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On the upwelling circulation over the wide 
shelf off Peru: 1. Circulation 

by Gary Shaffer1 

ABSTRACT 
During November-December 1977, a modest physical field experiment was carried out over 

the wide shelf off northern Peru near 9S. Repeated sections of temperature and absolute current 
profiles were run along two lines with 60 km alongshore separation. Local winds were 
moderate, rather uniform and favorable for upwelling throughout the study period. Two main 
circulation features were found: ( 1) a strong, persistent and shallow cross-shelf upwelling cell. 
Mean shoreward flow of up to 15 cm s-1 was found centered at 20-25 m depth as opposed to 
40-50 m depth near 15S. The surface Ekman layer was only 10-15 m deep; (2) a rather strong, 
persistent and barotropic poleward jet within 30 km of the coast. Such a structure is apparently 
only found over the wide northern shelf off Peru and may lead to upwelling out of the bottom 
mixed layer through Ekman pumping and subsequent vertical compression of the cross-shelf 
upwelling cell. It is argued that, whereas the poleward flow is clearly a large scale feature, its 
jet-like nature over the wide shelf may be a "local" feature associated with local alongshore 
variations of coastline and bottom topography. 

Finally, speculations on the reasons behind the evolution of the wide northern shelf as the 
main spawning ground for the Peru anchovy are presented based on these results. 

1. Introduction 

The coastal upwelling zone off Peru has long been recognized to be one of the 
most productive regions in the ocean. The great persistency of the southeast trade 
winds (which drive the upwelling) in the northern half of this zone was well known 
in the days of sailing ships. Ulloa, sent by the Spanish throne to make physical 
observations off the west coast of South America during the first half of the 

I. Institute of Oceanography, University of Gothenburg, 400 40 Gothenburg, Sweden 

293 



294 Journal of Marine Research [40, 2 

so·w 79• 78" 
e•s,----- ----c""',......,---,--r,-----------, wao· 75• 70' 

,-------.;;.;...----....--------'-, 

5 5• 

g• 

10• 

1 000 m 15' 

10° 

\ 
pt!) 

80' 79• 78' 

Figure 1. The study area and locations of the stations in lines A and B near 9S from the field 
experiment during November-December 1977. 

eighteenth century, wrote " ... They relate here a story to this purpose, that the 
master of a merchant ship who had been lately married at Paita (SS), took his wife 
on board with him, in order to carry her to Callao (12S). In the vessel she was 
delivered of a son, and before the ship reached Callao, the boy could read dis-
tinctly ... ," as told by Gunther (1936). 

Although nearshore transports of nutrients through upwelling are great all along 
the coast, significant variations exist of productivity and ecosystem structure over 
a broad range of time and space scales (Walsh et al., 1980). Perhaps the most 
striking of these features is that the Peruvian anchovy, Engraulis ringens, has 
spawned normally in a limited area in the north, 6°30'-lOS out to ~ 100 km from 
the coast during August-November (Jordan, 1971; Walsh et al. , 1980). This is on 
the only piece of wide shelf (~ 100 km wide compared to ~ 10-20 km to the north 
and south) found along the coast of Peru (Fig. 1). The anchovy stock, which 
supported the largest single fishery in the world a decade ago, dropped from about 
20 to 2-4 x 10° tons in 1972 and has not yet recovered. This collapse has been 
attributed to the 1972 El Nino and excessive fishing pressure (Walsh et al., 1980). 

Most recent field work including physical-dynamical studies, i.e., the USA/Peru 
JOINT II study in 1976 and 1977 mainly during March-May, has been centered 
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around 15S (Smith,. 1978; Brink et al., 1978, 1980). Another large physical-
dynamical field experiment, the FRG/ Peru ESACAN study, was carried out during 
March-May 1977 near 5S (Brockmann et al., 1980). Brink et al. (1978) consider 
the region around 15S to have the "strongest and most persistent upwelling" along 
the coast of Peru. Certainly the coldest surface temperatures are found there (Zuta 
and Urquizo, 1972). On the other hand, rough calculations of offshore Ekman 
transport based on wind data compiled by Wooster and Sievers (1970) suggest that 
the amount of water upwelled per unit coast north of about 12S may be as large 
as that around 15S during most of the year. Weaker winds are compensated by a 
smaller Coriolis parameter in the Ekman transport relation-M., = r./ pf-in the 
north. Similar conclusions would also hold for the amount of nutrients upwelled per 
unit coast since the concentrations in the source water are rather uniform along the 
coast (Walsh et al., 1980). The strongest upwelling favorable winds occur between 
June and August at 15S as well as over the wide shelf, whereas nearshore surface 
temperatures are lowest during August-September off 15S and during September-
October from 7-lOS. 

During November-December 1977 several investigators from Instituto del Mar 
del Peru and I carried out a modest physical-dynamical experiment on the wide 
shelf around 9S aboard the Peruvian RV /Unanue. In this, the first of two com-
panion papers, I look at mean vs variable aspects of the stratification and circulation 
over the inner part of the shelf and over longshore scales of ~ 50 km from this 
data. I also interpret some of the observed features and compare them with JOINT 
II and ESACAN results. Finally, I speculate on the consequences of my results for 
the anchovy spawning habitat off Peru. The second paper (Shaffer, 1982) deals with 
the mixing and heat balance in the study area. 

2. Experiment 

Between November 26 and December 7, 1977, ten sections were run in the 
mesoscale study area shown in Figure 1. The sections were performed in an al-
ternating fashion resulting in five sections each along line A (November 26, 28, 30, 
December 4 and 6) and line B (November 27, 29, December 3, 5 and 7). One 
motivation behind the choice of these lines was to study the effects of longshore 
variations of bottom topography on the shelf-note the transition from gentle to 
more abrupt initial slope between lines A and B in Figure 1. 

Each section consisted of seven stations and took about 10 hours to complete 
from the start at the station nearest the coast at around 07.00 local time. The 
following data were collected at each station: (1) continuous vertical temperature 
profiles from surface to bottom and (2) profiles of absolute current from individual 
current measurements with 5 m vertical separation from about 10 m depth to the 
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bottom. Hydrographic casts were made at some of the stations yielding some 
salinity-temperature data as well. 

The temperature-depth data was obtained with a free-fall sonde constructed at 
the Oceanographic Institute, Gothenburg. It has accuracies within the depth range 
of the shelf of ± .05°C and ± .3 m. Currents were measured with a gelatin pen-
dulum current system (Haamer, 1974) which we at the Oceanographic Institute 
have used with success over the past seven years. The system works as follows: a 
minimooring with individual current meters attached to the line at desired intervals 
is set out and recovered at each station. The system is supported by a subsurface 
buoy (at about 10 m depth off Peru). Each current meter consists of a small gelatin-
filled plexiglass compartment attached to a plastic vane. A small magnet is suspended 
freely on a thread within the compartment. The warmed gelatin in liquid form has 
hardened after about 15 minutes in the water capturing the magnet at an inclination 
proportional to current speed and an orientation giving the direction. After these 
angles have been read off, the compartments are warmed again in preparation for 
the next station. 

Our calibrations for these current meters yield accuracies of about ± 2 cm s-1 

in speed and about ± 5° in direction. Uncertainties in current meter depth were 
about ± 1 m off Peru. Since the current meters were attached at fixed intervals 
measuring from the bottom up, slightly different station depths for the repeated 
profiles at a given station lead to slightly different current meter depths. Since 
comparisons at constant depths (or constant temperatures) are desired here, con-
tinuous profiles, calculated from the current meter data using semi-Hermite splines 
(Akima, 1970), are used in the following. 

3. Results 

a. Winds. Alongshore components of wind stress ( + V w 330°) were calculated 
from three-hourly observations at Trujillo, Chimbote and Callao airports from the 
aerodynamic square law with a drag coefficient of 1.5 x 10-3 (for locations see 
Fig. 1). The daily means of alongshore wind stress from this data show that winds 
in the study area (Trujillo and Chimbote) were moderate and favorable for up-
welling throughout the study period (Fig. 2). Winds weakened somewhat during the 
middle of the period resulting in about a 50% reduction in wind stress. Winds 
farther to the south at Callao were considerably weaker. Mean offshore Ekman 
transports per unit length of coast over the study period were 2.1, 2.6 and .9 m2 s-1 
from the Trujillo, Chimbote and Callao wind data, respectively. 

The alongshore components of the three-hourly wind data contain diurnal fluc-
tuations on the order of the mean wind. Indeed this land-sea breeze contributes 
20-30% to the daily-averaged wind stress in Figure 2 through the square law. I 
don't know how representative these coastal stations are for the wind conditions 
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Figure 2. Daily averaged wind stresses during the study period from Trujillo (8°10'S), Chim-
bote (9° 5'S) and Callao (12S). 

over the shelf. Brink et al. (1980) found reasonably good agreement between winds 
measured on the coast and wind recorders anchored over the shelf at 1 SS. In addi-
tion Brink (1979) found an offshore scale for daily fluctuations in the wind stress 
of about 10 km there. Large land-sea breeze amplitudes have been observed over 
100 km from the coast off NW Africa (Shaffer, 1972). With reservations for the 
land-sea breeze cycle, I will assume in the following that the winds measured at 
Trujillo and Chimbote are representative for the wind conditions in our study area. 

b. Temperatures. The mean temperature (T) fields and their variabilities along lines 
A and Bare presented in the following manner in Figure 3 a-d: means and standard 
deviations of the depths to isotherms are calculated from the five realizations along 

each of lines A and B to form D (x, T) and a-D (x, T). (The hat symbol will be used 
to mean averaging of the parameter in question in this sense in x-T space.) These 

are then transformed and plotted in x-D space in Figure 3 a-d yielding a mean 
temperature distribution, 0 (x, D) and a standard deviation of isotherm depths 
a-D (x, D). I feel that this procedure is superior to the usual averaging in x-z space 
since it retains real gradients and permits a succinct representation of the thermal 

variability distribution. (For a simple illustration of this compare T(z) with 0 

[b (T)] over one interfacial wave period in a two layer ocean.) The dashed-dotted 
lines in Figure 3 indicate the range over which b can be defined. The dashed 
isotherms in Figure 3a and b represent extrapolations to surface and bottom inter-
cepts found by analogous averaging along these boundaries. The temperature field 
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Figure 3. a-d. Sections of means of the thermal field, 8(x, D), and standard deviations of 
depths to isotherms, UD(x, D), along lines A and B (see text for definitions). The dashed-
dotted lines indicate the range over which these functions are defined. 

was found to be representative for the density field since salinity varied little within 
the study area, l::.. S .2 % , and that small variation was, in addition, correlated 
with temperature. 

The mean distributions show isotherms tilting upwards toward the coast forming 
an inclined frontal zone as is typical for coastal upwelling regions (Mooers et al., 
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1976). The sharper upper part of the thermocline intersects the surface 10-15 km 

from shore forming a surface front while the weaker lower part starts to level off 
20-25 km from shore. Isotherm slopes and horizontal gradients tend to be greater 
in line B than in line A. No prominent alongshore temperature gradients exist near 
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the surface in this mean picture. In fact, such gradients between any pair of con-
secutive sections did not exceed .5°C over the 60 km separation scale. 

The standard deviation distributions show that the vertical position of the sharper 
upper part of the thermocline in the outer half of the two lines was extraordinarily 
stable throughout the study period. The variability of isotherm depths within the 
thermocline increased toward shore, however, culminating in a rather well defined 
zone at the coast. This zone is about twice as wide at line A than at line B suggest-
ing that its width may be influenced by the width of the steep initial bottom slope 
near the coast. The local internal Rossby radii based upon the outer and nearshore 
stratification are ~ 30 km and ~ 15 km, respectively. The latter value is more in 
agreement with the widths of the coastal zone observed here. The depths of surface 
and bottom mixed layers, defined as the thicknesses of the layers over which 6T = 
.1 °C measured down from the surface and up from the bottom, respectively, were 
obtained from the individual temperature profiles. The surface mixed layer offshore 
of the front was found to be quite shallow and uniform, particularly during the first 
five days-5.9 ± .9 m along line A and 5.5 ± 1.1 m along line B. It deepened to 
8.4 ± 1.4 m and 7.8 ± 3.0 m along line A and B, respectively during the last five 
days presumably associated with the rather abrupt wind increase around December 
3 (Fig. 2). The surface mixed layer was always 2-4 m deeper within and onshore 
of the front. The bottom mixed layer depth increased from 10-14 m at stations Al 
and Bl outward. Between A4 and A7 its depth increased from 35 ± 3 m to 42 ± 

3 m from the first to the last five days. This increase was more dramatic for B4-
B5-28 ± 2 m to 58 ± 4 m. For B6-B7 these values were 18 ± 3 m and 37 ± 3 m. 

c. Alongshore currents. The distributions of means, standard deviations and their 
ratios of alongshore current (V) along lines A and B are shown in Figure 4 a-d. 
The coordinate system where+ V 325° was chosen to be roughly parallel to the 
coast and perpendicular to lines A and B. A discussion of other possible choices is 

given in section 4c. The results are presented in the usual way, i.e., f'(x, z) and 
<Tv<.,, zJ (x, z) instead of J/(x, b) and <Tv<..-. Tl (x, b) since J?' could only be defined 
over a rather limited vertical range. However, a comparison of the latter with the 
Cartesian representation shows no important differences within that range. 

The most striking feature in Figure 4 is the existence of a rather strong, steady 
and barotropic poleward jet hugging the coast. Its core occupies the nearshore zone 
of quasi-horizontal isotherms shown in Figure 3. Likewise the core appears broader 
at line A than line B suggesting again that its offshore scale may be coupled to the 
width of the steep initial bottom slope near the coast. The mean vertical shear 
increases as the inclined frontal zone is approached from the center of the jet. The 
sense and magnitude of this shear is consistent with the thermal wind relation. This 
however breaks down near the surface where the variability is greater than the 
mean. This shear together with friction near the bottom results in a subsurface 
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maximum of poleward flow extending all the way across both lines near the top of 
the bottom mixed layer. Figure 4c and d demonstrates that the variability is actually 
least within the core of the poleward jet and about twice as much within the central 
and outer part of the lines. The greatest variability is found near the surface. All 
this contrasts sharply with the distributions of variability of isotherm depths in 
Figure 3c and d. This, however, does not necessarily imply any inconsistency since 
these results are based on a limited number of instantaneous profiles and may 
include contributions from a broad range of frequencies. 

d. Onshore currents. The distributions of means, standard deviations and their 
ratios of onshore current (V) along lines A and B are shown in Figure 5a-d. The 
Cartesian representation is used again for the same reason as above. The lower 
boundary of a surface layer of offshore flow presumably associated with a quite 
shallow surface Ekman layer is found 10 and 15 m below the surface. The strongest 
onshore flow is found just below this, between 20 m and 30 m, near the center of 
the lines and is much stronger along line B than along line A. This maximum tends 
to lie within the temperature range 15.0-15.5°C. Although the contour interval is 
not sufficient to resolve it well here, a minimum exists just below this maximum 
across each line. Offshore flow exists near the bottom-strongest at the coast-as 
would be expected from the poleward jet and Ekman dynamics. From Figure Sc 
and d we see that mean onshore flow is, quite remarkably, up to three times greater 
than the standard deviation along line B. Otherwise the variability of onshore 
current increases toward the surface like that of the alongshore current but also 
toward the coast like that of the isotherm depths. 

I have also compared the Cartesian space distributions with those of O(x, D) and 
<ru<z. TJ (x, D) over their limited common range. Some "improvements" in the 
natural coordinate representation could be seen. For instance the minimum men-
tioned above could be followed by the 5 cm s-1 isotach across all of line B. This 
method is clearly well suited for identifying weak mean current structure in strat-
ified layers, structures which could be smoothed out by conventional averaging. 

4. Analyses, comparisons and interpretations 

a. Time dependence. Our field program was designed to achieve good space resolu-
tion with the time resolution the resources permitted. Clearly large fluctuations with 
periods of several days or less could have aliased the results presented in the last 
section. During March-May 1977, a mooring with three recording current meters 
at 37 m, 56 m and 96 m depth in 117 m of water was deployed on the wide shelf at 
point P in Figure 1 as a part of the JOINT II program. The results from these 
RCM's show that the variability with periods of several days or less was rather 
small and that by far most of it was associated with the semi-diurnal tide (Enfield 
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Figure 4 a-d. Sections of means, standard deviations and their ratios for alongshore current 

along lines A and B. + V 325 °. The dashed-dotted lines indicate the shallowest depths at 
which currents were measured. 

et al., 1978). The u and v components of the tidal currents there were in phase and 
had a comparable and quite vertically-uniform amplitude of from several up to five 
cm s-1 during spring tide. 

Our measurements extended over nearly one-half synodic month and tended to 
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be grouped toward the beginning and end of the period. Thus, stations taken at the 
beginning and end of the period at the same time of day tended to be out of phase 
with respect to the tide and one would expect tidal aliasing of the mean to be small. 
For instance, I found the potential aliasing of the mean at station BS to vary only 
weakly as a function of phase with a maximum of ± .3A, where A is an assumed 
constant tidal current amplitude. The potential contribution to the standard devia-
tion, however, varies with phase from about .3 to lA. Figure Sc and d shows a 
thick layer with standard deviation less than S cm s-1 extending all across both 
lines. Indeed standard deviation less than 3 cm s-1 was found in this layer between 
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Figure 5 a-d. Sections of means, standard deviations and their ratios for onshore current 
along lines A and B. + U ->-- 55°. The dashed-dotted lines indicate the shallowest depths at 
which currents were measured. 

station B3-B7 and A3-A6; i.e., at a number of station pairs which were 90° out of 
the tidal phase from each other. This, and the above discussion, implies that baro-
tropic tidal currents did not exceed about 3-4 cm s-1 during our study, results 
which are in agreement with the RCM data mentioned above. 
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Thus in summary, aliasing from the barotropic tide probably does not signif-
icantly affect the results presented earlier with the possible exception of some of the 
weaker cross-shelf structure in Figures 4c, d and 5c, d. Wang and Mooers (1977) 
have found baroclinic tides to be important for upwelling dynamics off Oregon 
where the stratification is strong. I know of no indications that the baroclinic tide is 
important off Peru. Some spectra presented by Brink et al. (1980) from RCM data 
extending from the surface layer to the bottom on the shelf near 15S showed the 
semi-diurnal variance to be rather uniform with depth. 
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Figure 6. Coldest surface temperatures (a), alongshore transport from station 5 shoreward 
(b) and onshore transport at station 5 (c) for line A (•) and line B (o) compared with the 
wind stress averaged between Trujillo and Chimbote. 

Figures 4 and 5 do show, however, that the variabilities of U and V increase 
greatly through the thermocline toward the surface mixed layer indicating rather 
energetic fluctuations confined within these upper layers. The time resolution of our 
data is too poor to identify the nature of these fluctuations. The time development 
of temperatures and alongshore and offshore transports are compared with that of 
the wind stress averaged between Trujillo and Chimbote in Figure 6. Figure 6a 
shows the coldest surface temperatures measured during each section as a function 
of time. The temperatures appear to follow the wind with a lag of several days. 
Likewise, examination of the individual temperature sections (for brevity not pre-
sented here) shows that the nearshore zone of high thermal variability (Fig. 3c, d) 
was due to vertical isotherm displacements following this wind cycle. Considerable 
persistent alongshore variability of 50-100 km scales of the temperature field in the 
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surface layers was found near 15S (Brink et al., 1980; Smith et al., 1971). Our 
data, for instance Figures 3a, b and 6a, suggest that such variability may be less 
over the wide northern shelf. However, such data taken. along only two lines may 
be subject to aliasing. 

Figure 6b shows alongshore transport integrated below 15 m and from the coast 
out to station 5 as a function of time. The time development of this transport also 
appears to be related to the wind with a lag of a day or less. This low frequency 
fluctuation accounts for most of the variability within the subsurface layers in Fig-
ure 4c and d and apparently has an offshore scale greater than 50 km. Smith (1978) 
found no significant correlation between low-passed alongshore currents and winds 
near 15S during March-May 1976 and 1977. The low-passed alongshore winds 
were actually both somewhat stronger and more variable near 15S during these 
periods than during our study-i.e., 5.9 ± 1.7 m s-1 (Trujillo). Brink et al. (1978) 
showed that this correlation became significant near 15S in 1976 only when the 
winds became still stronger and more variable during August-September. 

Figure 6c shows onshore transport integrated below 15 m at station 5 as a func-
tion of time. Note the different scales for line A and B results. Again the time 
development appears to be related to the wind but the scatter is greater. For com-
parison the range of Ekman transports for the wind stress shown is 1.9-3.2 m2s-1• 

However, the tidal effect on individual transports may be as much as 3-4 m2s-1
• The 

nearshore zone of high variability in Figure 5c and d may be, in part, associated 
with the nearshore thermocline movement over the wind cycle and, in part, by the 
modulation of bottom Ekman transport with the modulation of alongshore flow 
over the wind cycle. Note that these effects are in phase. High correlation of low 
passed onshore currents with the wind has also been found near 15S (Brink et al., 
1978; Brink et al., 1980). Such correlation which is also well documented from 
other major coastal upwelling regions (e.g., Huyer, 1976; Halpern et al., 1977) is 
indicative of the direct coupling of the onshore compensation flow to the wind-
driven Ekman transport. 

b. The poleward jet and its implications. Mean poleward flow seems to exist below 
about 20 m depth over the shelf and down to 200-300 m depth over the slope and 
beyond along most of the Peruvian coast (Brockmann et al., 1980). This is in con-
trast to most other major coastal upwelling regions like northwest Africa and 
Oregon where the flow near the coast is generally equatorward in the direction of 
the wind in the upper 100 m (Mittelstaedt et al., 1975; Kundu and Allen, 1976). 
Brockmann et al. (1980) present simple statistics for alongshore flow from the low-
passed RCM data at mooring Peyote at lOS (station Pin Fig. 1) for a 38 day period 
in April-May 1977. These values-means of -22.0, -24.0 and -17.0 and standard 
deviations of 6.4, 6.1 and 4.5 cm s-1 at 37, 56 and 96 m depths, respectively-are 
remarkably similar to the values in the poleward jet slightly to the north and seven 
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months later (Fig. 4a-d). Their data from the same period at 5S-mean of -5.9 and 
st. dev. of 11.7 cm s-1 at 44 m depth-and at 12° and 15° south-means of -8.0 
and -3.5 and st. devs. of 8.5 and 9.8 cm s-1 37 and 39 m depths, respectively-
at about the same water depth on the shelf as the Peyote station suggest .that a rather 
strong and persistent poleward flow adjacent to the coast exists only over the wide 
northern shelf. Their other data from SS and 1 SS also showed that the poleward 
undercurrent at their outermost RCM of each depth range was as strong or stronger 
than it was near the coast. The 1976 JOINT II data near 15S showed a similar 
distribution (Brink et al., 1978). Thus, the basic poleward flow off Peru seems to 
have a jet-like structure near the coast only over the wide northern shelf. 

The deeper bottom mixed layer during the latter half of our experiment (see part 
3b) was probably associated with the intensified poleward flow observed during the 
middle of the experiment (Fig. 6b). Both the mean sections (Figs. 3 and 4) and 
individual sections (not shown) of temperature and alongshore velocity show, how-
ever, that whereas the deepest bottom mixed layers were found in a zone 20-40 km 
from the coast, the greatest alongshore velocities occurred within 10-15 km of the 
coast. Note, however, that the considerable alongshore velocity curl offshore of 
the core of the jet should induce upwelling through Ekman pumping which would 
tend to deepen the mixed layer and force the thermocline upward. The observed 
curls and Ekman layer depths-defined here as the depth between the maximum of 
poleward fl.ow and the bottom-yield an upward velocity of about 5 X l0- 3 cm s-1• 

Our measurements extended only over the inner half of the wide shelf. Other 
temperature sections which transversed the whole slope and shelf here-for instance 
several taken during the joint Peru/ Canada ICANE study in November 1977 (data 
kindly supplied to me by Dr. L. Dickie) and Figure 34 in Zuta and Guillen (1970)-
show the following picture: the center of the thermocline-defined here as the re-
gion of greatest vertical temperature gradients-is found at 40-50 m depth offshore 
and up to the shelf break. It then rises over the outer part of the shelf to a rather 
uniform depth of 10-20 m over the inner part of the shelf as in our observations 
(Fig. 3). This picture is clearly consistent with the Ekman pumping interpretation 
given above. 

c. Cross-shelf circulation. The onshore currents in Figure 5 were calculated in a 
coordinate system parallel to the two lines, + U 55°, which is also about per-
pendicular to the coast. Figure 1, however, shows that bottom topography near the 
coast tends to converge from line A to line B. Based on a detailed bathymetric 
survey by RV Unanue in December 1977 in our study area, I find the coordinate 
perpendicular to the local isobath orientation to be 46° and 35° at stations AS and 
BS for instance. "Onshore" coordinates were also calculated using principal axis 
techniques (Kundu and Allen, 1976). A coordinate was sought which minimized 
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Figure 7. Mean vertical profiles of onshore velocity at station A5 and B5 calculated for several 
different coordinate choices. The heavy lines indicate regions where the means were greater 
than the standard deviations. 

the current variance integrated from 15 m to the bottom. The results for A5 and 
B5 are 62" and 52°, respectively. 

Figure 7 shows the mean profiles of onshore currents at A5 and B5 in the original 
coordinate system and in coordinate systems rotated 20° in each direction about it. 
The vertical structure, particularly at B5, is rather insensitive to these rotations 
which, based on the above results, may span all physically reasonable coordinate 
choices. Note also that the mean shoreward compensation current at B5 remains 
well defined-means greater than standard deviations-over the whole coordinate 
range. No mean intermediate depth offshore flow was found there. The net shore-
ward transport below the upper zero crossover for A5 with coordinates 46°-62°-
.3 to 1.0 m2 s-1-is too small to balance the mean offshore Ekman transport based 
on the average of Trujillo and Chimbote winds-2.3 m2 s-1• For B5 with co-
ordinates 35°-52°, this transport-3.1 to 5.5 m2 s-1-is too large for local two-
dimensional balance. Clearly an average of the two profiles will tend to balance the 
mean offshore Ekman transport implying approximate mass balance over 50 km 
alongshore scales here. 

Only the very deepest part of the surface Ekman layer, where variability was 
found to be greater than the mean, could be sampled during our study. Offshore 
transport as given by Ekman theory has been assumed to hold in the surface layer. 
There are reasons to believe, however, that offshore transport there is reduced 
within about 5 or 10 km from the coast. Usually one speaks of horizontal turbulence 
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in this context. I prefer to follow Stern (1975) who has shown how horizontal 
gradients of mean current modify the Ekman transport. The horizontal gradients of 
+ 10-5 s-1 observed for the poleward jet if extended into the surface layer would 
reduce this transport by about 30% near 9S (f = 2 • 10-5 s-1

) through a larger 
"effective" Coriolis parameter (f + V .. ) in the Ekman transport relation. Greater 
stability in the air above the coldest water near the coast may lead to a reduced 
drag coefficient and a reduced wind stress (Bunker, 1976). The transport becomes 
alongshore very near the coast where the Ekman layers meet. Thus, the nearshore 
region may be rather quiescent. 

The cross-shelf upwelling gyre over the inner part of the wide northern shelf 
seems to be quite strong, persistent and shallow. The compressed nature of the 
shoreward compensation flow occurring at the base of the thermocline again may 
be a consequence of the jet-like structure of the poleward flow through Ekman 
pumping. The nearshore cross-shelf upwelling gyre near 15S appears to be weaker, 
less persistent and about twice as deep as that near 9S under similar wind condi-
tions. Brink et al. (1980) found net seaward flow during March-May 1977 in the 
upper 20-25 m and shoreward compensation flow of about 5 cm s-1 (less than the 
local standard deviation) centered at 45-50 m depth within 15 km of the coast. 
Remember that the winds then were only slightly stronger than during our experi-
ment. As the winds increase during the austral winter and early spring near 15S, the 
surface mixed layer and the cross-shelf gyre deepen even more (Brink et al., 1978). 

S. Discussion 

a. The poleward jet. The poleward flow off Peru is clearly a large scale feature 
which varies in intensity from year to year and is perhaps strongest during El Nino 
years (Brockmann et al., 1980). There are reasons to believe that the observed 
structure of poleward flow over the wide shelf, however, may be "locally" deter-
mined. Peffly and O'Brien (1976) simulated the onset of upwelling off Oregon with 
smooth representations of local coastline and bottom topography. Barotropic flow 
developed in the wind direction except near the coast poleward of a cape where the 
flow was poleward. Allen (1980) attributed this to set up on the shelf of a baro-
tropic pressure gradient supported by the cape. 

Observations off Oregon during the summer of 1972 along a line perpendicular 
to the coast poleward of the cape mentioned above showed weak barotropic pole-
ward flow within 15 km of the coast with strongly baroclinic equatorward flow just 
offshore of this (Kundu and Allen, 1976). In fact, a displacement of the zero-
crossing of the lower curve in Kundu and Allen's Figure 3 to between -10 and 
-15 cm s-1-reminiscent of the mean subsurface poleward flow off Peru-would 
produce a distribution of mean alongshore flow quite similar in strength and struc-
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ture to the poleward jet (Fig. 4a and b). (However, their results for the summer of 
1973 do not appear to fit into this picture.) 

An argument like Allen's (1980) should also hold for the wide northern shelf 
poleward of a prominent cape, Punta Falsa at 6S (Fig. 1). Upwelling-favorable 
winds would be expected to lead to alongshore barotropic pressure gradients and 
horizontal shear in the jet. Thus, whereas fluctuations in strength of the basic pole-
ward flow may largely be controlled by non-local effects like El Nino (Wyrtki, 
1975), the strength of the poleward jet's horizontal shear, which should lead t-o 
Ekman pumping out of the bottom mixed layer, may be controlled by the local 
winds. Under normal conditions the poleward flow may indeed migrate from the 
slope north of 6S (Brockmann et al., 1980) onto the wide shelf south of 6S to form 
a jet structure with the dynamics stretched above. On the other hand, when winds 
favorable for upwelling are weak or absent, the undercurrent may be more uniform 
across the shelf and slope. This is, of course, all quite hypothetical and requires 
further study. 

b. Some ecological speculations. Walsh et al. (1980, Win the following) proposed 
that the survival of first-feeding larvae is the most important factor governing the 
subsequent recruitment to the Peru anchovy (Engraulis ringens) stock and that 
"The timing and area of spawning as well as the survival of E. ringens larvae may 
be keyed to the abundance, size and quality of algal food within their spawning 
habitat." They argue that large dinoflagellates like Gymnodinium splendens are the 
only motile prey-which the larvae apparently need as visual feeders-available off 
Peru of the right size and in sufficient concentration to permit successful first-
feeding. Finally, they present evidence that such dinoflagellates are more abundant 
over the wide northern shelf than farther to the south during the anchovy's spawn-

ing season. 
If one accepts W's explanation for the location of the main E. ringens spawning 

region in the north-and it appears plausible although exceptions occur like a dino-
flagellate bloom near lSS in 1976 (Dugdale et al., 1977) in the "wrong" season 
however-the question of why dinoflagellates may be more abundant in the north 
comes to mind. One possibility emerges from the results in this paper: large dino-
flagellates can swim 1-2 m hr-1 (Eppley et al., 1968) and have been observed to 
migrate daily over a 20 m vertical range off Baja, California (Walsh et al., 1974). 
Such "weak" migrators could make use of the shallow, intense and persistent cross-
shelf upwelling cell found over the wide northern shelf to keep themselves within 
the nutrient-rich water near the coast and to build up a large population there. 
Farther to the south where this cell is considerably deeper, such migrators probably 
could not ride the shoreward compensation flow toward the coast as well and there-
fore might not have such a competitive advantage over freely-drifting, fast-growing 
diatoms there. The chain of arguments up to now indeed imply that the cross-shelf 
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structure of the poleward flow may -be of considerable ecological importance also! 
(Alongshore velocity curl-Ekman pumping--cross-shelf upwelling cell's thickness, 
etc). 

Of course, a myriad of other explanations for the anchovy's spawning area pref-
erence could be presented. For one thing, our data and that presented in W and 
Brockmann et al. (1980) all underline the stability of the physical environment in 
the north as compared to the south in terms of wind, current and thermal varia-
bility. Also one might take the viewpoint that the subsequent survival of the larvae 
after first-feeding may in fact be equally important for recruitment. Since E. ringens 
larvae also appear to migrate over 20-30 m vertical range, they could likewise use 
the shallow, cross-shelf upwelling cell over the wide shelf to maintain themselves 
there in regions of high food concentrations until at the age of one month they 
begin to school and actively search for food. The suitable food then is small zoo-
plankton which have only been observed in sufficient concentrations within about 
100 km from the coast (W, Judkins, 1980). Had these larvae experienced consid-
erable mean offshore drift, as would apparently have been the case in the south 
with its deeper, cross-shelf upwelling cell, they would have found themselves per-
haps 300-400 km offshore by a month's age and would likely starve or have starved. 
Caution is in order here, however, since other recirculation mechanisms may exist 
associated with eddies, upwelling centers and the like (cf Shaffer, 1976). 

The above speculations are based on recirculation possibilities presented by a 
shallow, cross-shelf upwelling cell. The combination of near surface drift in the 
wind direction and a basic poleward flow below this surface layer form a shallow, 
alongshore "cell" as well. It is possible that this basic "cell," unique for Peru, may 
be one of the main explanations that productivity there is greater than in other 
upwelling regions. Such a "cell" should limit the loss and favor the recycling of 
nutrients and organic matter and also should serve to minimize the energy required 
hy fish like anchovy to keep themselves in the regions of highest production (the 
adults also migrate vertically, Jordan (1971)). 
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