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Abstract approved:

The fall-winter surface current field off Oregon was determined

by analysis of ten years of drift bottle data. Computer programs were

developed for generating bottle tracks on a numerical grid, for inter-

polating bottle velocity components to fill void grid points and for

smoothing irregularities in the velocity fields. Charts are presented

showing the spatial distribution of surface currents determined in the

study area of 5° latitude by 2-1/2° longitude.

The mean currents for the fall-winter season have a predomi-

nantly northerly flow with speeds increasing from the south to the

north (from 0. 01 to 0. 35 knots). This probably is a consequence of

the increase in speed of southerly winds from south to north in the

study area during the fall-winter season. The northly flow in October

during the years 1961-70, when compared with the dominant southerly

flow during this month from measurements prior to 1935, may indicate
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a major change of Davidson-California Current System within the

past forty years. Apparent onshore flow may be introduced by bottle

diffusion; this flow is prominant at all latitudes along which bottle

releases are concentrated. An offshore flow component north of

0 . .46 30 N may be related to the Columbia River discharge and the

westward extension of land.
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COMPUTER ANALYSIS OF THE SURFACE
CURRENT FIELD OFF OREGON

BASED ON DRIFT BOTTLE DATA

INTRODUCTION

This research was motivated by the desire to represent drift

bottle data in a form more useful than a chart of assumed bottle tracks

and release- recovery statistics. In this analysis, ten years of drift

bottle data were used to chart the mean surface current field off

Oregon during the fall-winter season.

The determination of surface currents by use of drift bottle data

is limited by the accuracy of the data. Errors are undoubtedly intro-

duced in the present analysis through the processes of data rejection,

linear interpolation and smoothing. It is felt, however, that the sur-

face current field obtained will be of practical use in navigation, plan-

ning for waste disposal, air- sea rescue and other practices affected

by surface currents.

The method of analysis employed here is described, and the

computer programs used are included as appendices. The errors

inherent in drift bottle data and those possibly introduced in the analyti-

cal technique are discussed. The results obtained are compared with

other determinations of the current field off Oregon. Improvements

in the analytical technique and special uses of the technique are sug-

gested.
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THE DATA

Oregon State University has been conducting a long-term drift

bottle project since 1961. In the period of 1961 through 1970, a total

of 21, 615 bottles were released within 165 nautical miles of the Oregon

Coast during 87 cruises. The major release points were 5, 15, 25,

35, 45, 65, 85, 105, 125, 145, and 165 nautical miles west of

Brookings (42°00N), Coos Bay (43°20'N), Newport (44°39'N), and

Astoria (46°14'N). Of the bottles released, 2, 938 were eventually

recovered along the west coast of the United States and Canada. The

high return rate (13%), the highest among drift bottle studies off the

west coast of North America, may be attributed in part to the large

fraction of nearshore releases. About one-fourth of aLl the bottles

were reLeased within 25 nautical miles of the coast, and the return

rate of these bottles was 33%. A general offshore flow in spring-

summer and onshore in fall-winter is reflected in the smallest return

rate during June (4. 2%) and greatest during September (28. 5%) (see

Table 1).

Statistics of the 1961-1970 drift bottle data and monthly charts

of straightline tracks between the points of release and recovery have

been presented by Wyatt, etal. (1971). Those bottle data have been

employed by Burtetal. (1964) and Wyatt etal. (1972) in analysis of

the surface currents off Oregon.



Table 1. Monthly Bottle Return Rate, 196 l.-1970.

Ye Monthly Return Rate (%) of Releases from all Stationsar
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

1961 7.0 30.1 4&5 2.6 1.2 8.3 4.2

1962 236 30.2 0* 25.8 1.6 14.0 3.3 24.2

1963 34. 7 28.6 29.0 7 5 15. 3 32. 0

1964 0.4* 0.6 4.4

1965 5.7 0* 36.1** 14.8** 33

1966 13.5 4.5 0 2.2 22.2

1967 23.6 27.0 1.9 0 7.4 7.9 35Q**

1968 26. 7 15. S 17. 7 0. 5 18. 1 10. 1 14. 5 30. 3

1969 18.7 10.7 18.6 8.3 9.2 21.2

97() 29.1 14.7 16.0 1.0

Average
Monthly

19. 4 13. 2 10. 8 18. 2 10. 7 4. 2 7.6 12. 7 28. 5Return
Rate

* Pttles released mostly from stations greater than 45 nautical miles offshore.
Bntles ieleased mostly from nearshore stations less than 25 nautical miles or a small number of bottles released.

18.4 46.4

8.3 10.5

10.8 22.0

42* 19.7 10.4

2S0 27.3

5.2 9.8

36.3 34.8

15.9 28.4 4.2

11.9 6.4

31.1 27.9

15.8 20.4 20.8
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ANALYTICAL METHOD

The analysis performed here involves the following steps:

1. Selecting the data and numerical grid to be employed by:

sorting data for time of year; rejecting suspicious data; and selecting

numerical grid coverage and spacing to warrant best resolution of

available data.

2. Computing the current components at grid intersections by:

determining eastward (u) and northward (v) velocity components of

each bottle; associating these values with those intersections of the

two-dimensional grid which lie along the straightline track between

the bottle release and recovery points; and averaging the velocity

components at grid intersections lying along two or more tracks.

3. Applying two-dimensional interpolation to assign velocity

components to those intersections not lying along any tracks.

4. Smoothing the velocity component fields and forming the

fields of speed and direction.

5. Forming divergence and vorticity fields.

6. Forming meridional and zonal averages.

These steps are described and discussed below. The computer

programs used are included as appendices.



5

Selection of Data and Grid

In selecting data to be employed, existing knowledge of the cur-.

rents should be taken into consideration. The surface waters of the

west coast of the United States of America are dominated by a slow

and broad equatorward flow called the California Current, and coastal

currents which vary seasonally. According to Sverdrupetal. (1942),

a subsurface countercurrent flowing northward along the coast breaks

through to the surface as the Davidson Current in the winter months

when the winds are southeasterly to southwesterly. Off Oregon the

Davidson Current begins to develop in September and becomes domin-

ant from October through February. Preceded by two months of

variable flow, the southward California Current resumes in May

through August (Wyattetal., 1972). The width of the Davidson Cur-

rent is not well defined. The current develops along the Washington

and Oregon coast in September, first close to shore and later widen-

ing (Schwarzlose, 1964). Pilot charts for January (USNHO, 1957)

show the Davidson Current to be 60 to 100 nautical miles wide off

Oregon. Fall-winter hydrographic measurements have indicated a

width of 105 nautical miles for northward geostrophic flow (Lee, 196'.

Bottles released from stations within 105 nautical miles of the

coast during October-February were selected for this analysis.

Month to month variations in current can be presumed small in this



period and onshore drift during this period results in a high percent-

age of returns (average monthly return rate in this period is around

20%, higher than spring- summer season as shown in Table 1).

Data for bottles not recovered within 60 days of their release

(or until after March 30) were not included in the analysis. By reject-

ing these data (38% of the returns for the period) some of the bottles

which had lain on the beach some time before being picked up were

eliminated, as were some bottles which had taken circuitous routes.

The effect of this data rejection is to increase apparent mean current

speeds, especially at locations far from shore. Other rejection

schemes might involve an elapsed time criterion that increases lin-

early with distance of release point from shore, or criterion that

varies so as to eliminate the same percentage of returns from every

release point. In view of the under-estimation of current speed due

to the assumption of straight line tracks, the data rejection scheme

employed here is considered satisfactory. The spatial distribution of

release stations and the 920 data selected by this method are shown

in Figure 1.

The area selected for computation of the current field is bounded

on the east by the coast, on the west by longitude 126°30 W, and north

and south by latitudes 470001N and 42°00'N. The area was selected

because it is most densely crossed by tracks during the October-

February period (Wyatt, etal, 1971), It should be noted that while
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the current analysis is limited to this area, data from returns out-

side the area are included in the computation.

The selected area is partitioned by a 30X60 numerical grid

consisting of squares 5 minutes on a side (see Figure 2). The grid

spacing was chosen even smaller than the density of data appeared to

warrant in order that small features, such as quasi-stationary shear

zones, might be resolved. With such a dense mesh there will be some

grid points without data and the amount of data at each grid point is

small, but these problems can be eliminated by interpolation and

smoothing. If computer storage were a problem, a uniform rectangu-

lar grid with the long sides parallel to merdians might be used with

little loss of resolution as the gradient of velocity in the direction of

mean flow is usually small. In view of decreasing density of tracks

with distance offshore, a second solution to a computer storage prob-

lem would be a grid that expands offshore. This last solution, how-

ever, would require more sophisticated programming and distort

spatial scales of the currents.

Computation of Mean Currents Distributed in Study Area

There are three steps involved in calculating mean currents in

the study area. They are: a) computation of speed, direction and

velocity components for each bottle, b) assignment of the velocity

components to those grid points lying along the straight tine track
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between the release and recovery locations of each bottle and c) deter-

mination of the mean velocity components associated with each grid

point passed by more than one bottle track. These steps are described

in detail below.

Computation of Bottle Speed, Direction
and Velocity Components

The Mercator Sailing Method (Bowditch, 1962) was used for

computing direction and speed between release and recovery points.

Denoting the latitude and longitude of the release point by L1 and X
1'

respectively, and of the recovery point by L2 and the distance

D in nautical miles and course angle C in radians (with respect

to one of four cardinal points of the compass) are given by

D = (L1-L2)secCl

C = arctan((X1-2)/(M1-M2))

where L1, L2, X1 and are in minutes, and M is the number

of meridional parts between the equator and a given parallel on a

Mercator chart. Meridional parts are calculated, with latitude in

degrees, by
4

3M = (LoglO Log tan (45° + LIZ) - (E2sinL + L +

E

+ .. .
21600 /2sin

The appropriate compass point is determined from the signs of
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the differences between release-recovery latitudes and longitudes.

The course angle is converted into direction from true north by the

subroutine of Appendix Ia and meridional parts for the release and

recovery latitudes are calculated by the subroutine of Appendix lb.

The speed S of a bottle in knots is computed by

S = D/TH

where TH is the elapsed time in hours between release and recovery.

The zonal and meridional velocity components are computed by

U = SsinC and V ScosC.

The above computations are made in lines 29 to 53 of the main

program (listed in Appendix I), and involve the subroutines of Appen-

dices [a and lb.

Generating Tracks and Assigning Velocities to Grid Points

This step involves identifying the grid points lying along each

bottle track and assigning the bottle's u and v components to these

points. In the numerical grid shown in Figure 2 the index I increases

eastward from 1 to 30 in 5-minute increments from 126030W to

124°05'W, and index J increases southward from 1 to 60 in 5-minute

increments from 47°00' N to 42°05 'N.

The method employed to identify grid points (I, J) lying along a

bottle track depends on the bottle's trajectory. Due to the
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configuration of the coast in this area, no bottles have trajectories

predominantly westward or toward the southwest. To insure all points

lying along a track are identified, tracks are divided into three

categories as shown in Figure 3. The courses are categorized, in

part, by the slope of the straight line between release and recovery

R = (L -L )/(X -X12 12
If a bottle s trajectory is predominantly eastward, the absolute

value of R is less than unityand the grid points (I, J) lying along the

track are generated by

J = J1 +R(1-11),

I = I, 11+1, 11+2, , 30,

where the bottle release point indices are given by

= (126 x 60 + 30 - X1)/5,

J1 = (47 X 60 - L1)I5.

When the generated grid points (I, J) have I values greater than 1,

these points are discarded, where

12 = (126 x 60 + 30 X2)/5.

This case is shown in Figure 3(a).

A bottle' s trajectory is predominantly northward when L2 > L1

and IRI> 1, and for this case grid points lying along the tracks are

generated by
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= 12 +(J-

= JZ 2+ J2+2, , J

where the bottle recovery point indices are

112
= (126 x 60 + 30 - X2)/5

J2 = (47 x 60 - L2)IS

This case is shown in Figure 3(b).

A bottles trajectory is predominantly southward when L1> L2

and R> 1; for this case (as shown in Figure 3(c)) grid points lying

along the track are generated by

I = I + (J

J = Ji, .,

Grid points which may be generated outside the study area in

the last two cases are discarded; these have negative indices or

indices greater than 30 for I and greater than 60 for J.

At all grid points the parameters U, V and track counter N

are initially set to zero. For all grid points lying along the track of

a bottle, the parameters U and V are increased by the bottle 's u

and v components, respectively, and the counter N is augmented

by unity.

The preceding step of the analysis is performed by lines 57

through 94 of the main program (see Appendix I).
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Averag4ng the u, v Components at Each Grid Point

After performing the previous two steps for all bottles, the

mean velocity components at each grid point for which N> 0 is deter-

mined through division of parameters U and V by N. In the soutli-

em portion of the area, especially south of 43°30'N, the percentage

of grid points that lie along any track is small (see Figure 4). The

highest density of tracks is off Newport; one point lies along 167

tracks. s expectedthe density of tracks decreases with distance

offshore (see Figure 5).

Two Dimensional Interpolation

Some grid points do not lie along any bottle track (i e. have

N = 0, see Figure 6), and must be assigned velocity components. If

such a point lies in a row between grid points having N > 0, it re-

ceives velocity components by horizontal linear interpolation. If to

one side of the point in the row there are no points having N > 0, the

point receives velocity components of the nearest point in the row

having N > 0. The point similarly receives velocity components

based on data from the column within which it lies. Then the point is

assigned velocity components which are means of these row- based

and column-based computations. Both meridional and zonal inter-

polations are performed, and the mean of interpolated values is used
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to fill a void point.

A large part of the main program, lines 130 through 266, is

devoted to performing these two- dimensional interpolations

Smoothing the u, v Fields

The mean current field obtained after interpolation showed

obvious small scale discontinuities in both speeds and directions.

These discontinuities are due to spars ity of data, variation in the cur-

rents over the data period, and 'bad' data that was not rejected. The

following 5-point smoothing operator is applied to smooth the u and

v components

k+l k k k k k
/4)12X.. (K +(X +X +X +X

ij ij i+1, j i-1, j i, j+1 i, j.-1

where X is either the u or v component, and k indicates the

number of smoothing pases k = 0, 1,2, . . . . The 5-point smoothing

operator is not applicable at the boundaries, and a 3- point operator is

used at the northern and southern boundaries, namely,

= (x +(xk k
ii i+1, 1

+ i)/2)/2

k+1 k k
= (X60 + (x+1,

60
+

i-1, 60

Similar 3-point operators are applied to the meridional boun-

daries and at the corner points.

The spatial filtering resulting from the application of such
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operators is described by Dingle and Young (1965). It was found that

three passes with the filter were sufficient to remove features con-

sidered spurious. The program applying these operators is given in

Appendix II.

Divergence and Vorticitv Fields

The finite-difference relation used to compute horizontal diver-

gence is

(DivhV). (U. -U. .)/2X + (V. -V )/2Y
13 i+1, j i-i,j 1, j-1 i, j+l

where distance between adjacent grid points in the y (northward) and

x (eastward) directions are Y = 5.0 nautical miles and

iYcosL = 3. 5 nautical miles respectively. Using smoothed values

of the u, v field, the mean divergence computed for the entire grid
-4 -1is 3.8 X 10 hr . Assuming a mixed layer depth of 100 meters,

this divergence corresponds to a mean upward velocity through the

thermocline of nearly 1 meter/day. This result is probably meaning-

less, however, as over this large area the divergence should be nearly

zero or perhaps slightly negative due to the coast lying to the right of

the winds during this fall-winter season.

Since the magnitude of horizontal divergence in the ocean is

typically an order of magnitude smaller than either term in the hori-

zontal divergence expression (Arthur, 1965), an error of only 10%
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in the u and v components may result in meaningless values for the

calculated divergence. The erroneous result may also be due in part

to the fact that the bottles were released within a small area of the

total grid so as they disperse with a "random walk component (i. e.

spread throughout the total grid area), they appear to indicate the

presence of positive divergence of the current field. The apparent

divergence due to diffusion can be roughly calculated as follows. If

bottles are released off a meridional coast between 42°N and 47°N, a

distance Y 300 nautical miles, then due to Joseph and Sendner type

diffusion (Josephetal., 1962) they will be located along a distance

increased by about bY 4pbt after a time interval 6t. The apparent

divergence (with p 1.5 cm/sec) is therefore

av 1 oy 4P ..4 -1= --- = = 4 K 10 hr

This value is fortuitously close to the calculated mean divergence of

3.8 Xl04hr1

The vertical component of relative vorticity is calculated by

the expression

(Curl V).. (V.1 .-V. .)/2LX-(U -U )/2Y
z 13 1 '3 i-1,j i,j-1 i,j+1

The mean value of vorticity derived from the smoothed u, v

field is approximately 8. 0 X 10 5hr 1 The meridional distribution

of vorticity is shown in Figure 7. The vorticity calculation is not
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subject to the errors of the divergence calculation, and the vorticity

distribution obtained appears to be reasonable. It is interesting to

note the Large negative vorticity near the coast which may be ascribed

to the frictional interaction of northward flow with the coast to the

east.

Zonal and Meridional Averages

Zonal averages were computed by summing non-interpolated

mean values along latitude, j, and then dividing by the number of

terms in this sum. That is, they are calculated by

X. = (EX..)/1
3 1 13 1

where X. denotes a smoothed grid point value (e. g., V), and the

summations are only over those i for which N. .., the number of
13

tracks through the point i, j, is non-zero. If interpolated values

had been included in summations, the data values on which the inter-

polations are based would have effectively received greater weight

than other data values. While the zonal averaging employed here does

not involve constant meridional weighting, the weighting is much more

uniform than if each track passing latitude j had been weighted

equally. That is the average formed by weighting all data equally

--- (summed over all i)
1 13 13 1 13
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wouH, as a consequence of the higher N.. nearshore (see Figures
1.J

5 and 6), weight the nearshore area more heavily.

The standard deviation about the mean is computed by

{[(x..-X)2]/[( l)-l]}
1 'Li j i

where summation is again only over those i for which N.. 0.

A similar method is applied for the computation of the meridional

averages X. and the standard deviation about these averages.

The computer program for the calculation of the zonal and

meridional averages and their standard deviations is given in Appendix

3.

Figure 8 shows the variation with latitude of zonally averaged

meridional velocity (v). Standard deviations associated with averages

at intervals of 30' latitude are also shown in this figure. Figure 9

shows the variation with latitude of zonally averaged zonal velocity

(u). Figures 10 and 11 show the variations of the meridionally aver-

aged u and v components with latitude. A discussion of these

variations will be given later.
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RESULTS AND DISCUSSION

The Mean Current

The computed mean surface flow field during the fall-winter

season is shown in Figure 12. Arrows indicate the vector mean speeds

and directions at the grid points. The overall flow as shown in this

chart and the chart of streamlines, Figure 13, is predominantly north-

ward. This is in agreement with tracks for each month from October

through February in the years 1961-1970 (Wyatt, etal., 1971). How-

ever, dominant southward flow during October off Oregon was found

prior to this drift bottle study by other measurements. The Atlas of

Surface Currents of the Northeastern Pacific Ocean (USNHO, 1947)

shows that southward flow is dominant off Oregon during October and

northward only from November through February. The mean currents

shown in this Atlas were compiled from over a hundred years of ship

reports prior to 1935. Propeller type current meter measurements

made by Marmer (1926) at the Astoria Lightship and at Umatilla Reef

Light Vessel during 1919 also indicate a southward flow during October.

Perhaps there has been a major change of the Davidson- California

Current System in the past forty years or so. Huang (1972) found

significantly more eastward transport and less southward transport

off California during the years 1958-59 than during the previous
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decade. Huang believes these decadal variations in total transport

may have arisen largely from variations in the Davidson Current

brought about by the anomalous atmospheric circulation during 1957-58

(Namias, 1959). It is interesting to note from Huang's calculations

that the only significant change in sign of meridional transport near

San Diego between these two decades occurred in September.

The mean speed of the whole study area is 0. 15 knots with a

mean zonal component of 0. 02 knots and meridional component of

0. 14 knots. This vectorial mean value of the surface current is

apparently lower than other measurements of current off the Oregon

Coast. Collins (1968) found a mean current speed of 0. 37 knots at

20 meters depth from current meter measurements off Depoe Bay in

October, 1965. Stevenson's drogue measurements (1966) off Newport

indicate a vector mean current speed of 0.28 knots at 10 meters

depth. These drogue measurements were conducted largely within

45 miles of Newport during the period 1962-1965. The low value of

mean surface current speed in the drift bottle study presented here is

due in part to vectorially averaging coastal currents of variable direc-

tions during the ten fall-winter seasons. In addition, mean speeds

calculated under the assumption of straight-line trajectories of drift

bottle are iow, as the actual routes are probably quite circuitous.

The inevitable time lapse between beaching and recovery of bottles

also contributes to the low computed speed.
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For the reasons given above, some reservation must be placed

on the interpretation of drift bottle data. Nevertheless, drift bottle

data have proven valuable. For example, the atlas by Bumpus and

Lanzier (1965) showing the surface circulation on the continental shelf

off eastern North America between Newfoundland and Florida, the

study of the Davidson Current off Oregon by Burt and Wyatt (1964) and

by Wyatt etal. (1972) and numerous other fruitful current studies are

based on drift bottle measurements. The limitations of other forms

of surface current determination should be kept in mind. Hydrographic

determinations provide only relative baroclinic currents, while the

surface drift currents may be several times greater. Current meter

measurements provide mean Eulerian velocities which, because

Stoke's velocity is not included, may be several times smaller than

the actual mean velocity of a drifting object (Longuet-Higgins, 1969).

Ship drift data are plagued with large navigation and wind drag errors.

Surface drogue data corrected for wind drag are valuable, but like the

other types of current data they are very sparse. In fact, the only

available chart showing the surface currents in the study area off

Oregon in any detail is the atlas ([JSNHO, 1947) of 10 square averages

based on ship drift data prior to 1935.

Variation of current speeds in the study area are shown in Fig-

ure 12, the chart of flow field, in Figure 14, the isolines of speed,

and in Figure 15, the distribution of zonally averaged speeds with
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latitude. The current speed increases from the south to the north off

the Oregon Coast. This may be a consequence of the increase in speed

of southerly winds from south to north in the study area during the

fall-winter period (Dwthury, etal., 1965). The maximum speed of

0. 35 knots is to the north of the Columbia River mouth, while the

minimum speed of 0. 01 knots is found off Cape Blanco. The highest

speeds may be associated with the Columbia River discharge, and

the low vector mean speeds in the southern portion of the study area

with variable current directions.

The meridional velocity increases almost linearly out from the

coast to a distance of 10 nautical miles as shown in Figure 11. This

may indicate a frictional boundary layer, or it may arise from the tow

speed and southward flow found near the coast in the southern position

of the study area.

The latitudinal variations of zonal velocity, as shown in Figure

9, indicates that the average zonat flow is onshore, except northward

of 46°30'N. The westerly flow north of 46°30'N may be due to the

Columbia River discharge (Marmer, 1926; Brunsen, 1972), or to the

westward extension of the land north of this latitude.

The high onshore velocity indicated at 44°50'N, the latitude

of Depoe Bay, may be an artifact related to the large number of bottles

released along the Newport tine (see Figure 1). Diffusion, or 'random

walk' of bottles, can introduce such an apparent onshore flow
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component. Consider a group of bottles released at some point in an

ocean of zero mean velocity and horizontally isotropic turbulence.

The bottles will be distributed within a more or less circular patch

that increases in size with time. Bourretetal. (1960) have shown

that for horizontal diffusion of the form described by Joseph and

Sendner (1958), the mean distance from the centroid varies as

d<r>
2pdt

where p is the Joseph and Sendner 'diffusion velocity' and has a

value of about 1.5 cm/sec in the open ocean (Okubo, 1969). If this

ocean is bounded only by an infinite straight coast, bottles recovered

directly shoreward of the release point will have an apparent average

onshore velocity component Zp. Those bottles recovered at great

distances along the coast from the release point will have an apparent

onshore velocity near zero. As we assume the bottles spread out in

uniform directions from the release point, the mean shoreward corn-

ponent is

ir /2

c ZpsinOdO p,
Tr.)0

or about 2 cm/sec. Thus we can assume the mean zonal velocities

calculated here may be biased by about 2 cm/sec (i. e. 0.04 knots).

Since the linear density of recoveries would be greatest directly on-

shore of the release point, the bias would be greatest at the latitude
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of release. For an ocean with a mean northward velocity, the bias

would be greatest northward of the release point. This appears to

be the case shown in Figure 9, at least for those station lines having

a large quantity of data: the peak onshore velocity at 44°50N is north

of the Newport line (44°39'N), and the peak at 43°35N is north of the

Coos Bay line (43°ZO'N). As the bias thus varies with latitude and is

comparable to the values shown in Figure 9, the zonal averages of

zonal velocity actually may not differ significantly from zero.
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RECOMMENDATIONS FOR FURTHER STUDIES

Investigation of Temporal Variations

It has been tacitly assumed here that month to month variations

of velocity within the fall-winter season are negligible and that year

to year variations are also negligible. This assumption should be

tested for all release stations. These tests may indicate data for

some period should be excluded from the computations and they will

provide a measure of confidence in the computed mean velocities.

Extension of Computational Method

The following extension of the computational method should pro-

vLde a more accurate representation of the surface current field. The

extension does this by weighting nearshore velocities most heavily

with data from nearshore releases, and by compensating offshore

releases for velocity variations between the release stations and the

coast.

A mean current field is first computed as previously described.

Using release-recovery data from stations nearest the coast, bottle

velocities are then assigned to grid points lying along the tracks

between these release stations and the coast (neglecting the previously

computed mean velocities at these points). Grid points between the
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stations and the coast which do not lie along any track may retain the

original mean values or be assigned new values through meridional

interpolation.

Next, using the bottle recovery data from stations just offshore

of the stations nearest the coast, and using the grid point velocities

between the coast and the latter stations, compute for each bottle the

location and the time at which it would be found at a distance from the

coast equal to that of the nearest stations. These computed bottle

locations and times are then used as recovery data for releases

from the stations just offshore of the stations nearest the coast. The

bottle velocities calculated from this release 'recovery' data is

assigned to those grid points lying along tracks between the release

stations and 'recovery" locations. Those grid points not assigned

velocities by the above procedure and situated between the stations

nearest to the coast and next-to--nearest to the coast may either retain

the original mean values or be assigned new values through interpola-

tion. The choice of retaining original values or using interpolated

values might be made on the basis of the number of successive points

not lying along tracks, or one could employ a weighted average of

original and interpolated values.

Then, using recovery data from the third stations offshore and

the velocities between the second stations offshore and the coast,

times and locations of bottle "recoveries" at the offshore distance of
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the second stations are determined. Bottle velocities are then deter-.

mined and assigned to those grid points lying along the directions of

these velocities between the third offshore release stations and

"recovery' locations situated at the distance of the second stations

from the coast. Again the grid points between the release stations

and "recovery" distances from the coast that do not lie along a track

may either maintain the original values or be assigned new values

through interpolation.

The procedure described above is continued out to the stations

farthest from the coast. The mean velocity field calculated in this

way should more closely resemble the actual field, especially if the

actual field has strong spatial variations.

Investigation of Diffusion

Previous research using drift bottle data has apparently been

confined to investigating mean surface advection; this information can

be used to determine the most probable location of a drifting object,

such as a life raft. It has been recommended that temporal (e. g.

year to year) variations of velocity be investigated also. With this

additional information the probability of locating a drifting object

within some area can be estimated. Such an estimate is required for

an efficient search for a drifting life raft whose position at some

previous time is known. The following research on diffusion Of drift
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bottles is recommended to provide information on the probability of

floating objects being within some area if they were close together at

an earlier time. This information is important during search and

rescue operations when one life raft is located and other life rafts are

to be found. While diffusion has been studied with drifting objects,

drift bottle data have apparently not been used. Probably this is be-

cause drift bottle data includes no information between release and

recovery. Tracking drifting objects, such as drogues, with a

ship or a plane is expensive and data can be obtained in this manner

only during low sea state conditions.

It is recommended that drift bottle data be employed in the fol-

lowing manner to investigate diffusion. Each group of bottles released

simultaneously at each station is to be treated separately. From the

recovery data for bottles of each group, mean time until recovery,

mean length of the straight line track and the angle between this track

and the coastline can be determined. The longshore distances of

individual recoveries within each group from the intersection of the

mean track with the coastline can be computed. The spreading of

these distances along the coast due to an acute angle (0) between the

mean track and the coastline can be removed by multiplying the dis-

tances by sin0. Sets of these corrected distances can then be combined

within similar classes of mean track length and similar classes of

mean time between release and recovery. The standard deviations
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of corrected distances along the coast can be determined for all classes.

Making the usual assumption that the two-dimensional distribution of a

cluster of bottles at sea is Gaussian, these are the standard deviations

of the two-dimensional distributions just before arriving at the coast.

A plot of the standard deviation of a cluster versus mean track length

class then may be viewed as the spreading with distance traveled of

any group of drifting objects released together simultaneously. Sim-

ilarly, a plot of the cluster standard deviation versus time between

release and recovery can be interpreted as indicating the expected

spreading with time of any group of floating objects released together

simultaneously.

Autoplot of Current Chart

The hand plotting of arrows of the mean current chart (Figure

12) is tedious and time consuming. Automatic plotting of arrows by

computer is not generally available. Even the plotting of streamlines

by a computer requires sophisticated programming (Dartt, 1972).

Computer plots of isolines of stream function may be readily obtained

with a contouring program once the grid points are assigned stream

function values. The problem here arises with determining the stream

function field, for this field can only be defined in terms of the hori-

zontally non-divergent part of the flow field. Progress has been made

toward solving this program (Hawkins etal., 1965), and should a
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satisfactory solution become available it is recommended that it be

employed to represent the surface current field computed from drift

bottle data.
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SUMMARY AND CONCLUSION

The analytical method used in this study is a new approach to

the determination of currents by use of drift bottle data. The method

was applied to bottles released off Oregon. Selection of the data and

study area were based on existing knowledge of the surface currents

off Oregon and the distribution of bottle tracks. Speed and direction

of each bottle were computed by the Mercator Sailing Method, and

velocity components were assigned to numerical grid points lying

along the straight line track between the release and recovery points.

Grid points lying along two or more tracks were assigned average

values. Grid points not assigned values by this procedure were as-

signed values through two-dimensional interpolation. Small scale

irregularities in the velocity field were attenuated by smoothing.

The smoothed mean velocity field was then used to form vorticity and

divergence fields and compute zonal and meridional averages. Corn-

puter programs to perform the above calculation are included as

Appendices I, II and III. The surface currents are represented in

various charts (Figures 12, 13 and 14) showing the spatial distribution

of currents off Oregon. It is believed that more of the information

contained in drift bottle data has been extracted by the analytical

method employed in this research than the methods that have been

used in the past.



46

The mean currents based on the smoothed u, v fields for the

fall-winter season have a predominantly northerly flow component

with speeds increasing from the south to the north (from 0.01 knots to

0. 35 knots). This probably is related to the increase in speed of

southerly winds from south to north in the study area during the fall-

winter period. The northerly flow of the Davidson Current in October

during the years 1961-70, as compared with the dominant southerly

flow during this month prior to 1935 shown in the Atlas of Surface

Current of the Northeastern America (USNHO, 1947), may indicate a

major change of Davidson- California System within the past forty years

or so. The average zonal flow is apparently onshore, except north-

ward of 46°30N. Diffusion of bottles may introduce such an apparent

onshore flow component, while the Columbia River discharge and the

westward extension of the land north of 46°30N may give rise to the

westerly flow. The mean current charts appear to be useful in navi-

gation, planning for waste disposal and other practices affected by

the surface current field off Oregon.

Errors in the mean surface currents during the fall-winter

season are introduced through the analytical method and the assump-

tion of negligible temporal variations within this season and during

the ten years of this season. Further studies are recommended to

investigate both temporal variations and diffusion, and to improve
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the analytical method by compensating for spatial velocity variations

and by employing computer autoplotting.
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APPENDIX I

MAIN PROGRAM - UVFIELD

Notes on Program UVF1ELD

This program reads drift bottle data and generates fields of

average speed SP(I, J), direction DIR(I, J), and the u and v corn-

porients U(L, J) and V(I, J). In the present study these fieLds have the

dimension (30, 60) and are in COMMON. Also in COMMON is N(I, J),

the number of tracks passing grid points (I, J). The fields are gen-

erated in a rectangular area (expressed in minutes) and are defined in

statements following COMMON. Statement 22 reads the drift bottle

data: release year (NR), month (MO), latitude (LATA in degrees,

ALM in minutes), longitude (LONA in degrees, ACM in minutes);

recovery latitude (LATB in degrees, BLM in minutes), longitude

(LONB in degrees, BGM in minutes); and number of days between re-

lease and recovery (DAY). Bottle data are rejected according to the

criteria described in the text by lines 22 through 33.

Lines 39 and 40 caLl Function EMP (Appendix Ib) which converts

latitudes to meridional parts. Function FDIR (Appendix Ia) is called

in lines 51 and 107 to convert course angles into direction wit± respect

to true north.

The WRITE statement of line 52 lists on the line printer the
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data not rejected. It also lists: number of data selected (KONT), dis-

tance between release and recovery in nautical miles (DIS), speed in

knots (S), direction to true north (CRS), and velocity components in

knots (UU and VV).

A 5 minute K 5 minute mesh size is employed in the present

study. For another mesh size lines 55 through 60 would have to be

changed, as well as the dimension of variables and the boundary

initializ ation.

The 'data' fields U(I, J), V(I, J) and N(1, J) are written on

tape by statement 46.. These fields and the fields SP(I, J) and

DIR(1, J) are written on the lineprinter by lines 113 through 128.

Interpolation is performed in lines 130 through 266. If N(I, J)

is zero the point (I, J) is first assigned velocity component value

U(l, J) and V(I, J) through meridional interpolation and N(l, J) is

set to 9999. The u, v velocity component fields resulting from this

interpolation are printed out in lines 176 through 185. Then zonal

interpolation is performed for those points with N(I, J) 9999, stored

in the dummy variables SP(I, J) and DIR(I, J), and N(I, J) reassigned

the value zero. The u, v velocity component fields resulting from

only this zonal interpolation are printed by lines 249 through 258.

The means of the meridionally and zonally interpolated velocity ccm-

ponents are then computed, as well as the corresponding speeds and
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directions. These two-P dimens ionally interpolated fields, as well as

the field N(I, J), is punched on cards by statement 66 and printed out

by lines 273 through 292.
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PROGR7I UVFILLD 1

CCNIMDN U(30 ,6LD) ,V (3fl,6 ) ,SP(3),60) ,DIR(3C,60) ,N (31,60) 2

C--FIELD BCUNJ1RI5S NJALAT 7 N2820 MIN;NJB=LAT 62 N=2520 MIN 3

C--I'IIA=LCNC i!B 30 W=7592 MIN:NI5=LONG i21+ W7L+L+O lIN 4

NJA2320
NJ9252'u 6

r1IA=7050 7

FNIA=NIA 5

Ft J6NJA 9

FN3AIJB 11

DO 11 1=1,33 ii

DO 11. J1,6J 12

U(I,J)=(I,J)-.SP)I,J)=DIR(I,J)J.2 13
N(I,J)r) 34

ii. CoNTINUE
C--SORT FOR O(T1 3 DRIFT 5CTTLS RELtASCO BETWEEN OCT-FEB,1961-i97( 16

L1 17

KONTL It

WRITE (5,15) 19
22 REAJ(2,tD1(NK,5O,LAT,DL1,LONA,AGM,LAT3,BLM,LC(B,BGM,DAY 40

IF(C(fl)OO IrE 39 Dl
IF(t3.L.2.CR.1O.G4.1L)GO 101 22

C-- It(5O..5.1NO.1U.C,tD.) Curd
GO Ta ss Er.

cK=t-1rJ43 ES

IF(1).c,D.12)KK'lO-O
F= 1 SE -(<K-i) 33 47

I(oAy.sT.F);o TO R.R '5

LMT SC .FL OAT (LATA) 4- A us 29

DL CN E- FL OT (3NA) .05 '4 DC

IF(AoT.uT.FtJs.oR.ALor.GT.FrJJA)Go 1083 31

IF (ALCN.1. FNI3)GJ TO 8 32
KONT=4-NJJT4-1 3'

C--CU1PtJIE VOL.311 TY CDMQUNEP.TS 3'.

ELDI 6 .F.. CIT (LOTS) 4-Cr. '1 35

3LCN6.FL EAT LUNS) .OG'1
OLT=DLDT-3LAT 37

DL3t LLJN 33
A-i4-=F (..LCI) 3?
a3P=RjV3L3T) '.1

.1

ANG5J CC'S" .2
0=255 (DFAN(ANG) ) -.3

DISEEr (ILAT/C531(C) )
THr24.E)DY
C=DIS/TH
UU=A3 ( 251 N (C))

-.8

0

IF(OLC'.r.T. )UIRI-utJ

ORS=' LI )UU ,JV) 91.

kRIT(E,i)KCr4T,N,5C,LATA,ALM,LONA,AG9,LA1B,BLl,..CNB
1,5C,OI0,DDY,5,OR2,IJri,Jd 53

C--Gr,:TLTo T9LC.<,FINC 1,3 CLOSEST IC TRACKS
C_I=1,3L RS-R.T LONG. 126 Ej W TO £2'. J C 4 95

C--J1,6 0<05691 LII. L7 3 N TO 42 jo N 55

11= (F9ID- DLI() /5,
15= (F(IA-BLLN)/C.0 35
JA=(FJA-ALAT)/5.J 55

09= (0931- SLAT) /5.5 61

IF(AL.Cr.,T. ALC9)3 TO 5 51
r.LC.LL tT/'LUc 62

IF(5LC..T. -i. :)Gu T 2

IF(SLCu.;T.t.D) CE TO 3D!10 33 I'll, 3D

<=3-il
J'F.u)T (JA) +$LOFLCAT (K)

IF(J.T.I.u.J.GT.52)GOTL 23
U) 1,2) 'U (I, .r) +LU 59

V(3,J)=I(I,J)+VV 7L
J(T. J) I, i( -1 71

33 COtrTI)UD 72

CO TO St
2 00 J=J-3, 3D 7..

ELCPCL)N/5LDT 70

76

2=0 L.231(1 ) +Dr.000LCD T (K) 77

I(I.LT.1.O'..I...T.3D)C-) Tu '.4 RI

IF(J.r.T,1.3 1.J.GT.KD)C3 Tu "4 72
U(i,.(=D(1,J) +IJU

9(1,3) = -/(1, J) 4-15 31

(I,J)= 4(1, J)+5
4'. RINTOULJD



GO TI 81
21)i. DO L444 J=JA,J2 91

96
<=J-JA 17

I=FLCAT (IA) 1-SLDLOIT (K)
1F(I.LT.1.O(.1.GT.iD) 1,0 ro .'+

IF(J.LT.1.0-(.J.GT.6J) ,Q TO + NI
U (1,3) = U (I, J) +33 91
I(I,J)rJ(1, J)+3V 92

9)
L4C CONTINUI
88 0L4-1

00 13 12 7(6

C__COMNUTL MOAN U,V 10 .VEY NLUCKS 97
gq Do 65 1=1,3 35

00 55 19
LF(N(I,J).oD.fl03 1.)
U(1,J)J(i,J)/FUOGT)N(1,J))

(I, J) = 3)1, J) /1_OAT (N (1, J) ) 1 2

(U (1, )= U (1,3) +3(1, J ) 1(1, J)

UTSU(I, 2)
134

71 (I,J)=IUIT(UT,VT) 17
Go TO "o
li(i,J)=J(1,J)=. 10
S(1,J)1i' (1,J).3

L4 I TA (3,1 .7 (U (1, J) 1(1, J) , N (1, J) 111
5 ouiiu: 112

SMITA (G,1.)
((1, I=.1,J) it',

69 IT (3, 1 7) ( S (I, JI , 1=1,13) ,Jz A, A ) 1

(SITU
,ITITU(5,1.l) (1,1=1,.) i.:?

lT:(5,::J,(uI:I,J,1=i,3,),J=1,u1) lIT
119

=91T(A,117) (1,1=1,10) 12.
1T5(N,119)(J,(u(I,J),Irl,1S),J1,b:i) :21

09117 (1,117) (1,1=16, (1)
44IT-:,11DJ,(UcI,J),I=16,3,J=1,.)

170
OOIT(A,117H1,It,15) 10-)=1U(4,11+)(J,(J(I,J),Irl,15),J1,Au) 125
OS.LI3 (5,117) (1,Ir0,7 ) 117
44 IrU(5,1:1( (J, (V(1,J(,I1N,3) ,J=1,bL) 1.20

C--lIlT: DoT_ J,2 IJLO 1U TICAoY 129
30 0 11,3. 17(3
1P=. 171

7 Jrl,G
11(0. :3.I)7c- 1: 3 133

1 (NC 1,)) . 3. ) ol TI A
D T'3 170

S IF(J. 3.1) 10 7

177
JIrl 130

179
<= i: ,: 1+3

IF(N(I,<) .GT)D3 10 13 1+1
I)1-. _7.- nDo TO 4 1-2

9

AC EI.:1 1+0
J 0=311-OIl 1.3

101-

7(1= (2(1,3'.) -i(I,Jfl )/FT. 1.7
.0 :2 , II 1,0
JJJ1-,+K 107

100
IRJ1.+K

102
, J 1) 3) (I, 3M) 1-F< CU 157

12 2(1,J ) =4(1,31) +1Ir.j
IC 33) 195

6 (Or '4-1.

JJJI-t#K

U (1,33)
11 1(1 ,JJ) =2(1, 30) 101

TI 7

7 i=.
1)0

I4(:(1,..) .-+=. )
T

9 NKNK II



1'. <<L lbs
00 17 K=1,NK
U(I,K)=!J(I, <K) 17
J(I,<)=I(I,KK) 171

172
15 CONTINUE 173
3 CONTINUE 174
4 CONTI4UE 175

WRITC(5,121) 176
WPITE(5,117)(I,1r1,i5) 177
WRITO(S,119))J,(U(I,J),11,15),J1,60) 176
WRITE (5,117) (I, 1=16,31) 179
WRITE(5,113)(i,(U(I,J),Irlb,31),Jrl,bC) 190

ITS(5,121) 191
WRITE (5,117) (1,1=1,15) 192
()RITE(5,118) (J, (1)1,0) ,I=,15) ,J=1,60) 193
WRITE)S,ii7)(I,I=i6,31) 194
WRITI(5,118)(J,(V(I,J),116,36),J=1,6l) 1

C--INTIRPCLGTE U,V FIELD HOfIZONTALLY. 135
C--LOT SP)I,J)31 OUSIY U(I,J)01R(I,J) BE DUMMY 1(1,0) 1(7
C--FOR HCRIZONTSLLY IMTERPFF' U(I,J( INO V(I,J) 199

00 37 1=1,3: 199
130 37 J=1,E
5P (I,J)=J(I,J) IC)).

JIR)I,J)SV(I,J)
IF(N(I, J) .O.9999) GO TO 3d
DO TO 37 134

38 (J)rj 199
13

37 CC1NTIrJ 197
DO '.1 J=1,6 199
JP=C
DC) 31 1rt,3
IF(I.)O.JF)Gu TO 31 2u1
IF (N)O, J) 1( I (GO TO 51 2,2
DO TO 31 313

Si. IF)I.)Q.t) GO To 52
2:5

11=1 216I'I1-1 2:7
00 91 0=11,3 2,4
IF)N(K, J) .GT.)GO TO 71 29
IF (K. D 3) DL TO Li

91 H=N9+L
71 F4=NH+1 212

IN ii +i 217
DUK= (Ii) £N,J ) -LJ(IM,J) ) /FH 21.
DVr-.= (2) I ,J ) V (11, J) ) /FH
130 31 <=1,iJL

217
FH<=K 213
JL=1140 219
'4(01, J)9-99 22
DP(II,J)U(I1,J)+Fi<(3iJH 221

81 Di (II, 3) = 3 (1', 1) *F90J 20 c2
DC TO 31 22?

61 N=N9+1 27'.
013 92 <=1 ,'(H 225II=it1*K 226

237
SP(II,J)=lflIl,J) 229

92 13IF(II,J)=V (I,J) 229
Go TO '1

37 NHKr.
DO "=1,13 233t('4(, 3) T.) GO TO 55
1F(M.EiC.3) 61 TO 71

34 '<rNKVIt
35 <H'1

JO 3 Krl,O4k' 217
3F)<,j) =lC)( K.-,J)
OI (<,J)319(('4,J)

2'.,
76 CO'4TlNU5 1.1
31 OO'1T1-O' 2.2
'+1 )J4T1J2

00 33 1=1,51
313 97 J1,o 7
IT (S (I, J) i. ) SP(t,J)=U(I,J) 0=0
I (L )DiC(I,J)rl(I,J)

93 O3NTiUO 246



WRITO(5,122) 2L.9
WRITE(5,117)(I,I=l,1S) 2.0
WRIT(5,lj8)(J,(SP(I,J),I=l,l5),J=j,b0) 251
WRITE(5,117)(1,I=16,3L)
)491T0(5,118))J,(SP(I,J),I=1b,3U),J=i,60) 33'
WRITE(5,123)
)3RITE(S,017))1,I=1,15) 21
WRITI(5,118)(J,(DIR(I,J),Irl,15),J1.,61) 256
WRITE(5,i.17)(I,I=16,31) 257
WRITE(5,118)LJ,(DIR(I,J),I=16,3A),J=1,60) 258

C--00PUTE MOON U)I,J) AND V(I,J) FROM VORT. NORIZ. INTERPOLATION 259
DO 59 Irl,3u 22

jzj,j 261
IF (N) I, J) .'iO.9999) N(I,J)u
IF(N(I,J).EG..)GO TO 25 293
GO TO t,2

2S U(1,J)=(U)I,J)+SP(1,J))/2.
1(I,J)r(V(I ,J)+DI(I,J) (/2.

62' SH=(U)I,J)U(I,J)4-V(I,J)(1,J)) 267
SP(1,i) rSORT(SH) 266
w-1=u(I, J 23
VP-lrI(I,J)

016(1 ,J)=F)IR (UI), 8H) 271.
66 IT:(1,1L)U(I,J),V(1,J),SP(I,J>,DL4(1,J),N(I,J), 2/2

OIV (I ,J) ,VU. (1,0) 273
W'.IITE(S,113) 27.

ITE(5,1.2)(I,I=1,32) 279
WRIT:(c,1_3)(J,(sp(r,J),1r1,33),Jr1,bc) 175.

WRITE(5,114) 277
931T2(5,172)(I,I=1,IJ) 275

279
73411.(5,1i.5) 2-32

WRITS (,1 32) (1,1=1,73) 961
WTE(5,.o)(J,J(I,J),11,3.),Jrl,69) 297

RITi (5,12'.)
WRIt (5,117) u ,I=1,i9)

212
WRITI(5,117)(T,I=16,OL) 235

LTE(5,113)U,(U(I,J),110,3J(,J1,60) 237
235

WRIT:(s,117>(1,Ir1,l5)
W9I13(3,1iA))J,(9(I,J),Irl,15>,Jl,6u)
WRIT (5,117> (I, IrlS,3L) 231

1T3(O,113)(J,(2(I,J),I=1b,35),J=l,61) 232
132 J6'.ST(/2X,15,75,21L,,,,(I=,F5.1),F7.1 22!

2,F9.2 ,2.3,FO.1,29.2)
1.01 FOT(X,712,5X,..(IL.,F5.1),/X,F8.2) 295-

122 FOR'.AT(/-.X,SHJ / 1,IY,371.) 795

113 FOIT('/3X,i3,4X,3JF..')
105 ORM'.1(,3F1.6,F7.i,I5,LFtL.5)
105 FO'At(//7X,23,-.x,3CFW>
116 F0R1T//3X,I3,4X,0LI") 3G
107 F2R'-'-T( 2.5, F12.b,I5J :i
128 EORMOT(2X,0141i9 DAlI WITr) 1f.D(KTS) AND DIR.CTION 32

O1L2ULOT2D7,//3X,JD.:,OX,:Y-<,2X,'1U:,2X,FLAT OUT/, 7.3
92X,7L0J OUTz,35,:LAT i4:,2X,700N It::,L.X,:EIST:,2X,
5:0953uT:,'.x.35pE37,3),:010T7,3X,OU-COMFt,3X,:V-CCrIPfl

109 FC T)1'11,/215,7361216AL PEO DIStRI)3UTION7) 3:5
11.1 FORMAT ( 1H, /2.5, :36! INAL rJIFECTION OIOTRI 3UTIONfl 3 7

C--ill F3'OT(14l,/2X,t2P2FO JISTFIRUTItJN AFTER VE-4TICAL 7

C-- ,7IJ39P..3TION( 35
C--112 F3T(lH1,/2LX,JE5EC1ION OISTR1BUTION AFTLW VERY:
C-- s: 101 L ['TI 3R2 IT 1092> 311
113 DRMAT)i31, /ox, :MA 3D03 FROM VSRT. AN[ 310617. 7 312

77INTS 31111392) 313
115 4'32T111,/2.5,:933 JI900TI0N FROM 8061. AND: 31.

Rit-10R1 Z. I '1 263-ILl 1109:) 311

11 FORMlT(13,/2x,:NG. IF 142363 PASSING 5106 GRiJ 7 7:5
7:POIMT7) 3:"

116 FOIT(L61,/1.1,:U-CDR IF UW1UIONAL FLOW FIELD:) 313
117 C6'IIT)/+x,2J/ 1,1.5,1505) 313
118 3-E=2T( s,I3,LX,13FB.7) 77,
119 FDRPIT)LI1,/25,xV-COEP uF 33-IGIONAL FLOW FIELOA) 321
122 OF-1OT( 9:, /2.5, :J-0O OF VIRT. INTLWPO. FLOW FIELD:) 322
121 Fr'13T(LI1,/2X,:V-0OP OF VEWT. IOT2RFO. FLOW FIELOV)
122 FOR-lOT) t#1, /2.5, :0-CaMP OF 90412. 154105P0. FLOW FIoLD:) 32.
123 FO3T(tH1,/2x,2-CuP OF -10612 1NTERPO FLOW FILD:) 325
124 F0'l3T)Ld1,,2:s,:u0nN OF VLRT HO-lIZ INTLRPO FLOW FIELDS> 325
125 F36'3T(L3i,/X,:V-O37 OF IERT S 310917 INTERPO 7 377

25LO.4 F 2527) 128
STOP 2o9

292

57



1L

15
16
17

18

20

2L.

23
21

1;1

APPND/X Z

FUNCTION FOIR(U,V) 1

DO1B(U/V) ?

OIr4TAN(OO) 3

OIDIR457.29578
IF(V)t(.,15,i6 5

IF(U)i7,1?,i.6 S

IF(U)23,23,2L+ 7

IF(tJ)lg,21,21
DI-1U.S+.OIR
GO TO 21
DI=13O.C-DIR 11
GO TO 21
CIR=352.S-OIR 13
GO 1021 1.
DI=G.0
GO TO 21 10

GO TO 21
OIR=27.3

FO1frflI 2:
RTURN 31.

ENO 22

APPEtLV/( lb

FLIOCT 10 FIF{ XLAT) -
ALATrXL1T3.)29u 2

A=3437.777 2

EPrL. i 3271 5 4

SrSIr. (1i.AT)
O'1=3, 140 /4.fALAT/2.; 7

4

SSrSIN(O1)
CC=CJS(01) 11

IrSS/CC
TL=LOG1 (T) 13t.
END
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APPENDIX II

PROGRAM TO SMOOTH U(I, J), V(I, J) FIELDS - SMOOTH

Notes on Program SMOOTH

This program reads in the two-dimensionally interpolated

U(I, J), V(I, J) fields that were punched on cards by statement 66 of

the main program. Internal fields are smoothed MAXPAS times by

the operation

k+1 Ic k Ic kX(I, J) (X(I, J) +(X(I+1, J) +X(I-1, J) +k(I, J+1)

+x(I,

where X(I, 3) corresponds to either U(I, 3) or V(I, 3) and

Ic = 0, 1, 2, , MAXPAS. This operation is performed by first

computing the change due to smoothing

R(I, 3) = (-X(I, 3) + (K(I+1, 3) + X(I-1, 3) + X(I, 3+1)

+ X(I, J-l))/4)/Z

where all the X correspond to the same k. Then the X at k+1

are computed by

X(I, J) X(I, J) + R(I, 3)

At boundaries special forms of the operator are employed. At

Ic MAXPAS the fields are punched on cards in DO LOOP 8.



PRODRAM SMUOTN 1
C--APPLIES 5-OINTS SMOOTHER MAXPASS TIMES To tJV FIELDS 2

C--I1IMAX AND Jrt,JMAX.FILES SlOOTH FIELDS 3

C N

COMMON 3(3) ,r,C) ,V(30,63),RU(30,6O) ,Rv(30,63),N(30,6O) 5

IPVSS=I 6

IIAXr3O 7

JMAX6O 8

IMi.IMAX_1 9

JM1JMA(-1 iJ
1AXPAS. 11

C-- 12

C--READ IN U,V FIELDS 13
00 1 I=1,IMAX 1.
00 1 JrL,J1AX 13

1. AO(2,LJ1)O(I,J),V(I,J),N(I,J)
C-- 17
C--NLW U(I,J)0L9 u(I,J)+Ru(t,J);MEW V(I,J)=CLD V(I,J)+RV(I,J) 18
C--RU(I,J) AN] V (I, 3) 31 THE DIFERNCES AETWEEN OLD AND NEW to

C--FIN) 0IFER-NCES ON UPPER AND LUWER BONOARIES.
13 DO 2 Ir3,I11 21

RU(I,1)r(-U(I,1)+(U)I#i,1)+U(I-1,i))/2.)/2. 22
V(I,t)=(-V(I,1)4.(V(I+1,1)4V(I-1,i))/2.)/2. 23

.'U(I,J(AX)=(-tI(I,J1AX)+)U(I#1,JMAX)+U(I-t,JM0Xfl/2.)/2. 1'.
V(I,J)r(_V(I,JMAX)4(V(I#1,JM0X)+V(I-1,JMEX))/2.)/2. 35

2 CONTINUS Es
C-- 77

C--FiND OIEE 1055 ON LATRAL 730000RIES. 73
00 3 JrT,JN1 29
RU (1, J) (-U (1, J) + (U (1,0+1) +U (1, J-1) ) / 2.) /2. '1
2V (1, J) = (-V (1,0) + (V (1 ,J 1) 'V (1,0-i) (/2.) IT 31
RU)IMAX,J)=(-U(IMAX,J)f(L(IIEX,J#1)+U(IMAX,J-1H/2.)/2. 32
RV)IMAX,J)r(V(IMAX,J)+(V(IMAX,J+1)+V(IMA8,J-1fl/2.)/2.

c--
C--FIN] DIEF NOES Nor ON FCNCARILS. 35

DL) N I=D,1M1
rU(I,J)r(-U(I,J)+(U(I+1,J)+U(I-1,J)+U(I,J+1)+U(I,J1))/N.>/2.
NV(I,J).(-d(I,J)+(V(1+1,J)+V(I-1,J)+V(I,J+i)+V(I,J1fl/N.)/2.

(+ CONTINUE 39
3 CONTIFUI
C-- =1
C--FIN' PIF F.n01D FOR CORNRS '.2

03
RV(1,1)r(-V(i,1)+(V(2,1)+I(t,2))/2.)/2.
R)J(IAX,1)r(-U(I1AX,1)+(U(I11,±)+U(IMAX,2))/2.)/2. '.5
'J(IIX,1)(-V(IM3X,1)+(V(IM1,1)+V(IMAX,2))/2.)/2. NI

RU(1,J]O=(-U(i,JM0X)*(U(1,JM1)+U(2,JM4X))/2.)/2. '.7
RV(1,JX)=(-V(1,i1lF)#(V(1,JM1)fV(2,JMAX))I2.)/2.
RU(IX,J4AX)=(-)J(I10X,JMAF)+(L(I)1AX,Jt)+U(I'1i,J.MAX))/2.)/2. 0'.

'(IMA(,Jr(M)=(-V(I'IAX,JSX)+(V(IMAX,JM1)+V(IM1,JMAX))/2.)/2. 13

C-- Si
C--Dt.NOTE OEM 0(1,3) 10] V(I,J) BY SAME AAY AND FILE.

00 5 I=t,IAX 53
00 1 Jrl,JIAX ON

U (1 , J ) = 3(1, J) 4 RU (I, J) 5

V(I,J)=J(I, J) RV(I,J) FE,

S 000TINU] 17
C--SMOOTH AG1'4 JNTTL. ISAXPAS PRINT SMOOTHED FIELD Ni
CL--EV''.Y TIR.E RAIDED.

IPASErI7075+1 II
IF(I'.35A. 30.') 00 TO 7

IF(M1Y2S.GT.IPlNN) .1 TO 12
2 53

7 30 s I=1,.IAX '.0

on a j= , j'ix 15
MF1T:(1,1o)uci,J),v(I,J),N(i,J) EN

8 CONT1UE 17
101 FURMNT(OX,2F1'..5,1?Y,I5)
102 COSMAT('.x,2n1 .6,15) hO

ITO'.
END 71
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APPENDIX Ill

PROGRAM TO COMPUTE VORTICITY, DIVERGENCE,
AVERAGES AND STANDARD DEVIATIONS -

DIVORSD

Notes on Program DIVORSD

This program reads in smoothed U(I, J) and V(I, J) fields

output by program SMOOTH. The divergence and vorticity fields

(DIV(I, J) and VOR(I, J)) are calculated for the interior grid (9 X 59).

It should be noted that speeds are in knots and grid separations in

nautical miles so that divergence and vorticity are in inverse hours.

Zonal and meridional averages and standard deviations are computed

for the fields U(II, J), V(I, J) DIV(I, J), and VOR(I, J).



u;'i rvcQo
COHIUN J(3j ,V (32 ,EJ ) ,DIJ(3,bG) ,JOR)3C ,bL),SX(E,U) ,

?XVAR(e.
C--THIS C73M IS 1) CUMPUTE MRIO MEANS AND SIC 0EV
C--FOF SM001H53 UV FIELDS
C--
C--
C-- R:Ao i s 1JOTU UV FILL is

'30 1 1=2,23
DO S J=2,53
FC32(1,i1) J(1,J) ,V(I,J)
DIV (I ,J) =VO-'(I,J) I
X ( I) r3 <2(j) = (I) X1 Vi(I( r9 j

STJ(t) JPPE-1(I)rFL0(j.(I)=.t
1. CONTIH'J1
C--
C--COPUTt 31713 >LNS AND ITO DLV FUR VCFTICITY FIELD

3KITL (5,:3)
00 2

DO >

XOX(I,J)(V(I+1,J)-V(I-t,J)/7.u7+(U(I,J+I)-U(I,J-lflhi.u.
XV U XV 0 420' (1 , J)
5X (I) =S K (I> 41u" (I, J)
OX? (I) X( I) +23-> (1, 3) VCX (I,J)

2 CUNTIN!J2
00 . 1=3,29
XI XE (1) =S 3)1) /13.
XX3F(1) =(rX .SX2(I)-S> (I)5X)I))/(53. (33.-i.))
510 (1) =3'3RT (K VA- ( I)

(I) = Xl V3 (I) 4STD( I)
FLCkJ.LO(I)=XAVI(I)-STO)I)

ITE(O,3)I,KAVO(II,STD(I),XXA)K(I),UFPEP)I),
2 FL 0W 3 1)

'. CUNlINu:
C--
C--COMPJiE ZON.3L j2Li AND 513 DLV F09 VOATICITY FIELD

JO 5 1=3,29
AX (I) rSX' (I) z%Xi1->. (I) =3120(1 )

S OOHTINL :
3? ITO (F ,11 I
21) 5 1r3,20
3? 5

32(J) = 332) J) Xu'> (I, J) 20< (1,3)
s ooriri:

30 7 J=?,59

XVA(J) (29.5X7(J)_3Y(J)+SX(J))/(44.(23._1.U)
.JTO)J)=A)RT(XVA7(3))
JPULK (J) =XI V (3) 4311(3)

<FIT.i (5,1> 3)1, KDVE(J) ,STO(j) ,XVAR(J) ,UPPP)J)
SLCX5( I)

7 CuNTir II
C--
C--CDMPUT1 NIL710 32235 X(13 513 DIX FL)K DIVEROENCI FILL'J

DO 3 3=3,37
, 3 ( 3) r 5 K 2 (J ) XX =7 (3 ( 3 3 V ) J ) 3

ST )(J)=J>'>U) =FLo:3 (J)
8 0uTiN,J1

1

2
3

4

S

F

7

3

9

10
11
12
13
IL.

i-S
1>5

17
19
19
21
Dl
32
27

7'->

37
25
2)

3

33
3',
35
'5
-(7

39

'.1
.2

4'.

45,

47

'.3
4'.

51

52
51

L.

57

-'>3

79

31
'>2

62



63

WRITE(5,1.1J7) D3

DO 9 I2,29
90 9 Jr,59 65

OI(I,J)r(U(Ii,J)U(I-1,J))/7.O7(V(I,J+l)V(I,Ji.fl/10.
XDIrDI+OIV (I ,J) 57

SX (I) SX I) iOI (I ,J)

SX2(1)rSX2(I)+DIV(I,i)4DIV(I,J) 59

9 CONTINUE 73
DO 1) I2,29
XAIE(I) SX( I) /58. 72

XVAR(I) r(58.*SX2(I)SX(I)'SX(I))/(58.(58.i.Q) ) 77

STD(t)3DRT ('*'VAR(I) )
UPPE (I)XAV(I) STJCI) 75

FLOWE(I)XAVE(I) STO(L) TO

WRITE(5,iC3)l,XAVE(I),STO(I),XVAk(I),UPPEF(I), 77

.FLOWER(t) 7'

10 CONTIU 79

C-- 30

C"COMPUTr. ZO'AL 1EANS AND 513 9E'iFOR DIVERGENCE FIELDS 31

00 11. I2,29 92

SX(I)=SX2(I)=XVA(I)XAd6(I)J.J
STD(I)rJPER(I)FLOWrI-(I)U.0

ii CONTINUE
RIT2(5,Li.1) 36

00 12 I2,29 37
00 12 J7,59
SX(J) r53(J) +Ci0(I,J)
SX2(J)=2J)JTI(I,J)DII(I,J)

12 CONTINU0
00 13
XAVL(J)zrX(J>/23. 9'

XVD-(J) =(2B.SX2(J)SX(J)'3X(J))/(28.(23.-1.>)
0TD(jYi3RT (XVIR(J))
UPPOR (J ) rXA 1 3) +ST) (J)
LO¼( J) =XA0(J) 513(J) 97
w3ITEc5,I,xAvOU,5Tr(J,XAR(J),

t'UPPER (j) ,FL(JWER(J) 00
13 CONTIrU0
C-- 11
C__CU0.PUTE GR(0) 90A'4S 102

XJORrXV J/1b2. 107
X0I/=)flI1/1S2..
WRITE (5 ,1Y3) X0O<,X0I 115

101. FUR-1AT((,2F1J.b) 116
103 O1AT(L7X,17,51'..8) 157

1.06 FORMOT(///2JX,:.ItRID MEANO AND 510 DE FOR VORTICITYA) tj3

107 UAT(///211,t.1ERI1) MEANS OND Sb D FOR 0IVERGNCE) 1.09

109 F01(T(215.A) 117
11.0 FOR1AT(///2.X,:ZLJiAL P-SANS MUD LTD 0EV FO VOTICITY) 111
111 FORMAT(///21X,ZDNDL PlOANS NJ LTD 3EV FO OIVEGENCE) i1

STOP 1.L3
END iil




