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ABSTRACT

The C-vector method is used to determine the three-dimensional

pseudo-vorticity field of the East Greenland Current by using a CTD

data set acquired during the 1984 Northwind cruise. The value of

the ageostrophic pseudo-vorticity, the total (geostrophic and

ageostrophic) pseudo-vorticity and the vertical component of the C-

vector curl, *, can be calculated by the C-vector method. From

these values the pseudo-vorticity can be investigated for the East

Greenland Current. Additionally, the positive and the negative

vertical motion at each level can be investigated from the * value.

A two-cell structure with downward motion around the East Greenland

Polar Front was found. The C-vector method also demonstrates that

the vertical circulation induced by an anticyclonic gyre and the

cross-coastal circulation generated by the surface wind can be

depicted. Accesion For
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I. INTRODUCTION

A. GENERALITY

It has been a long-term effort for physical oceanoaraphers

to determine the three dimensional (3-D) circulation of the

ocean based upon measurements of its internal density

distribution. Two distinct approaches have been developed:

(1) the dynamical method, which is widely used by

experimentalists, in which one computes the dynamical height

of the sea surface relative to a certain depth, from which

geostrophic currents can be calculated by assuming a certain

level of no motion; and (2) the numerical method, mostly used

by modelers, which solves the complete prognostic dynamical

equations under some assumptions such that the density field

does not change with time. The dynamical method computes only

the geostrophic current; no 3-D circulation can be inferred by

this method. However, the numerical method of computing the 3-

D ocean circulation based upon an observed hydrographic data

set presents a difficult problem, i. e., the numerical method

does not provide a one-to-one correspondence of the 3-D

circulation to the observed hydrographic data set. In order

to overcome this difficulty, the C-vector method is proposed

in this thesis.



B. TRADITIONAL METHODS OF CURRENT CALCULATION

Traditionally, two methods exist zo rinvestigate oceanic

currents, the direct method and indirect method. Before :he

early years of this century, scientists put drift bottles in

the ocean. Some of these bottles were found and returned.

This is the simplest direct method; however, it provides

trajectories of only the surface currents. Another direct

method is to moor current meters at fixed positions. This

method can obtain current data for several different depths.

However, this data pertains only to the immediate vicinity of

the current meter.

The indirect method, also known the geostrophic or dynamic

method, requires information of the density distribution in

the ocean. It is easier to obtain this information from

measurements of temperature and salinity than from

measurements of currents directly. In fact, most of our

knowledge of the ocean circulation below the surface has been

obtained in this way.

The geostrophic method uses the density field in the

interior of the ocean to calculate the horizontal current

field by the geostrophic equation. If the slopes ot constant

density (or isopycnal surfaces) vary with depth, this

indicates that the currents vary with depth. We say that, in

this case, there is 'current shear' or 'geostrophic shear'.

This is characteristic of the baroclinic situation in which

the slopes of the isopycnals vary because the water density
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depends on water properties (temperature and salinity) as well

as on pressure (depth). The barotropic situation is one in

which the density depends on depth only; there will be no

current shear, i.e., the current will be the same from top to

bottom. This is the barotropic part of geostrophic current and

the geostrophic equation gives us no information about it.

The barotropic geostrophic currents must be inferred from the

trace method (Reid, 1989) or a reference level (level of no

motion). The dynamical method only resolves the geostrophic

currents; no information about the vertical circulation can be

obtained from such methods.

C. THE PURPOSE OF THIS THESIS

In this thesis the author employs a method of calculating

the C-Vector that is developed from the geostrophic method in

order to obtain more information. The general idea is set out

in meteorology by the Q-vector concept (Hoskins et al., 1978).

Hoskins et al. determined that the Q-vector derived from the

w equation [the (w) equation is a very useful diagnostic

equation used in mid-latitude cyclogenesis studies as the

vertical velocity is important for understanding the observed

cloud structure and the development of cyclones and fronts. It

describes the vertical velocity distribution that results from

dynamical forcing.] can be explained on the synoptician's

chart more precisely than earlier studies (Sutcliffe, 1947).

This theory is very helpful for learning about and diagnosing

3



the synoptic and frontal vertical circulation. A disadvantage

of this concept is that it ignores the barotropic part of the

rotational ageostrophic flow. According to Xu (1992), this

problem can be overcome by a new concept, the C-vector

concept, which provides a method of resolving the ageostrophic

circulation conveniently and a new method of solution which

relies on the C-vector equation. The C-vector concept also can

be applied in physical oceanography (Chu, 1992). This thesis

employs the hydrographic data that was collected from the East

Greenland Current by the icebreaker "Northwind" in 1984. A

three-dimensional model will be designed to distribute the

irregularly spaced hydrographic data on each grid point. The

C-Vector will then be computed from these gridded data.

D. ENVIRONMENTAL CONDITIONS IN THE EAST GREENLAND CURRENT

1. Water Masses

Four primary water masses have been recognized

historically within the East Greenland Current (EGC) north of

the Denmark Strait and in the Greenland Sea (Coachman and

Aagaard, 1968 a,b). They are known as Polar Water, Atlantic

Water, Atlantic Intermediate Water and Deep Water. Although

these water masses are well recognized features of the

Greenland Sea, their properties have been variously defined by

polar researches. The following discussion of water mass

properties follows that of Paquette et al., 1985 and Bourke et

al., 1987.

4



a. Polar Water

Polar Water (PW) is defined a; having a temperature

of less than 00 C and a salinity of less than 34.5 psu. Water

with these characteristics occupies the upper layer of the

EGC, and extends over the east Greenland shelf, reaching

depths of over 200 m in places (Figure 1.1) . Near the East

Greenland Polar Front (EGPF) it is pinched off at the surface

by the warm water of the Return Atlantic Current(RAC) to the

east.

b. Atlantic Water

Atlantic Water (AW) has its origin in the warm,

saline Norwegian Atlantic Current and has salinities above

34.9 psu and temperatures above 30 C, sometimes exceeding 50C

even at latitudes north of 75 0 N.

c. Atlantic Intermediate Water

Atlantic Intermediate Water (AIW) ranges in

temperature from O0C to 30C and in salinity from 34.5 to 34.9

psu. This water is found over the deeper parts of the shelf

and the troughs which cut across it and in the region of the

EGPF. It is also found in the upper layer between the West

Spitsbergen Current (WSC) and the EGC. In the frontal zone and

westward thereof, it lies underneath the PW. The RAC is

essentially all AIW. The RAC has its source in the AW of the

WSC, part of which turns westward and southward at latitudes

between 75°N and 80ON or occasionally even farther north.

5



d. Deep Water

Deep Water IDW) is found below about 800 m. The

temperature of this water is less than 00C decreasing slowly

until it attains a value near -10C at the bottom. The salinity

varies little remaining between 34.88 and 34.90 psu, which

represents a decrease from the usually higher salinities of

the AIW above it. No DW is found on the shelf.

2. Currents and Circulation

a. General Circulation in the Greenland Sea

The general circulation in the Greenland Sea is

presented in Figure 1.1. The surface circulation is dominated

by a large cyclonic gyre bounded to the south by the Jan Mayen

Current and to the east by the Norwegian Atlantic and West

Spitsbergen Currents. In the northern portion of the Greenland

Sea, the West Spitsbergen Current splits into two branches,

one branch continues to flow northward; the second turns

westward, subsequently submerging to about 200 m and turning

southward. This second branch of relatively warm water, called

the Return Atlantic Current (RAC), together with the East

Greenland Current (EGC), which comes from Arctic PW, accounts

for the flow of water in the western portion of the Greenland

Sea. Figure 1.2 is a map of the estimated near surface

circulation pattern in the region of the East Greenland

Current based upon the hydrographic data obtain during the

6
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Figure 1.1 General circulation in the Greenland Sea (from
Paquette et al., 1985).

1984 Northwind cruise. During the period of this cruise two

current meters were moored on the 1000 m isobath near 78.5 0N

essentially under the jet of the EGC (Muench et al., 1986) .

The mean speed compared well with the baroclinic current

calculated by Bourke et al. (1987) , based on geostrophic
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velocity cross sections referenced to 500 m depth or the

bottom. The southward part of the geostrophic transport

ranged from 1.33 to 1.61 Sv, with an average of 1.47 Sv. From

three sections which extended across the entire shelf, the

northward part of the transport ranged from 0.44 to 0.72 Sv,

with a mean of 0.58 Sv. These means were subtracted to give F

net flow in the EGC of 0.89 Sv southward. The northward flow

near the coast turned anticyclonically near 80ON following the

depression of the Westwind Trough. This anticyclonic

circulation transported about 0.5 Sv, providing a substantial

amount of recirculating upper layer shelf water to the frontal

zone. The northward flow near the coast also was

substantiated by ice drift measurements using NOAA 7 imagery

in August - September 1985.

b. Return Atlantic Current

The Return Atlantic Current (RAC) is found to be a

notable feature and requires more emphasis than that given in

previous work. The current gains its identity from being a

core of warm, high-salinity water, often broken into differing

filaments, most of it being above 00C and near the high end of

the salinity range for AIW, even overlapping into AW. Property

limits for these waters are described later in this paper. The

RAC has a width of 100 km or less and lies along the EGPF at

depths roughly between 50 to 300 m, commonly at least partly

under the PW.
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3. East Greenland Polar Front

This front acts as the boundary between cold fresh

PW, flowing southward as part of the EGC along the Greenland

coast, and the warmer, more saline AIW immediately to the east

(Paquette et al.,1985). The warm, saline water to the east of

the ice must originate in the AW of the WSC. At the ice edge

the horizontal density gradient (i. e., the baroclinic shear)

is strongest. It is in this region that a narrow (-50 km wide)

southward flowing jet exists. Maximum speeds in excess of 40

cm/s have been observed. The jet decays with depth

essentially vanishing by 300 m.

I. -- -- ----

kI

S.............. ... ~ ~ ~~... -. ....- r,•'. .. "..... ....... "". . ." """-.."- . ... " " " " -•/"...' :i

l . -ci along . e G is n

break (..B e al.. 1987).

1;10

" "'I I". '

1''

Figure 1.3 Temperature (solid, line) and salinity (dashed
line) cross section along 78012 . The EGPF is near the shelf
break (Bourke et al., 1987).
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Figure 1.3 is a temperature salinity cross section

along 78012 N. In the vicinity of station 199, a sharp

temperature and salinity gradient can be seen. This feature

marks the core of the EGPF. The cold and dilute PW can be seen

to the left of the EGPF; the warm and saline AW and AIW are to

the right of the EGPF.

Figure 1.4 is a similar cross section farther

southward aligned along the axis of Belgica Trough. In this

figure, the region of the sharp gradient of temperature and

salinity is between stations 265 and 263.

The data in these two figures represent summertime

conditions prevalent during 1984.

E. DATA BACKGROUND

1. Original Hydrographic Survey Data and Grid Point Area

a. Original Hydrographic Survey Area

During August and September 1984, the icebreaker

Northwind visited the northern part of the Greenland Sea, the

east Greenland shelf and the EGPF region. A hydrographic

survey was conducted in the region bounded by 17 0 W and 10 0 E,

and 75.5 0 N and 81.5 0 N. More than 300 CTD stations were

occupied during this four week cruise (Figure 1.5). This

study uses the data from 237 stations from this cruise (Figure

1.6). In addition to temperature and salinity data, density

(a,) and wind speed are also used.

U.
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Figure 1.4 Temperature and salinity cross section along the
axis of Belgica Trough and across the EGPF (Bourke et al.,
1987).

b. Grid Point Area

The region encompassed by the Northwind cruise was

gridded to provide a spatially- smooth data field. The grid

extended from 15S1W to 50W and from 76.5 0N to 810N. The

rectangular grid area contains 10 x 21 grid points with the

distance between each point being about 25 km. The northwest

corner of this grid area is on land. Excluding the points on

land, the grid contains 195 points (Figure 1.8).

2. Bathymetry

Johnson and Eckhoff (1966) collected previously

acquired bathymetric data from the Greenland Sea to make a

bathymetric map of that region. According to their

12
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Figure 1. 6 The stations chosen from the Northwind 1984

cruise for distributing the data to grid points.
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Figure 1.8 Positions of grid points in the three-
dimensional C-vector model of the western part of the
Greenland Sea.

description, the Greenland shelf, as is typical with most high

latitude continental shelves, is broad, irregular, and fairly

deep. The continental shelf is approximately 100 km wide at

70ON and broadens to 240 kn at 76045'N. It then narrows with

increased latitude being only 150 km wide at 80 0 30'N. The

continental shelf is typically rough with an approximate 9-m

16



amplitude and 700-M wave length relief superimposed on a

rather uneven platform. Troughs are present on shelves near

the coast. Some of these appear to parallel the coast of

Greenland while others are nearly normal to the shoreline.

A detailed map of the east Greenland shelf bathymetry

is shown in Figure 1.9. It is derived from the map of Perry et

al. (1980) but significantly updated by depth measurements

made at CTD stations during the Westwind 1979 and the

Northwind 1981 and 1984 cruises and produced by Tunnicliffe

(Bourke et al., 1987). The bathymetry of the Greenland

continental shelf is cut by three troughs or depressions:

OBelgica Trough:

Belgica Trough cuts the shelf from the shelf break at

77 0 N westward to just north of Ile de France at 78 0 N.

The greatest depth is in excess of 500 m at the

shoreward end.

*Norske Trough:

Norske Trough runs from the west end of Belgica Trough,

to the west end of Westwind Trough and parallels the

coastline.

*Westwind Trough:

Westwind Trough is located at the north end of the

Greenland continental shelf and extends southeasterly from

Engolf's Fjord. It is somewhat shallower than Belgica

Trough.
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II. BASIC THEORY

A. "C-VECTOR" CONCEPT

1. Geostrophic and Ageostrophic Circulation

The ocean currents, as mentioned in Chapter I, are

not truely geostrophically balanced. When we compute the

velocity in the ocean by the geostrophic method, we depict the

major movement of the oceanic waters but the total flow is not

represented, particularly in regions having strong fronts near

the coast (Arnone et al., 1990). Neither geostrophic currents

nor the dynamic height provides any information about the

three dimensional flow field near oceanic fronts. In order to

diagnose the three dimensional flow field near frontal

regions, a new theory, the 'C-vector', is introduced. The

flow over most continental shelves contains two parts,

geostrophic currents and ageostrophic contributions. The

geostrophic currents are obtained from hydrographic data sets

while the ageostrophic circulation includes the non-

geostrophic contribution, namely the flow driven by the

surface wind field. The C-Vector is a new technique which can

calculate the three-dimensional ageostrophic circulation by

incorporating hydrographic and surface wind data sets (Chu,

1992).

Assuming the Boussinesq approximation, the geostrophic
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currents in the north-south and east-west directions are

computed from the density data derived from CTD observations

by

f g ap ga. ab
az P0 ay p0 ay ay

f avg=_ g &o=_ g _ ab Ub)
az POax PO ax ax

where

P: the characteristic value (a constant)

representing the mean density

p the density deviation from Po (i.e., p0+p is

the observed density field)

at :P + Po - 1000

b the buoyancy force (-gp/po)

As stated previously, the geostrophic current does not

represent the entire water motion. To determine this we must

consider the non-geostrophic contributions. The basic non-

geostrophic equations, describing the coastal water flow

without an adiabatic source of buoyancy and induced by the

wind stress, are

(+ vV) U-f(V-V') =- ay (2a)at 3az

( -42V) v+0f(u-U )
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(- V)b+N2W=o (2c)

~UaH8v. aw=0  (2d)ax ay az

where

V (u,v,w)

f Coriolis parameter [20sin(latitude)]

N Brunt-Vaisala frequency

(Yx, YY) turbulent momentum flux caused by the

surface wind stress(T., Tr)

Y-l..0=-:S , YYl•.o=•y (3)
PO PO

We decompose the three-dimensional flow into two

parts: the geostrophic current(Vg) and the ageostrophic

circulation (Va)

After the decomposition, the basic equations (2a) - (2d) should

have the following form:

H(f7) = & P('V9 p, yx, yY) (5)

where H and 9 are differential operators. If the real forms of

these operators are obtained, we can use (5) to compute the

three-dimensional ageostrophic circulation (V.) from the
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hydrographic data (V.,p) and the surface wind data.

2. The C-vector

If a quasi-geostrophic (QG) system is employed, this

leads to

a •a (6b)

at 8t

The basic equations for the coastal water (2a)-(2d) on an f-

plane can be transformed to the following equations:

y- a ) V)U

-fva - at~a ( Vg- -)g (7a)

fu = (--- V (7b)

1 az at
fua-

N 2w =-(+-'-V) b (7c)

aua v aw(7d)
a- ay az

Using the cross-derivatives with equations (7a)

(7c), the ageostrophic pseudo-vorticity equations become

a (f 2V ) + ( (N2w,) =2C, (8a)
az a N
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at (f 2 ua) - (3 wa) =2C 2  
(8b)

a (f2v) a (f2U) =2C (8c)

where

a., 8V ava aug) f a2 y,
f(auav g- a- gfa+ (9a)

ay az ay az 2 az 2

g aVg av-- +_f a___ (9b)
a2 z ax z ax 2 az 2

au , av av, ax•) • a • a ,C -- f( - 9 -g a Vg tga (aYx+ ay,) (90)

3 axady ax ay 2 cz ax a

--(Cl, C, I) (2d)

C1, C2 and C3 are the three components of the C-Vector. The C-

vector can be computed from the oceanic and wind geostrophic

currents (Ug, Vg) which are obtained from the hydrographic data

set and the wind data (Y", YY).

In addition, we have another important vector, the

pseudo-vorticity of total flow (C., CY, C,), which is induced

from the geostrophic and the ageostrophic currents. These

three components are found by following process:
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We decompose v and w into v = v9 + V, W = wg + w, but wg = 0,

so w = w, , then we get

8 (f 2v) + a (N2 W)

_ (if2 T/, (f2V)(N2W ')

a (f2 vq) +2 C S_2 Cf 28z

C1  1. avg (10a)
f f 2 2 6z

After a similar operation, we can get the other components, CY

and Cz

CY E2+i 'au(10b)f2 2 ay

c3  I ( 3U_ (u0c)
z - 2 2 )x ay

3. Three Important Physical Characteristics of the C-

vector

a. C-vector as an ageostrophic vortex line

The mathematical connection between the C-Vector

and the ageostrophic pseudo-vorticity is most clearly seen in

the nondimensional form for flows with constant f and N:
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Vx Va= 2 ROC (ii)

VVa0 (12)

where R m U/(FL) is the Rossby number, H/L = W/U = f/N is

chosen for the scaling, and C is nondimensional here. The

ageostrophic vorticity is proportional to the C-vector;

therefore, a C-vector streamline can be viewed as an

ageostrophic vortex line (Figure 2.1).

f1

Figure 2.1 Ageostrophic circulation induced by C in
three-dimensional space.
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b. Inducing vertical velocity from the vertical

vorticity of the C-vector

The vertical velocity equation is obtained from

-k*Vx[eq(12)] :

V2 w = -2Rk×VxC (13)

This indicates that the vertical velocity is induced by the

vertical vorticity of C (Figure 2.2).

If we define

ac,. ac,
- (. -T. -) , (14a)

Figure 2.2 Vertical velocity wa induced by horizontal
rotation(vorticity) of C.
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then equation (14) becomes

V•w =-2R. (14b)

If the normal modes are considered, the vertical

velocity w. has the same sign as *.

c. Non-divergence of the C-vector

To add the differential of equation (9a) with

respect to x, (9b) with respect to y and (9c) with respect to

z, we can get the following equation:

IC

Va

Va

1C

Figure 2.3 The vertical vorticity of ageostrophic flow is
inferred from the vertical component of the C-Vector.
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S=(15)

which indicates that the C-vector is non-divergent, i.e., the

horizontal divergence (convergence) should be balanced by the

vertical convergence (divergence). Figure (2.3) shows tnat the

vertical vorticity of ageostrophic flow can be inferred from

the vertical component of the C-vector.

B. WEIGHTING FUNCTION

To compute the C-Vector three-dimensionally in the ocean,

the hydrographic data on a gridded surface are necessary.

Since the CTD stations acquired during the Northwind 1984

cruise were not on grid points, a weighting function is used

to distribute the original CTD data onto the grid points. The

data, after processing by this method, will still retain the

original characteristics of this particular special region of

the ocean.

Barnes(1964) used a Gaussian weighting function to develop

an objective analysis and filtering technique for application

to a two-dimensional meteorological field. He modified this

method in L.•73 for scale separation. Maddox(1980) developed

this analysis Lechnique to study atmospheric circulations

associated with a large complex of thunderstorms. This scale

separation has been used successfully to isolate difterent

subsynoptic meteorological phenomena. Tintor6 et al. (1990)

used this technique to investigate mesoscale dynamics and
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vertical motion in the Alboran Sea. This technique is also

useful in the analysis of oceanographic phenomena.

The two-dimensional values of a parameter, e. g.,

temperature, f 0 (i,j) at each incremental depth at the grid

point (i,j) are computed from the observed data from a total

of N stations. There are four basic steps.

The first step is to calculate the first guess value at

each grid point from the cbserved data at each station.

N
W •(i, j) f, (x, y)

fo(i,j) = n,_ (16)
N

E Wý'(i ,j)
n-I

where

f 0 (x,y) the observed data

fo(i,j) the first guess value at each grid

point from the observed data at each

station.

The weighting function w•(i,j) is

W, (i, j) = exp[I-dn(i, j) 1/4 c] (17)

where

d,U(i,j) the separation distance between the grid

point (i,j) and the nth station.

c 1000 (analysis parameter).

The second step is to calculate the first guess value at

each station considering all the stations. The weighting
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function in eq(21) is

fr0  (x,y) = ...... (18)

, (x,y) =exp [dw (x, y) 2/4c] (19)

where

d.(x,y) the distance between a station and

all other stations.

The third step is to calculate the difference between the

original station data and the first guess value at each

station.

Afn (x,y) =f(x,y) -f" 0(x,y) (20)

where

f"(x,y) : the observed data at each station.

f.°(x,y) first guess value of tne nth station

determined from adjusting the

observed data at all stations.

Af,(x,y) : the difference between the observed

data and the first guess value at

the same point.
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The fourth step is to compute the resulting grid point

data as following

V
S•." (i ,j) Af. (x, y)

f(i, J -f 0(i, j) + n-1 (21)

where the modified weighting function, w'" is

w.'" (i,j)=exp[-d,(i,j)'/4cg], 0<gr<l (22)

Advantages of Using Weighting Functions:

Barnes(1973) listed the advantages of this Gaussian

weighting, objective analysis and filtering technique as the

following :

* The weighting function constants c and g are chosen prior

to the analysis so that pattern scales, resolvable by the

data distribution, will be revealed to a known response

amplitude.

* If w. approaches zero asymptotically, the influence of

data may be extended to any distance without changing the

weighting function and response characteristics.

* Small-scale noise is suppressed so that further smoothing

with numerical filters is not necessary.

* Desired scale resolution is rchieved with only one

iteration.
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III. DATA PROCESSING

As previously mentioned, there were 333 CTD stations

acquired during the 1984 Northwind cruise. Of these, the

density (a,) data from 237 stations were chosen for use in this

thesis. These data can be used to compute the a at each grid

point. After determining the a, data at each grid point, the

geostrophic velocity and the C-vector at each grid point can

then be computed.

A. COMPUTING TEE ASSUMED a, VALUE AT EACH GRID POINT

The weighting function described in the previous chapter

can be used to compute the assumed a, value at each grid point

from the at data of the original CTD station. The following

steps constitute the procedures for obtaining the a, data at

each grid point:

(1) choose the grid area;

(2) set the relative coordinate for each grid point and

each CTD station;

(3) compute the distance between each grid point and each

CTD station, as well as between each CTD station and every

other CTD station from the relative coordinate;

(4) obtain the 'grid to station' weighting value from the

'grid to station' distance data file;
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(5) obtain the 'station to station' weighting value from the

'station to station' distance data file;

(6) calculate the first guess of the a, value at each

grid point in every layer by using the 'grid to station'

weighting value;

(7) calculate the guessed station a, value from the

original a, value of the other stations by using the

'station to station' weighting value;

(8) obtain the differences by subtracting the guessed a, value

at each CTD station from the guessed station a, value;

(9) obtain the assumed differences between the first

guessed a, value at each grid point and the resulting

guessed a, value by using the weighting function to

calculate the differences in (8);

(10)obtain the resulting guessed a, at each grid point by

adding the first guessed at at each grid joint and the

assumed differences in (9).

B. COMPUTATION OF GEOSTROPHIC VELOCITY

The baroclinic velocity can be calculated from a, data by

using equations (!a) and (lb). The constants in these

equation are g = 9.81 m s-2, p 0 = 1026 kg M 3, the Coriolis

parameter f = 29sin4 0 = 7.29x10.5 sec' and 0 = 750. The

geostrophic method requires the assumption of a level of no

motion. Because the bottom depths vary considerably over the

study area, the weighting function can produce an assumed a,
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value below the bottom, that is, a shallow station can refer

to the a, value of a deeper station around it to assume the c,

value below the bottom by calculating the weighting function.

The assumed a, value above 300 m at each station can be

computed. The geostrophic velocities, Ug and V,, can be

calculated by using the assumed a, value at 300 m, chosen to

be the level of no motion.

C. COMPUTATION OF THE C-VECTOR

After Ug and V. are obtained by using the geostrophic

method, C1 , C2 and C3 , the three components of the C-vector,

can be computed continuously by using equations (9a), (9b) and

(9c). The turbulent momentum fluxes Y' and YY are calculated

from the following equations:

PO P0

where the wind stress TX and TY is calculated from

where the drag coefficient CD = 1.3 x 10-3 and the air density

p.=1. 2 93 x 10-1 kg m 3. IVJl is the average wind speed at height

10 m, u, and v, are the components of wind speed in the x and

y directions at each CTD station. Using the weighting function

as before, u, and v, at each grid point can be computed. The

average depth of the mixed layer in the East Greenland Current

during the cruise of Northwind 1984 is about 15 m. We assume
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that the turbulent stress linearly decreases with depth in the

mixed layer, and there is no stress below the mixed layer.

Under these conditions, the C-vector with wind can be

computed. After obtaining the C,, C2, C3 components, the total

C-Vector (C., CY, C,) can be calculated continuously by using

equations (10a) , (10b) and (10c). Once C,, C, and C, have been

obtained, the stream function (4,) can be computed easily by

using equation (11).
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IV. RESULTS

A. THE COORDINATE SYSTEM

The coordinate system is chosen such that the origin is

located at (76 0 30'N, 16030'W); the X-axis is zonal and

positive eastward; the Y-axis is meridional and positive

northward; and the Z-axis is vertical and positive upward.

There are 10 sections along the X-axis(Sections A to J), 21

sections along Y-axis(Sections 1 to 21) and 31 layers in the

vertical (each layer is 10 m thick). Figure 1.8 shows this

coordinate system.

B. C-VECTOR PLOTS

1. C1 /f 3 and C./f in the X and Y direction

The solid contours of C1/f and C1 /f 3 are the zonal

positive total and ageostrophic nondimensional pseudo

vorticities, which means the rotational axis is towards the

east. The dash contours of Cs/f and C,/f 3 are the negative

total and ageostrophic nondimensional pseudo vorticities,

which indicates the rotational axis is towards the west.

Appendix I shows these plots. Similar to the above, contours

of Cy/f and C2/f 3 represent longitudinal-directed vorticities,

i. e., rotational axies are pointed towards the north (solid

lines) or south (dashed lines). These are shown in Appendix

II.
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2. * plots

The vorticity of the C-vector if is plotted on the

horizontal plane for each 10 m layer in the study area. The *

function has the same sign as the ageostrophic vertical

velocity. Therefore, the positive contours (solid line) mean

upwelling and the negative contours (dash line) mean

downwelling. Appendix III shows these plots.

C. SIGNIFICANT FEATURES FOUND FROM THE C-VECTOR METHOD

1. Cross-Coastal Circulation Generated by the Surface

Wind

The wind data collected from the 1984 Northwind cruise

(Figure 1.7) indicates the average wind speed is 5 m/s from

NNE to NE. The Ekman transport is directed to the right of the

wind. From the continuity equation such a wind field will

generate coastal downwelling. This indicates that C2/f 3 should

be negative near the coast. Figure 4.1 shows the relation

between the wind direction and the vertical circulation near

the east Greenland coast.

Figure 4.2 shows three sections (7, 8 and 9) of C2/f 3

contours in three dimensional view. The east Greenland coast

lies to the negative horizontal vortices are found to the west

in these sections, indicating that downwelling was occurring

near the coast and upwelling was occurring over the

outershelf, strongest near the shelf break.

37



Figure 4.1 The relation between the wind direction and the
vertical circulation near the east Greenland coast.

From the plots of C2/f 3 in Appendix II, we can see that

horizontal rows appear from the surface to 40 m depth. This

indicates that wind effects dominate the vertical circulation

in the upper ocean.

2. Vertical Circulation Induced by the Anticyclonic Gyre

A northward flow in Norske Trough results from a

clockwise turning of the current around the southwest corner

of Belgica Bank (Tunnicliffe, 1985). Figure 4.3 shows the
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Figure 4.2 Three dimensional C2/f3 contours at Sections 7, 8
and 9.
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Figure 4.3 The relative position between grid area and the
surface circulation.
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relative position between the grid points and the surface

circulation in EGC. The anticyclonic gyre is found at-. he

center the grid area. The vertical motion should be upward at.

the gyre center, because the water in the center of gyre will

move out from the gyre center to conserve continuity. Hence

upwelling should occur in the central part of the gyre. Figure

4.4 shows three dimensional Cy/f contours for Sections 10, 11

and 12.The dashed contours indicate cyclonic or upward motion;

conversely for the solid contours. The central part of the

gyre is located from X = 75 km to X = 125 km in section 10,

from X = 50 km to X = 175 km in section 11, from X =75 km to

X = 175 km in section 12. We can see the surface upwelling in

this region, which suggests that the upwelling is induced by

the presence of the anticyclonic gyre.

The upwelling induced by the anticyclonic gyre is also

seen in the *II field. The central part of this anticyclonic

gyre is located at X = 50 to 150 km and Y = 200 to 325 (Figure

4.5) . The *I-values at z = 0, 10, and 20 m in the central part

of the gyre are generally positive (upward motion) , which also

confirms the results obtained from Cy -field.

3. Vertical Circulation Generated by the EGPF

The EGPF was investigated in previous studies. Figures

1.3 and 1.4 (Bourke, et al., 1985) reveal the location and

structure of the EGPF from the temperature and salinity

contours. From these two figures we can see that a sharp
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Figure 4.4 Contours of Cy/f at Sections 10, 11, and 12. The
dashed line indicates upward motion and the solid line
downward motion.
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temperature and salinity gradient is present below 40 m 'the

effect region by wind) and extends from about 60 m to 120 m.

in Figure 4.3 a strong frontal jet flows through

Sections 1 and 2 in the Y direction. C./f 3 contour plots for

these two sections, shows that a two-cell structure is found

at a depth about 60 to 120 m near the EGPF. Therefore, this

two-cell structure indicates that the AIW of the RAC meets

with PW, a feature which can be seen in X-Z cross sections 1

and 2 at a depth of about 60 to 120 m (Figure 4.6). Figure

4.7 shows that a two-cell structure occurs at the front

between AIW (warm and saline) and the PW (cold and fresh). We

can sketch a frontal model for the EGPF. When AIW and PW are

mo ing toward each other, two horizontal opposite vortices

will be formed wich a downward motion along the front.
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Figure 4.5 The three dimensional ' contours at 0, 10, 20 m.
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Figure 4.6 Three dimensional C2/f' contours at Section 1, 2,
3. The EPGF passes through Sections I and 2.
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Figure 4.7 A two-cell structure with downward motion occurs
in the north-south direction, AIW (warm and saline) at the
right, PW (cold and fresh) at the left.
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V. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

A. SUMMARY

A new technique, the 'C-vector method', is employed to

define the three-dimensional circulation of the East Greenland

Current from CTD and wind data collected during the Northwind

1984 cruise to the Greenland Sea.

Three different types of vertical circulation can be

identified by the C-vector method: (1) the wind-driven coastal

circulation, (2) an anticyclonic gyre which induces vertical

circulation, and (3) a front induced circulation. The results

demonstrate that the C-vector method is useful in calculating

the ageostrophic circulation using CTD and wind data. The

ageostrophic flow can sometimes be significant and the purpose

of this study is to particularly emphasize the importance of

the ageostrophic circulation in the waters off the east

Greenland coast as inferred by the C-vector using CTD and wind

data.

B. CONCLUSIONS

* The C-vector method is a very good tool to diagnose the

three-dimensional pseudo-vorticity fields in the ocean by

using CTD measurements and wind stress data.

* The vertical motion in the ocean can be investiga,• J from

the vertical vorticity of C-vector for the total flow, *, value.
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0 ff the quasi-geostrophic assumption can be removed 'n

future work, more reaiisttc results can ce cbcained.

C. RECOMMENDATIONS

(1) A shortcoming in the calculation of :he C-vector was

the uncertainty associated with the determinati-n cf

reference level or level of no motion. The determination of

a reference level still remains disputable because there is no

universal method which auarantees this. Density differences

between stations in the Greenland Sea study area demonstrate

that 300 m is a representative level of no motion for the deep

waters. While the density difference stations is not always

zero at 300 m, there is a good indication that at this level

the currents are very small.

(2) In this study, we didn't solve the dynamical

equations. In the future, the pseudo-vorticity equations (8a)

to (10c) should be solved under certain boundary conditions to

obtain the three dimensional ageostrophic velocity field.
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APPENDIX I THE PSEUDO VORTICITY CONTOUR PLOTS IN X

DIRECTION
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APPENDIX II THE PSEUDO VORTICITY CONTOUR PLOTS IN Y

DIRECTION
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