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Abstract, The upwelling region near 15% off equatorward and offshore from the coast; verti-
Peru was studied intensively during the period 12 cally, the alongshore structure was 40% as strong
to 30 March 1977, A surface cold area ({apparent at 40 m depth as at the surface, and impercepti-
“plume") is a persistent feature of the region, ble at 64 m, The size of the surface cold area
and it has an associated biological signature, increased as the local alongshore wind stress in-
Horizontally, the cold water generally extended creased, Physical variability was alsc dependent
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Fig. 1. Hean sea-surface temperature from 13 ART
flights between March 21 and May 6, 1977, Plate
III can be used to place this figure in a larger
scale context. The heavy dashed line represents
the C line, and the open circles denote the
standard C stations: C-1 (closest to shore), out
to C-6, The arrows represent the mean 4,5-m
velocity vectors at PSS-Agave (closer to shore)
and at PS-Mila. The length of the arrow is the
distance that the flow would traverse in 12 h

The circle in the upper right hand corner contains
the mean wind stress vector, and the radius of the
circle is 1 dyne/em . Symbols representing other
current meter moorings: P = Parodia, La = Lagarta,
Lo = Lobivia, Ir = Ironwood.

upon the passage of coastally trapped waves. Bio-
logical variability and structure were closely
related to the physical regime. Physical and
biclogical aspects of wind-driven upwelling
events are described, and the biological dynamics
of the upwelling center are discussed,

Intreoduction

The distribution of sea-surface temperature
along the coast of Peru is far from uniform. As
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a region of persistent upwelling-favorable winds,
it would be expected to have a band of cold,
nutrient~rich water nearshore with progressively
warmer, nutrient-depleted waters farther offshore.
While this general pattern does obtain, there is
comparably important alongshore variation in sea-
surface temperature, with alternating warm and
cold patches (Zuta, Rivera, and Bustamante, 1978).
In particular, near 1505, there is a cold patch
previously described by Ryther ef af. (1966}, by
Eber, Saur, and Sette (1968), and by Swmith, En-
field, Hopkins, and Pillsbury (1971). The hydro-
graphic and airborne radiometric measurements
obtained throughout the CUEA (Coastal Upwelliung
Ecosystems Analysis) JOINT-II experiment of 1977
also confirm the existence of a surface cold spot,
or horizontal plume, which generally had its ori-
gin at the same location on the coast {(Fig. 1).
The feature appeared to strengthen, deform, and
decay as the local wind stress fluctuated in time.
The coldest water of the patch, 16 to 180C, was
usually at the coast near 15 05,5'§, 75°24'W,
and spread about 50 km seaward and equatorward.
Higher surface nutrient concentrations and bio-
logical productivity with low phytoplankton bio-
mass are associated with the cold area (Walsh,
Kelley, Dugdale, and Frost, 1971).

The upwelling center, representing both physi-
cal and bieclogical phenomena, is perhaps best in-
vestigated by an interdisciplinary approach.

Even for an approximate description of the physi-
cal regime, a combination of measurements is
needed. The bilological problem requires even
greater breadth because nutrients, phytoplankton,
and higher trophic levels interact in a highly
variable, spatially complex physical envirenment.
In the following, we shall attempt to describe
the upwelling center through an integration of
physical and biological observations. Ambigui-
ties In description will arise because of the
considerable temporal and spatial variability
inherent to the system.

The Upwelling Center Study

The present study attempts a synthesis of sev-
eral kinds of observations with the goal of
jointly describing the physical, chemical, and
biolopgical regimes. The data were taken over a
roughlyoéo by 60-km region off the Peru coast
near 1578 (Fig. 1}, and the period of the study
is an 18-day subset (12-30 March, 1977) of the
l4-month JOINT-II program. This particular per—
iod was chosen for closer study because of the
unusually intensive data acquisition at the time.
Four ships were in the area, two conducting phys-
ical (drogue and synoptic-scale hydrographic)
observations, and two primarily conducting bio-
logical, hydrographic, and chemical observations.
Methods used in the drogue studies are described
by Stevenson, Garvine, and Wyatt (1974) and by
Stevenson (1974), while the synoptic-gcale kydro-
graphy is described by Johmson, Koeb, and Muoers
(1979). Details of the biological and large-
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scale hydrographic studies can be found in Kogel-
schatz, MacYsaac, and Breitner (1980) and in
Hafferty, Codispoti, and Huyer (1978). Also dur-
ing the period, four ajirborne radiometric surface
temperature (ART) charts were made at about moon
local time (zee Moody, 1979). 1In addition, fixed-
point observations were made, including an array
of 40 current meters, four Cyclosonde profiling
current meters, and three meteorcological buoys
(Brink, Halpern, and Smith, 1980; Van Leer and
Ross, 1979). Land-based observations included
wind, solar radiation, and sea level (Moody, 1979;
Brink et gi., 1980).

In the following, all wind and current time ser-
ies are resolved into cross-shelf (positive for
shoreward flow) and alongshore (positive for equa-
torward flow) components. The rotation angle of
the coordinate system was 45 counterclockwise
from true north, consistent with the general
trend of the coastline. Over the shelf, this
choice of coordinate system agrees to + 2.5° with
the depth-averaged principal axis system used at
each mooring by Brink et al. (1980)., Throughout
the following, only the wind stress record from
mooring PSS, about 4 km from shore on the central
mooring line, will be used. To synchronize with
the times of aircraft flights, most time series
data discussed are treated with a 12-h rumning
mean, centered on 0500 and 1700 GMT. Following

Contour plots of chemical variables at

the mid-ghelf (C~3) positiom.

J.J. O'Brien (personal communication), the verti-
cal velocity was estimated from current meter
data at a position at 20 m depth roughly midway
between the PSS current meter (Fig. 1) and the
coast. The position was chosen because it is the
estimated site of the most intense upwelling.

Most of the hydrographic data were observed
along the C line, a line normal to the coast
and passing through the area of low mean surface
temperature. Stations along the line are denoted
by C-1, C-2, ete., with the number increasing
with distance from the coast, A time series of
biological and chemical variables was sampled
daily (Fig. 2) at the mid-shelf (C-3) position,
near the mest heavily instrumented current meter
mooring.

The Mean Upwelling Center
Physical Observations

Throughout the March to May 1977 period, and in
particular during our sctudy period, the local
alongshore winds were equatorward, hence favorable
for upwelling (Fig. 3). Means of other physical
variables over the 1l8-day period are also repre-
sentative of longer term measurements (Brink et
al., 1980)., The wind stress forced a pattern in
cross-shelf velocity that was qualitatively con-
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Fig. 3. Physical measurements at mid-shelf: a)
alongshore wind stress at PS$S, 17 (dyne/cmz); b)
cross-shelf velocity (ecm/s). Wegative (shaded)
values correspond to offshore flow; c¢) alougshore
velocity (em/s). Positive {shaded) values cor~
respond to equatorward flow; d) estimated verti-
cal velocity (m/d) at 20-m depth, 2 km from shore
(J.J. ¢'Brien, personal communication). Positive
values correspond to upward motion. e) Tempera
ture (°C), Panels b), 3), and e) were drawn from
observations at depths 2.1, 4.6, 8,1, 12, 16, 20,
24, 39, 59, 80, 100, and 115 n.

sistent with Ekman upwelling dynamics at the mid-
shelf C-line position (Fig. 4). Brink et ai.
(1980) demonstrated that the mean onshore trans-
port is in approximate agreement with two-dimen-
sional Ekman theory, but the offshore transport
is about one-third that predicted by theory., The
result implies a strong alongshore variability in
the near-surface flow pattern assoclated with the
upwelling circulation, The wean noon-time ART
chart (Fig, 1) shows that there is considerable
alongshore thermal structure, consistent with the
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presence of alongshore structure in the velocity
field.

The mean {over 14 nightly CTD transects) temp-
erature along the C-line section (Fig, 5a) has a
relatively strong surface gradient (baroclinic
zone) 10 to 25 km off the coast. The gradient
marks the outer limits of the cool surface area
evident in the ART charts. The companion salin-
ity section (Fig. 5b) has a mnearshore minimum
apparently due to alongshore advection of the Ica
River plume, as confirmed by visual observations
of color from an aircraft. The low salinity
water reduces nearshore density to the point
vhere the mean o_ = 25.6 isopycnal outcrops
(Fig. 5¢). The Eensity structure below the upper
20 m is consistent, through a thermal wind bal-
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Fig. 4. Mean velocity components at the mid-shelf
(P5-Mila) position, March 12 to 30, 1977. The cross—
shelf component, u, 1s positive for onshore flow,
and the alongshore component, v, is positive for
equatorward flow, -
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Fig. 5. Mean CTD hydrography along the C line from 14 nightly sections, March 16 to 30, 1977,

ance, with the observed mean alongshore currents,
i.e., equatorward near-surface currents overlying
a poleward undercurrent, which had its maximum
mean speed at about mid-depth over the entire
shelf,

Current measurements at fixed locations, cross-
ghelf hydrographic transects, and sea-surface
temperature charts, however, give only a partial
pilcture of the physical nature of the upwelling
center, How deep did the structure obsgerved at
the surface penetrate? Because the mid-shelf
mnean onshore tranmsport (below roughly 25 m) fits

Om IOm 20m
65

a two-dimensional model, the surface structure
probably did not extend significantly below 25 m.
Data derived from mid-shelf moored instrumentation
(i.e,, at Parodia and C-3) show that the mean
alongshore temperature gradient, a measure of the
structure's intensity, decreased considerably

with depth; the mean, gradients were 2.2 x 10-20¢/
km at 3 m, 0.8 x 10 “°C/km at 24 m, and indistin-
guishable from zero at 64 m. The flgures suggest
that the alongshore structure disappeared by about
50-m depth on average, a notion supported by a CTD
survey during our study peried (Fig. 6).
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.
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Fig. 6a, Ship-~based mapping results, March 20-23, 1977, Temperature (OC) at depths 0, 10, 20, 30, 50,

and 75 m (from Huyer and Gilbert, 1979}.
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Fig. 6b., Ship-based mapping results, HMarch 20-
23, 1977. Surface nitrate (UM} and chlorophylla
(ug/1).

The overall structure and dynamics of the near-
surface flow field are also poorly resolved. The
mean wind is not uniform in space {Brink, Smith,
and Halpern, 1978); it was strongest at position
P55 (near shore on the C line), and weakened both
farther offshore (C-3) and with alongshore dis-
tance from the C line. Unlike the winds, however,
the mean &4,5-m velocities were stronger at C-3
and directed more nearly offshore than at PSS.
Near-surface drogue data (Figs 7, 8, and 9) sug-
gest a tendency for cross-isotherm (i.e., radially
outward) flow, although the data are too few to
be conclusive. To the extent that frontal dyna-
mics (e.g., Mooers, Collins, and Smith, 1976)
applied, a geostrophic component of flow was sup-
erimposed on the directly wind driven component.
Order-of-magnitude estimates (Brink et al., 1980)
support this hypothesis for the mean flow. Fron-
tal dynamics also imply the presence of a further
small-scale frictional component in the flow.

The mean surface temperature map (Fig. 1} shows
no shaxp fronts, as they tend to average out due
to their variability in position and intensity.
Individual maps, however, do cccasionally show
sharp frontal features (Figs 7 and 8), which also
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are clearly evident in some cross-shelf profiles
of aircraft sea-surface temperature {e.g., Stuart
and Bates, 1977).

Chemical and Biological Observations

Average C-line sections of chemical variables
were computed uging 14 transects occupied between
March 5 and May 16, 1977 (Fig. 10). The longer
time period was chosen te obtain a more stable
mean than would have been obtained from the four
chemical sections occupied during the interval
discussed in this study. We feel thar the short-
ar period is sufficiently representative that the
use of the longer-term mean is reasonable (com=-
pare Figs 10, 11, 12, 13, 14),

The nitrite maximum~nitrate minimum was a per-
sistent feature offshore, centered at about 200 m
(Fig, 10a and 10b; see also Hafferty, Lowman, and
Codispoti, 1979). The contour lipes, 20 uM for

Flght 1

Mareh 21, 97T
12151521 LST

Fig. 7a. Sea-surface temperature (Dc) from an
aireraft flight near noon local time on March 21,
1977. Conventions for wind stress and velocity
are given with Fig. 1.



Fig. 7b.

The displacement of 4-m drogues over
12 h centered on the aircraft flight near noom
local time on March 21, 1977,

MO, and 1 uM for NO,, both extend up over the
shélf near the bottom indicating that some of the
nitrite-rich — nitrate-poor water was frequently
present on the shelf. A subsurface core of high
nitrate (>24 uM)} water was present at about 25 m
near the coast and incteased in depth to about
50 m at 30 km offshore (C-6). The mean surface
nitrate concentration was essentially constant
between 1 and 7 km offshore, this being the
apparent region where most of the upwelling was
occurring (Brink et gl., 1980). The surface
nitrate concentration then decreased in the off-
shore direction but remained higher than 5 1M
out to 50 km.

$ilica (Fig. 10c), unlike nitrate, increased
monotonically with depth., HNear-bottom silicate
concentrations of greater than 30 pM aextended
over the shelf to the most inshore station., Near-
surface silica concentrations declined monotonic-
ally in the offshore direction. Nitrate and sil-
ica were bbout the same concentration pearshore,
and silica was only slightly less concentrated
than nitrate 30 km offshore.

Chlorophyll ¢ (Fig. 10d) was low nearshore and
increased to a maximum in the region of strong
mean cross-shelf temperature gradient, about 18
km offshore. For a region known for its high
primary productivity and the resultant high phy-
toplankton biomass, the values (~3 yug/l) appear
to be anomalously low, A year earlier in this
area, concentrations had been 25 to 30 yug/l and
even higher when dense Gymmodinium splendens
blooms were present {(Dugdale et aglf., 1977; Jones,
1977). Also, during guton Bruun cruise 15 in
1966 (Ryther ¢t gl., 1966) and during the PISCO
cruise in 1969 {(Walsh et aZ., 1971), near-surface
chlorophyll 4 concentrations coincident with the
17.5°C isotherm were approximately 10 ug/l., Fin-
ally, Barber (1981) showed that, for reasons that
are not understood, the area-averaged chloro-

Fig, 8a.

phyll a levels in this vicinity were lower in 197;
than in 1966, 1976, or 1978.

The Variability

To explore the coupled physical and biological
varighility, events are discussed chronologically
through the period of detailed observations., For
convenience, the 18-day period is broken up into
sub-sections defined primarily by the local along-
shore wind stress, hence the strength of local
coastal upwelling. The sub-sections are designa=-
ted alphabetically (Fig. 3}. A more general dis-
cussion with conclusions on time variabjlicy will
follow the chronclogical description.

The major forms of physical variability can
readily be isolated fromm the data. One is wing
driven, which includes mixed-layer deepening and
offshore Ekman transport, the clearest signatures
of which are in the distribution of temperature
and of onshore velocity (Brink e¢f al., 1980). The

Flight 4

Mgreh 23, 1977
/1020-1332 LsY

Sea~surface temperature {°C) from an
aircraft flight near noon local time on March 23,
1977. Conventions are the same as in Fig, 7,

Progues wexre set to 4-m depth,
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Fig. 8b.
1977.

second major form of physical variability is re-
lated to free coastally trapped waves, which dom-
inate the alongshore velocity fluctuations. The
origin of the waves is not fully known, but they
are baroclinic in nature {i.e., velocity fluctua-
tions are associated with density fluctuations)
and they propagate poleward at about 200 km/d
{Smith, 1978; Brink et al., 1980). 1In the follow-
ing, the forms of physical variability will be
described in conjunction with chemical and bio-
logical variability.

Period 4: Weak Winds

During a period (March 12 to 14) of weak,
though equatorward, winds, the estimated near-
shore vertical wvelocities ranged from weakly up-
ward to strongly dowmward (Fig. 3) and the sur-
face mixed layer at mid-shelf was thin or non-
existent (Fig. 13). The onshore flow over the
shelf was relatively disorganized. The mid-shelf
near-surface water can be classified as “old" in
the sense that phytoplankton biomass was rela-
tively high (Fig. 2d) and nitrate (Fig. 2a) and
other primary nutrients were depleted, presumably
due to consumption by the phytoplankton, HNear-
surface nitrite {(Fig, 2b} and ammonia (Fig. 2c)
were high and presumably byproducts of phyto-
plankton consumption (Estrada and Wagensberg,
1977} and of zooplankton grazing (Smith and Whit-
ledge, 1977). On March 15, at the end of the
quiet phase, a hydrographic section showed a dis-

- tinct maximum in chlorophyll @ at the surface
near the shelf break, about 20 km from shore
(Fig. 11). HNear-surface nitrate concentrations
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Sea~surface temperature (°C) from an aircraft flight near noon local time on March 23,
Conventions are the same as in Fip, 7. Drogues were set to 4-m depth.

decreased gradually from relatively high values
neatr shore to very low values more than 23 km
offshore. An upwelling response was beginning,
as evidenced by offshore near-surface flow, on-
shore currents below, and upwarped isotherms in
the upper 50 m over the shelf.

Period B: Strong Upwelling

From 15 to 19 March, a strong wind-driven up-
welling event was superimposed on a very intense
coastally trapped wave. The onshore-offshore
current structure (Figs 3 and 12) clearly showed
the effects of the ypwelling event: stromng off-
shore flow in the upper 20 m, onshore flow great-
er than 5 cm/s over most of the remaiunder of the
water column, and nearshore vertical velocities
estimated to be as large as 36 mfday. The mid-
shelf surface mixed layer had a deepening trend
during this time (Fig. 15). The warm, nitrate-
poor near-surface water had been advected far-
ther offshore and replaced by waters richer in
nitrate (Fig., 12). The mid-shelf waters (Fig. 2)
were lower in both primary and secondary products
of phytoplankton preductivity: chlorophyll «,
nitrite, and ammonia. The near-surface shelf-
break chlorophyll g maximum remained at the same
position as on March 15 (Fig. 12) but had growm
considerably stronger.

Coincident with the wind event was the passage
of a styong coastally trapped wave, which had
paased Callao, near 1298, two days earlier, pro-
ducing a period of strong (velocities as large as
40 em/s) poleward current (Brink et gl., 1978).
The wave caused poleward flow throughout the mid-
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Fig., 11. Hydregraphic section of March 15, 1977,
Negative values correspond to off shore flow,

tory. The events of March 15 to 19 suggest that
although structures canr change and new effects
can be introduced by the coastally trapped wave's
passage, upwelling processes continued despite
the wave's presence, and immediate effects on the
surface layer primary productivity were not
apparent.

0
DISTANCE FROM COAST {(km)

Upper left, onshore velocity (cm/s).

Period C: Weak Winds

During a brief period (March 19 and 20) of weak
winds, the poleward alongshore flow associated
with the coastally trapped wave decreased and
the upwelling circulation remained detectable in
the cross-shelf flow (Fig. 3). The mid-shelf

UPWELLING AND BIOLOGICAL SYSTEMS 483
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near-surface waters warmed by an amount consis- Period D: Shallow Upwelling

tent with estimated surface heating (estimates
show that solar radiation is generally the domi-
nant surface heat £lux), and the mid-shelf sur-
face-mixed layer became thin or non-existent
(Fig. 15). Shallow chlorophyll a also increased
during the period (Fig. 2}, indicating phyto-
plankton growth. This overall pattern appears to
be typical of relaxation following an upwelling
event.
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Centered on March 21, a brief, weak wind event
occurred. Celncident with the event and with the
passage of a coastally trapped wave there was
equatorward flow throughout the water column over
the shelf. The flow structure could act to break
down the phytoplankten reseeding as did the pole-
ward flow durimg March 15 to 19. There appeared
to be uwpwelling associated with the wind event,
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Fig, 9a., Sea-surface temperature °c) from an
aircraft flight near noon local time ont March 25,
1977, Conventions axe as in Fig. 7. Drogues
were set to 4-m depth.

shelf (C-3) water column (Fig._3), despite the
strong {greater tham 1 dyne/cm”) equatorward wind
stress. Associated with the wave, through the
thermal wind balance, isotherms in the depth
range of 80 to 250 w tilted downward toward the
coast (Fig. 12), For example, the 15° isotherm
was displaced downward and seaward of C-3 for
three days (Fig. 3). During the wave passage,
nitrite values were relatively high as much as

50 m above the bottom (Fig. 2}. Normally, en-
hanced nitrite was found only relatively close
(within about 10 m) to the shelf bottom (Fig.
10a}, apparently as a result of regeneration in
the sediments or in the near-bottom waters. Dur-
ing the wave passage, unusually high speeds re-
sulting in strong near-bottom shears apparently
caugsed a significant increase of the bottom
boundary layer thickness (Fig. 16). Thickening
of the bottom mixed layer presumably allowed

near-bottom water to penetrate higher into the
water column,

This particular wave pagsage seems to have had
considevable delayed biclogical consequences.
Under mean conditions, an upwelled phytoplankter
would be initially advected equatorward and off-
shore. As the individual sinks at a rate of,
say, 10 m/d (Smayda, 1970) 1t would, after about
two days, settle into a subsurface region of
onshore and poleward currents, Thus, there is a
tendency for phytoplankton to return to the gen-
eral region of origin. Allowing for grazing,
turbulent dispersion, and the time and spatial
variability of the flow, it appears that at least
some small fraction will generally be returned to
the upwelling center, providing a phytoplankton
inoculum to the upwelled water. This idea,
treated two-dimensionally by Swith and Barber
(1980), is supported by the high water-columm
averaged chlorophyl (1 pg/l) at position C-1. 1If
the alongshore flow for some period is in the
same direction throughout the water column, the
reseeding mechanism can break down, because the
settled phytoplankton would be upwelled at some *
considerable distance alongshore from their ori--
gin. As the coastally trapped wave caused pole—
ward flow over the entire shelf, the phytoplank=-
ton stock normally associated with the upwelling
center was apparently advected away. Thus, dur-
ing the next upwelling event, waters from roughly
40 to 120 km equatorward would be upwelled, and
they could have a considerably lower phytoplank-
ton content {provided they came from a less pro-
ductive region).

Biclogical observations following a 4-u (a
depth well within the near-surface layer defined
by PS onshore velocity; Fig. 3) drogue began on
March 18 at C-3, The drogue and those launched
at about the same time {(at other depths)} moved

Sea-gurface temperature (oc) from an
ajircraft flight near noon local time on March 25,

1977. Conventions are as in Fig. 7. Drogues
were set to 4-m depth.

Fig. 9b,
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MEAN C-LINE
5 MARCH - 16 MAY, 1977
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poleward initially (Fig. 17a), consistent with
the dominance of the wave-associated poleward
velocities throughout the mid-shelf water column
(Fig. 3). On March 19, after the passage of the
wave, the 4-m drogue moved generally offshore and
equatorward, consistent with the return to dom-
inance of wind-driven effects on alongshore cur-
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rents at this depth. WNear-surface biological
meagurements were made daily at the drogue's lo-
cation and show a sequeunce of "aging" of freshly
upwelled water (Fig. 17b): temperature, chlovo-
phyll @, and nitrite increase monotonically,
while nitrate, other nutrients, and nitrogen up-
take rates decreased along the drogue's trajec~
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Fig. 13. Hydrographic section of March 22, 1977,

Fig, 11,

with onshore flow between 15 and 50 m (Fig. 3).
The mid-shelf surface mixed layer.deepened to as
much as 16 m during the event (Fig. 15). The
near-gutface flow at mid-shelf was strongly off-
shore in the upper 15 m, but nearshore, at PSS,
the flow was onshore, so that estimated vertical
velocities show the apparent upwelling only ini-
tially, The near-surface flow on March 21 was
divergent and there was a large cold spot
(<16.5°C) centered at the coast slightly south of
the ¢ line (Fig. 7). The structure was present

Upper left, onshore velocity (cm/s).

DISTANCE FROM COAST (km)

Sections as in

to 30 to 50-m depth {Fig. 6a). The near-surface
drogues at the time moved outward from the center
of the cold area, suggesting a region of diver-
gent flow. The axis of the c¢eold area was direc-
ted equatorward from directly offshore, consis-
tent with the near-surface northward flow. About
40 km north of the cold spot there was a distinct
warm patch (>21.5°C). The strong alongshore var-
iation in surface temperature is Indicative of an
accompanying alongshore structure in the upwel-
ling circulation.
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Fig. l4. Hydrographic section of March 27, 1977,
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Although the wind event was weak and itz appar-
ent source water was of shallow (<50 m) origin,
it did appear te have significant biclogical
consequences. During period B, the phytoplank-
ton tecycling mechanism was apparently broken
and the upwelling source water was not restocked.
Water of unusually low phytoplankton content
apparently surfaced. The immediate effect of the
March 21 event was to decrease significantly
near-surface chlorophyll g concentrations (Fig,
2}, The mid-shelf phytoplankton population did
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Upper left, omshore velocity (cm/s).

DISTANCE FROM COAST (km)

Sections are

not recover for the remainder of the observation
period. The shelf-break chlorophyll g wmaximum
remained, although the concentration was less
than 1 ug/l throughout the water column within
15 km of the shore on the C line (Fig. 13}. The
surface chlorophyll < showed the same structure
at the C 1line as did alongshore gradients assocc-
iated with the surface cold area (Fig. 6b). Sub-
sequently phytoplankton was depleted across the
entire shelf aud slope (Fig. 14). Hear-surface
nitrate increased slightly during the event, but
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it did not subsequently decrease, apparently be-
cause the phytopiankton growth rate was low, as
suggested by low specific uptake rates for nitro-
gen and silicon (Fig. 18).

The second set of drogue-following biological
observations began on March 22, toward the end
of the upwelling event. The 4-m dreogue moved
initially northward, and then offshore, fairly
consistent with the flow expected in a wind-
driven near-surface layer (Fig. 17a), The rates
of phytoplankton productivity were initially low;
the specific nitrate uptake rate was less than
0.03 bl for the first 4.5 days (Fig. 17b). Dur~
ing the first three days, chlorophyll &, inter-
polated to 4 m, along the drogue path increased
to only 2.8 pg/l, aud the associated declines of
nitrate and silica were just 5 and & pg/l, re-
gpectively (Fig. 17b). These low growth and up-
take rates again reflect the conslderable de-
crease in biological productivity that may have
been set up by the wave passage on March 15 to
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Fig. 16. Depth of the mid-shelf bottom mixed
layer, derived from daily CID observations. A
given depth is within the bottom mixed layer if
its temperature is within 0.1°C of the deepest
measurement.

Fig. 17a, Results from the drogue-following bio-
logical observations, Drogue tracks, with solid
dots representing positions at 0000 local time
and open circles denoting positions of biological
measurements. The first and second biologically
dedicated drogue tracks are denoted by solid and
dashed lines, respectively.
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Fig, 17b, Results from the drogue-following bio-
logical observations., Time series of chemical
and biological variables, Dashed line: March 18-
22 drogue, solid line: March 23-28 drogue

19, as suggested above in conjunction with per-
iod B,

Period E: Weak Winds

The brief but bioclogically important event of
March 21 was followed by a period of weak winds
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lasting from March 23 to 25. The onshore-off-
shore circulation over the shelf became rela-
tively disorganized, with generally onshore flow
abhove 50 m, offshore flow below 50 m, and an es-
timated downward vertical velocity mnear the coast
(Fig. 3). The undercurrent was re—established,
as indicated by the poleward flow below 15 m at
mid-shelf, The surface mixed layer reached ounly
moderate depths (Fig. 15). The sea-surface temp-
erature pattern was relatively disorganized om
March 23 (Fig. 8}, and the central cold area was
congiderably smaller than on March 21, The dro-
gues and current meters still had a tendency
toward cross~isotherm flow, The physical system
showed effects (e.g., no strong upwelling) ordi-
narily contributing to the "aging” of upwelled
water, but the primary nutrients and nitrite at
mid-shelf did not change significantly (Fig. 2)
because of the very low phytoplankton populatiom,
hence low comsumption,

Period F: Wind Event

A second strong wind event occurred during the
petiod of March 25 to 27, but in the absence of a
strong coastally trapped wave. The onshore flow
pattern over the shelf suggested developed upwel-
ling circulation and a vertical velocity estimate
of as moch as 33 m}day {(Fig. 3), while the along-
shore flow was strongly (peak > 20 cm/s) equator-
ward near the surface and poleward below 20 m.
The 4-m drogue turned more offshore during the
period (Fig. 17a). Surface temperatures were
generally lower on March 25 than on March 23
(Figs 8 and 9) and a large cold area was centered
just poleward of the C line. The drogue data
again showed a tendency toward flow outward from
the coldest part of the cold surface area. The
near-surface flow at PSS turned onshore late in
the event, which could be consistent with geo-
strophic (barsclinic) flow. Although the event
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1977. Conventions are as in Fig. 7.

was fairly strong and had deep source waters, the
best near-surface expressions of upwelling were

in the low surface temperatures (<16.0°C, Fig. 9).
No biological or chemical consequences were ob-
served at C-3, apparently because, in the absence
of significant biological uptake, nutrient con-
centrations were nearly uniform with depth at mid-
shelf (Fig, 2), i.e., the displaced "old" surface
water had roughly the same nutrient content as the
freshly upwelled water. The hydrographic section
of March 27 (Fig. 14) supports this interpreta-
tion: nitrate concentrations were high (>20 uM)
over most of the shelf, and chlorephyll @ councen-
trations were low over the entire section. The
temperature section, with its cold near-surface
waters, and the cross-shelf velocity section do,
however, show stronmg indications of upwelling.

Period G: Weak Winds

The intensive observation period ended with a
phase of wind relaxation from March 27 to 30,

during which the mid-shelf surface temperatures
again Increased (Fig. 3), the surface mixed layer
was generally very shallow (Fig. 15), and the
surface cold area contracted (Fig. 19). The mid-
shelf onshore flow pattern became disorganized,
estimated vertical velocities were variable, and
the undercurrent remained strong (Fig. 3). Again,
no biolegical "aging" of the near-surface water
was evident at mid-shelf (Fig. 2); chlorophyll a
remained low and nutrients high.

Conclusiong on Temporal Variability

The period we studied may be unrepresentative.
The coastally trapped wave of March 15 to 19 was
the strongest that occurred during the March
through May 1977 period, and the depletionm of the
phytoplankton stock was also unusual. Therefore,
only tentative conclusions about the general pat-
terns of variability can be drawm.

It seems that a normal sequence for upwelling,
in the absence of very strong coastally trapped
waves, would be the following: Within about one
day (half an inertial period) of the onset of
upwelling-favorable winds, upwelling of cool,
nutrient-rich, phytoplankton-poor (but not totally
depleted) water would be established. The verti-
cal motion 1s concentrated in the nearshore area,
so that the surface temperatures there become
especially low, and (presumably) the nutrient
concentrations high. The surface cold area would
continue to enlarge as long as the upwelling con-
tinues or until it spreads to the extent that the
dynamics change, During this growth phase, the
surface temperature patterns are relatively regu-
lar, sharp horizontal gradients are unusual, and
the near-surface flow is Ekman-like (Figs 9 and
19). The results of Brink et al. (1980) support
these conclusions with respect to the currents,

A clear statistical relation alse exists between
the size of the surface cold area and the along-
shore wind stress: the area having sea-surface
temperature less than 16,5 C on the ART charts
has a correlation of 0.62 (13 samples, 99% confi-
dence) with the alongshore wind stress at San
Juan, averaged for the two days prior to the ART
ohgervation, After the wind relaxes, the near-
surface waters become warmer with time, primarily
bacause of solar heating and alongshore advection.
During relaxation, the sea-surface temperature and
near-surface flow fields become less regular, and
frontal featuresoccur (e.g., on the northern side
of the surface cold area on March 23, see Fig. 8).
The tendency for the organization of the surface
thermal field to vary with wind strength has also
been observed in other upwelling regions (e.g.,
Curtin, 1979 and Barton, Huyer, and Smith, 1977).

The bioclogical "aging" of the surface water is
largely due to the growth of phytoplankton as the
water moves away from the upwelling center. As
the water moves offshore, its phytoplankton con-
tent should increase, provided growth exceeds
losses and that nutrient supplies do not severely
limit growth. As the phytoplankton grow, they
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12 to 30, 1977).
regression equation.
of drogue-following biological observations.

consume primary nutrients in the near-surface
layer, notably nitrate, phosphate, and siliicate.
Nitrite may increase due either to phytoplankton
release or to bacterial nitrification of ammonia
{Estrada and Wagensberg, 1977). Thus, as the
upwelled water "ages", we expect increased phyto-
plankten biomass (chlerophyll @) and nitrite, and
decreased nitrate and silicate concentrations,
Losses to the phytoplankton are, however, expecw
ted. Diatoms, for example, tend to settle out of
the euphotic zone, especially when nutrients be-
come scarce. Grazing by both fish and zecoplankten
can also account for losses and leave Increased
ammonia concentrations as a by-product, Ammonia
in the surface layer can usually be taken as a
sign of grazing and thus of "aging" water. Hor-
izontal advection out of the system is another
potential means of removing phytoplankton. This
sequence for "normal" upwelling has some support
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in our observations. The period March 12 to 16
seems to show the sequence fairly clearly, as did
the first set of drogue-following biological ob-
servations. The physical component of this se-
quence appears to held during most of the peried.
The above sequence does not apply strictly
throughout the March 12 to 30 period, however,
because of both reduced phytoplankton concentra-
tions and changes in the species composition,
which may have been related to the passage of a2
coastally trapped wave, (Alternatively Smith and
Barber, 1980, carried out some two-dimensional
calculations that suggest that the species change
of March 20 to 23 may have been due only to eross-
shelf advectlon.) It is difficult to assess the
biclogical impact of the waves. Over the shelf,
a wave causes an alongshore velocity perturbation
that ig relatively depth-independent and causes
large temperature fluctuations only below about
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80-m depth (Brink et al., 1980). Most of the up-
welling source water seems to be of shallower
origin {see, for ezample, Fig. 3), so that temp-
erature-nutrient correlations would suggest only
small perturbations in the chemical content of
upwelled water associated with the waves. Appar-
ently, then, the major direct effect that the
waves could have on the biology i1s through along-
shore advection, thus the breakdown of the hypo-
thetical phytoplankton '"reseeding" mechanism.

The Biological Surface Expression
of the Upwelling Center

Maps based on observations_from ships were
occasionally drawn of the 15§ upwelling center
during the JOINT-II observations, and these often
showed chemical and biological structures analo-
gous to that in sea-surface temperature (e.g.,
Fig, 6) (see also Kelley, Whitledge, and Dugdale,
1975; Boyd and Smith, 1980; Jones, 1977). The
structures in the maps are not simple, and the
correspondence of chemical and thermal features
is not exact. Nevertheless, it is useful to
explore the correlations of chemical variables
with temperature.

Data from hydrographic sections and the drogue-
following studies were used to construct plots of
biologically-related variables vs. temperature in

the upper 25 m {chosen to include the maximum

depth of the surface
euphotic zone). The
following study were
depth of the drogue.
taken to approximate

wind-mixed layer and the
observations from the drogue-
interpolated te 4 m, the

Sea-surface temperature is
the "age" of the upwelled

water, as discussed above.

Primary nutrients decreased approximately lin-
early with increasing temperature. Silica (Fig.
20a) had a maximum of about 23 yM at 15,5°C and
decreased to nearly zero at 18.5°C. Nitrate
{Fig. 20b) and phosphate (not showm) also de-
creased linearly with temperature but did not
intercept the temperature axis at or below 18.5%.
Thus, silicate was prebably a limiting nutrient
during the period, particularly at temperatures
equal to or greater than 18.5°C. The depletion
of sgilicate also suggests that diatoms were a
major part of the local phytoplankton population.
The distribution of chlorophyll o relative to
temperature (Fig., 20c) is bimodal, unlike the
primary nutrients or oxygen (Fig. 20d). Because
of the good correlations of nutrients and oxygen
with near-surface temperature, we expect that
mean surface contour plots of these variables
would show structure similar to that of the mean
temperature plot (Fig. 1).

Differences in 4-m temperatures between the
stare and finish of each dregue study can be used
to estimate nutrient depletion and oxygen gener—
ation with regression coefficients derived from
Fig, 20. Using the Redfield, Ketchum, and Rich-
ards (1963) ratio of AQ:AC:AN:AP = -276:106:16:1,
estimates of the carbon fixed by the phytoplank-
ton were made from the computed nutrient changes
and compared with primary productivity integrated
over the drogue periods using obsgervations given
by Barber et «l. (1978) (Table 1). The direct
estimates of carbon productivity, representing
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Fig. 22, Silica uptake rate (h_l) vs. nitrate
vptake rate (h~1),
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TABLE 1.

Biolegical Rate Calculations

Observed Estimated from Regression
AT ACH &0 AN AP
4t
Drogue Study 1:
Change along drogue 1.03% 54,9 177 -12,9 ~0.64
AC based on Redfield Ratio 67,8 85.3 68,2
Measured AC
Potential AC ) 81 64 80
Drogue Study 2:
Change along drogue 2.87% 63.9 328 -13.8 -1.11
4C based on Redfield Ratio 126 91,4 118
Measured AC
Potential AC *) 31 70 34

* The measured carbon production is the sum of the depth-averaged euphotic zone simulated in aitu

measurements during the drogue~following studies {Barber et al., 1978).

temperature, are in ug-at/l,

averages for the entire euphotic zone, indicate
that phytoplankton uptake accounted for 50 to 80%
of the changes in chemical variables,

The nutrient-temperature regression results can
be used to estimate phytoplankton process rates.
The approximate mean travel time for surface
transport between the coast and the 18.5°C iso-
therm was about three days., The mean surface
chlorophyll a concentration at position C-1 was
about 1 pg/l (Fig, 10d}., From the nitrate-
temperature regression, the decrease in nitrate
concentration between the coast and the 18.5°C
isotherm was about 19 pM, Using the rule of
thumb that 1 pg/l of chlorophyll is produced per
1 uM of nitrogen consumed, then total estimated
chlorophyll g production was 19 yg/l, From the
chlorophyll a—temperatureoregression, an lncrease
te 6.2 + 2.8 pg/l at 18,5°C can be estimated at
99% confidence, Thus the estimated mean net
growth rate is about 0.4 to 0.7/dav. The
gross growth rate estimated from the change in
nitrate is 1.0/d. Assuming no losses due to mix-
ing, a net loss rate of 0.3 to 0.6/day is
estimated. We assume the loss is duve to grazing
and to sinking, Grazing by large copepods {(lai-
anus chilensis, Bucalanus inermis, aund Centropa-
ges brachiatus) accounted for less than 5% of the
daily primary production during April, 1977
{(Dagg et gi., 1980). Sediment trap measurements
by Staresinic, Rowe, and Clifford (1980) and by
Staresinic (1978) show that in 1977 about %% of
the daily surface primary productivity sank from
the euphotic zone. Thus, there is an observed
minimum loss rate of 14% compared to our esti-
mated 30% to 60%, Our estimated growth rate
{equivalent to 1.4 doublings/day) agrees with the
carbon doubling rates at depths shallower than
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All changes, except for

the 15% light penetration depth, as measured by
simulated iy gitu uptake studies (Barber et al.,
1978). Thus, the observed (Fig. 8) or inferred
(from regression) scales of surface chemical
structures are fairly consistent with i# situ
rates.

Uptake rates of nitrogen and silicon show no
simple dependence on the concentration of silica
(Fig. 21), the apparent growth-limiting nutrient.
4 plot of nitrogen vs., silicon uptake rates (Fig.
22) shows that the observations fall into two
groups. One group has high uptake rates of both
nitrogen and silicon. The second group has low
nitrogen uptake rates and lower silicon uptake
rates, The observations in this low-rate group
fall inte two categories. The First includes
measurements from period A, when it seems that
the low uptake rates were due primarily to low
nutrient concentrations. The other observations
in the low-rate group were made after March 21,
when nutrient concentrations were high (Fig. 2),
but flagellates represented a relatjvely larger
fraction of the phytoplankton species composition
(Dolors Blasco, personal communication), Thus
the changes im nutrient uptake rates during March
12 to 30 were apparently due both to nutrient
limitation and to changes in the phytoplankton
species composition. The changes in uptake rates
will presumably cause the chemical signature of
the upwelling center to vary in its intensity.
Honetheless, the tendency for the chemical re-
flection of the upwelling center to mimic the
thermal structure should generally cbtain.

Conclusions

Our study of the upwelling center near 15%s
gives a partial description of its behavior.



While ambiguity remains concerning some aspects,
a few peneral points are quite clear, The near-
gurface region especially displays strong temp-—
oral variability on the diurnal time scale and
longer and is extremely responsive to variations
in the wind and in surface heating. Within the
upwelling ceuter, there appears to be a consider-
able dependence of biological and chemical var-
iables on the physical enviromnment. Both the
biological and the physical features are strongly
three~-dimensional and seem to have most of their
structure concentrated in the upper 50 m or less
of the water column. Although the physical "hor-
izontal plume" is a shallew feature, its biolo-
gical significance is assured because the phyto-
plankton are generally concentrated near the sur-
face.

Questions remain concerning the near-surface
physical and biological dynamics of the upwelling
center. Is the edge of the surface cold area a
deformed front, or is there generally a more gra-
dual transition between the freshly upwelled
waters and the ambient surface waters? Unambigu-
ous intense fronts have not been thoroughly docu=-
mented by sub-surface observations, although sur=-
face measurements {e.g., ART charts) occasionally
show sharp fronts, usually on the lateral bound-
aries of the cold area. Closely related to the
question of fronts is the nature of the near-
surface flow, To the extent that the fronts are
important, near-surface flow will tend to have a
thermal wind balanced component parallel to the
front and a frictional component perpendicular to
the front. Our observations do not allow a clear
evalvation of the importance of the two factors.
Anather question of considerable importance,
which we have not addressed, is why does the sur=-
face cold area, i.e,, the apparent plume, exist,
and why is the location of its coastal origin so
stable? The locally intensified alongshore com-
ponent of the wind stress, discussed above, will
certainly contribute to this phenomenon. Also,
the numerical experiments reported by Preller and
0'Brien (1980) suggest that upwelling is locally
intensified because of interaction of the under-
current with nearby irregularities in the conti-
nental shelf topography, The validity of the
phytoplankton "reseeding” hypothesis must be re-
solved, The onshore flow at depth varies strongly
in the alongshore direction {Brink et gl., 1980},
so that estimates based on data from C~line cur-
rent meters do not allow a sufficient test. Yet
the substantial productivity of the upwelling
center (relative to its immediate surroundings)
and the significant temporal variations in nutri-
ent uptake rates suggest that there is indeed a
biological concentration mechanism related to the
physical regime, Future studies of regilons such
as this will probably require a greater concen-
tration of resources on near-surface observations.
The numerous ambiguities of this study point out
a need for physical, chemical, and biological
observations teo define the entire spatial extent
of the cold area, Temporal Intensity must be ade-

quate to document, without ambiguity, the response
of the structure to its forcing functions. These
constraints will probably require at least daily
mapping of the surface feature and careful moni-
toring of the wind forcing and sub-surface vari-
ability,

Finally, one might ask whether upwelling center
phenomena as we have described them here are
confined to the Peruvian and perhaps California
(Traganza, Nestor, and McDonald, 1980) upwelling
systems, or if they are more universal. In other
words, is an upwelling center simply another man—
ifestation of the more nearly alongshore uniform
dynamicg found, for example, off Oregon (Holladay
and O0'Brien, 1975)? It is our opinion that the
upwelling center near 15°$ is unusual only in its
relatively short (~30 km} alongshore scale, the
persistent shallowvmess of the poleward undercur-
rent, and the importance of free, coastally
trapped waves. These differences do _not appear
te make the upwelling center near 15 35 particu-
larly anomalous.
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