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FINAL REPORT -- ARCTIC MIXED LAYER DYNAMICS

The ONR contract N00014-83-K-0115 Arctic Mixed Layer Dynamics has
covered a wide range of topics related to the dynamics of the upper
Arctic Ocean. One of the first projects involved analysis of historical
hydrographic data from T-3. This work is described in Appendix A, and
it shows the Arctic mixed layer to behave seasonally much like a
temperate ocean mixed layer but with salt, rather than temperature,
being the active determinant of density.

Participation in the NORSEX experiment was funded under thi.
contract and the results are described in Appendix B. The work

W produced a wealth of knowledge regarding upper ocean dynamics in the
Greenland Sea marginal ice zone. Much of this information formed the
basis for the design of the subsequent MIZEX experiments.

In 1981 participation in the Fram III experiment was funded under
this contract. The experiment is described in Appendix C and a data
report of Arctic Profiling System results is given in Morison and
Anderson (1985).

In addition to using the APS at Fram III, a SALARGOS temperature
conductivity chain buoy was tested at the site. Buoy development has
been carried on in order to develop the means for gathering more long
term records of Arctic mixed layer characteristics and gathering
internal wave data. The progress in this work is described in Appendix D.

The study of internal waves in the Arctic was stimulated by the
realization reached in 1981 and described in Morison (1985), that • -"
internal wave energies in the Arctic are lower than in temperate oceans.
Additional evidence to this effect was gathered at Fram III and is
described in Levine et al., 1985. This work has stimulated the
planning of the AIWEX experiment and the discussion of internal wave
energy dissipation in Morison et al. (1985).
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'SEASONAL VARIATIONS IN THE UPPER ARCTIC OCEAN AS OBSERVED AT T-3"

James Morison

Polar Science Center University of Washington Seattle, Washington 98195

J. Dungan Smith

Geophysics Program University of Washington Seattle, Washington 98195

Abstract. Hydrographic data from T-3 are analyzed to illustrate the treated in the same way as mixed layer depth. The average mixed
behavior of the Arctic mixed layer. The mixed layer depth fluctuates layer salinity is 31.45 %., It increases to O. 17 % above average by the -
11 m annuall% and mixed layer salinity fluctuates 0.32%c. The fluctua- end of May and decreases to O. 15% % below average b% the first part of
tions in total salt content are consistent with theoretical work by May- October. During the summer, a layer of very fresh water typicall%
kut and are in phase with mixed layer depth, indicating changes in forms right at the surface, especially at depths less than the mean
the mixed layer are controlled by salt flux. Deepening of the mixed draft of the ice pack. This layer was not resolved by the sampling
layer brings 0.3 kcal cm 2 yr of heat to the surface from the c.ean method used here and unless the fresh water in this layer 'as mixed
below, down into the rest of the surface layer it was not accounted for in the

annual cycle. In the early fall any unmixed fresh water freezes quickl%
From 1970 to 1973, a group headed by Dr. T. S. English made and is better considered part of the ice cover than the mixed layer.

hYdrocasts using Nansen bottles from the ice island T-3 [Smith and Due to its depth and composition, continuous melting of T-3 during
English. 1973]. This paper deals with the seasonal behavior of the the study period is likely. However, calculations indicate that the
upper ocean as illustrated by the resulting data set. The character of amount of fresh water produced would have a negligible effect on the
the mixed layer is described, results from a model of ice growth and salinity profiles.
melt are compared with the observations, and the oceanic heat flux is An important factor in controlling the behavior of the mixed layer is
estimated. surface buoyancy flux. In the Arctic this is proportional to salt flux. a---

Figure 1 shows the positions of T-3 over the period under discus- During freeze up. salt is rejected from the newly formed ice icausine l
sion. The ice island was in the northeast corner of the Canadian Basin a negative buoyancy flux downward) and during the summer melt.
and drifted east-southeast toward the northern tip of Ellesmere Is- fresh water is added at the surface. Figure 5 shows the fluctuation.
land. about a four year quadratic, of total salt content in the upper 100 m. If

Figure 2 shows temperature and cr, profiles from a typical hydro- it is assumed that horizontal advection produces a negligible annual
cast and illustrates the basic features of the density structure of the fluctuation, the oscillations represent the time-integral of salt flux due -

upper ocean in the region of measurement. The bottle spacing in the to freezing and melting at the surface. The solid line is a least squares
upper 70 m was usually 5 m. Because temperatures are uniformly fit of an annual and semi-annual cycle. The salt content rises to 1.0
low, cr, is largely controlled by salinity. The er plot shows the mixed gm/cm 2 above average by the end of May and drops to 0.8 gm/cm2

layer to be slightly stratified and 44 m deep. The temperature profile below average at the end of September. The dashed line is the oscilla-
indicates temperatures are close to the freezing point in the mixed tion in accumulated salt flux as estimated from the results of the
layer. It also shows a temperature maximum just below the mixed model for ice growth and melt by Maykut [1977]. In making the esti-
layer due to the presence of Bering Strait Water. This temperature mate, Maykut's predicted salt flux due to ice growth was used and it
maximum is an ubiquitous and important feature in the Canadian Ba- was assumed that ice melt produced fresh water which diluted the
sin. Below it the temperature decreases then rises again to a second mixed laver. The predicted cycle agrees well with the observations.
maximum associated with the Atlantic Water. As suggested by both in amplitude and phase. The salt content increase during fall,
Coachman and Barnes [19611, the presence of the upper maximum winter, and spring corresponds to a predicted increase in the average
indicates heat from the Atlantic Water does not reach the surface, ice thickness of 0.6 m. The rapid drop in summer is of course due to
Instead, the oceanic heat flux to the surface comes from the Bering ice melt. Using Maykut's model, the net annual salt production is es-
Strait Water. timated to be 1.8 gm/cm 2 and the model predicts 0.7 m of ice are
The seasonal changes in the mixed layer are illustrated by plots of exported from the region yearly. The oscillations in ice thickness and

mixed layer depth and salinity. Mixed layer depths were determined
for each hydrocast by finding the minimum depth at which a large 1050 900 W 750
increase in density occurred. Figure 3 shows the fluctuation of mixed 860
layer depth about a quadratic fit to the fill four years of data. The N
average depth is 46 m and the quadratic fit has been subtracted in
order to eliminate the trend and curvature due to the drift of the ice
island. The circles indicate actual data and the solid line represents a -1/17/70 12/25/70
least squares fit of the annual and semi-annual harmonics. The mixed 850
layer depth increases during fall, winter, and spring, reaching a maxi-
mum value 5 m greater than the average by the first of June. By the 6/27/7
first week of October the depth decreases to a minimum value 6 m 6268P ....

less than the average. The keel depth of T-3 at the time of data collec- 84"
tion was about 30 m; therefore it usually did not penetrate the pycno- 6/25/72
dine. Still T-3 may have induced some local mixing. Estimates of this 9t21/73
mixing suggest that its effects on the measured annual and semi-an-
nual cycle of mixed layer depth should be quite small compared to ....

the cumulative effect of mixing by the pack as a whole. Any errors "2"6""'":
due to internal wave generation by T-3 are assumed to produce a neg-
ligible effect on estimates of the seasonal cycle.

Figure 4 shows the vertically averaged salinity in the mixed layer ELLESMER 1.

Copyright 1981 by the American Geophysical Union. Figure 1. Drift track of T-3. 1970-1973. - " -

Paper number 11.0793. 753
0094-8276/RI/OOIL-0793$01.00



754 Morison and Smith: Upper Arctic Ocean at T-3

p .. !/
3 given by Kraus and Turner 1967., Gill and Turner [19761 and Gar-

a .wood [1977] all deal with the idealized situation in which surface
stress is assumed to be constant and annual fluctuations in buoyancy
flux drive changes in the mixed layer. Such a situation appears to he a
reasonable approximation to that found at T-3 because the seasonal

* 4.fluctuations in wind stress at T-3 are small (only 2O% of the four year

mean), account for ven, little of the variance about the mean stress, p -

B and do not correlate with changes in mixed layer parameters.. On the
4 4other hand, variations in total salt content (i.e. buoyancy) show a

E strong correlation with mixed layer depth and salinity. Comparison of
Figure 5 and Figure 3 shows that the curve fits to total salt content
and mixed layer depth are almost exactly in phase. The mixed laser
salinity is also in phase with the total salt content.

The phase relations displayed by the data during the winter agree
qualitatively with those displayed by the models. For example. Fig- P

Bure 8 of Garwood [1977] shows the maximum mixed layer depth o,-
- Oj curs at the minimum in heat content. Agreement is not quite as good

for the summer season. The models indicatc that the minimum mixed

TEMPERATURE layer depth occurs at the maximum in buoyancy flux (downward, and
3the temperature lags by two to six weeks. The minima in the curve

fits for the T-3 mixed layer depth and salinity lag the maximum bou -
-I.W" -1.00 T.WO '.m ft'w ancy flux by two to three months. Scatter in the data due to inter-'

TEMPERATURE (C) annual variations may account for part of the lag (ex. data points for

6.W & ELM . D. . th.w days 500-730 indicate mixed layer depth lags buoyancy flux by as little
S1IIR-T as three weeks). However, even allowing for these variations the lag

Figure 2. Typical temperature and a, profiles from T-3. Note the still warrants a physical explanation.
temperature maximum below the mixed layer. The profile was made One explanation might be that the mixed layer at T-3 was operatine
4/26/70. in a strong buoyancy flux regime. Garwood 11977] predicts that with

relatively weak variations in buoyancy flux, mixed layer depth and -
buoyancy flux are nearly in phase during the summer. With a strong - p

salt content are nearly the same as these net values. Thus. roughly buoyancy flux variation, the minimum mixed layer depth lags the
half of the fresh water removed during freeze up is put back into the maximum buoyancy flux because positive stratification reduces the
ocean during the summer, amount of mechanical energ going into mixing. His F-gure 9 shows .

The observed behavior of the mixed layer depth resembles the that with large buoyancy flux (rough estimates of B* at T-3 range from
seasonal behavior found in temperate oceans. Also, the change in 3 to 7) a slight lag in the minimum depth is produced and deepening
salinity corresponds to the change in surface temperature at low lati- is very slow until after the buoyancy flux becomes negativc. For such
tudes. That is. the mixed layer becomes shallow and least dense in a regime, with the addition of natural short term variations, the mini-
summer and becomes deep and most dense in winter. Models such as mum measured mixed layer depth might easil% be expected to lag the .
those of Kraus and Turner 11967]., Gill and Turner [1976], Niiler and maximum buoyancy flux by two to three months.
Kraus 1977] and Garwood 1 19771 indicate the behavior of the mixed The idea that the mixed laver at T-3 was operating in a strong buo%-
layer is controlled by surface stress and buoyancy flux. The examples ancy flux regime is also supported by the fact that total salt is not onl .-
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Figure 4. Variation of mixed layer salinity about a quadratic fit to four years of data at T-3. The quadratic is S = 31.02 - j.3484 x 10 
4

T
+ (.6409 x 10-61T2, T = days after 1/1/70. The average salinity is 31.45 %. The solid line is a least squares fit of annual and semi-annual

cycles.

in phase with mixed layer salinity, but can account for nearly all of the of being mixed), a maximum annual oceanic heat flux can be esti-
mixed layer salinity change. Assuming all the salt is deposited in the mated. The average elevation of the temperature maximum abose
average mixed layer depth yields a salinity change of the same magni- the freezing point is 0.29°C and the average total winter deepening of
tude as that observed. (See the axis on the right in Figure5and (om- the mixed layer is 11.3 m. This yields a heat flux of 0.3 kcal cm -
pare to Figure 4.) This aspect of the situation is similar to the first year-. This value is an ori -of magnitude less than the 2 kcal cm-
simple example of Gill and Turner [1976] in which wind mixing is year-' originally suggested by Panov and Sphaiker [19641 and used
ignored completely and mixed layer depth is held constant, by aykut and Untersteiner 119711. loweser, laykut (personal

As the mixed layer deepens in the Canadian Basin, heat is en- communication) has redone the calculations of Nlavkut and 'nter-
trained from the Bering Strait Water. It is worthwhile to estimate the steiner (1971] and has included the effect of radiation absorbed in
amount of heat entrained and compare it with estimates made of open water and through thin ice during summer. These new% calcula-
oceaic heat flux made in other ways. Because the mixed laser is tions show that with this radiative contribution and a 2 kcal cm -
nearly at the freezing point, the heat brought in through mixed layer year- I oceanic heat flux, the ice cover would melt completel. lead-
deepening is simply the product of the mass of water entrained, the ing Mlaykut to conclude that the oceanic heat flux must be much - •
temperature elevation above the freezing point of the water below smaller than originally suggested. It should also be added that Panos
the p ,cnocline and the heat capacit. This is the o'eanic heat avail- and Sphaiker's suggested value was based on heat loss from the Atlan- . :
able for melting ice. Heat cannot move downward because water at tic W\ater which, as pointed out, does in fact not reach the surlace in
the base of the mixed layer is colder than the water below the pycno- the Canadian Basin,
cline By neglecting annual changes in mixed laser depth due to ad- Finally, it is useful to compare the heat flux estimate above with
vection and assuming the water entrained is from the Bering Strait estimates of horizontal advection of beat in the Bering Strait gWater
Vater temperature maximum (water between the base of the mixed Aagaard and Griesman [19751 have estimated the transport, averagv
layer and the temperature maximum is assumed to be in the process temperature and salinity of the Bering Strait inflow. Using their fie-
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ures and computing the heat content relative to the freezing point Garwood, R. A., An oceanic mixed laver model capable of simulating
yields a heat flux. Assuming this must all be lost upward in the cyclic states, 1. of Phvs. Oeeanogr.. 73j. 455-468. 1977
Ainerasian Basin requires a maximum average oceanic heat flux of 3.0 Gill, A. E. and J. S. Turner, A comparison of seasonal thermocline
kcal cm- 2 year - 1. However, as Treshnikov 119771 suggests, a large models with observations, Deep Sea Research. 23, 391-401.
percentage of this heat is probably lost in the seasonal ice zone in the 1976.
Chukc iSea, To estimate the heat loss in the northeast corner of the Kraus. E. B. and J. S. Turner, A one-dimensional motlel of the
Basin, Bering Strait Water core temperatures and velocities from seasonal thermocline: 11. The general theor and its coist.-
Coachman and Barnes 11961] can be used. For the region northwest quenees. Tellus. 19.98-106. 1967.
of Ellesmere Island the Bering Strait Water loses 0. 12(C while mov- Maykut. G. A , Estimates of the Regional Heat and Mass Balance of
ing southwestward 600 km at a speed of about I cm/sec. Assuming the the Ice Coscr. A Syrmposium on Sea Ice Processes and Mold. ",
laser is 50 in thick, this corresponds to a heat loss of 0.3 kcal cm- 2 65-74. (Proceedings of symposium held at the Unisersit% of
vear i. This value and that obtained from the mixed layer data agree Washington, Sept. 6-9, 1977.)
and it suggests that, though 3 kcal cm - 2 year- I may be a good value Mavkut, G. A. and N, Untersteiner. Some results from a time dept-n-
on the average. large regions of the Canadian Basin must receive dent. thermodynamic model of sea ic-., .. GeophN s iHe . 76fi,
much lower values ofoceanic heat flux. 1550-1575, 1971.

In summars. the T-3 data indicates the mixed layer behavior in the Niiler. P. 0. and E B. Kraus, One-dimensional models of the upper
Arctic is controlled by buoyancy flux and the measured fluctuations in ocean. Modeling and Prediction of the Upper Las ers o Ocevan
salt content agree well with the model of Maykut 119771. In the re- E. B. Kraus, Editor. Pergammon Press. New lork. 325 pp.
gion of intcrest. 0.3 kcal cm - sear I of heat are entrained into the 1977.
surface layer from the Bering Strait Water. Pano%, V. V. and A. 0. Shpaikher. Influence of Atlantic water, uponl

some features of the hydrology of the Arctic Basin and adjacent
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Oceanographic Conditions in the Marginal Ice Zone North of Svalbard
in Early Fall 1979 With an Emphasis on Mesoscale Processes

0. M. JOHANNESSEN AND J. A. JOHANNESSEN

Geophysical Institute. Dwision A, University of Bergen, Bergen Norway

J. MORISON

Polar Science Center, Unitversity of Washington, Seattle, Washington. 98105

B. A. FARRELLY AND E. A. S. SVENDSEN

Geophysical Institute. Division A, University of Bergen. Bergen, Norway

During September-October 1979 the Norwegian Remote Sensing Experiment was carried out in the
marginal ice zone north of Svalbard. Convergence of the ice cover is correlated with along-ice edge winds
with the ice to the right, while divergence occurs during off-ice winds or calm conditions. A wind-driven ice
edge jet is observed. Wind-driven upwelling of the pycnocline of up to 7 m was present along the ice edge
during a 10- to 15-m s easterly wind event. The upwelling is due to Ekman divergence at the ice edge,
caused bN higher wind stress over ice than over open water. The ice edge meanders with a scale of 20-40 km
and sheds eddies with a scale of 5 to 15 km into the open water. This scale is of the same order as the
Rossbv radius of deformation. Eddies with the same scale are also seen in the conductivity, temperature,
and depth observations. Conditions during the experiment were such that barotropic instabilities could
have generated these eddies.

INTRODUCTION out during the experiment. Subsequent to a description of the

The marginal ice zones (MIZ) are regions where temperate experimental program, attention will be devoted to three main
and polar climate systems interact. resulting in strong horizon- areas. First, the general hydrographic conditions at the experi-
tal and vertical gradients in the atmosphere and the ocean. mental site will be described and compared with those de-
These gradients lead to mesoscale processes in the ocean, which scribed by Buckley et al. [1978] for winter conditions at the ice
affect the heat, salt, and momentum fluxes at the ice margin. It edge. Second, the response of the ice to wind will be discussed
is therefore important to increase our understanding of these with special attention to ice convergence and divergence and to
processes in order to model the air-ice-ocean system in the an ice jet at the edge. Finally, the behavior of the upper ocean
MIZ. Parameterization of these processes is also necessary in near the edge will be described with special attention to upwell-

U large scale modeling of the sea ice influence on the global ing and eddies.
climate system.

'Few oceanographic studies from the region north of Sval- DESCRIPTION OF EXPERIMENT
oard are published. However, it is generally known that warm During the NORSEX experiment, which started September
saline Atlantic water flows north in the West Spitsbergen Cur- 18, 1979, the ice edge was located at about 82 N with a mean
rent and enters the Arctic Ocean as a subsurface current north orientation of about 250 . The experimental region is shown in
of Svalbard. Along the coast of Greenland the cold, less saline Figure 1 and was centered at approximately 81 51'N. 10 E. It
East Greenland Current exports ice, polar water, and recircula- was partly over the Yermak Plateau with a depth of 800 m and
ted Atlantic water from the Arctic Ocean [Coachman and Aa- partly over the southern slope of the plateau with depths down
qaard. 1974, Aagaard and Gretsman, 1975]. A description of the to 2500 m. A detailed bathymetric chart of this plateau has been
seasonal variation of the ice movement in the Greenland- published by Sundt'or et al, [1982].
Barents seas. including the region north of Svalbard, is sum- Conductivity. temperature, and depth (CTD) sections were
marized by Vinle [1977a]. Buckley et al. [1979] describe up- carried out perpendicular and parallel to the ice edge, with
welling along the ice edge observed during a winter experiment station spacings of a few kilometers (Figure 2). A Neil Brown p
north of Svalbard. CTD (model MK3) was used for these measurements. Measurc-

In order to gain a general picture of physical conditions in ments of vertical shear were made with a profiling current
the MIZ north of Ssalhard and, more specifically, to shed light system [Morison, 1980] at selected CTD stations. Continuous
on several important mesoscale processes at the ice edge, the surface temperature measurements and bucket salinity samples
Norwegian Remote Sensing Experiment (NORSEX) was car- were collected. Standard meteorological observations were
ried out north of Svalbard in September and October 1979. taken every 3 hours.
This paper describes the oceanographic and ice studies carried At the start of the experiment, four drifting ice buoys. instru-

mented with atmospheric pressure and temperature sensors
and using the ARGOS data transmission and positioning

Copyright 1983 by the American Geophysical Union. system, were parachuted onto the ice pack by a Norwegian Air
Paper number 2CI512 Force P3 in a 200 by 200 km array, shown in Figure I. Four
0148-0227'83,002C-1512S05.00 drifting buoys using the ARGOS positioning system were de-
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.b.0.HYDROGRAPHIC CONDMONS

The vertical structure of the ocean in the ice-covered region
of the experimental area can be described in terms of three main

a se water masses, as defined by Coachman and Aagaard [19741.
a First, the Arctic surface water extends down to 60 m and can be

divided into two layers. A sharp pycnocline at about 20 m
separates the fresh (32.35%) mixed layer, with temperatures
close to the freezing point (- 1.70 C), from an intermediate
layer below. This layer is nearly isothermal (- 1.65 Cl down to

SVALBARD le 60 m, with a strong halocline from 32.50%0 to 34.20.. Second,
the 'warm' Atlantic water core is at about 250 m with a temper-
ature near 1.5,C and a salinity of 34.9A.0 . Finally, the Arctic
bottom water extends from about 600 m to the bottom.

In the mixed layer off the ice edge, a weak horizontal frontal
zone exists, where the fresh (32.50%) and cold ( - 1.70 C) water
which appears in the vicinity of the ice edge encounters more

0. saline (33.40%,) and warmer (-0.5 C) water. The horizontal
Fig. I. Map with location of the experimental area (box) and air- distance between the ice edge and the frontal zone varied from

dropped ARGOS buoys (small squares). 10 to 60 km, primarily because of changes in the wind regimes

and meandering of the frontal zone. A synoptic mapping of the
ployed from the ship 3-5 km in from the ice edge over a surface temperature and salinity of the frontal zone by the RjV
distance of 50 km along the edge. At one of these buoys, which Polarsirkel on October I is shown in Figure 3, together with the
was a toroid buoy. six Aanderaa current meters were suspended main structure of the ice edge as derived from the SAR image
down to 300 m. This buoy. together with the drifting buoy (Figure 16) obtained the same day. The dark signature in the
located nearby. was recovered after about 10 days. All the SAR image was identified as grease ice. At El the boundary of
others were left on the ice and continued to operate for 3 the grease ice appears to follow the same pattern as the frontal
months, drifting downstream in the East Greenland Current. structure (Figure 3). thus suggesting that the boundary of the
Four satellite-tracked surface drifters [Audunson et al., 1981] grease ice can be used as an indicator of the location of the
were also deployed from the ship for a few days at a time. All front. The front is seen to meander with a scale of 20-40 km on
buoy data were relayed to the Tromso Satellite Telemetry this day of calm wind (3 m/s) and cold(- 10C) conditions. The
Station and the ship twice daily. Data from the buoys along the changes of temperature and salinity across the front (20-40 km)
ice edge enabled the movement of the ice edge to be followed are 1.0 C and 0.4% respectively, resulting in a density change of
and aided in the final adjustment of aircraft remote sensing about 0.4a,. A geostrophic flow calculation indic, ted no signifi-
flight tracks. cant horizontal shear associated with this weak frontal zone.

Remote sensing experiments were carried out, involving both The cold intermediate water (< - 1.5C) extends as a tongue
ground truth measurements from the ship, and aircraft and from under the ice to about 60 km off the edge, as schematically
satellite remote sensing. These experiments are described by shown in Figure 4. This figure is obtained by combining data
NORSEX Group [1982] and Svendsen et al. [this issue]. Syn- from the region norzh of Svalbard collected in 1977 [Buckley et
thetic aperture radar (SAR) images of the ice edge region made al., 1978; A. Foldvik, personal communication, 1982] with data
from the NASA Convair 990 form an important element in this from this 1979 experiment. In the fall the intermediate cold
study. layer insulates the ice from oceanic heat flux from the warmer

10• 128 4*

1

i

Fig. 2 Positions of the C.TD sections I X. Solid circles indicate stations in the ice, and open circles stations in the ocean A
mean ice edge location is also shown.
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Fig. 3. Surface temperature and salinity mapped by R/V Polarsirkel on October 1. Thin lines indicate ship track, and
hatched areas indicate grease ice. Crosses indicate the frontal boundary interpreted from the SAR image the same day. .

Atlantic water [Aagaard et al., 1981]. However, in winter, when northward to about 82'. However, water of over 2°C at 200-
the ice extends further south, the thermocline and pycnocline 300 In depth has been observed on the northern slope of the "_
coincide near the ice edge, so that when entrainment occurs at Yermak Plateau [Morison and Burke, 1981]. The temperature ii'

the base of the mixed layer, heat is entrained and is available for distribution in Figure 4 indicates that this water cannot be
inhibiting ice growth. associated with the northward extension of the Atlantic water

The Atlantic water is seen to enter the Arctic Basin along the entering the Arctic Basin along the northern shelf of Svalbard.
shelf of Svalbard with the core at about 200 m (Figure 4). The Rather, another branch of the Atlantic water must enter the
1.50-C isotherm indicates that water of Atlantic origin extends Arctic Basin along the western slope of the Yermak Plateau.

STATION NUMBERS 56 49 162 140

0 Fw l"OLLJ <- 1.50" C
>3.0* 1 .0-C >20"C""

2.*
- CONTINENTAL 01*. . 0s C" " "

a. SVA LBARD O'C,ooo.
., " , 4' YERMAK .

! ,.,@ / PLATEAU .

2000 , '

CORE OF ATLANTIC WATER
INTERMEDIATE LAYER

ARCTIC DEEP WATER
S3000 FALL ICE EDGE

* . WINTER ICE EDGE
Fig. 4. Schematic temperature distribution of the water masses between Svalbard and the Yermak Plateau.
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Iig. 5. AVnd obsersed from R V Polarsirkel during the experiment. Arrows indicate direction. Inserted is the time rhe
different CTD sections were made.

1('i Ris.)osi To Vstt) conergence-diergence variations. Absolute currents have

Comparisons of wind data with ice velocity and current been calculated by adding the ice drift. A low-pass Butterworth
%clocit data illustrate two phenomena. First. winds parallel to filter [Roherts and Rohert.s. 1978] with a cutoff of 35 hours sa,-
the ice edge with the ice to the right when looking downwind applied to the ice and current %elocity in order to eliminate .. - - -.

ithi, direction will be referred to as down-ice: see Figure 21 inertial and tidal motion. The wind was also filtered sith a

cause con,ergence of the ice and on-ice transport in the mixed 35-hour cutoff.

laer. Second. when the wind blows down-ice, a jet in ice As shown in Figure 5. a strong easterly wind ble" on Sep-
%elocity occurs at the edge. The occurrence of these phenomena tember 18 and 19. and Figure 6a shows that the ice edge was

sueests that the ice in the ice edge region shows a greater straight and displaced the maximum distance north. After the

response to the wind than does ice in the interior, strong wind event, calm conditions prevailed. and Figure 7
show s the ice to start diverging on September 22. Ice and water - -
/ elocities were low. On September 24. weak off-ice winds dexel-

h .' (,oiierqcnce and Di'r'ict, oped. and the ice divergence reached a maximum of 4-. da. -..

Figure 5 shows the wind observed from the ship during the The current patterns measured at the toroid also show a weak
experiment. In general. the ship-measured wind agrees well component of off-ice transport in the mixed laer during this
with the wind derived from the surface atmospheric pressure period. Figure 8a shows the average of all the %elocitN profile,,
map, [Thorndike and ('ohoi. 1981] for our experimental measured relative to 15 m with the profiling current meter -,

regiion. The effect of wind on ice convergence can be seen by system on September 24. Most of the profiles were obtained in
comparing the time series of wind with Figure 6. showing the open water. Also inserted are the 35-hour filtered absolute ice
shape of the ice edge on four different days. and Figure 7, which drift and currents at the toroid buoy measured on September
shows time series of ice convergence, wind velocity, ice velocity. 24. Both sets of data show a weak off-ice ,elocit. component in
and currents at the toroid buoy for the 9-day period the buoy the mixed layer and a component down-ice. Figure 6h shows
was in operation. iBecause of the strong coupling between the that the ice edge. as traced b% the ship on September 25 and
ice drift and the mixed layer current, a brief discussion of the early on September 26. had moved south and meandered s ith a
current is included in this section.l Linear interpolation of buoy scale of 201o40 km. The edge at this time w as very loose.
positions, from the array. extending 250 km in from the edge. After September 25 IFigure 71. the wAind increased and turned
were used to calculate the ice velocity field and the clockwise until it had an on-ice component on September

6. a. 10 12* 6E rS 10. 12 "
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V ieure 6t show4 the ice edge on September 27 to have near the ice edge on September 26. along with the current meter
U n~.cnirthi;%ard and become straighter. The ice drift sector and the ice velocity data and the drift of a surface drifting-

%%. deflected to the right of the wind with a further deflection ARGOS buoy in the open water. All the \elocitN data show% the
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r- Fig. 10. Daily average ice drift and surface current from the ARGOS drifting buoys, and ship-measured wind on (a)
September 19. (b) September 26, (c) September 27. and (d) September 28.

same pattern: the mixed layer current and surface drift compo- m) off the edge. The average buoy velocities for September 19
nents were toward the ice and down-ice. The mixed layer are shown in Figure l0a. The velocity along the ice edge, 5 km
current and surface drift were much larger than those measured in from the edge, is about 0.27 m/s, decreasing to about 0.20 m/s
during calmer wind conditions on September 24. (The profiles at 50 to 250 km in from the edge. The speed of the surface layer
show larger currents than the other data in the mixed layer, off the ice edge is also of the order of 0.20 m/s. Other examples
especially at depths less than 10 m. This is probably due to of similar profiles are seen in Figures lOb-d for September
disturbance of the flow by the ship.) 27-29 and are associated with the second major down-ice wind

On September 28 the wind turned off-ice and decreased. The event. Again, maximum ice drift is observed at the ice edge.
divergence (Figure 7) again became positive. The ice converged During this period an ARGOS buoy was located on a multi-

* slightly on September 30 because of a weak southerly wind. The year ice floc 50 m in from the ice edge. This buoy achieved a
ice edge contour for October 1, shown in Figure 6d, was at maximum speed of 0.30 m/s (Figures 10b and 10c), 0.10 m/s
about the middle of its north-south range and displayed me- higher than the speed 5 km further in, suggesting that the
andering. strongest ice velocity gradient occurs in the outer 5 km.

These records demonstrate that down-ice wind causes con- Estimates of wind drift coefficients provide quantitative evi-

vergence of the ice, straightening of the ice edge, and on-ice dence of the increased coupling between ice and wind at the ice
transport in the mixed layer. Furthermore, off-ice wind and edge and suggest that the ice edge jet is a ubiquitous, wind-
calm conditions cause divergence and meandering of the ice driven feature. The drift coefficient A is a complex constant
edge. In order for on-ice or down-ice winds to cause conver- which, when multiplied by the deviation of the wind velocity
gence (or for off-ice or up-ice winds to cause divergence), the ice from the mean wind, produces a least squares fit to the devi-
in the ice edge region must respond more to the wind than does ation of ice velocity from the mean ice velocity. The drift
ice in the interior. Mechanisms which might cause the stronger coefficient was calculated, using the statistical method of Thorn-
ice response to wind will be discussed further below, dike and Colony [1982], for the six ice drifting buoys (Figure

1I). The buoy drifts over a 40-day period were used along with
Ice Edge Jet geostrophic winds from the Arctic Ocean Buoy Program

There are a number of indications that under conditions of CThorndike and Colony, 1981].
down-ice winds, the ice velocity is a maximum at the ice edge. Table I lists the drift coefficients computed for the six buoy
During the peak wind event on September 19, the ice edge, records from September 17 to October 27 1979. Figure 12
shown in the SAR image of Figure 9, was straight. The numer- shows the average values of JAI determined by combining data
ous ice plumes shown in the figure, trailing off from the ice edge from the pairs of buoys: at the ice edge, 50 km in from the edge,
to the east, as well as the northeastward striking ice features in and 250 km in from the edge. The coefficients increase in
from the edge, suggest that the first 10 to 15 km of the ice cover magnitude as one nears the ice edge, from about 0.9% in the
was moving faster than the water off the edge and the ice cover interior to 1.2% at 50 km from the edge, to 1.9% at the edge.
further in. This structure in the SAR image can be interpreted The turning angles also increase as one nears the ice edge. The
as an ice edge jet and is verified by contemporaneous data from coefficients for the interior are slightly greater than the 0.8%."
the drifting buoys on the ice and in the surface water (upper 0.5 value obtained by Thorndike and Colony for yearly average

..........................................................
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Fig. I1. Drift pattern of the ice drifting buoy array over a 40-day edge. A 951 confidence interval is inserted.

period, from September 17 to October 27.
Greenland Current may also be associated with ocean jets due - -
to strong frontal shear.

values in the interior pack ice, and are slightly less than the In addition, Roed and O'Brien [1981] obtain an ice edge jet of
1.05". value they obtained for the summer conditions in the the order of 0.5 m/s in an anal)tical model simply by balancing
pack. However, both these values are within the confidence the Coriolis force and the internal ice pressure. However, our
interval (Table I). ice drifting buoys revealed no jet of such a magnitude under

On the average the wind drift accounts for about 51% of the calm conditions, suggesting that this model is too simple. ,
variance in the ice drift. This is substantially less than the value There are several potential reasons for the stronger coupling - -

of 861i found by Thorndike and Colon), [1982] for the interior between the wind and ice drift near the ice edge. The ice near
pack ice. This, in turn, implies that there is higher variability in the edge may be freer to respond because of a decrease in the
the ocean currents in the experimental region than in the Arctic effect of the internal ice stress. The wind stress may be larger at
Ocean as a whole. the edge because of an increase in surface roughness. There is

The larger drift coefficient tells us that the coupling between an added coupling of the ice to the wind near the ice edge due
the wind and the ice drift is consistently greater in the ice edge to the effects of wind wave radiation pressure. Finally, it is "
region than further in. Moreover, the wind was predominantly possible that the ice velocity jet is enhanced by an ocean
easterly to northeasterly, suggesting that the ice edge jet in this current in the mixed layer associated with wind-driven upwell-
region north and northwest of Svalbard is a wind-driven fea- ing.
ture. The stronger coupling between wind and ice drift, as Since there is a free boundary along the ice edge, ice in the
demonstrated by the large drift coefficient in the ice edge outer ice edge region may obey the free ice drift law, while
region, is consistent with the tendency described above for the further in, the internal ice stress will become more important
ice to converge and diverge under varying wind conditions. It and retard ice motion. Evidence of this is seen in the compari- p
should be pointed out that, as shown by Vinje [1977b] and son of the rotary spectra for the two buoys 1562 and 1566
Paquette [1982], ice edge jets found further south in the East deployed 250 and 5 km in from the ice edge. respectively

TABLE I. Drift Coefficients JAI for the Six Ice Drifting Buoys. Corresponding Turning Angles.
Percentage of Variance Accounted for by the Wind. 95% Confidence Interval, and Initial Distances From

the Ice Edge "

Percentage Initial
of Variance 95%. Distance

Coefficient Turning Accounted for Confidence From Ice
Buoy JAI Angle by Wind Interval Edge. km

1560 0.0093 -9 48 0.0045 250
1562 0.0090 0 39 0.0053 2.0 %
1563 0.01 10 -16 63 0.0039 so
1.64 0.0140 -10 58 0.0053 50
1566 0.0210 -23 52 0.0094 5
1568 0.0170 -20 st 0.0079 S

7.. : ..
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(Figure 13). The spectra were estimated using the maximum 4

entropy method based on an algorithm of Smylie et al. [1973].
Mean and trend were removed before estimation. Positive fre- 1 1562
quencies represent anticlockwise rotation. The highest spectral 3 -

density. at- 2 cpd, is clearly seen for the ice edge buoy 1566. cof ienc
According to Kowalik and Untersteiner [1978), the M2 tidal interval
motion in the region is essentially linear, requiring an equal 12

contribution at positive and negative frequencies in the rotary W
spectra. The predominance of clockwise rotation at -2 cpd for 12
the ice edge buoy is then mainly due to the presence of inertial .

"'- motion. The peak at - 2 cpd is absent at the interior buoy. This
suggests that the damping of inertial motion by internal ice
stress is much less at the edge than in the interior. 0.4 -3 -2 1 0 1 2 3 4

The wind stress may be larger in the ice edge region because cycles per doy

of the increased surface roughness. Aerial photographs ob- 1
tained from the remote sensing flights t6gether with surface 1566
observations show that in the first 10 km the ice floe size varied 9 0
from 0.5 m up to 25 m, while in the next 10-15 km the floe size confdence

c4 interval

varied from 25 to 50 m. From 25 km inward, the maximum floe
size was several hundred meters. Measurements of the drag i 2
coefficient in the Gulf of Saint Lawrence by eddy correlation
techniques over broken and small ice floes (similar to the floes 2
in our ice edge region) have yielded a mean drag coefficient 0 _

at 10 m of 3.1 x 10- 3, with a maximum value of 4.0 x 10- J

r" under unstable conditions [Smith et al., 1970]. Macklin [this p
issue] also obtained a drag coefficient of 3.1 x 10-3 over frac- 0
tured and rafted ice with floe sizes of 10 to 20 m in the Bering -4 -3 -2 -1 o 2 3 4
Sea. These values exceed those for interior pack ice of about 2.0 cycles per day
x 10- - estimated during the Arctic Ice Dynamics Joint Experi- Fig. 13. Rotary spectra of an ice edge buoy. 1566, and an interior
ment [Lea'itt, 1980] and the value for open water of 1.5 x 10- 3  buoy, 1562, over a 40-day period from September 17 to October 27. A
for moderate wind conditions (Amorocho and DeVries, 1980]. 95% confidence interval is inserted.

i Therefore our ice floe size distribution suggests that the drag
coefficient should have a maximum value at the ice edge and and ice velocity at the edge is the effect of wave radiation
decrease inward. pressure. Wadhams [1981] suggested that wave radiation pres-

* The effect of increased drag and decreased internal ice stress sure due to swell can be a significant factor in compaction of
on the drift coefficient can be evaluated quantitatively by using the ice edge. The importance of wind wave radiation stress on
the crude assumption that the wind stress on the ice is balanced bands in the ice edge region has been studied by Martin et al.
solely by the water stress [Thorndike and Colony, 1982]. The [this issue] for the Bering Sea. They calculate that the relative

* magnitude of the drift coefficient can be approximated by magnitude of the wind wave radiation stress on the upwind side

JA[ = (p.clpc )1/2 (1) of the bands is about 30% of the water stress. However, during
the NORSEX experiment, with prevailing easterly winds, no

where c. is the geostrophic drag coefficient for the wind stress bands were observed, and the fetch between ice floes remained
over ice, c, the geostrophic drag coefficient for the water stress, limited. Therefore the relative importance of wind wave radi-
po the air density, and p,. the water density. aion stress in the momentum balance was probably small

Using parameters representative of pack ice conditions from during NORSEX, at least as far as ice drift parallel to the edge
Albright [1980] and McPhee [1980] yields a value for c. of is concerned. However, the importance with regard to conver-
0.9 x 10-i. Combining this with McPhee's [1980] estimate of gence at the edge due to on-ice winds may be considerable.
c. equal to 5.5 x 10- 1 yields JAI equal to 1.5% [Thorndike and A fourth explanation for the ice edge jet can be that it is
Colony, 1982). In order to increase the drift coefficient to the enhanced by an ocean current near the ice edge which is associ-

* value of 1.9% found at the ice edge, the ratio of c. to c, must be ated with wind-driven upwelling. This idea is discussed further
increased by a factor of 1.6. If the largest estimate of the surface in the next section.
drag coefficient from Smith et al. [1970], 4.0 x 10- ", is used, the
resulting value for c. at the ice edge is about 1.4 x 10-3 . This UPPER OCEAN RESPONSi

• gives a drift coefficient of 1.8%, approaching the observed The behavior of the upper ocean during the experiment can
value. However, the retention of c,, at the pack ice value is be characterized by upwelling events and the generation of
unreasonable as c, increases near the ice edge because of the eddies at the ice edge.
prevalence of smaller ice floes. This has been observed for
similar ice conditions in the Gulf of Saint Lawrence by Johan- Upwelling
nessen [1970] and in the Bering Sea by Pease et al. [this issue]. The observations of upwelling during NORSEX must be
Thus an increase in wind drag and decrease in internal ice stress examined in comparison with other observations and models of
in the ice edge region are not sufficient by themselves to explain the phenomena. Upwelling along the ice edge was first ob-
the higher drift coefficient at the ice edge. served by Buckley et al. [1979] during a winter experiment

A third explanation which can increase the coupling of wind north of Svalbard. Their experiment was inspired by the theo-

f *.
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retical study of upwelling by Gammelsrod et al. [1975], in which larger than that over water (at least for neutral stabilityl, they
the response of a homogeneous ocean was modeled. The model find that allowing the ice to move (as it obviously does) in
employs the assumption of an ice sheet unable to move hori- response to wind produces upwelling at the edge when the wind
zontally. The work has been extended by Clarke [1978] for a blows down-ice.
stratified ocean. Niehauer [1982] developed a numerical model Evidence of upwelling during NORSEX appears in records
of the wind response of a stratified shallow ocean near an ice made during the two major easterly wind events. As discussed
edge, which also employs the assumption of a nonmoving ice earlier, Figure 5 shows that a strong easterly wind event oc-
sheet. In these models the ice sheet isolates the ocean from wind curred on September 18-19. Figure 14 shows the wind speed for
stress, so that up-ice winds cause divergence of Ekman trans- this period along with two CTD sections, I and Ill, carried out
port and, consequently, upwelling at the ice edge. The observa- perpendicular to the ice edge on September 18 and 20. Section 1
tions of Buckley et al. [1979] and, more recently, Alexander and was 40 km upstream of section Ill. This distance corresponds
Niehauer [1981] seem to fit this general picture. A model well with the average surface current (see Figure 10a) of 0.20 -

recently developed by Roed and O'Brien [this issue] yields the m's, enabling us to follow approximately the Lagrangian devel-
coupled response of the ice and a two-layer ocean to wind. In opment of the upwelling [for example, Johannessen el al.,
this case the ice is allowed to move and to display internal ice 1977). Comparison of the two sections indicates that the pyc-
stress. Their results are the opposite of those found in the other nocline at the ice edge rose during this wind event. For exam-
theoretical studies. Because the drag coefficient over ice is pIe, the maximum vertical displacement of the 26.4a, isopycnal

was 6 m in about 2 days. The deeper isopycnals were also lifted
in the ice edge region. For example, the 26.7o, isopycnal moved

20 upward about 7 m. Given the ice edge orientation shown in
Figure 9, the difference in ice edge position in the two CTD
sections represents an average northward displacement of the

*,NOc SPEED ice edge of about 15 km during this period.
As shown in the section on ice response, the ice near the edge

is free to move and appears to act as if in a state of free drift.
10 The assumptions used in the model of Roed and 0'Brien [this

issue] where the internal ice stress is neglected are appropriate
for these conditions, while the assumptions of a nonmoving ice
sheet by Gammelsrod et al. [1975], Clarke [1978], and Niebauer
[1982] are not.

The observations can also be compared quantitatively to the
CTO I cmodel of Reed and O'Brien [this issue]. Their analytical solu-

SER I0 tion for the mixed layer depth of the two-layer ocean isSEP'rEME 189 201 '21 .

7 64 56 48 40 32 24 V6 a 0 Mx, t) = H - (Hyauot'2f 2 L) exp [-(x - uot)'L] (2)
6 M , 606 40.

where y = C.!H, a = p.C,./p,D, and L =f '(g'n '. H is the

10 "equilibrium mixed layer depth; C,. is the ice-water drag coef-
ficient; p. is the water density; p, is the ice density. D is the

mean ie thickness; uo is the on-ice velocity; f is the Coriolis
20 zs~ parameter; L is the deformation radius; g' is reduced gravity;

26 - 2, ,0 and x is the position measured positive in the on-ice direction
3, -o f7 30 rom an initial position x, = 0. The value for u0 is given by

Uo = [TlpDf] [I + (a'f)z ] - 1 (3)
4 land T is the wind stress on the ice. Their model sets the wind

50 stress over open water equal to zero for simplicity. By applying
DIST (KM) data from our region with a 10-m's easterly wind blowing

4& 40o24a 24 86 s 0 parallel to the ice edge for I day, their model predicts an
2 supwelling of about 18 m. In addition, the ice edge is displaced

0 -northward about 12 km. However, if the wind stress over open
2640 water is prescribed, this upwelling will be reduced to 6 m IL. P. -

2660 Reed, personal communication, 1982). It was also found that
8 increasing their ice-water drag coefficient by a factor of 10 only

26 increased the upwelling from about 18 to 24 m. Their model is
thereby relatively insensitive to an accurate value for the ice-

34 27,so water drag coefficient. The quantitative agreement between

02 27 their analytical model and the NORSEX observations supports
so the interpretation that the easterly wind event from September

o -18 to September 20 was strong enough to genirate upwelling.
SIGMA r During the second major easterly wind event from September

Fig. 14. Density structure from CTD sections I and Ill, and wind 27 to September 29, comparison of CTD sections IV and X
speed during the first major easterly wind event. Stations indicated at indicated that a weak upwelling, of the order of 3 m. took place
the bottom of the sections. in the ice edge region (Figure 15). This is also in quantitative

•
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20 M/s under calm conditions, and we therefore reject this upwelling

mechanism.
The obvious question that arises is, why do the upwelling

observations of Buckley et al. [1979] and Alexander and Nie-
bauer [1981) agree with the models of Gammeisrod et al.
[1975], Clarke [1978), and Niebauer [1982]. while the

WIND sPcw NORSEX observations favor the upwelling model of Reed and
O'Brien [this issue)? The assumption of a nonmoving ice sheet
is poor, and given this, the upwelling mechanism described in . -

the earlier models is inappropriate. Is there another physical . -

explanation for the observations of upwelling with up-ice -
wind? The magnitude of wind stress over water can be larger
than that over ice, and thus produce upwelling for up-ice winds,
if the stratification in the atmospheric boundary layer is un-24 25 26 27 26 29 30

SEPTEMBER stable. For example, Buckley et al. [1979) reported an air
oST (KM) temperature of - 25°C a few kilometers off the ice edge. Extra-

2 - 40 12 260 polating for such conditions from model data by R. A. Brown
(personal communication, 1982) yields geostrophic drag coef-

10 -ficients for the open water of about 1.6 x 10- 1 for a wind speed
2620 of 10 m/s. Assuming that the ice temperature is equal to the air

temperature, Brown's model suggests that the geostrophic drag
2640 coefficient over ice is about 1.4 x 10-3 for 10-m drag coef-

26 - ficients of 3.1 x 10- . This goes some way toward explaining
2720 the observations of Buckley et al. [1979] and possibly the~~~27 40 b

34 observations of Alexander. and Niebauer [ 1981]. 0

27 50 Geostrophy requires the presence of an ocean current at the
42 - ice edge whenever there is upwelling at the edge. However, the

strength of this current depends on the width and the intensity
50 of the upwelling. For example. the upwelling seen in CTD

SIoMA 7 section III (Figure 14) was wide (30 km, nearly an order of

0ST (KM) magnitude larger than the deformation radius), and no signifi-

0 32 .24 06 6 0 cant geostrophic current near the ice edge was calculated. (The ,

2640 geostrophic velocities were calculated in relation to 200 m-

10 26,5 because direct current measurements indicated that this was a
level of weak motion.) On the other hand, CTD section X

2660 obtained after the second major down-ice wind event shows the
It is presence of a narrow region of raised pycnoclines near the ice

26 27.40 edge (upwelling and eddies) with associated geostrophic veloc-
U 2750 ities of up to 0.20 m/s (Figure 17). Similar velocities near the ice

34 F edge were also calculated for CTD section IV.
26.20

42- Mesoscale Eddies

so i Eddies at the ice edge in the East Greenland Current have

SGMA 7 been seen in visual and IR imagery [Vinje, 1977h; Wadhams.

Fig. 15. Density structure from CTD sections IV and X and wind 1981] and in sound velocity profiles [Wadhams. 1978]. Wad-
speed during the second major easterly wind event. Stations indicated hams and Squire [this issue] describe the behavior of an eddy in
at the bottom of the sections. this region in terms of ice drift and CTD measurements. This

eddy is of the order of 60 km across, and using the results of
Griffihhs and Linden [1982]. Wadhams and Squire claim that

agreement with the model by Roed and O'Brien [this issue]. the eddy is due to a baroclinic instability.
However, the interpretation of upwelling in this figure is com- Observations of eddies were also made during NORSEX
plicated by the presence of eddies as discussed in the next They are much smaller than those in the east Greenland Cur-
section. This complication was not present in CTD sections I rent and probably depend to a greater degree on barotropic

and III used in the discussion of the first upwelling event. It is instability for their generation. Figure 16 shows the SAR image
also noted that the isopycnals in section IV (Figure 15) are for October I. Distinct surface features of four eddies, El E4.
elevated near the ice edge, and one can speculate that this with horizontal scales of 5-15 km can be seen in the image. The
elevation also was caused by the first major wind event, thus eddies, El -E3, extend out from the ice edge with a cyclonic
implying that the decay time of the upwelling at least is of the rotation. As has previously been mentioned, the dark signature
order of a few days. indicates the presence of grease ice. The circular shape and the
Roed and O'Brien [this issue] also predict upwelling under size (5 km) of the patch. E4. suggest that it is a manifestation of

calm conditions driven by an ice edge jet which is assumed to an ocean eddy off the ice edge. The map of the frontal structure
be caused by internal ice pressure in balance with the Coriolis shown in Figure 3 suggests that the eddy is embedded in the
force. As was mentioned earlier, our data revealed no such jet frontal zone.
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Data from the drifting buoys were also examined to see if is thus negligible in comparison to the mean water velocity

they reveal any eddy motion. The wind-driven ice motion was Consequently, the eddies most likely travel with the mean flow
subtracted by using the method of Thorndikc and Colony once they are generated.
[1982]. The results indicated that the two ice edge buoys (1566 Eddies may arise either as a result of baroclinic instabilities.
and 1568), separated by 30 km, both took part in a cyclonic which involve the release of potential energy from a stratified
motion, with a period of 8- 10 days and a scale of 10 20 km. fluid with vertical velocity shear, or as a result of barotropic
resulting in an orbital velocity of the order of0.10 m s. instabilities, which involve the withdrawal of kinetic energy

Finally, examination of the CTD data reveals a number of from a mean horizontal shear. During NORSEX, horizontal
features which give the appearance of eddies. For example, and vertical shear occurred in the ice edge region.
examination of Figure 17 shows two distinct upward displace- A simple way of examining conditions required for baroclinic
ments of the pycnocline at stations 219 and 216, superimposed instability was suggested by Phillips [1954]. He considered a
on the overall upwelling pattern. The height of the displace- two-layer rotating flow with uniform velocities in each layer.
ments, relative to the average upwelling shape, is about 7 m. With the existence of vertical shear and setting P equal to zero,
The horizontal scale of these features is about 15 km. Traces of a perturbation on the flow will grow if
them in density contours extend to 200 m, but the geostrophic 2f2L2
velocity contours display nearly no motion below the pyc- K2  " [H(H,- 1)] (5)
nocline. Apparently. the features are confined to the mixed 9
laser. where L, is the horizontal scale of the motion, H is the mixed

r The velocity displays a cellular pattern. The cell at the ice layer depth, H, is the total depth, and g' is reduced gravity. The
edge shows a maximum speed of 0.20 m/s down-ice while the nondimensional wave number K is defined as 21rL. I! where L*
other cells show a speed of about 0.05 m/s with directions is the wavelength of the perturbation [Pedlosky. 1979]. The
alternating between up-ice and down-ice. growth rate of the disturbance is dependent on the magnitude

On the basis of the facts cited above, the vertical displace- of the shear. The inequality (5) is fulfilled at the NORSEX site
ment pattern may be interpreted as a manifestation of cyclonic where L,(= 10 km) is the width of the zonal flow defined by the
eddies with a dimension of 15 km and orbital velocities of 0.05 current jet and L0 is the ice edge meander wavelength, 25 to 40
to 0.10 m . The horizontal scale of the features agrees with the km, observed in Figure 16, and therefore the upper layer cur-
scale of the eddies seen in the SAR image as well as the Rossby rent appears to be baroclinically unstable.
radius of deformation, L = 3 km. Because of the CTD station The necessary condition for barotropic instability is that
spacing of 5 kin, the displacements are not fully resolved, there is an inflexion point in the horizontal profile of velocity
suggesting that aliasing, by internal waves for example, could [Pedlosky, 1979]. On the basis of current measurements and
be a problem. However, a sequence of yo-yo CTD measure- the existence of an ice edge jet, one can infer that this criterion
ments near the ice edge indicated that the internal wave rms is also fulfilled in the NORSEX region.
amplitude was about I m, well below the eddy signals. .,, Recent work by Griffiths and Linden [1981, 1982] allows us

T!,- propagation speed of the eddies is limited by the maxi- to make some statement as to the relative importance of baro-
mum phase speed of Rossby waves, expressed by McWilliams clinic and barotropic instabilities when both are possible. Grif-
and Flierl [1979] as fiths and Linden [ 1981] studied barotropic and baroclinic insta-

C P fL 2  (4) bilities in a two-layer rotating tank experiment. They were able
to interpret the stability of vortices in terms of mixed barotro-

where P is the variation in the Coriolis parameter with latitude. pic and baroclinic instabilities by varying two critical parame-
This speed is about 0.9 x 10- 4 m/s in the NORSEX region and ters: 0, the square of the ratio of the internal Rossby radius of
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to be gathered in the areas of the Nansen Ba-
sin and Yermak Plateau. The Nansen Basin is
of interest because of its thin oceanic crust, J[which is a result of the very slow spreading ofJ

T. 0. Manley,' L. A. dine that lies directly beneath the mixed lay- the Arctic Mid-Ocean Ridge, located several
er (50 m) and the upper extent of the Atlan- hundred kilometers to the west. The Yermak

Codispoti, K. L. tic water (200-500 m). Current theory sug- Plateau may be continental in origin, howev-
gests that this layer is the product of er, it does not fit well into a reconstruction of

H wintertime ice formation on the shelves sur- the local continental land masses. In order to

Jackson,3 E. P. Jones,4 V. rounding the Arctic Ocean. The resultant study these features, observations of heat
cold, saline shelf water is later advected into flow, gravity, short sediment cores, seismic re-

Lee,s S. Moore,6 J. the Arctic Ocean on surfaces of constant den- flection profiles, and continuous precision
s7  . T. Packard, 2  sitv that reside in the depth range of 50 to depth recordings were made at Fram 3. Sev-

- 200 m. Due to the very large gradients of r i a n el
and P. Wadhams 6  temperature and salinit, in this depth range, ducted in the vicinity of the Yermak Plateau

the vertical transfer of heat from the Atlantic and within the Nansen Basin with the aid of
water to the upper layers of the Arctic Ocean the helicopter.

Introduction is effectively minimized Mesoscale CTD (con- With all scientific goals accomplished, Fram
ductiitv, temperature, and depth) surves 3 was evacuated on May 13, 1981. at a posi-

On the fourteenth of March 1981, Fram 3. were also conducted bl helicopter to depths tion of 81°43'N and 3°15'E. The resulting net
the third in a series of four U.S. manned ice of 500 m in order to expand the areas of ob- drift of 361 km proved to be much longer
camps, was established in the eastern Arctic servation as well as to map various features than that of Fram 1 (163 km) and Fram 2 (83
Ocean at 84.32°N. 20.07°E for oceanographic and their temporal variations on length scales km) stations during the previous years. This
and geophysical research in the Eurasian Ba- of 10 to 300 km. A profiling current meter- not only allowed experiments to be carried
sin north of the Greenland-Spitzbergen Pas- CTD unit was also used at the main camp to out over a large geographical area but also
sage. studv the response of the upper ocean to over a range of ocean depths, from a maxi-

Investigators from several institutions in storms, mum of 4088 m in o the Nansen Basin to a
the United States, as well as from Canada At camp, samples for chemical and bi- minimum of 727 m above the Yermak Pla-
and England, participated in studies of phvsi- chemical analysis, ranging in solume from 1.2 teau. Figure I shows the drift tracks of the
cal and chemical oceanography, low-frequen- to 100 1. were taken at man% levels through- three Fram stations superimposed on the gen-
cy underwater acoustics, geophvsics, and the out the water column. Various projects were eral bathymetrv of the Arctic Ocean.
mechanics and propagation of waves through designed to studs the con(entrations of triti-
sea ice. A Bell 204 helicopter and crew were um, oxygen. alkalinits, nutrients. respirators Background
stationed at Fram 3 throughout the drift in enz)mes, trace metals, ammonia. dissoked sil-
order to support research efforts and camp icon, and bomb-prodwed (-14 After completion of the Arctic Ice Dsnam-
operations. Several oceanographic buoys that Further geoph,.sisal nformatuin was als) ics Joint Experiment (AIDJEX) in the Beau-
used satellite telemetry were deployed during
this time period.

Oceanographicall, the Fram 3 region is of
interest because of the proximity of the polar

[ front, which separates the outflowing Arctic
surface water from the inflowing Atlantic wa-
ter in the Greenland-Spitzbergen Passage and
northward. Significant amounts of heat and
salt are transferred through this strait as
compared to other passages into the Arctic
Ocean. such as the Bering Strait and the Arc-
tic Archipelago [Aagaard and Grntsman. 19751. - . 4

Variations in these transports of heat and salt
through the Fram Strait may prove to be a
significant factor in climate change. Estimates
of vertical fluxes in heat and salt were also
part of the ongoing experiments of the Fram At

expeditions. These would help determine
spatial variations of heat loss from the Atlan-
tic water into the upper layers of the Arctic
Ocean (less than 200 m). It was also hoped

- that data might also provide more insight
into the origin and effects of the steep pycno- .

'Lamont-Doherty Geological Observatory
of Columbia University. Palisades, New York.

1Bigelow Laboratory for Ocean Sciences.
West Booth Ba% Harbor, Maine.

'Atlantic Geoscience Center of Bedford In-
stitute of Oceanography, Nova Scotia, Cana- S
da.

4Atlantic Oceanographic Laboratory of
Bedford Institute of Oceanography, Nova
Scotia. Canada.

sTritium Laboratory. Rosenstiel School of
Marine and Atmospheric Science, University 0
of Miami, Miami. Florida. Fig. 1. Locations of all portable CTD stations taken during the Fram 1, 2. and 3 experi-

6Scott Polar Research Institute, Cambridge. ments. Drift tracks of the individual camps are also sho%n in referene to Greenland. Spitz-
England. bergen, and bottom topographic contours. The end of the drift track is labeled bs the camp

'Polar Science Center. University of Wash- identification. Depths are given in kilometers.
ington. Seattle. Washington.

Copyright American Geophysical Union 1982
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station, using a Bell 204 helicopter as in the Thule Air Force Base and then back to the study mesoscale features and their spatial
Fram I experiment. Scientific objectives and United States. variability in the upper 500 m. This was ac-
preliminary results of the underwater acous- complished by using a portable CTD. as in
tic program are given by Dyer and Baggeroer Fram 3 Scientific the Fram I and Fram 2 expeditions. Figure I
[ 19801 and Baggeroer and Dyer [ 19821. Some shows the positions of the CTD stations taken
of the more notable results were the highly Programs and in the vicinity of each of the Fram ice camps.
variable ambient noise conditions and good A major objective of this program was to map* h signal-to-noise ratios from backscattering of Preliminary Results the polar front in the vicinity of the Fram 3
signals by features as far away as the Chukchi drift track. Another objective was to stud
Sea. Seismic refraction work at Fram 2 indi- The institutions involved in scientific pro- an eddies within the region. It is hoped that
cates that 2 to 3 km of sediment overlay a grams on Frai 3 and available preliminary further knowledge about these features will
crust of less than 5 km, agreeing fairly closely results are listed below, aid in the understanding of lateral mixing
with the Fram I results [Duckworth et al.. within the Arctic Ocean and of transport pro-
19821. Lamont-Doherq Geological Observator ,  cesses across the polar front. The camp

A subsurface mesoscale eddy was observed passed over two features, 15 and 25 km
on a helicopter traverse to camp I from Frai Station physical oceanography. Profiles of across, of anomalously high salinity and tern-
2. This is only the second observation of a conductivity, temperature, and oxygen were perature, which had apparentl% originated
subsurface mesoscale eddy in the Eurasian made to depths of 1000 m at least three times from Atlantic water. They appear to be ed-
Basin. The first observation of such a feature each day, using a Neil Brown CTD equipped dies shed by the polar front. Work done bs
was made by Shirshov in 1937 from the Sovi- with an oxygen sensor. Stations to the bottom Hunktns [19811 indicates that this region is
et drifting ice station NP-) [as reported by of the ocean were taken on a weekly basis. A baroclinically unstable and that features with
Belyawov, 19721. Thickness of the eddy was pinger mounted on the CTD permitted data a scale of approximately 30 km are the fastest
about 175 m and was in the depth range of to be taken within a few meters of the bot- growing (doubling time of 2 weeks).
50 to 225 m. The depth of maximum angular tom. A 12-bottle rosette sampler and revers- Alignment of the polar front was generall'
velocity was calculated to be at 90 m. These ing thermometers were used to obtain tem- NE-SW. Its location, on the basis of salinit.,
characteristics are similar to those observed in perature, salinity, and pressure data for later was fairly stationary over the I-month obser-
the Beaufort Sea during the main AIDJEX calibration. vation period, although temperatures showed
experiment. Additional CTD stations were taken to pro- a more variable pattern.

vide geochemists with small 1.2-1 samples of Ocean current, The properties of inertial
Staging of Fram 3 water for the study of tritium, oxygen, dis- and internal waves were investigated with an

solved nutrients, and gases within the water array of five Aanderaa current meters
In late Februarv of 1981 the advance team column: to provide intercalibration stations equipped with conductivity, temperature, and

lo Fram I accompanied a group of U.S. between the portable ODE (ocean data equip- pressure sensors. Two strings of current me-
Arms parachute riggers from the 612th QM ment) and Neil Brown CTD's; and to provide ters were deployed--one in a lead at the edge
(ompank of Fort Bragg. North Carolina. as a concurrent station at Fram 3 at those times of the large Fram ice floe, 5 km from the
swell as the support crew and officers of three that the portable CTD was away from camp camp: and one at camp itself. The 'lead
L S Air Fore C-130 Hercules transports on a helicopter transect. string' had instruments suspended at depths
from the 317th Tactical Air Wing of Pope Preliminary results show passage of the of 25 and 100 m, while the 'camp string' had
Air Forte Base. North Carolina, to Thule, main camp through the polar front, a some- instruments at 25, 100, and 480 m. -

rI (,eenland I hese G:-13s were then used to what linear surface feature on the order of The 100-m lead instrument documented
transport all utentihc and logistic gear to the 100 km wide and extending to a depth of the passage of the camp through part of the
Danish base at Nord on the northeast corner roughly 300 m. Large temperature and salini- frontal zone. Superimposed upon the frontal
-it t.reenland. while the Arm, riggers at ty variations were observed frequently within transition of temperature and salinit, along
I hule prepared the necessary lumber, fuel, this depth range. Fine structure was also the stead) southwest movement of the camp
and espl,,si..e. for eventual C-130 paradrops highly variable in this area. Yo-yo CTD sta- are the signatures of the anomalous intrusion
,,,,? .M I tions that were taken every 20 min to depths of warmer, more saline water (Figure 2). pre-

N Dlr 11,k illand I win Otter and a specially of 400 m were, in several cases, inadequate viously described in the mesoscale helicopter
' Wohrd IN I I r-l urbo" were then used for keeping track of the individual fine-struc- oceanographic survey. Data from two Aan-
i, i ai, i. establishment, and support of tured features. Well-mixed boundary layers deraa current meters (25-m lead, 480-m

rh frting me tamp On March 13, Frai 3 were also observed at abyssal depths as well camp) were discarded because of flooding
%rstabhhed on a large multivear floe that as along the slope and top of the Yermak Pla- and circuitry problems.
mrjsurrd om h 5 km and had an average teau. Hydroacoustic observations. Studies of un-
th,, ktress of 4 in Bad weather and radio a Mesoscale helicopter oceanographic sur'ey. derwater sound propagation were conducted
-rimmuia arons prevented further flights to Helicopter mobility provided the means to by using sensitive hydrophones and a single

PIjm ? until i da',s later.
It mid. April. 203.000K pounds of fuel. lum-

hi and expaites were paradropped to VEmAK PLATEAU
tam I hs the C-130's. An additional 75,000 .
p.,unth (it scientifi and logistic gear were
landed at tram 3 bi, was of 24 Twin Otter
Arid hse 'In-trurbo' flights. From April 6 to
Ma% S (last da% of the scientific program) an
aserage of 19 people were stationed at the .-
camp B% the end of the manned drift, a total Q

of 495 'man days' had been logged at thecamp /r " ,Final evacuation from Fram 3 was on May , .' '-, "--'. .--''-

13. at a position of 8 1 *43'N. 3 1 5'E, 61 days / \.

after the first landing. The net drift of the ice .-o "
station was 361 km to the southwest at an av- " I '

erage drift rate of 5.9 km/d, Due to the me- P,
andering of the camp along the drift track, 'o 09111 I SAM
the total distance covered was 505 km, with a f '
computed average drift velocity of 8.3 km/d. sb d e 1 ,T 4.

Following a few days of packing at Nord, M aTA .M•
two C-130s from the 36th TAS of McChord Fog. 2. Temperature and salinity time series recorded at the edge of the large From 3 ice
Air Force Base, Washington, removed all re- floe. Data were taken by an Aanderra current meter suspended at a depth of 100 m.
maining gear and personnel from Nord to

----------------. . .... , im - -- i- -- ..-. ,..." g.. .. -- . -- -. -. -S~



geo phone. Hydrophones were placed at I km
an 3 km away from the camp and at depths S..s 5377 ao. .-g F r r .. P0 o6F at 21.35 i-5 .I. ,19"1
of 46 m and 60 m. respectively. The geo-
phone was placed on the surface of the ice at
a distance of 1.5 km away from the camp.
Data were continuously recorded on Hewlett- -
Packard FM recorders. 0S

Single earthquakes, as well as earthquake
swarms, were recorded frequently, with one
earthquake recorded every day on the aver- g
age. Although epicenters of the earthquakes
could not be fixed because of the single re-
cording site, most of them apparenth origi-
nated from the Arctic Mid-Ocean Ridge.

Geophysical obsenmations. A marine geophys- -
ical program provided background data on " -
position, depth. magnetic declination, floe az- A
imuth. and gravity. A geophysical data report
summarizes these results [Hunkiu et al.
19811. Figure 3 shows the depth and gravity a.
field along the drift track of Fram 3.

Bedford Institute of Oceanography .

Chemical oceaography The Bedford Insti-
tute of Oceanograph.'s primary program for -_-
chemical oceanograph% included measure- U.0 5is i Isda 140 12 i 19 s 11,0 Ties
ments of ox,.gen. salinits, alkalinitv, nutrients WE IaIAn Ms1

(nitrate, phosphate. silicate), trace metals Fig. 3. Gravity and topography along the drift track of From 3.
(Mn. Fe. Ni. Cu. Zn. Cd). and radionuclides
(Cs-137. Sr- ). The goal in measuring the
first group of components. ox%gen. salinits.
alkalinit%. and nutrients. was to characterize the use of a tethered ocean bottom seismome- Bigelow Laboratory
the water in the Eurasian Basin and abu)%e ter. The sound source was from 20- to 100-
the Vermak Plateau and to stud% themical kg TNT charges carried away from the re- Chemical and biochemical oceanograph. Dur-
processes. e g.. nutrient regeneratti,. that ot- ceiver bs helicopter and detonated in areas ing the first half of the Fram 3 experiment.
cur in the Arctic Ocean More than liHi sam- where thin ice made access to the water possi- observations of the chemical and biochemical
pies were collected at fairls closel spaced ble A 150-km line along anomals 7 (26 m.,.) properties of the water column were made. .
depth intersals from 38001 m to the surface, in the Nansen Basin was completed in an These included on-site analyses for dissolved .

as the ice camp drifted toward and oser the area where ocean (rust formed bs slow oxygen, ammonia, dissolved silicon, nitrate.
termak Plateau For radionuclides arid trace spreading could be investigated. Three lines nitrite, and reactive phosphorus from sam-

metals the goal Aas to characterize the watet were run on the Yermak Plateau Line 2 was pies collected directly beneath the ice cover to
column and to see if there were an near-su- run in water depths of about 2(t)i m on the a depth of 4000 m. On-site determinations of
lace higher concentrations associated with slope of the Yermak Plateau Line 3 was par- the activitv of the respiratory electron trans-
Bering Sea water, as has been observed near allel to hIr, 2 but on the top of the plateau. port system (ETS) were also made on eight
the North Pole on the 1979 [.OREUX epedi- and line . alo (in the plateau. was run per- samples taken from depths as great as 2000
tion I 'rbry. 19791 Because sample collection pendi(ular to line 3. m. Preserved samples were returned to the °
was more diflhcul. espentalh for the radionu- I he reflection prohling %sstem was in op- Bigelow Laboratory for examinations with a
clides that required I(K) I of water, fewer eration at Fram I from April I I to Mas 5. scanning electron microscope and for deter-
samples were collected Atbout 241 samples fho 19?41 The ocean bottom seismometer 4OBS) mination of their nutrient, chlorophyll.
trace metals and F) for radionu(hdes were was deplosed at camp. but the refraction pro- phaeophytin, particulate nitrogen, and partic-
collected between depths of 25001 m and the files generallh ran parallel to structure atid ulate carbon contents,
surface were shot away from the seismic reflection With the exception of the scanning electron

A secondary program wa i0 collett Kt line at large angles I he reflection records microscope examinations, all of the labora-
samples for analssis of alkalints and some prosided mformation ii the thickness of sed- tory work has been completed. Initial analysis
major ions (Ca. Mg. Cl. and 504). The goal iment below the OBS and a cross section indicates that metabolic rates in the Fram 3
of this program was to analsze the ice to de- across a portion of the Nansen Basin and the water column are extremely low. Nitrite and
tect chemical differentiation of ions, which Yermak Plateau The 94)1H)-J Edgerton spark- ammonia concentrations were zero or se...
occurs during freezing. and hence possibl to er pro-ided a clear record of sedimentary close to zero throughout the water column.
be able to predict ice meliwater content in la-ers with saring dips on the plateau. but and ETS activities were low in the upper 125
near-surface seawater from an anaht% of ma- onls a minimum thickness of sediment in the m and undetectable below that depth. This
jor ion content. Altogether, about 15 difler- basin because oceanic basement is not obvi- was the first time that ETS activitv could not
ent ice samples were collected from leads. ousl% recorded. be detected in the deep-sea samples. While
pressure ridges, and one ice core. Along the reflection profile. 10 heat flow these results were not surprising, they will

Anah ses of the samples are presenih un- measurements were recorded with a 2.5-m prove useful (when combined with data from
derway, and most should be complete within Applied Microsystems probe, and 10 accom- other regions) in clarifying the relative im- . .
about 3 months. Detailed interpretation of panying short gravity cores of about 30 cm portance of the processes that feed the 'deep
the results will take hinger and will be done were taken. The heat flow measurement and metabolism' and in constructing an inorganic
in conjunction with the physical oceano- cores were done at water depths from 3675 nitrogen budget for the Arctic Ocean. Al-
graphic measurements. to 795 m. accomplishing a line from the edge though some weak maxima and minima were

Seumtcs and heatflou. The Atlantic Geosci- of the Nansen Basin to the top of the Yermak observed in the vertical dissolved silicon, reac-
ence Centre of Bedford Institute of Oceanog- Plateau. tive phosphorus, and nitrate distributions.
raphv ran a geophysical and geologic sam- Refraction lines in the vicinity of the Ver- there was no evidence for the presence of
pling program on Fram 3 that consisted of mak Plateau indicate that its northern tip is substantial amounts of the high nutrient wa-
seismic refraction, seismic reflection, heat predominantly of oceanic origin, whereas the ters that enter the Arctic via the Bering
flow. and coring, broader, more southern segment is of conti- Strait. In addition, these data do not suggest "- . - "

The seismic refraction program involved nenal origin, a large contribution to the subsurface layers
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from waters formed over the continental Polar Science Center-University of The second experiment involved the de-
shelf during the ice formation season. Washington ployment and testing of two new oceano-

graphic buoys built by the Polar Research
Tritium Laboratory. Rosenstiel School of Cu,,,a ,loiy-CTD profilng, Veanogaphc Laboratory. The buoys are being developed

Marine and Atmospheric Science buos. meteorologv. The scientific group from to provide a means of gathering long-term
the Polar Science Center carried out three hydrographic data in the upper Arctic Ocean.

*1 Chemical Oceanography. Detailed profiles of main experiments at Fram 3. First, a new Arc- One buoy is a thermistor buoy (T-buoy) and

water samples were collected at three points tic Profiling System (APS) was used during the other is a temperature-conductivity buos

along the drift track for later analysis of their the experiment to examine the response of (T-C buoy).

tritium and 3He content. Results from the the upper ocean to storms. An additional The T-buoy incorporates an electronics,

earliest samples show highly tritiaied water goal was to use this device to study the verti- ARGOS transmitter package in an aluminum

above the halocline, indicating that, at this cal and horizontal circulation patterns within tube and a Kevlar cable with thermistors im-

early stage in the drift, Fram 3 was situated in leads. The new APS was built by the Applied bedded in it every 20 m. hanging to a depth

a region of outflow from the Arctic Basin. Physics Laboratory of the University of Wash- of 200 m. The buoy transmits temperature

- The tritium-salinity relationship of these sam- ington and is a more compact version of an from all the sensors through the ARGOS sat-

pies seems to uphold the view that, below the earlier instrument described in Morison ellite system four times per day.

upper mixed layer, Nansen Basin water is [1980]. The device is a wire-lowered instru- The buoy was installed at Fram 3 and left

composed of binary mixtures of Atlantic ment that measures continuous profiles of there after evacuation. The primary objec-

source water and predominantly meteoric conductivity, temperature, and velocity. Dur- tives were to perform intercalibrations with

freshwater [Ostlund. 19821. The derived triti- ing the experiment, there were three storms the APS and T-C buoy, provide a picture of

um values of the freshwater source imply an for which good records were obtained. Dur- the thermal structure in the East Greenland

approximate 10-year residence time for the ing these storms, casts were made to 300 m Drift, and test the survivability of the design

freshwater component in the East Arctic Ba- every half hour. One such sequence of pro- Data gathered simultaneously with the APS

sin. Fram 3 tritium-3He ages, which provide files measures the development of a 35-m- and the T-buoy generally agree,

an essentially independent estimate of resi- thick mixed layer from an initially stratified After the end of the experiment, the T-

dence time, corroborate this result. condition and should provide an especially buoy drifted south along the coast of Green-

A profile of large-volume water samples good basis for comparison with mixed layer land and through Denmark Strait. Figure 4

was obtained by using a 100-1 General Ocean- theories. Conditions at Fram 3 were highly shows the drift track of the buoy. It is note-

ics Go-Flo Sampler. Carbon dioxide gas was variable, and dramatic changes in the water worthy that the T-buoy remained in a fixed

extracted from these samples at camp for lat- structure, especially temperature, were quite relation with the three other buoys left at

er radiocarbon analysis. Samples down to common. The variations are related to the Io- Fram 3 (two from the Polar Research Labora-

1250 in show a definite presence of bomb- cation of Fram 3 near the ice edge, and the tory and one from the Norsk Polarinstituiti

produced "C; deeper layers show what is data will be compared to those obtained dur- until just north of Denmark Strait, indicating

most likely some bomb contribution. There is ing a previous cruise (NORSEX 79) in the the Fram 3 ice floe maintained its integrit%

measurable tritium all the way down to 3500 same region made during the fall of 1979. for a remarkably long time. The T-buo%

in. indicating that there have been contribu- Unfortunately, no leads opened near camp, ceased functioning on August 22, near the ice

tions at these depths of water that have been and the goal of studying lead circulation was edge at 6735'N 2504 I'W.

at the surface within the last 20 years. not achieved. The temperature profiles in Figure 4 show
characteristic thermal regimes in the drift.
The first shows a deep thermocline, indicat-

N- W ing the buoy was on the cold side of the polar
-. , sfront. The second and third regimes sho a

a shallow thermocline, indicating the burn ssas
on the warm side of the front, in spite of be-

I-a Now.ing 50-100 km from the ice edge. In the
fourth regime the thermucline is again quite

2 deep. but surface heating appears to be im-
portant. Fluctuations in the temperature rec-
ords on the time scale of a couple of days

, Esuggest the presence of meanders or eddies
I* o near the front. The continued survival of the

*% a ninstrument, even in the rigorous ice edge re-
S .gion, bodes well for the survivability of such

buoys in the pack ice.
The T-C buoy was developed as a step to-

0ward remotely measuring both temperature
and conductivity for the study of the mixed
layer in the Arctic. It incorporated three tem-

* perature and condluctivity sensor pairs at 15
A m. 30 in, and 50 in, suspended below a sur-

face electronics package. In this buo% tem-
perature and conductivity are averaged aser

4 3-hour periods. The average values are then
transmitted during a once daily. 5-hour trans-
mission window.

The buoy was operated at Fram 3 for the
wi ., n m 01 , purposes of testing and intercalibration with

other systems, only while personnel were at
the camp. The results indicate it worked well.

N) Instantaneous conductivity values from APS
and the T-C buoy generally agree within

* , m'm ±0.001 s/m, and the temperature values
J agree within less than ±0.02' C. It has been

Fog. 4. The drift of the thermistor chain buoy. The device measures temperature to 2(X) found that the deepening of the mixed laver
in and transmits through the ARGOS system. During segments (2) and (3) of the drift, the examined with the APS could also be ob-
buoy was over warm Atlantic water. During segments (I) and (4) it was over cold polar wa- served with the T-C buoy. This illustrates the
ter. usefulness of the T-C buoy, even in studies of

relatively short-term processes.

. -'.
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Fig. 5 (a) Configuration of the strain rosettes in relation to the instrument hut at Frai 3; (b) Portion of time series data obtained fromone of the strain meter rosettes at Frai 3; () Expanded section of b.

Finally, a suite of atmospheric measure- (Moore and Wadhan:3. 19801. The strain-sens- typical amplitude of 10 ' strain and period
ments were made. The , included continuous ing element was a I-m long Invar wire. Each of 30 s. An expansion of the time scale (Fig-
recordings of temperature, atmospheric pres- instrument was frozen into the ice and pro- ure 50 shows that oscillations from the three
sure, wind direction at 2 in, and wind speeds tected by a wooden box, which was placed strain meters are in phase. This suggests that
at 2 m and 10 m. The data will be correlated over it. Snow was then shoveled over each they are flexural grasits wases, as recorded
with changes observed with the oceanograph- box to reduce thermal drift, on previous occasions in the Arctic (4.ean
ic measurements. They will also be used in Data were recorded on digital and FM ana- [Hunks r 1962: LeSc/hack and Haubich, 19641
conjunction with geostrophic wind estimated log tapes at times when radio interference The ice thickness at the site was 3.2 m. from
from buoys, to determine geostrophic drag was least, i.e., at night or when there was no which we can infer that the wase amplitude
laws appropriate for the region. flying between Nord and Frau 3. Recording was about 3 mm. Long waves of this kind (an

In addition to their other projects, a therm- went on for 4 weeks during April-May 1981, be explained as being the enselopes of %.ase
istor chain was installed for the study of in- and about 150 hours of data were recorded, packets found in the open sea [Lor.%en. 1978a.
ternal waves. Preliminary results suggest the Ice thickness was measured at the strain b). The Arctic Ocean ice coser, hosever. acts
presence of an active internal wave field. meter sites. Other data needed for interpreta- as a filter, which removes all shorter-period

tion of the results and recorded by other in- components b% scattering or creep mecha-
Scott Polar Research Institute vestigators on Frai 3 were wind speed and nisms. Full analsis of the results will reseal

direction (continuously), floe rotation (daily, whether this is really the case. since it will
Ice strain and wave propagaton. The pur- usually only about 1° 

per day), and internal give the directional spectrum of the wases (to
pose of this experiment was to measure the wave activity (by J. Morison using thermistor show whether thes are coming from the
directional energy spectrum and velocity of chain). nearest open ocean in Fram Strait). any cor-
propagation of flexural gravity waves in the During the second project, three attenua. relation with local wind (in case direct gener- -

ice coser of the Arctic Ocean, using three ro- tion experiments were carried out b) deploy- ation through the ice is occurring), and the
settes of three strain meters, each in a trian- ing a fourth strain meter rosette away from attenuation rate.
gular array, and the attenuation rate of the the main camp. Positions of these remote The long-period oscillations apparent in
waves by simultaneous recording from three- sites relative to the main camp were 93 km Figure 5b were unexpected. They arc of
strain meter rosettes, two being retained at north, 46 km south, and 139 km north. Each greater amplitude than the short-period oscil-
the main camp and the third being taken to a remote rosette was set up with its axes lations--tvpicaly 5 x l0 - strain-and have
helicopter-established camp some tens of aligned as closely as possible with those at the periods of about 0 min. This is far too long
kilometers away. main camp. At each remote site, at least I for any flexural gravit% wave. especially since

For the first experiment an existing hut at hour of data was recorded concurrentlh with it implies a ver% large vertical amplitude of
the main camp was used as an instrument recording at the main site. ice oscillation. Furthermore. on the expandedhut. and three rosettes of strain meters were Part b of Figure 5 shows a typical length of scale (Figure 5), and on Figure 5b. it can be
set up as shown in Figure 5. Each rosette con- record from three strain meters in a single seen that two strain meters are in phase sshife
sisted of three wire strain meters of high sen- rosette. It is immediately apparent that there the third is in antiphase. This is the result
sitivity (better than 10 - 

strain) and rugged are two distinct components of oscillation that we would expect from a wave of com-
design evolved at SPRI for this purpose present. The short-period oscillations have a pression passing through the ice. i.e.. a longi-
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SALARGOS TEMPERATURE-CONDUCTIVITY BUOYS

James Morison Samuel Burke Hermann Steltner Roger Andersen

Univ. of Washington Polar Research Lab Arctic Res. Estb. Univ. of Washington

Polar Science Center 123 Santa Barbara St. Mitimatalik St. Polar Science Center """

4057 Roosevelt Way NE Santa Barbara, CA 93101 Pond Inlet, NWT 4057 Roosevelt Way NE

MI Seattle, WA 98105 U.S.A. Canada XOA OSO Seattle, WA 98105 p

U.S.A. U.S.A.

Abstract experiment (Irish, 1981) on the New England conti-

nental shelf in early spring 1979 yielded absolute

The design and testing of buoys capable of drift rates of only 0.02 o/oo in salinity over a

measuring temperature and salinity in ice covered four month period. Generally, Irish finds high

oceans is described. The buoys are implanted in the drift rates where biological fouling is great and

sea ice and collect water temperature and conduc- very low drifts in regions where there is little

tivity data from pairs of sensors tethered to a fouling (Irish, personal communication). The

cable suspended below the ice. The sensor data is Arctic Ocean is a region of low biological fouling

collected and position is determined using the ARGOS because of the low light levels (especially in

satellite system. winter) and cold temperatures. Thus, the pros-

pects for moored conductivity measurements there

Two tests of the buoy system are described, can be viewed with some optimism.

Comparisons of the buoy data with CTD data gathered
at Fram III and with hydrocast data at Pond Inlet, 2. Buoy Design

N'T indicate the buoy is capable of measuring
salinity with accuracies of about 0.02 o/oo for In as much as we wish to make long term mea-

periods up to two months. Low salinity readings surements near the surface of the Arctic Ocean and

relative to hydrocasts at Fram III and for one sen- cannot be assured of recovering the instrument, the

sor depth at Pond Inlet are yet to be explained. SALARGOS buoy is designed to drift with the ice

P Drift due to biological fouling does not appear to cover and telemeter data to land through the ARGOS

S be a problem. satellite system. Position is also determined

through ARGOS. Seabird SBE-3 temperature sensors

and SBE-4 conductivity sensors were chosen for the
main sensing elements because of their high accuracy

i. Introduction and stability (better than ±0.01"C per six months

for temperature and ±0.01 mmho/cm per month for
The upper Arctic Ocean is stratified by conductivity is specified by the manufacturer), low

salinity because temperature fluctuations there are power requirements, andconvenient frequency output.

• relatively small. Also, because salt is rejected The buoys have been designed and built at the Polar
during ice formation, buoyancy and heat flux at the Research Laboratory (PRL) in Santa Barbara, Calif-

surface are associated with changes in surface layer ornia.

salinity rather than temperature. Therefore, in

-*, order to monitor density structure and particularly Figure 1 shows the first SALARGOS buoy in cross-

changes in the mixed layer in the Arctic Ocean, it section as it would appear installed in pack ice.

is necessary to monitor salinity. Two SALARGOS It consists of a 0.2 m diameter aluminum tube 4.7 m

temperature-conductivity buoys have been built 
and long. The tube contains the data acquisition and

S are being tested with the goal of testing the fea- transmission electronics and enough alkaline bat-

sibility of making such measurements, unattended, teries to power the buoy for one year. The tube is

over extended periods of time. inserted in a hole in the ice and floats with the

antenna about one meter above sea level. A multi-

ih se omewhanuivt y rae.Tenovriin In th istvrinfteuy honhre her The use of moored conductivity sensors to mni- conductor, kevlar cable is suspended below the tube.'" tor salinity is somewhat rare. The overriding I h is eso ftebosonhrtre -

concern in making such measurements has been 
the conductivity-temperature sensor pairs are attached

6 drift of the conductivity cells due to biological to the cable at 15 m, 30 m, and 50 m. In a more d

fouling. Irish (1977 and 1981) has performed recent version six pairs at 15 m, 30 m, 50 m, 60 m,

several experiments using the Seabird SBE-4, 
70 m, and 100 m are used. A pressure sensor, de-

electrode type, conductivity cell described 
by signed and built by PRL, is at the bottom of the

Pederson and Gregg (1979). His experiments have sensor string. The whole buoy assembly weighs

yielded mixed results. The first (Irish, 1977), about 100 kg.

conducted in Puget Sound 
in March 1974, yielded

drift rates for the SBE-4 cells of 0.005 to 0.012 Figure 2 is a photograph of a temperature and

mmho/cm per day relative to a moored Plessey induc- conductivity sensor pair. A polypropylene mounting
tive cell. This unacceptably high drift rate was fixture is bonded to the kevlar cable and the sen-

attributed to biological fouling. A subsequevt sors are secured to the fixture with tape. Light
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PRESSURI'j rgure 2. A temperature-conductivity sensor

pair as attached to thv ke-lar cable of the

25kg SALARGOS buoy. Also shown are light baffles
added to the conductivity cell to reduce

Figure 1. The SALARGOS temperature-conductivity biological fouling.

buoy as it would appear in cross section
implanted in sea ice. an 8 bit down counter which is pre-set by the CPL'

to yield the sensor range and resolution required.
oaffles, constructed of aluminum and coated with The sensor signal initiates a gate and proceeds to
3ntifouling compound, have been attached to the decrement the down counter until the end point is
ends of the shroud surrounding the glass conduc- reached, at which time the gate is closed. Vhile S
tivity cell. These baffles are meant to keep light the gate is open, a precision, high frequency clock
from shining on the cells, with the aim of reducing signal is allowed to advance a 16 bit counter from
fouling. The baffles are installed with their a reset condition. When the gate closes, the pro-
openings directed horizontal and opposite to each cessor reads the 16 bit counter, 8 bits at a time,
other, with the idea of enhancing the flushing of and places the data in random access memory for
the cell. further processing. The other sensors are sampled

sequentially in the same manner.
The SALARGOS electronics are designed to sample

the sensors every 12 minutes and average the sam- A sensor sample sequence takes approximately
ples over three hour periods. Averages covering 11 seconds. At the end of the sample the CPU is
the previous 24 hour period are transmitted through placed in a low powered, dormant state (idle)
ARGOS during a five hour transmission window once awaiting reactivation (interrupt) by a logic signal
per day. The electronics consist of six separate from an external 60 second timer. Following an
modules, the central processor unit (CPU), period interrupt condition, the CPU executes a clock
counter, the input-output module, the transmitter, routine which determines sampling times (every 12
the 50 MHz oscillator, and the power conditioner. minutes), averaging period, and ARGOS transmission
The basic system block diagram is shown in Figure 3. times. During the three hour averaging period
The sensors tethered below the ice are powered (16 samples taken), the 16 bit samples are contin-
up and sampled under control of the CPU, which exe- uously accumulated in a 24 bit accumulator, and
cutes the 800 byte controller program held in aread are finally divided by 16 to produce an average
only memory. Each sensor outputs a low level AC which is stored in the 24 hour ARGOS data buffer.
signal, the frequency of which is proportional to This data represents the time required for a speci-
conductivity, temperature, or pressure. Under con- fied number of sensor cycles to occur and can thus
trol of the CPU, a sensor signal is switched into be used to compute sensor output frequency.
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t. (,,r),re with the LDGO data, salinities were ....
n:rpclated "'n brLi time and depth from the 3 hour 46m

I "iraie. In this scnSL, comparison with the LDOG 33.6
aata involves all three buoy sensor pairs. The
Seabird conductivity sensor calibrations were
determined, and the field data were analyzed, using
the Practical Salinity Scale '78 (Lewis, 1980). "
Salinities in the upper 50 m ranged from about 26
33.0 o/oo a, the beginning of the experiment to 3.

34.1 o /oo at the end.

On the average the buoy salinlties are 0.05 o/oo /-
lowti- than the samole bottle salinities, with a 33.2 -M- "
-lght dccreasc in the offset (-5.44x10-  oloo pet U.
d:r-) with time. There is more variability in the
offse t at the beginning of the record. Because the
ciange in offseL implies an increase in buoy mea-
sured salinity (or conductivity), it does not appear 330 3 6 9 1 15 48 2 24

to be due to fouling of the sensors. Fouling would
lower the measured conductivity with time. HOURS AFTER 0930 (DAY 110)

l1,ure 5 shows the difference between salini-
ties measured with the buoy sensors and with the 0 1 1 1
Al-S prcfiling instrument (SAp S - SBuoy) during 1A 1 IC
periods when mixed layer salinities were relatively 40 - 1+
constant. The conductivity and temperature sensors It

20-

.02 * 30%
0 0~

" 1 -40

405 11o 115 120 125 50- APS N
DAY OF 1981 6 0 + \ *

Figii -e 5. The difference, LS, between APS 60 - SALARGOS
salinities and SALARGOS buoy salinities at 7% %*'J I J
Fram III plotted versus day of 1981. 30 33.2 .4 33.6 33.8

"S = SAS - SBucv. The values shown were -N M C-
coml-uted for periods when salinities were SALINITY (/o)
fairly constant. The buoy salinlties average

0.003 o/oo greater than the APS salinities.

Figure 6. a) SALARGOS buoy salinity data -
used on the APS are also Seabird units and they gathered during a small storm at Fram III
were also calibrated at NRCC. The differences in plotted versus time. A decrease in strati-
salinity are much smaller than those shown in fication and increase in average salinity
Figure 4. They have a mean of -0.003 o/oo and a occurs in the mixed laver.
standard deviation of 0.013 o/oo. fhese differences b) APS salinity profiles and SALARGOS
are very low, especially considering there must have buoy salinities as measured at the three times
been some natural variation in water properties A, B, and C shown in Figure 6a.
over the 40 m separating the two instruments. The
differences are less than the resolution in salin-
ity (0.017 o/oo) determined by the resolution in illustrate the kind of phenomena we hope to re-
temperature and the formulas relating conductivity solve with the buoy and give some idea of the
and temperature to salinity. The small differences magnitude of the natural variations we can expect
shown in the APS-Buoy comparison suggest that the to find. Three salinity profiles made with the APS

L offsets of Figure 4 are not associated with the are also shown. The mixed layer was initially
buoy electronics or the use of the sensors in a stratified. During the storm the stratification
moored configuration. They must be due to a generic decreased and the average of salinity at the three

* error in the calibration of the sensors or some com- sensor depths increased 0.3 o/oo. This suggests
mon error in the bottle measurements. These possi- that mixing due to surface stress occurred and that
bilities will be discussed further in light of the ice was advected into a region of higher salin-
results from the second buoy test. ity. The average difference between the APS

salinities and buoy salinities during this active
Figure 6 shows salinity data gathered with the period is -0.021 o/oo and the standard deviation is

I - SALARGOS buoy during a short storm. The data 0.017 o/oo; still a relatively small error consid-
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Figure 3. The basic electronics system block diagram for the SALARGOS buoy.

Once per day the CPU clock routine enables to day 126 (May 6) of 1981. During that time, a 6
ARGOS transmissions once per minute for a five hour profiling current meter-CTD system, the Arctic.
period. One three hour average for all sensors is Profiling System (APS), was also operated by our -
sent during each. tranmission. During every group from the University of Washington (15W), and"- "
satellite pass, 9 to 12 transmissions are received. Nansen bottle samples were taken at a depth of 26 m.
In polar regions, about 6 satellite passes (2 sate- Water samples were also taken as part of LTD mea-.
llites) are made during the five hour window and, surements made by a group from the Lamont-Doherty'therefore, each average is transmitted up to eight Geological Observatory (LDO). The water samples

times, providing more than adequate redundancy, and APS measurements provide a basis for evaluating
the buoy data.

The conductivity sensor data are transmitted
with 16 bit resolution. When sensor frequencies Figure 4 is a plot of the difference (SBottle - .
and eonductivities are calculated, a resolution of SBuov) between sample bottle salinities, from the
lO

-
'' mho/cm results for the range of variables W ahd LDGO hydrocasts, and the salinities measured

encountered in this application. Temperature and with the SALARGOS buoy. The salinities of the 15W .
depth sensor data are transmitted with 8 bit
resolution resuiting in 0.015°C and 0.2 m resolu-

D=30 ~~ ~ RO ....A I CODTOE 10 ' '

tion respectively. .10 * uw

3. Field Tests .08 "L G

There have been two field tests of the first .06 ,,s
=

0O57-5
"4
,1

4 ( y-100l

105 110 l 115 10 2

D=50m

SAAO the oyra I c to n April and May 198 2 hbo was DAY -- OFo 1981--

part of an internal wave study, but data from that D OF 19r1
experiment has not been analyzed as yet. Figure 4. The difference, AS, between sample a o .

bottle salinities and SALARGOS buoy salinities -
Prior to the Fram III experiment the buoy sen- at Fram III plotted versus day of 1981.

sors were calibrated at the Northwest Regional aS -sBottle - SBuoy. A least squares linear
Calibration Center (NRCC). During the experiment fit to the data is shown as a dashed line.
the buoy was not installed in the ice but, rather, The buoy salinities average 0.05 s/ les
was left in a heated building. The sensor string than the bottle salinities.
was lowered through a hydrohole in the floor of the
building. The sensor depths were 11 m, 26 m, and samples are compared to values interpolated in time46 m. The buoy was operated from day 104 (Aril 4) from the 3 hour average buoy data at 26 e . In order •
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I

ei n !. n, ir aI', . aT? ne- ng ccmpared to snown. The hydrorast samples were taken aL 1( r,
. nt vol ues. 20 m, and 3G m, so values from 10 r, and 20 m art

interpolated foi comparison with the ;n M seTl-or.
m op-iring 3 hou- average temperature mea- Temperature sensor 3 has displayed a large upwar,

st:r ', ,rs t, ad( with t,,e !,ov to those m..de with !rift from the btg;in:,in. of the uxp-. imen , will5 rv''1 ing tnermometers during the UW hydrocasts, the other two tempc ratures have remained only ,

ditferenen, III dr,'cant - "Bjao are found to slightly above the freezing point fo: the ,li--
h,iv% rieir of -'OI 9C and stao,jid deviation ties indicated. Therefore, it is it-It that

f.'i,. .nparin, the bu,v temicerature sea- ten;,erature sensor 3 is malfunctioning, s, dt:,

ure-,,:t - .ith the four APS profile:, made during temrrature sensor 2 has hb-en u, ed in calC,!,A.-

.s, the dit r,.iies, TAVS - Tu ,  saliities S2 and si.

, :, -. 
, a Lv a standard dv,,iati on

-" . lt or: are on the ordt.r o th. th. figure, indi cate-, the top 30 r in "'W .i A _- :'"
-- ,..' -i. teMne raturt resolutin. -nd the salinities ;-iw a gradoal increase fr~r

ahout 32.45 0,/n t, i2, 7 o,0 btween day 57 nI

L - ., d, olet for t(,,, second day 135. The buoy mtasurements, Psnecialil at 3(- r
-v > _,a 196" in tht iddle of Pond Inlet agree well with the hydrocast data. On day 6), the

5i t'eel i-' ,t "?h.rid and Baffin Island. The instru- value of S1 interpolated from 3 hour averages i-
rint wa5 initaihid ir. th, ice using the arrangement 0.044 c/oo lower than toe bottle salinity, %. h,
shown in iigart- 1 and 2. The only difference wa, S2 and S3 are 0.014 (/oo low and 0.025 cfoc low
sensor pair, 2 ai:d I wete both plcd at 30 m to respectively. On day R9, S1 is O.O

4
1o/oohow, while

fi1c:litate in:e -.v1,::arisor ,: the sensor data. All S2 is 0.004 o/oo high, and S3 is 0.007 o'oa >-e. ,
sensrr:- cilibrated at \PCC just prior to the day 119, Sl is 0.023 o/oo low, S2 is 0.01)4 o '

.. s. :,. . san- c' :- , tiv. tv sensor was used and S] is 0.008 C/ce, low. The differe c t,
for scn.,,r pair 2 is w.,s -ised a- .ra:, Il1. Other- Si and S2 , hbth measured at 30 m, is about 0.r1

n'-c-, di f/U Cet £S -3 S: £1-- sense: s were used. throughout the exoeriment.
".ie change -n calitnr,,ion -vet oni, .c,,r for conduc-
tivity sens.r 2 wi, i'sn th,, n.0 n mnhc.':m for Icr all the sensors, the mean difference be-

r the range of conductivities encountered. Immedi- tween the bottle sample salinities and buoy
atelv after deplovrent tie conductivity sensorE, as,,inties (SBottle - SBuov) is 0.017 o/oo and the
yielded vtrv :,w values, presumably because th; rtandard deviation of the differences is 0.018 o/oo.
wer l'cged with frazil ice which accumulated in 'ih, largest differences are associated with the data
the hvdr'hale during deployment. By day 57 all the at 15 in. If only sensors 2 and 3 are considered,
sensor- h-d come to equilibrium. The buoy is sti.l tie differences have a mean of 0.008 o/oo and a

-"jtii- nd initial results will be discussed here. otandard deviation of 0.01 o/oo. These differences
are lower than those obtained by comparing the buoy

Thc I hour averages of salinity, as measured data and bottle data at Fram Ill. They are about

witih t - buoy to date, are shown in Figure 7. the same as those foond by comparing the buoy data

z0"01% o '"" " "

)" 32.6 15, 30m tr

>'32.6-

- S3, 30,
S2,

n 30m
15,, 30m

S1, 15m
0 HYDROCAST

32.4
57 63 69 75 1 87 93 99 105 111 117 123 129 135

DAY OF 1982

Figure 7. SALARGO3 buoy salinities at Pond Inlet, Northwest Territories plotted versus day of
1982. Salinities measured with hydrocasts at the buoy site are also shown, and agree with the

buoy data.

Salinities from three hydrocasts, made by the with the APS data at Fram III and are on the order
staff of the Pond Inlet Research Establishment on of the resolution of salinity. The measurements show
days 61, 8% and 119 at the buoy site, are also decreasing differences with time over the two mntih
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period analyzed so far. This suggests that fouling Further tests and calibrations of the
has not been a problem but that, perhaps, ice accre- instruments must be conducted in order to deter-
ted to the sensors at the beginning of the experiment mine if the offsets are due to the presence of
has been a problem, particulary for the 15 m sensor. Ice in the sensors or some characteristic of the

sensor. The plastic sample bottles of the type
The main difference between the nydrocasts made used in the Fram III hydrocasts must also be tested

at Pond Inlet and those made at Fram III may be for their ability to stop loss of water through
that, while the Pond Inlet water samples were evaporation.
analyzed soon after the casts were made, samples

from Fram III were stored in polypropylene bottles

for periods of up to two months before analysis. Acknowledgments
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They suggest that the SALARGOS buoy is capable of N

making salinity measurements with accuracies of
about 0.02 o/oo for periods of at lesst two months R
in the Arctic during spring conditions. Biological Irish, J. D., 1977. Moored temperature and conduc-

fouling does not appear to be a problem for these tivity measurements. Exposure, 5(4), 1-6.
conditions. Both at Fram III and at Pond Inlet,
the buoy data clearly resolves natural changes in Irish, J. D., 1981. Water column pressure measure-
salinity structure which have magnitudes more than ments: CODE. LES, 62(45), 911. (Abstract of

ten times larger than the instrument accuracy, a talk given at the 181 AGU Fall Meeting, San

Currently, the temperature resolution, not fouling Francisco, California.) 

or other drift problems, appears to be limiting

the resolution of salinity determined from tempera-tureandcondctiity easremets.Consquetly Lewis, E. L., 1980. The practical salinity scale . .

ture and conductivity measurements. Consequently 1978 and its antecedents. IEEE Journal of
the temperature resolution of the buoys will be Oceanic Engineering, OE-S(l), 3-8.
increased by a factor of at least four for all

future work. This should improve the potential Pederson, A. M. and M. C. Gregg, 1979. Develop-
accuracy of the buoy significantly. ment of a small in-situ conductivity instrument.

IEEE Journal on Oceanic Engineering, OE-4(3),The cause of the low salinity readings, rela- 6-5

tive to the hydrocast data at Fram III and the
hydrocast data from 15 m at Pond Inlet, are still

unexplained. The good agreeement of the buoy data
with the Pond Inlet hydrocast data at 30m, and the
fact that the calibration for conductivity sensor 2
was virtually the same for Pond Inlet as for
Pram III, imply the offsets are not due to an
error in sensor calibration. However, it is possible
that some special application problem, such as ice
adhering to the sensors, causes the low salinity
readings. Errors in the hydrocast salinities,
due to the type of sample bottles used, remains
an important, potential cause of the offsets.
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