikely that the
growth of ice generatesthe entire salinity changeobserved
in the area, and it is the extent to which the summertime
surface waters of low salinity are exported elsewhereduring
fall and early winter that is crucial in determining the
properties of shelf waters later in the winter. While the
inflow of arctic rivers is strongly seasonal, the Mackenzie
River is fed by large headwater lakes and has a relatively
large wintertime dischargeof 10-20% of the summertime
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Fig. 6. T-S data for the AS section (1987), with the maximum
water depth indicated for each profile, and the position of the 25
m, 50 m, and 100 m depths.

peak [Macdonld et al., 1989; Carmacket al., 1989]. It has
been observedby Macdonld an Carmack[1991]that the
heavily ridged ice along the periphery of the landfast ice
zone in the Beaufort Sea restricts the spread of river inflow
and isolates

the offshore

zone from

its influence

in winter.

Presumably, the effectiveness of this ice dam varies with
ridging conditions from winter to winter.
Variations
are

associated

in the wintertime
with

differences

heat content
in

of shelf waters

wintertime

salinities.

These variations are an important component of the present
climate of the Arctic Ocean because the growth rate and
equilibrium thickness of sea ice are very sensitive to small

fluxesof heat to the ice from the upper ocean[Maykut an
Unersteinr, 1971]. In polar oceans,the proximity of the

there was appreciable heat stored in waters beneath the

surfacemixed layer in 1987. This heat has its origin in local
radiative heating in summer and in advection from warmer

seassuchasthe BeringSea[Carmacket al., 1989]. One may
conclude that during the fall and winter of 1986-1987, the
upward transport of heat by entrainment into the overlying
turbulent layer, or by upwelling, has been weak. Since
temperature and salinity are positively correlated beneath
the surface layer, the upward transport of salt by the same
mechanisms must also have been weak. This explains, in
part, the absenceof a water mass of high salinity over the
shelf in March

1987.

Temperature-salinity relationships are plotted in Figure

temperature of a water massto freezingis a reliable indicator
of recent exposureof that water massto the freezing surface
interface. Figure 5 is a contoured section of the freezingtemperature departure of waters alongsections1-3 in March
1987. In contrast to conditions in 1981, when shelf waters

end of the shelf. A dashed line on the figure delineates
the freezing-temperature relation at atmospheric pressure.
Two of the curves, for depths of 40 m and 60 m, illustrate

were at freezing temperature throughout [Mellin, 1992],

that only the surfacewater (that of lowestsalinity) is at

6 for four

of the

stations

on the

"AS"

line

at the eastern

12,612
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freezing temperature. However, the remaining curves, for
20 m, 270 m, and 400 m depths, indicate that water at
freezing temperature is present below the surface layer; at
the shalloweststation the full depth range is at the freezing
point, and at the deepest station freezing temperatures are
maintained to a depth of about 50 m. The low temperature
and elevated salinity at the 20 m station indicate the
influence

of brine

addition

at this site.

These

waters

could

potentially intrude into the layer of elevated temperature at
stations further offshore. Since interleaved lensesof freezing

temperature,suchas reportedby Melling and Lewis[1982],
were not observedover the continental slopein this survey, it
is unlikely that any such intrusion has occurred. At the 400
m station, the waters at freezing temperature which intrude
under the surfacemixed layer are of lower salinity than those
at the 20 m station, and only a shallow ventilation to 50 m
has occurred. On the portion of this line of observations
which overlies the continental shelf, the salinity increases
with progressioninto shallowerwater. Further west, nearer
the delta of the Mackenzie River, this is not the casebecause
surface waters nearshore are freshenedby mixing with river

•øo
ø
o0
o

o

28

2•9

3'0

3'1

3'2

3'3

3•

35

Salinity

Fig. 7. Silicate-salinityrelationshipfor the years1985 (crosses)
and 1987 (circles). Silicateconcentrationsare in micromolesper
liter.

>32.5), sihcate concentrationsin 1985 were consistently

inflow.

A second distinctive

feature

of the water

masses of the

Mackenzie shelf in wintertime is a pronounced increase
below the surfacelayer in the concentrationsof the dissolved

lower than those at the same salinity in 1987.

This

changeover a 2-year period could have been a consequence

decrease in the concentration of dissolved oxygen occurs
in conjunction with the increases in dissolved nutrients,
although minimum concentrationsof dissolvedoxygen are
attained at a somewhat greater depth of 160 m or more.
The 1987 measurements are made to a depth of only 160
m, so the oxygen minimum is not well defined in this

of an advection of nutrient-rich water into the area by
prevailing currents, or of a ventilation of the halocline by
nutrient-rich water occurring locally over the same time.
Another possibility is that more effective vertical mixing
in 1985 lowered the sihcate maximum, although this is not
supported by any clear concomitant increase in sihcate at
shallowerdepths. Neither our observationsof temperature,
salinity, and dissolved nutrients in the winters of 1985,
1986, and 1987 nor our continuous measurements of current,
temperature, and salinity at mooringson the shelf and slope
over the same time period indicate that any such ventilation

data-set.

occurred locally.

nutrientssilicate,phosphate,and nitrate (Figure3), which
at the deeper stations reach a local maximum at 130-

140 m. Relatively high concentrationsof silicate (1520 /tM) are found in shelf waters in wintertime. A

Measurements

made

to 250 m in 1986 indicate

the

225 m (salinities33.8-34.5), with concentrations
of around

evident

260 /tM.

In October 1986, a difference was observed between an
average of 29 /•M in western Alaskan waters and about

These values may be compared with Canada

Basin data compiledby Wilsonand Wallace[1990]which

sihcate

However, an alongshore gradient in

that the oxygen minimum exists in the depth range 180-

concentration

in observations

near

the

nutrient

made off the Alaskan

maximum

north

is

coast.

33 •tM in the east [Aagaardet al., 1988]. Sincethe mean

showoxygen minimum concentrationsin the interior of 260270 /tM. Therefore it does not appear that the oxygen
minimum near the Mackenzie shelf is any more intense than

current at the depth of the nutrient maximum flows east

within

a concentration changeof the magnitude observedbetween

the Canada

Basin.

A layer of nutrient-rich water centred at a salinity of about
33.1 is found between 100 and 200 m depth throughout

much of the western Arctic Ocean [Kinney et al., 1970;
Moore et al., 1983]. Its origin has been argued to be
inflowthroughBeringStrait [Coachmanand Barnes,1961]
or water modified over the continentalshelf [Jones and
Anderson,1986],or more probablya combinationof both
[Mooreand Smith, 1986;Macdonaldet al., 1989],with the
Chukchi Sea being the probable region for the modification
of Bering Strait inflow. It is hypothesized that in the
Chukchi Sea the salinity of seawater is increased as a result
of a net formation

of sea ice and that

the concentration

of

dissolvedoxygen is reduced, and that of dissolvednutrients
increased, by the oxidation of biogenic material at the
sediment-water

interface.

Our data show some changes between 1985 and 1987
in the nutrient-salinity relationship of the waters lying on
and adjacent to the Mackenzie shelf during winter, as

shown in Figure 7.

Within the cold halocline (salinity

at about 5 km/d parallelto the shelfedge[Aagaard,1984],
1985 and 1987 (Figure 7) couldresultfrom advectionover
a year (althoughthe gradientobservedoff Alaskalate in
1986 would imply that lower concentrationswould again

prevail in the southeasternBeaufort Sea by 1988). It is
quite plausible that temporal variations in the along-shelf
gradient in sihcate concentration could result from known
variationsin the flow of water, and sihcate,from the Bering

Sea [Aagaardet al., 1985b].
Oxygen concentrationsin the surfacewaters are generally
at or above saturation as a result of the trapping of
photosynthetic oxygen by the ice cover and the exclusion
of dissolved gas by the accreting ice. For stations in
water depths greater than 70 m, the average oxygen

supersaturationfor waters at or near the surface(upper
15 m) is 3.6%. The shallowerstations include some
surfaceundersaturations
(average,-1.9%)with the greatest
undersaturations,approaching10%, being at the stations
located at the eastern end of the shelf where relatively
high salinities have been produced by ice growth. For
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example, stations AS0020 and AG0050 have, in the top 15

m, undersaturationsof-9.4% and-5.9% respectively. By
contrast, the low-salinity shallow stations at the western
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end-members
(the Ei) and the associated
mixingratios(the
pi), givena set of oceanographic
observations
(the x).
Consider

first

the

case of two

end-members.

The

most

end of the shelf (e.g., PL0025, PL0030, PL0050) are obviousway to defineE• and E2 is to requirethat the mixing
supersaturatedby 3% on average. The undersaturations line Eg. -E•
pass through the mean of the observations
are interpreted as an effect of salt addition which has driven

and be aligned with that eigenvectorof the 5 x 5 covariance

mixingbetweensurfacewaters(normallylowin silicate)and

matrix of observations
with the largesteigenvalue
(ex). This

near-bottom, nutrient-rich, oxygen-depletedwaters.
As was mentioned

above in connection

approach ensures that the variance of the normal distance

with the discussion

of the observationpointsfrom the line is a minimum[e.g..
Morrison, 1978]. This doesnot of courseuniquelydetermine

of the nutrient maximum, the oxygenminimum at a salinity
of about 34 is thought to result from regenerativeprocesses the two end-members: they can lie anywhere along the
occurringover shelf sediments,with the Chukchi Sea playing
mixing line. In practice, the end-members are chosen on
a major role.
the basisof additional information (e.g., the mixing ratios
INTERACTIONS
IN THE

BETWEEN

UPPEg

WATER

W^TE}t

TYPES

COLUMN

Scatter plots of all five tracers from the 1987 data
set are shown in Figure 2. In this section we present
a straightforward statistical method, based on principal
component analysis, for reducing this multivariate data set
to a more compact form from which end-members may
be identified. There are similarities between our approach

and those proposedby Tomczak[1981] and Mackas et al.
[1987]. All three approachesassumethat a given water
sample is a mixture of end-members, and each attempts to
determine the mixing ratios from the tracer observations.

The maindifference
betweenthe approachof Tomczak[1981]
and Mackaset al. [1987]is that the latter authorsexplicitly
allow for measurementerror and, by using at least as many
tracers as end members, reduce the problem of estimating
the mixing ratios to one of multiple regression. The main
difference between our approach and the other two is that we
do not assume that

the characteristics

Thus

although our procedurefor reducingobservationsto a more
compact form is objective, our choice of end-members is
ultimately subjective. In this senseour approach is closer
to an exploratory data analysis technique than that of

Tomczak[1981] or Mackas et al. [1987], both of which
are multivariate extensionsof classicaltemperature-salinity
diagram techniquesfor water massanalysis.
x

denote

the

5 x I

vector

eigenvalues. Thus
X --•

-[- Z1el + z2e2 + e

where ;•1, ;•2 are the principal componentsand e is a 5 x 1
error vector which is orthogonal to el and e2. The plane

is "best fitting" in the sensethat the sum of e•e over all
samples is a minimum.
Having defined the plane in terms of•, e•, and e2, three

end-members
(1•1, 1•2, •3) that lie on the planecanbe
chosen. Assuming the end-members are not colinear, then

in accordwith (1) we may write

x -- p••-•1•- P2•2 q-P3•-•3q-e

(4)

of the end-members

are known, but rather infer them from the data.

Let

must be nonnegative,saJinitymust be nonnegative).
For three end-members,it is well known [e.g., Pearson,
1901] that the best fitting plane will pass through the
mean of the observations(•) and will be alignedwith those
eigenvectors(e• and eg.) associatedwith the two largest

of observations

on

a

particular water sample. If x results from the mixing of
m end-members, then we may write
x -- p• E1 q- P2E2 .. ßpmE• + e

(1)

where Ei is a 5 x 1 vector defining the characteristicsof
the ith end-member, pi is its proportional contribution to
the water sample, and e is a residual vector arising from
sampling error and processesother than simple mixing. For
realizable samples it is clear that the pi must lie between 0

and 1, and sumto unity. Thus (1) may be rewritten
X ----Elq-p2(E2-E1)-I-p3(E3-E1)...pm(rm-rl)q-•

(2)

where the pi are the mixing ratios, readily obtained from

z• and z2, and e is the same as in (3). The extensionof
this approach to more eigenvectors, and hence more endmembers is straightforward.
Note that since the plane of best fit depends on the units
of the observations, we decided to scale the data prior to
analysis. We first scaled observations of the same type by
their standard deviation. This is equivalent to replacing the
covariance matrix by the correlation matrix. We then tried
scaling the observationsby their analytical errors. We found
that the end-members were similar for both schemes,after
they had been rescaled.
In practice it may not be obvious a priori how many
eigenvectors are required to describe the data.
From
an oceanographic point of view, the addition of extra
eigenvectorsshould cease when the variance of the errors

in (4) is lower than that expectedfrom the combined
effect of analytical error, measurement error, and model
misspecification. From a statistical perspective the addition
of extra eigenvectors should cease when they fail to
account for a statistically significant proportion of the

variance. Preisendorfer[1988]describesseveralmethodsfor
determining the number of significanteigenvaluesand hence

Given just two end-members, the observations will lie
approximately along the line connecting E1 and Eg. with
scatter due to the residuals. Given three end-members, the
observationswill lie approximately in the plane connecting
El, E2 and E3. This generalizesin an obviousway to higher
dimensions. In this sectionwe describea method for defining

the number

of end-members.

We will now describe a principal component analysis
of the data collected in 1987 in the upper 120 m of the
water column. In all that follows, observations of the
same type were scaled by their standard deviation prior
to analysis. The proportion of total variance explained
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TABLE 1. Statistics of Measured Parameters and Results of Principal Component Analysis
S

Si

O2

N

P

Standard deviation

0.93

9.27 tim

41.78 tim

5.27 tim

0.37 tim

Prop ortion of variance
accounted for by el and e2

0.998

0.975

0.956

0.982

0.958

Standard deviation of

0.04

1.47 tim

8.80 tim

0.70 tim

0.80 tim

0.005

0.15 tim

1tim

0.1 tim

0.04 tim

variability unaccounted
for by el and e2.

Estimated analytical

errors (1•r)

by just two eigenvectorsis 97.4%. A calculationhas also
been made

of the

standard

deviation

of the errors

that

may be identified; these are denoted by El, E2, and E3.

Notice that the majority of the pointsfall within the triangle

result from assumingthat two eigenvectors,and hencethree

formed by the selected end-members; this ensuresthat the

end-members, are sufficient to describe the distribution of
these water properties. In particular, for each sample we
calculated the difference between observedS, Si, 02, NOs,

majority of mixing ratios will lie between0 and 1. (If the

and P and the model representationof these properties
basedon two eigenvectors.The standard deviationsof these
differencesare given by the third row of numbersin Table 1.

small numberof outlying samples.)In this figure the data

As was mentioned above, these errors include measurement
errors

as well as deficiencies

in the model.

The

standard

deviations of our five tracers, and that proportion of the
variance which can be accounted for by el and e•., are
also given in Table 1. Clearly, salinity is particularly well
describedby the first two eigenvectors,eventhoughthe five
tracers were standardized to unit variance before analysis.
For comparisonwe have alsolisted the estimatedanalytical
errors. They are generally much smaller than the errors
arising from our description based on two eigenvectors.
However, given that we aim to provide a simple description
as possible of the system and that the analytical errors do
not include samplingerror, we will henceforthdescribethe
observationsusingjust two eigenvectors.
Figure 8 is a scatter plot of z2 against zl. To exemplify
how the concentrations of tracers vary across the plane,
we have superimposedon this plot contoursof salinity and
silicate. It is clear from this figure that three end-members

end-members were selected so that they would encompass
all the data points, undue weight would be given to a

are separated into two groups, the stations in water depth
greater than 100 m, denotedby circles,and thoseshallower,
denoted by crosses;this approximates the stations on the
shelf and those beyond the shelf break. In the diagram
these two groups are for the most part quite distinct, the
end-member E2 naturally becomingincreasinglyprominent
in the more offshore, deeper stations, but the stations with
water depths less than 100 m are still clearly influenced by
this offshore component.
From the coordinates

offshore, most closely matched by properties at station

AS1000 (Figure 1)), and the nutrient maximum layer,
respectively. Their interactions as indicated by Figure
8 involve horizontal mixing across the shelf between the
inshore and offshore surface waters and vertical mixing

1.5

0.5

between

nutrient

maximum

water

and

surface

water. The nutrient maximum water itself lies too deep
to occur in pure form on the shelf, but over the shelf there
is mixing between the surfacelayer and bottom waters that
have propertiesintermediate betweenthe nutrient maximum

Solidsalinity, Dottedsilicate.+ <lOOm

/ ++

on the

shallowinshorestations(influencedby river inflow),waters
of the surface mixed layer (from the stations furthest

offshore

2.5

of the selected end-members

zl, z2 plane their properties have been recalculated, and the
values are given in Table 2 in the original units.
The end-members El, E2, and E3 represent water from

30

water and offshoresurfacewaters. Mixing betweenthe end-

ß$E1/•

.30

members E2 and E3 apparently occurs predominantly by
diapycnal processesover the outer continental shelf and

upper continental slope. Melling et el.

•øo•/•
* •River
Input
Respiration
• ** +++\

•'

•

•+ _ ooo
o

0

[1984] discuss

diapycnal mixing in the waters below 250 m in this
zone and estimate that the diapycnal diffusivity at these
depths is quite small. An effective mixing processis the
entrainment of E3 waters into the surface mixed layer which
is predominantly of E2 composition in this area.

This

entrainment is countered by an upwelling of E3 water so

-0.5

that a stablemixedlayerdepthis maintained.Melling[1992]
estimates that this entrainment, which is driven primarily

-!
-3

-2

-1

0

1

2

3

4

5

Fig. 8. Plot of z2 versus zl for the 1987 samplesfrom depths <120
m. For stations in water depth greater than 100 m, data points
are denoted by circles, and for shallower stations, by crosses.

Contoursof salinity (solid lines) and silicate (dotted lines) are
superimposed. Positions of end-members El, E2, and E3 are
shown. The arrows indicate the effectsof river runoff, respiration,
and freezing.

TABLE 2. Properties of End-Members Selected From Figure 8

End-Member
El: inshore surface
E2: offshore surface
E3: nutrient maximum

$

Si,
t•M

02,
t•M

N,
t•M

P,
t•M

29.32
31.40
32.92

10.9
3.3
34.1

399
410
280

2.1
0.7
17.3

0.71
0.71
1.82
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Fig. 9. The distribution of the three end-members in terms of
the fractions of each present shown for two groups of transects

acrossthe Mackenzie shelf in April 1987 (transect groupingsas
in Figure 3). Distances offshoreare in nautical miles.
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by convectivelydriven turbulence, proceedsat a rate of 10-

20 cm/d. Over a period of months, E3 waters entrainedat
this rate can constituteperhaps20% of the mixed layer over
the outer

shelf.

The proportionsof each of these end-membersthat are
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and physical properties are freezing of seawater, melting of
sea ice, photosynthesis and respiration, and the addition
of fresh

water

from

the

Mackenzie

River.

We

will

now

examine the way in which each of these processesmovesthe
properties of a water parcel around the z•-z2 plane which

required to yield the properties of the rest of the points have
been calculated. Each water sample is now approximated by
the three mixing ratios: p•, p2, and p3 as definedin equation

has been defined

(4). Usingthe sametransectsand groupingsof stationsas

in the same proportion as salinity. Similarly, we consider a
unit decrease in salinity due to the addition of Mackenzie

in Figure 3, we have plotted the mixing ratios acrossthe

shelf (Figure 9).
The low-salinityinshoreend-member(El) is seento be
muchmorepronouncedin the westerlygroupof sections(13) whichare moreinfluencedby the MackenzieRiver. The
figure suggeststhat the end-memberhavingthe propertiesof
offshoresurfacewater (E2) intrudesinto the water column
lying over the continental shelf. Such an intrusion would
be consistent

with

an offshore flow of either

or both surface

and bottom waters. The first of these could be driven by the

supply of a low-salinity surfacelayer from river runoff, and
the second,by salt addition to shallow waters. Both groups
of sections

show

the

intrusion

of the

nutrient

for the 1987 data set.

First consider a unit change in salinity due to freezing:
all the other dissolved

constituents

are assumed

to increase

River water. The propertiesof this water (S, Si, N, P) are
taken from Macdonaldet al. [1989], and in the absenceof
knowledge of the dissolvedoxygen content, it is assumedto
be saturated relative to the atmosphere at a temperature of
An increase in phosphate of 0.5 /•mol due to respiration
was arbitrarily selectedwith changesin the other properties

being set by the ratio, P:N:O:Si, 1'16:172:50[Takahashi
et al., 1985; Broeckerand Peng, 1982], salinity being
unaffected. Photosynthesiswould give the opposite changes

(i.e., a reductionin eachof the nutrientconcentrations).

maximum

Thus for each of the above processeswe can define a
change in our five tracers which we will denote by Ax.
In accord with our scaling procedure, each element of Ax
was divided by the standard deviation of the corresponding
situationin summer. Carmacket al. [1989]report that tracer. To standardize the length of the scaled Ax, we
the highest salinity water crossingthe shelf break onto the
then normalized its length to unity. The result is that for
shelf is 32.3, and even this is limited to the outer half of the
each of the processeswe have defined a unit vector in the
shelf where water depths exceed 50 m.
five-dimensional space of standardized tracers. If a process
It is of interest to compare end-membersselectedherein causeschangesonly within the plane, the projection of the
by the principal componentsmethod with thoseselectedby unit vector will have length equal to 1, while if the process
Macdonaldet al. [1989]in the interpretationof observations operates perpendicular to the plane the projection length
made in the same area 6 months earlier. Macdonald et al.
will be zero. The projections of the vectors onto the z•-za
[1989]usefiveend-members,
of whichtwo (their "PML" and plane are shownin Figure 8, where they radiate from a point
their "33.1") correspondto the E2 and E3 discussed
here. that representsthe averageproperties of all the samples. It
Table 3 presentsthe comparison.
is found that addition of river water lies closestto the plane
The 33.1 water type is higher in dissolvedsihcate than
with a projectionof length0.995; respiration/photosynthesis
the E3 end-member. This is in part due to our selected alsooperates almost entirely within the plane, the projection
cutoff depth of 120 m, when somewhathigher levels (~
length being 0.984. The effect of freezing/meltingis less
37 /•M) occur at somedeeper stationsat around 140-160 confinedto the plane, although the projection length is still
m. However,if we include all waters to thesegreater depths, high at 0.934.
the result is that an additional end-member is required
Since any two of these processesmust define a plane
to describe observations
at locations where the sihcate
of water properties, it is significant that the plane which
maximum is relatively shallow. Our wintertime data sets we find to describe all the water properties in the
do not show waters having sihcateconcentrationsas high as top 120 m is almost identical with that resulting from
45/•M. This may explain why Macdonaldet al. [1989]have photosynthesis/respiration
and the supply of river water.
component up onto the shelf. The occurrenceof this water
on the shelf in winter at locations having water depths as
shallow as 50 m represents a major difference from the

to mix a significantpercentage(30%) of other water types
(with lowernutrient concentrations)
to the 33.1 water type

The observation that the salt addition, caused by sea ice
production, moves points out of the plane suggeststhat

to obtain the observed water of 33.1 salinity. It is evident
that the particular selection of properties for mixing endmembers has a significant effect on the calculated mixing

accordingto the quantity of sea ice that is producedfrom
year to year, the position of the plane in spacemight vary,

fractions.

Amongst the most important processesaffectingchemical

or somewater bodies(probablythosefrom shallowlocations
where the influenceof salt addition should be greatest)
might be moved off the plane, yielding a curved surface.

TABLE 3. Comparison of End-Members Sdected by the Principal Components Method

With Those Selectedby Macdonald et al. [1989]
Water Type

E2 (offshoresurface)
PML (winter surface)
E3 (nutrient maximttm)
33.1 (upper halocline)

Silicate,

Nitrate,

Salinity

gM

gM

Phosphate,

gM

31.4
31.6
32.9
33.1

3.3
4.7
34.1
45.0

0.7
1.0
17.3
20.0

0.71
0.80
1.82
2.30
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If the entire data set for 1987 is analyzed, the additional
points correspondingto samplesbelow 120 m appear on the
z•,za plot as an arm extending from E3. It is therefore
clear that an additional end-member is required to describe

The observation that salt addition, caused by sea ice
production, moves points out of the plane suggests that
according to the quantity of sea ice that is produced from
year to year, the position of the plane in spacemight vary,

variations

or somewater bodies(probablythosefrom shallowlocations
where the influence of salt addition should be greatest)

beneath

the

nutrient

maximum.

With

a four-

component system it would not normally be expected that
all the tracer properties would lie in a two-dimensionalplane
as required for a three-component system. However, the
variance accountedfor by the first two principal components

is still high: 97.1%.
A probable explanation for why the additional endmember comes close to lying in the same plane is that
this water has also acquired its own distinct properties
by the same processes that have been referred to above.
These processeswe find are constrained to alter our set
of tracers within space that tends toward two dimensions.
Additional or alternative tracers that are independent of
freshwaterdilution and biologicalprocessesshouldavoid this
shortcoming.
CONCLUSIONS

might be moved off the plane.
A fourth component is required to account for the
properties of waters down to 250 m. The fact that the
additional component, while not lying in the same plane
as the first three, remains closeto that plane suggeststhat
this water body which lies below the nutrient maximum has
been produced by similar processes.
This analysis demonstrates that principal component
analysis will be most effective in revealing end-members
when the tracers used are quite independent in the sense
that they are being operated upon by fundamentally
different processes. Thus while several waters may have
quite distinct nutrient and oxygen concentrations, and
so have clearly defined end-member characteristics, they
may lie in or close to a plane on account of the small
number of processesthat originally produced most of the
property variation, by acting on the different components
in related ways. Prime examples of such processes are

Wintertime salinities on the Beaufort Sea shelf are always
markedly higher than the summertime values, but year to
year variability is high, and it is not commonly observed
that densities can reach levels sufficiently high for the shelf respiration/photosynthesis,
and dilution with freshwateror
waters to provide a source of intermediate or deep waters evaporation. It is implicit in the treatment described above
to the Arctic Ocean. Conditioning of the system in the fall that a further limitation on the useof a simple mixing model
or early winter, in such a way as to reduce the amount of lies in the seasonallychangingproperties of the waters, e.g.,
the fresheningof the surfacelayer in spring with ice melt and
river-derived fresh water, is believed to be one of the main
processeswhich permits this region occasionally to yield increasein runoff. This results in time-varying properties of
the end-members and means that properties need not plot
high-sahnity waters during the winter.
For

a data

set collected

in late

winter

of 1987

and

for

depths down to about 120 m, salinity, nutrients, and oxygen
can be modelled as the products of mixing between an
inshore surface component, an offshore surface mixed-layer
component, and water from the nutrient maximum layer. In
the case of these upper waters, at least in the late winter of
1987, it appears that the interacting water masseshave their
different chemical properties maintained mainly by river
runoff and by photosynthesisand nutrient regeneration.
While the mixing model based on the end-members
selected by the principal components method does a
respectablejob of representing the chemical properties of
arctic surface and halocline waters, it does poorly with
temperature. Waters whose salinities are typical of the
three end-members El, E2, and E3 have temperatures of
-1.6 ø, -1.72 ø, and -1.46øC, respectively. Thus no water with
a temperature higher than-1.46øC can be generated by
mixing of the end-members. However, it is evident from
Figure 6 that a significant volume of water warmer than
this is present.
The apparent paradox can be resolved if it is acknowledged that the mixing of end-members is complemented
by other processesin shaping the hydrography of the area.
Near-surface waters may warm and cool with the passageof
the seasonswithout changein their chemical characteristics.
It is already recognizedthat seasonalprocesseswill alter the
nutrient concentrationsdue to biologicalactivity, so that the
mixing model is only applicable over such time scalesas the
nutrients behave almost conservatively.It may be concluded
that temperature is varying within this system on a shorter
time scale than biological processes,which is not surprising
for the winter

season.

as simple linear mixtures.
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