The eastern boundary current system off Chile observed by the WOCE PR-14 repeat hydrographic cruises
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Abstract

Geostrophic velocities relative to 1000 m are computed from hydrographic data collected during the World Ocean Circulation Experiment PR-14 repeat cruises from 1993 to 1997.  Satellite altimeter data are used to aid in interpreting the velocities across each transect.  The velocity data are interpolated to a standard grid so that the time-averaged velocity field normal to each leg of the cruise can be computed.  This leads to a better description of the mean currents of the eastern boundary current system off the Chilean coast.  The mean location of the west wind drift bifurcation and its contributions to the equatorward Humboldt (Peru-Chile) Current and poleward Cape Horn Current are clarified from the mean velocities.  Further evidence of the latitude of the terminus of the Gunther Undercurrent (Peru-Chile Undercurrent) is also presented.

1.  Introduction


Chile possesses 4,200 km of the southwestern coastline of South America.  The Southeast Pacific boundary current system (an upwelling system) is recognized as one of the most biologically productive areas of the global ocean. The region of high productivity extends from 5º S off Peru to 40º S off southern Chile. The volume of fish caught in the Pacific Ocean is more than two times the combined volume of fish caught in the Indian and Atlantic Oceans  (Parfit, 1995). Of the 52 million metric tons captured in the Pacific Ocean in 1992, 14 % was captured off the Chilean coast and the combined captures of Chile and Peru accounted for 30% of the total catch - enough fish to supply United States, Russia and India, or China for one calendar year. Chile exports more fish meal than any other country in the world and has long relied on the national fishing industry as a significant factor in its economy. Yet, in spite of its obvious importance, the currents south of 15º S are poorly known (Fonseca, 1989; Neshyba and Mendez, 1976).


In 1967 and 1968 two major transpacific hydrographic sections at latitudes 43º S and 28º S were sampled as part of the SCORPIO expedition (ELTANIN cruises 28 and 29, respectively). These two transects were laid out with observation of the deep circulation of the Pacific Ocean as their principal objective.  The resulting calculated fields of geostrophic velocities have been used since then as the only “updated” reference to plan any subsequent studies of the Southeast Pacific.


Until 1985, when the World Ocean Circulation Experiment (WOCE) program was designed and implemented, no systematic series of oceanographic cruises were ever carried out with the specific purpose of studying the main features of the ocean circulation off Chile. Cruises through the nearly unexplored system of eastern surface boundary currents and eastern boundary undercurrents were planned as part of WOCE to study of the circulation in the South Pacific Ocean. Two related WOCE objectives addressing the mid-latitude boundary currents of the South Pacific were defined:

a) To describe the structure and variability of the eastern boundary current system (The Humboldt Current (HC) (or Peru-Chile Current), The Cape Horn Current (CHC) and the Gunther Undercurrent (GUC) (or Peru-Chile Undercurrent).

b) In the region where the west wind drift (WWD) bifurcates, forming the Humboldt and Cape Horn eastern boundary currents, estimate the transport of each branch.

WOCE cruise PR-14 (a repeated hydrographic cruise) was planned and designed to study an enclosed area of the Southeast Pacific Ocean where, supposedly, the WWD divides upon impinging the coast of South America, and to gain a more useful description of ocean behavior in this important transition zone.

As northern branch of the Antarctic Circumpolar Current, the WWD impinges upon the coast of Chile where it bifurcates into equatorward and poleward branches (Reid, 1986; Stramma et al., 1995), in this paper called the HC and the CHC, respectively. Unlike northern oceans, where the west wind drift splits into branches which recirculate in the subtropical and subpolar gyres, the poleward branch along South America may either enter the Drake Passage and flow to the Atlantic Ocean or recirculate in the subtropical gyre. Thus the bifurcation is important to interocean exchanges of mass and heat (US WOCE, 1986).

The purpose of this paper is to present an improved description of the mean currents comprising the eastern boundary current system in the PR-14 sampling region.  Because of the variable nature of the ocean, "snapshots" of velocities can be dominated by flows associated with mesoscale features, which can mask the currents that exist over longer time scales.  The mean of the velocities from several different times can show the currents more clearly.  Thus, the primary product of this research is a set of the mean geostrophic velocities, relative to a reference level, computed from the series of WOCE PR-14 repeat cruises.  These mean velocities show the mean latitude of bifurcation of the WWD and yield more information about the terminus of the GUC.  Additionally, the mean transports show that the WWD contributes nearly equally to the equatorward and poleward currents.

2.  Data


This study utilizes CTD (Conductivity-Temperature vs. Depth) data collected during the WOCE PR-14 cruises conducted once per year from 1993-97 aboard the R/V AGOR Vidal Gormaz of the Chilean Navy. The data from the cruises in 1991 and 1992 were not used due to severe quality control problems.  The 1993 cruise consisted of three legs: along latitude 38° S, along latitude 48° S, and along longitude 82° 15' W closing a rectangle with the coastline.  Two additional legs were added for subsequent cruises beginning with 1994 along 41° 30' S and 44° 20' S and the meriodional leg was shifted eastward from 82° 15' W to 80 ° 40' W to limit the duration of the cruises (Figure 1).


CTD data were collected with a Sea-Bird Sealogger 19 model 1240 and a Sealogger 25 which have an internal digital quartz pressure sensor and external temperature and conductivity sensors.  These CTD’s have a temperature-conductivity duct, which is used to circulate seawater through both the temperature and conductivity sensors. The CTD was mounted on a 24-bottle (2.5 liters) rosette sampler, and the package was deployed on a hydrographic (3-conductor) cable, which allowed for real-time data acquisition and data display.  Water samples were taken at standard depths on the up-casts for chemical analyses, and for calibration of the conductivity sensor.


The data were subjected to quality control procedures and preliminary processing. First they were screened for spikes or missing data.  After screening, the data were filtered using a low pass filter to produce zero phase (no time shift). This process forced conductivity to have the same time response as temperature. The next step was to align temperature and conductivity measurements in time relative to pressure. This ensures that calculations of salinity and other parameters are made using measurements from the same parcel of water. The data were then averaged to half-second values, and the pressure, temperature and conductivity calibration corrections were applied (SHOA, 1997).

3.  Methodology

Relative velocities are calculated using the geostrophic method described in Pond and Pickard (1986).  The calculations of specific volume anomalies and the conversion of pressure to depth follow the procedures described by Fofonoff and Millard (1983).  All geostrophic velocities calculated between any two adjacent stations A and B are perpendicular to the line AB. The resulting velocity follows conventional oceanography signs: positive implies northward or eastward velocity; negative implies southward or westward velocity. The change in geostrophic velocity between two pressures p1 and p2 is found using the equation




where the symbols are as defined in section 8.42 of Pond and Pickard (1986).


The velocities are computed relative to a level of no motion (LNM) of 1000 m.  This level was chosen for the following reasons:  (1) previous studies of the area had used 1 km as the LNM (Reid, 1965); (2) some stations were limited by topographic features to depths close to 1 km; (3) vertical distribution of isotherms and isohalines show that the slopes of these properties almost disappear near 1 km. This choice for the LNM is not thought to be exact or correct everywhere, but it seems appropriate for these sections.


The calculation actually yields the relative geostrophic velocity averaged between the two hydrographic stations.  These averages are interpolated to a uniform horizontal grid for each leg by calculating a piecewise continuous linear function that preserves the mean velocity between adjacent stations.  The regridded data for each cruise are then time-averaged at each spatial grid point to produce the mean geostrophic velocities relative to 1000 m normal to the ( - z or ( - z plane.

4.  Results


The oceanographic community is becoming increasingly aware of the eddy-rich nature of the ocean.  Even in regions with relatively weak eddies, mesoscale variability can make "snapshots" of the ocean environment difficult to correctly interpret.  At a given place in the ocean at any given time, the local velocity vector may be directed toward any heading.  It is the time mean of the velocity which defines the current.  


Snapshots of the velocity component normal to a vertical plane in the ocean may yield numerous opposing flows due to mesoscale turbulence that can lead to rather dubious identification of which flows are associated with a permanent feature.  A plan view can provide information about which flows are associated with mesoscale meanders or eddies, and which are associated with currents. 


Maps of the ocean sea surface height synthesized from TOPEX, ERS-1 and ERS-2 sea surface height anomalies added to a mean dynamic topography referenced to 1000 m (calculated from CTD and XBT data) illustrate the mesoscale structure of the ocean (http://www-ccar.colorado.edu/~realtime/global-historical_ssh).  They are useful in identifying the locations of eddies and fronts in a region (Figure 2).  The SSH maps give an indication of the barotropic geostrophic velocities and have been obtained for a day during each cruise to compare with the geostrophic currents along the cruise tracks.  The altimetry plots do not, however, yield information about the baroclinic structure of the velocity field.  They are most useful when used in conjunction with in situ data.


Each map shows a relative high in the northwest corner of the region and a relative low in the southwest corner.  From this one can infer a generally eastward geostrophic current, the WWD.  The current impinges on the eastern boundary and all snapshots show evidence of a bifurcation into a southward flowing branch (CHC) and a branch flowing toward the north (HC).  Eddies appear along the cruise tracks suggesting that counter flows, not associated with any particular current, are to be expected normal to the leg.   Detailed examples of how this additional information is exploited while interpreting the cruise data are presented in the analysis of leg 1.

3.1  Leg 1

Leg 1 (Figure 3) is the zonal section along 38° S from approximately the 1000m isobath to the western edge of the sampling region (82° 15' W for 1993 and 80° 40' W for 1994-97).  One expects be able to identify the northward HC in this leg.  Evidence of the shoreward branch of the HC, the HCC, and the southward GUC can be seen less clearly due to the lack of stations near the coast.  The maximum longitudinal range sampled in every year is from 80° 40' W to 74° 30' W.  These are the limits of integration for calculating transports for each cruise even though the entire leg is shown for each year (Table 1).

In 1993, several bands of alternating northward/southward flow are evident.  The SSH map from the same time as the cruise suggests the southward flow near 75° W is a meander which turns north across the track line again at 77° W.  A weak high near 77° 30' W causes a shear of the meridional velocity on either side of the center, and the flow around the high centered near 81° W results in a southward flow at the western end of the leg.  The HC shows up as two cores of northward flow near 77° W and to the west of 78° W

The velocities normal to leg 1 in 1994 are primarily northward with two weak southward flows associated with slight meanders of the HC.  A southward flow around an eddy near the western end of the leg is suggested by the altimetry but does not appear in the geostrophic velocities computed from the hydrographic data.  It is likely that the eddy center was further west at the time the ship was at those stations as the measurements on this leg were taken seven days after the TOPEX/ERS analysis date.

Again, several pairs of cyclonic and anticyclonic eddies along the leg during the 1995 cruise yield a series of alternating northward and southward velocities.  The HC is centered near 76° 40' W.  To the east of the HC, a southward flow with a core velocity of over 10 cm/s 200 m deep is suggestive of the GUC.


The HC in 1996 has two distinct branches centered near 75° 30' W and 78° 30' W.  The western branch extends deepest with a local maximum of over 14 cm/s at approximately 500 m.  A southward flow at 77° 30' W is associated with an eddy pair in proximity to the cruise track.


The geostrophic velocities in 1997 normal to leg 1 again show two branches of the northward-flowing HC.  They are both weak and shallow.  The western branch is centered near 78° 30' W with a southward recirculation around a high to its west.  The shoreward branch near 75° 30' W extends to only 100 m depth.  Below is the GUC with a core southward velocity of 4 cm/s at 200 m.  The prominent GUC and eddy recirculation result in a southward transport of 2.69 Sv across the leg during this cruise, counter to all of the other years.  A TOPEX/ERS analysis more contemporaneous with the measurements along this leg (not shown) suggests that the easternmost branch of the HC is strong shoreward of the CTD stations.  That is, a significant portion of the HC northward transport was not sampled.


The mean velocities along leg 1 from these five WOCE cruises yield a picture of the eastern boundary current system to the north of the WWD bifurcation.  Two branches of the HC are separated by a weak return flow.  The seaward branch is deep with a secondary maximum at 500 m.  The branch nearer the coast has been referred to as the HCC.  Vertical shear associated with the GUC confines the HCC to the upper 200 m.  The GUC appears weak in this mean picture with a southward flow of perhaps 1-2 cm/s between 200 m and 400 m deep.  This sluggish current speed is consistent with previously reported current speeds near the undercurrent's southernmost extent (Tomczak and Godfrey 1994).  The mean northward transport through the section is 1.70 Sv.

3.2  Leg 2

The leg along 41° 20' S was added to the PR-14 cruise track in 1994 (Figure 4).  The beginnings of the HC can be seen through this leg indicating that the bifurcation of the WWD occurs southward of this latitude.  Again, eddy variability and meanders of the WWD show up as alternating northward and southward flows through the leg at each snapshot.  In the mean, however, the HC is evident as a northward flow of >2 cm/s centered near 77° W.  The HC is in this location during every year except 1997 when it is shifted due to a weak cyclonic flow around an elongated eddy.  From the altimetry plot during the 1997 cruise, the HC consists of a western branch near 78° 30' W and a second branch confined tightly to the coast and not sampled because it lies east of the most shoreward CTD station.  The GUC appears intermittently across this leg, but most clearly near the eastern end in 1995 and 1997.  The average northward transport through this leg is 0.74 Sv.  

3.3  Leg 3

The leg along 44° 30' S was sampled during the PR-14 cruises from 1994 to 1997 (Figure 5).  The generally poleward flow across this leg, with an average transport of 1.67 Sv, indicates that it lies southward of the WWD bifurcation which marks the beginning of the CHC.  The CHC has a core southward velocity of 4 cm/s in this four-year mean.  Nelson and Neshyba (1979) have found evidence of the GUC at this latitude.  This current is not evident in the four-year mean of geostrophic meridional velocity.  In fact, there are equatorward subsurface flows.  However, relative maxima in southward velocity from 200 m to 600 m do appear in each of the four years suggesting the existence of a weak poleward undercurrent at this latitude.

3.4 Leg 4

The southernmost leg of the PR-14 cruises lies along 48° S from the 1000 m isobath to 80 40 W (Figure 6).  The CHC can be clearly identified in the five year mean as a southward current with a core near 77 20 W.  This flow is persistent in each year with core speeds of greater than 10 cm/s.  There is no evidence of the GUC from the geostrophic velocities.  The transport through this leg is generally southward with a mean of 1.01 Sv.  An anticyclonic eddy near the southwest corner of the PR-14 domain in 1993 produces an artificially northward transport across the leg.  The center of this eddy is very near the end of 80° 40' W which is the westernmost extent of the leg for computing transport (even though the leg extended to the west this year, the transport west of 80° 40' W is not included).  Therefore, only the northward flow to the east of the eddy center contributes to the transport calculation. 

3.5 Leg 5

Leg 5 of the PR-14 cruise track is the meridional section from 38° S to 48° S along the western edge of the study region (Figure 7).  The leg was moved from 82° 15' W to 80° 40' W in 1994.  Because of the currents across this leg are primarily zonal, the leg is treated as being sampled all at the same location.  The WWD enters the region as an eastward current centered at 42° 40' S with a 2 cm/s isotach extending to 300 m, and an average eastward transport of 3.30 Sv.  A second well-defined branch persistent in each year enters the region at 40° S.  A shallow and weak eastward flow near 47° S does not appear to be associated with this current.  Eddies along the leg yield a banded structure of east/west flows and are also responsible for meanders in the WWD.  The five-year mean, however, clarifies that the current impinges upon the eastern boundary at 42° 40' S which is thus the mean bifurcation point defining the beginning of the northward HC and the southward CHC.

5.  Summary

The data from the WOCE PR-14 cruises yield an improved picture of the structure of the eastern boundary current system off the Chilean coast.  The dominant feature is the bifurcation of the WWD forming the northward HC and the southward CHC.  The WWD enters the region at mean latitude 42° 20' S which can be taken as the average latitude of bifurcation.  3.30 Sv enters the region in the upper 1000 m (with the LNM assumption) from 38° S to 48° S.  The HC appears as a coastal current, the HCC, and an offshore branch as it meanders northward.  The transport increases toward the north by the addition of fluid by a northern branch of the WWD near 40° S.  The southward CHC is confined more tightly to the coast.  

The WWD appears to contribute mass to the northward and southward flows nearly equally.  The mean northward transport through leg 1 is 1.70 Sv which agrees quite closely to the mean southward transport through leg 3 of 1.67 Sv.  The southward transport through leg 4 averaged from the 1993-97 cruises is 1.01 Sv.  This, however, is artificially low due to the anticyclonic eddy near the western edge of the leg in 1993 as previously discussed.  The shifted cruise track in this year somewhat complicates the computation of the transport averages.  The southward transport through this leg computed from the 1994-97 cruises is 1.78 Sv which seems more sensible from a mass balance standpoint.

The GUC flows southward between 200 m and 400 m through leg 1 at 38° S.  There is evidence of the current through leg 2 at 41° 20' S and the existence of this current at 44° 30' S through leg 3 becomes dubious.  No undercurrent or subsurface relative maximum poleward velocity can be seen in leg 4 at 48° S.  This suggests that the terminus of the GUC is variable, but typically lies in the latitude band of 44° 30' S to 48° S.
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List of Figures
Figure 1.
Topography in the WOCE PR-14 region.  Asterisks denote CTD station locations for the 1993 cruise, and the approximate CTD station locations for the 1994-1997 cruises.

Figure 2.
Sea surface height anomalies from a synthesis of TOPEX, ERS-1, and ERS-2 satellite altimeter data added to the mean dynamic topography referenced to 1000m calculated from CTD and XBT (expendable bathythermograph) data.  Approximate cruise tracks from (a) 1993 and (b-e) 1994-1997 are shown by the dotted line.  Each image corresponds to an analysis date from each cruise. (Courtesy of Colorado Center for Astrodynamics Research, Department of Aerospace Engineering Sciences, University of Colorado, Boulder.)  

Figure 3. 
Leg 1 - interpolated northward (southward in gray) geostrophic velocity relative to a LNM of 1000 m for each cruise.  The bottom panel is the point-by-point mean velocity of all the cruises.  The contour interval is 2 cm/s for the cruise velocities and 1 cm/s for the mean velocities.  Squares on the x-axis denote the locations of CTD casts.

Figure 4. 
Leg 2 - interpolated northward (southward in gray) geostrophic velocity relative to a LNM of 1000 m for each cruise.  The bottom panel is the point-by-point mean velocity of all the cruises.  The contour interval is 2 cm/s for the cruise velocities and 1 cm/s for the mean velocities.  Squares on the x-axis denote the locations of CTD casts.

Figure 5. 
Leg 3 - interpolated northward (southward in gray) geostrophic velocity relative to a LNM of 1000 m for each cruise.  The bottom panel is the point-by-point mean velocity of all the cruises.  The contour interval is 2 cm/s for the cruise velocities and 1 cm/s for the mean velocities.  Squares on the x-axis denote the locations of CTD casts.

Figure 6. 
Leg 4 - interpolated northward (southward in gray) geostrophic velocity relative to a LNM of 1000 m for each cruise.  The bottom panel is the point-by-point mean velocity of all the cruises.  The contour interval is 2 cm/s for the cruise velocities and 1 cm/s for the mean velocities.  Squares on the x-axis denote the locations of CTD casts.

Figure 7. 
Leg 5 - interpolated eastward (westward in gray) geostrophic velocity relative to a LNM of 1000 m for each cruise.  The bottom panel is the point-by-point mean velocity of all the cruises.  The contour interval is 2 cm/s for the cruise velocities and 1 cm/s for the mean velocities.  Squares on the x-axis denote the locations of CTD casts.
Table 1.  Transports in Sv (eastward and northward positive) across PR-14 cruise legs.

Cruise

Date
Leg 1

38° N

80° 40' W - 74° 30' W
Leg 2

41° 20' S

80° 40' W - 75° 43' W
Leg 3

44° 30' S

80° 40' W - 75° 30' W
Leg 4

48° S

80° 40' W - 76° 30' W
Leg 5

80° 40' W (82° 15' W)

38° S - 48° S

1993

10/7-10/16
3.19
-
-
2.08
(2.06)

1994

10/4-10/25
3.82
0.73
-1.95
-1.45
4.47

1995

5/23-6/16
2.15
2.92
-1.80
-0.95
2.87

1996

8/5-8/29
2.33
0.60
-1.22
-3.33
3.77

1997

3/15-4/10
-2.99
-1.29
-1.71
-1.39
3.32

Average
1.70
0.74
-1.67
-1.01
3.30


_904976943.unknown

