Revista Chilena de Historia Natural
75: 217-231, 2002

Multiscale upwelling forcing cycles and biological response off north-
central Chile

Ciclos multiescala en el forzamiento de la surgencia y respuesta biolégica
en el centro-norte de Chile

JOSE RUTLLANT & VIVIAN MONTECINO 2

Departamento de Geofisica, Facultad de Ciencias Fisicas y Matematicas, Universidad de Chile,
Casilla 2777, Santiago, Chile; e-mail: jrutllan@dgf.uchile.cl
2Departamento de Ciencias Ecoldgicas, Facultad de Ciencias, Universidad de Chile, Casilla 653,
Santiago, Chile; e-mail: clorofil@uchile.cl

ABSTRACT

The physical forcing of the upwelling along the subtropical west coasts of the continents encompasses a broad range
oftime scales which shape both phytoplankton biomass (Chl-a) and primary productivity (carbon fixation) changes over
any given time interval. The narrow continental shelf and the steep alongshore orography off north-central Chile provide
for a unique combination of year-round, upwelling-favorable winds with quasi-weekly upwelling pulses associated
with atmospheric coastal-trapped disturbances (coastal lows). This variability is modulated by intraseasonal oscillations
in the depth of the thermo/nutricline, produced by coastal-trapped waves in the ocean, upon which annual (seasons) and
interannual (ENSO) cycles are superimposed. During coastal field experiments off Cruz Grande bay (29° S), carried
on in November 1987 and 1988 (opposite extremes of the ENSO cycle), mean changes of the phytoplankton-integrated
Chl-a (B) and carbon fixation rate (PP) from the active to the relaxed phases of the local upwelling forcing cycle (phyto-
pattern) were characterized. Those data were contrasted against similar ones reported off Punta Lengua de Vaca
(Coquimbo, 30° S) and off Mejillones peninsula (Antofagasta, 23° S), encompassing different seasons and phases of
intraseasonal and interannual (ENSO) cycles from 1992 to 1997. A “warm” phyto-pattern was schematically
characterized by a significant increase in B and a quasi-steady evolution of PP from the active to the relaxed phases of
one complete upwelling event. Conversely, relative small changes in B and a significant increase in PP characterized
a “cold” phyto-pattern. It is proposed here that the ENSO “cold/warm” signal may be offset by more than one opposite
“thermal” condition (seasonal and/or intraseasonal) in defining a “warm” or “cold” phyto-pattern associated with a
particular cycle of the local upwelling forcing.

Key words: Chile, coastal upwelling, phytoplankton, local and remote upwelling forcing cycles, coastal-trapped
waves, ENSO cycle.

RESUMEN

Elforzamiento fisico de la surgencia alo largo de las costas occidentales de los continentes comprende una amplia gama
de escalas temporales que configuran los cambios en la biomasa fitoplancténica (Cl-a) y en la productividad primaria
(fijacién de carbono) sobre un intervalo de tiempo cualquiera. La estrecha plataforma continental y la fuerte pendiente
orografica alolargo de la costa en el norte y centro de Chile proporcionan una combinacion tnica de vientos favorables

a la surgencia durante todo el afio con pulsos de surgencia cuasi-semanales asociados con perturbaciones atmosféricas
atrapadas a la costa (“bajas costeras”). Esta variabilidad es modulada por oscilaciones intraestacionales en la
profundidad de la termo/nutriclina producida por ondas oceanicas atrapadas a la costa, sobre las cuales se superponen
los ciclos anuales (estaciones) e interanuales (ENOS). Durante los experimentos costeros frente a la bahia de Cruz
Grande (29,5° S) realizados en noviembre de 1987 y 1988 (extremos opuestos del ciclo ENOS), se caracteriz6 el cambio
medio en la Cl-a (B) y en la tasa de fijacion de carbono (PP) entre las fases activa y relajada del ciclo del forzamiento
local de la surgencia. Esos datos fueron contrastados con otros similares reportados frente a Punta Lengua de Vaca
(Coquimbo, 30° S) y a la peninsula de Mejillones (Antofagasta, 23° S), que comprenden diferentes estaciones del afio
y diferentes fases de los ciclos intraestacionales e interanuales (ENOS) entre 1992 y 1997. Un patrén-fitoplancténico
“calido” fue caracterizado esquematicamente por un aumento significativo en B y por una evolucion cuasi-estacionaria
en PP entre las fases activa y relajada de un evento completo de surgencia. A la inversa, un patron-fitoplanctonico “frio”
se caracteriz6 por cambios relativamente pequefios en By por un incremento significativo en PP. Se propone aqui que
la sefial “fria/calida” del ENOS puede estar compensada por mas de una condicion “térmica” opuesta (estacional y/o
intraestacional) en la definicion de un patron fitoplanctdnico “célido” o “frio” asociado con un ciclo particular del
forzamiento local de la surgencia.

Palabras clave:Chile, surgencia costera, fitoplancton, ciclos de forzamiento local y remoto de la surgencia, ciclo
ENOS.
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INTRODUCTION the primary production experiments have been
performed. The Mejillones peninsula (23° S) area
Environmental variability in the ocean along thgust north of Antofagasta (Rodriguez et al. 1991,
subtropical west coasts of the continents enconMarin & Olivares 1999, Iriarte et al. 2000) and the
passes a wide range of space and time scales.RPanta Lengua de Vaca (30° S) area to the south of
terms of primary biological production theseCoquimbo (Montecino et al. 1996, Torres et al.
changes modulate from hours to decades the ni999, Daneri et al. 2000, Montecino & Quiréz
trients and light supply to the upper coastal ocea2000) are particularly relevant for the present study.
In order to assess the representativity of the scarceAlong the narrow shelf of north-central Chile,
data sets available for any given region, physicakhe source of the nutrient-rich water that upwells
biological models considering such wide range oin response to the prevailing equatorward winds
environmental variability should be developed. Ais associated with equatorial subsurface waters
first step towards fulfilling this objective requiresfrom beneath the thermocline (i.e., Marin &
carefully designed field experiments in which theOlivares 1999). Cyclic, low-frequency oscilla-
time-space variability of the downward solar irra-tions change the average depth of the coastal
diance and of the upwelling forcing mechanismshermo/nutricline, modulating the effectiveness
are considered together in the primary biologicabf the nutrient pumping into the euphotic zone
response, as those that had been recently undeuring local upwelling events. These oscillatory
taken off northern Chile (i.e., Gonzalez et al. 1998)mechanisms span from the El Nifio Southern Os-
Integrated studies on physical-biological as<illation (ENSO) cycles (interannual time scale)
pects of the upwelling along the American andhrough seasonal to intraseasonal (IS) oscilla-
African west coasts have been performed duringons, the latter being mostly associated with ocean
the 1970’s, particularly through the Coastal Upcoastal-trapped waves (CTW'’s) of equatorial ori-
welling Ecosystem Analysis Program (CUEA:gin propagating polewards against the continen-
i.e., Richards 1981). Years later, the Coastal Ocedal shelf (i.e., Shaffer et al. 1997).
Dynamics Experiment (CODE) focused on the Here, results of the coastal phytoplankton re-
atmospheric and oceanic dynamics governing thgponse throughout full local upwelling forcing
wind-driven upwelling off the California coast cycles from two 10-day field campaigns at the
(i.e., Beardsley et al. 1987). A comparative synbeginning of November 1987 and 1988 off Cruz
thesis of the upwelling forcing mechanisms andsrande Bay (29.5° S) are first examined. These
the ocean physical and biological responses alorrgsponses are then contrasted against similar data
western South America has been reviewed ieets off Mejillones peninsula and off Punta Lengua
Strub et al. (1998). de Vaca (24-39S, respectively).
Based on satellite imagery, Fonseca & Farias After describing the experimental aspects of
(1987) recognized five principal coastal upwellingthis study, results on the meteorological condi-
areas off the Chilean coast, around which most dfons leading to upwelling-favorable wind events
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Fig. 1: Coastal area in north-central Chile around the experimental site (Cruz Grande bay), including
other locations referred to in the text.

Area costera en el centro-norte de Chile en torno al sitio de los experimentos (bahia Cruz Grande), incluyendo otros lugares
mencionados en el texto.
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TABLE 1

Expected thermocline/nutricline depth (THD) extremes arising from the EI Nifio Southern

Oscillation (ENSO) cycle, the seasonal cycle and the intraseasonal cycle associated with

coastally-trapped waves (CTW'’s) in the ocean, as represented by data (adjusted sea-level)
from tide-gauge stations

Extremos esperados en la profundidad de la termoclina/nutriclina resultantes del ciclo El Nifio/Oscilacion del Sur
(ENQOS), del ciclo anual y del ciclo intraestacional asociado con ondas atrapadas a la costa (CTW'’s), representado
por datos (nivel del mar ajustado) de estaciones mareograficas

Interannual Seasonal Intraseasonal

ENSO cycle Annual cycle CTW's (sea-level)
Minimum THD La Nifia Early Spring Rising
Maximum THD El Nifio Late Summer Falling

(UFWE’s) in north-central Chile, including an Two field campaigns were carried out between
UFWE climatology are presented, illustrating theilNovember 2-11, 1987, and between November 3-
seasonal frequency and intensity distributions4, 1988. The meteorological component of the
The upper coastal ocean response to the UFWESsudy was performed jointly with the Camanchaca
experienced off Cruz Grande bay is then assess@doject (Fuenzalida et al. 1989)Atmospheric
in terms of sea-surface temperature (SST), physea-level pressure (SLP), cloud cover, wind speed
toplankton chlorophyll-a biomass (B) and pri-and wind direction data reported every 3 h at
mary production in terms of carbon fixation ratePunta Tortuga (30° S) were analyzed. Surface
(PP). These results are then analyzed in the cometeorological data at the experimental site were
text of multiscale physical forcing cycles. obtained with a portable Climatronics automatic
A comparison of the Cruz Grande bay data witlweather station located at Cruz Grande in 1987
equivalent physical-biological data off Puntaand at Islote Choros (Fig. 1) in 1988. Background
Lengua de Vaca and Mejillones peninsula, ensynoptic meteorological conditions were assessed
compassing different seasons and phases dirough surface charts from the NCEP-NCAR
interannual and intraseasonal cycles from 1992 tReanalysis Program (Kalnay et al. 1996).

1997, follows next. A daily coastal upwelling index based on the
As a working hypothesis, the expected qualitanature of the coastal wind regime was defined
tive effects of different cycles forcing the thermo-considering the changes in the nocturnal phase of
cline/nutricline depth (THD) are listed in Table 1.the wind regime that take place within the 50-km

average offshore extension of the coastal strip
influenced by cold water upwelling in northern
Chile (Yafiez et al. 1995). At the coast the pre-
MATERIAL AND METHODS vailing southwesterly winds (upwelling-favor-
able) blow steadily in the afternoon and evening
The coastal area around which the air-sea interaattaining its maximum strength around 17:00-
tion experiments described here were performeti8:00 h. At dawn and early morning coastal winds
is depicted in Fig. 1. The principal upwellingusually vanish, reflecting the nocturnal land cool-
focus in that area is located off Punta Lengua dieg. Off the coast this strong coastal diurnal cycle
Vaca. A secondary focus was often observed northin the winds fades away, being almost negligible
wards of Islote Choros. The meteorological obat about 12 km offshore (i.e., Beardsley et al.
servations and the on-board and airborne med987 for the coast of California) where the
surements were performed at and off Cruz Grandequatorward winds blow without interruption
bay, respectively. during an upwelling-favorable wind event. There-
fore, while during the afternoon and evening up-
welling progresses mainly due to the Ekman off-
Meteorological aspects of water collection from Shor_e d”f.t’ at nighttime and early mor_nlng up-
stratocumuli in northern Chile. Extended Abstracts of the welling ?’t'“ goes on due to the Cydo_mc an_ng-
Third International Conference on Southern Hemisphere Shore wind-stress curl (Ekman pumping). Since
Meteorology and Oceanography, Buenos Aires, Argentinain both cases the upwelling strength is propor-
Noviembre 13-17, 1989, American Meteorological Societytional to the afternoon wind speed at the coast, an
156-161. average alongshore pseudo wind stress (AWS)

'FUENZALIDA H, J RUTLLANT & J VERGARA (1989)
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between 12:00 and 24:00 h (local time) was prodsed and the result from dark bottles was
posed (Rutllant 1993)and will be used here as asubstracted from the average of the clear ones
daily coastal upwelling index. (Montecino etal. 1996). For Chl-a measurements,
Quality-controlled sea level data for both studytwo-liter water samples were filtered through
periods (1987 and 1988) were obtained from tidglass-fiber filters (Millipore) and kept refriger-
gauges at Caldera (2B) and Valparaiso (33° S) ated until further acetone extraction and spectral-
kept by the TOGA Sea Level Center at the Uniphotometry readings. Chl-a and net carbon fixa-
versity of Hawaii. tion results were integrated in Zeu. Also at each
A small twin-engine airplane was flown twice- depth the net carbon fixation was standardized by
a-day following a 50 km cross-shore track toChl-a to account for the maximum specific pri-
measure the sea-surface temperature (SST) lbyary production.
means of a Barnes-5 radiation thermometer. High
resolution SST fields through NOAA-AVHRR
images at 09:00, 16:00, 18:00 and 21:00 h were RESULTS
kindly provided by Martin Farias at the Center for
Space Studies, Universidad de Chile. The November 1987 and 1988 air-sea interaction
On-board measurements were performed at trexperiments off Cruz Grande bay
15 m long R/V Stella Maris Il in westward
transects off Cruz Grande bay. Oceanographilcocal forcing of the upwelling. Time series of the
stations at 2, 4, 8, 12, 20 and 24 nautical miledaily average surface pseudo-stress of the along-
(nmi) off the coast were occupied for water colshore wind component from noon to midnight
umn sampling. Every other day, only surfacd AWS), derived from winds recorded at Punta
water samples for chlorophyll-a (Chl-a) concenTortuga for the 1987 and 1988 campaigns (Fig.
tration measurements were collected. A descri2), indicate an UFWE on November 4 and 5,
tion of the physical oceanography conditions dur1987. After a secondary increase in the AWS on
ing those cruises was presented in Moraga (199@Jovember 7, the subsequent relaxation culmi-
For phytoplankton counts, Chl-a and primarynated on November 11 with a wind reversal.
productivity ¢“Carbon fixation) measurements, In November 1988 the first 10 days coincided
additional water samples were obtained within awith a long relaxation period following an UFWE
euphotic zone (Zeu) defined as the 1 % lighten October 30-31, with a minor event on Novem-
penetration depth. Radiation measurements (PAR)er 5 and a moderate one on November 10-11.
were obtained by means of a 192 SB quantum- Sea-level pressures (SLP’s) during the 1987
meter (LiCor, USA). Primary productivity ex- and 1988 campaigns (Fig. 2) indicate that up-
periments were conducted every other day fromwaelling-favorable winds in 1987 occurred while
boat close to the Cruz Grande dock with thelaily SLP’s were decreasing, as previously estab-
samples of the preceding day, maintained in darkshed for north-central Chile (Rutllant 1993,
conditions in a portable cooler (10 °C). Two clead994). Wind relaxations were mostly associated
and one dark 100 ml bottles with water samplewith stationary or increasing SLP’s. Cloud-cover
were inoculated with 5Ci of NaH“CO, and incu- changes from clear skies during active upwelling
bated in situ for 3 to 4 h around noon at fiveto overcast during relaxation were also consistent
depths (Margalef & Vives 1967, Strickland & with previous studies (Rutllant 1994).
Parsons 1968) with standard light percentagesThe principal UFWE between November 4-6,
(100, 75, 50, 25 and 1 %) and equivalent to thosE987 was associated with the post-frontal strength-
measured at the corresponding sampling leveksning of the subtropical anticyclone (November 4
(Kirk 1995, Montecino & Pizarro 1995). After and 5) followed by a coastal low setting in on
filtration (0.45um membrane filters) the filters November 5 and 6 coinciding with the maximum
were poured into vials with dioxane scintillationAWS in the study area. The southwesterly winds
cocktail (Shindler 1966) for subsequent countrelaxed on November 9, when the center of the
ing. For carbon fixation calculations, a constantow reached the study area. The synoptic weather
value of 22,000 mg C rhof inorganic carbon was conditions on November 6 (Fig. 3A) depict a
coastal trough between the subtropical anticy-
clone to the west and a migratory high over north-
2RUTLLANT J (1993) Coastal lows and associated eastern Argentina.
southerly wind events in north-central Chile. Preprints of In November 1988, the UFWE event ahead of
the IV International Conference on Southern Hemisphere : : : :
Meteorology and Oceanography. Hobart, Australia,gg the field work Occurred in_connection with a
March-2 April 1993, American Meteorological Society: coastal low that culminated between October 31
268-269. and November 1. A weak front reached the study
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Fig. 2: Time series of (A, B) daily alongshore pseudo-windstress (AWS) irsfirand (C, D) atmo-
spheric sea-level pressure (SLP) in (hPa) at Punta Tortuga (30° S) during the November 1987 and
November 1988 campaigns.

Series temporales del (A, B) seudo-esfuerzo del viento diario a lo largo de la costa (AWSxény(de (C, D) la presion
atmosférica a nivel del mar (SLP) en (hPa) en Punta Tortuga (30° S) durante las campafias de noviembre de 1987 y
noviembre de 1988.

area on November 9, resulting in the moderattavorable winds are stronger in the austral sum-
UFWE that started on November 10 and lastether followed by the austral spring, with standard
until November 11. The NCEP/NCAR weatherdeviations of 1.13 and 1.41 mtever the corre-
pattern for November 12 is illustrated in Fig 3B,sponding averages, respectively. About 1 out of 6
revealing marked similarities with Fig. 3A. daysin all seasons experienced alongshore speeds
In order to establish a possible seasonal depethrat exceed one standard deviation over the corre-
dence of the recurrence and duration of strongponding average, with a similar (weekly) peri-
UFWE'’s, results from 28 years (1958-1985) ofodicity. Strong UFWE's, considered here as those
radiosonde observations at Quintero (33° S) ameith two or more consecutive days in which the
described in Table 2. Seasonal averagésand speed exceeds one standard deviation, are repre-
standard deviationso] of the daily alongshore sented by the seasonal average occurrences last-
wind components (positive equatorwards), neaing 2, 3, 4 and 5 days (Table 2). The seasonality
the time of the wind maxima (20:00 h) at 1,000fthose UFWE's is fairly homogeneous, although
hPa (V), were calculated to normalize departurelste-spring and early-summer tend to concentrate
during UFWE’s. The 1,000 hPa standard pressuithe occurrence of longer events. Typical return
level, equivalent to an average altitude of abouperiods are about 40 days for 2-day UFWE's and
200 m, was selected to remove surface local influubout once per season for 3-day UFWE's.
ences. Statistical results reveal that upwelling-
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TABLE 2

Seasonal averageV¥ ) and standard deviations) of the daily alongshore wind components
(V) at 20:00 h for the 1,000 hPa pressure level at Quintero (1958-1985). Days = number of
days per season in which V\4+a: 2, 3, 4 and 5 indicate the number of consecutive days
fulfilling V > V+o

Promedios estacionale¥) y desviaciones tipicas (s) de la componente del viento paralela a la costa (V) a las
20:00 h para el nivel de presiéon de 1.000 hPa en Quintero (1958-1985). Days = niumero de dias en cada estacién del
afio en que V ¥+a: 2, 3, 4y 5 indican el niumero de dias consecutivos en los que se cumpVlery >

Season \% V+o alV Days 2 3 4 5

(m sl (m sl V>V+o
DJF 3.0 6.4 1.13 15.4 2.1 0.9 0.2 0.2
MAM 1.4 4.9 2.50 12.8 1.8 0.6 0.3 0.1
JJA 0.7 5.1 6.29 13.9 1.9 0.8 0.2 0.1
SON 2.7 6.5 1,41 15.5 2.7 0.7 0.3 0.1

Ocean conditions. The low-frequency fluctuapropagate poleward along the South American
tions of the adjusted sea-level (ASL) at Calderaoast as coastal-trapped waves (CTW'’s).
(27° S) and Valparaiso (33° S) for the austral As shown by Hormazabal et al. (2001) and
springs of 1987 and 1988 (Fig. 4) indicate risingpbserved in Vega et al. (20GQ)older periods
ASL during the first campaign (1987) and sta{shallow thermocline) lag by around 12 days
tionary ASL during the second one (1988). Aqabout 90 degrees of phase lag) the minimum
illustrated in Shaffer et al. (1997), intraseasonallower ASL) in the ASL intraseasonal signal.
(30 to 60 days) fluctuations of equatorial originTherefore, rising intraseasonal sea-level condi-
are particularly energetic off north-central Chiletions (coldest SST’s) indicate shoaling of the
during the austral summers of El Nifio. Theythermo/nutricline close to the coast. Under those

Fig. 3: Synoptic weather conditions on (A) November 6, 1987 and (B) November 12, 1988 from the
NCEP/NCAR Reanalysis Project (Kalnay et al. 1996) highlighting a coastal trough between the subtropi-
cal anticyclone to the west and a migratory high over northwestern Argentina.

Condiciones sindpticas del tiempo para (A) 6 de noviembre de 1987 y (B) 12 de noviembre de 1988 tomadas del Programa

de Reanalisis del NCEP/NCAR (Kalnay et al. 1996) destacandose una vaguada costera entre el anticiclon subtropical al
oeste y una alta migratoria sobre el noroeste argentino.
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circumstances upwelling favorable winds can e
ficiently pump up cold, nutrient rich water into -
the coastal euphotic zone. The strong UFWE du
ing the 1987 experiment off Cruz Grande ba
developed within relatively warm oceanic wa
ters, consistent with the El Nifio condition. How
ever, the rising ASL (intraseasonal remote uj
welling forcing) illustrated in Fig. 4 was associ- T
ated with a narrow coastal cold-water plume. | [ |
fact, this cold-water plume, already present o TE WM M NE I M ONT M M M
November 4 to the west of Punta Lengua de Vac i

began its northward expansion on November
reaching the latitude 29°30" S on November

(Fig. 5). The wind relaxation that occurred imme o
diately thereafter coincided with the onset of th _
coastal stratus clouds. Just after the peak of t 5_ — Cableri
event, on November 6 the maximum zonal SS5 ™ Vi |-
gradient (upwelling front) was located at abou
45 km off Cruz Grande (Fig. 5).

In 1988 comparatively colder oceanic water
prevailed, consistent with La Nifia large-scal
conditions. In that case it was impossible to fol . | -
low the evolution of the upwelled waters ob ok e 5 !
served on October 30 and 31 because of the ov fulia dday
cast conditions present between November 1 arglg. 4: Time series of adjusted sea-level (ASL) for
11. From the satellite SST image on October 3taldera (27° S) and Valparaiso (33° S) during the
(not shown here) the upwelling front could beaustral springs of (A) 1987 and (B) 1988 (Julian
located around 80 km off Cruz Grande. days). Campaign periods are indicated between

SST-time sections along the 50 km offshoresertical lines.
flight tracks for November 1987 (09:00 h) andseries de tiempo del nivel de mar (ASL) en Caldera (27° S)
November 1988 (15:00 h) are illustrated in Fig. 6y valparaiso (33° S) durante las primaveras australes de (A)
While offshore conditions reflect the warm/cold1987 y (B) 1988 (dias Julianos). Los periodos de medicién
waters associated with EI Nifio/La Nifia large-£stan indicados entre barras verticales.

scale conditions, in both campaigns near-shorgyeen November 4-6, 1987, mean values of Zeu-
SST’s changed from colder conditions during thentegrated Chl-a (B) increased steadily from less
active upwelling phase, to warmer values duringnan 35 up to more than 100 mg Chl-a&,rataying
the relaxed upwelling phase. at this level throughout the relaxation phase.
Consistent with the described SST space-timgyring the 1988 experiment, from the relaxation
patterns and the rising ASL, averages in the uppeg the following active phase of the upwelling
75 m showed an increase in salinity and a decycle (reverse sequence), the corresponding mean
crease in temperature from November 2-8, 1988 yalues decreased slightly from above 70 down
(Moraga 1996). During the 1988 experiment, subgg ca. 30 mg Chl-a m For every day single B
surface temperatures down to 50 m depth, megg|yes as a function of the offshore distance (nmi)
sured with a thermistor chain (Moraga 1996)for November 1987 and November 1988 are pre-
indicated minimum temperatures on thé"ldnd gented in Table Fuphotic depths changed ac-
12", consistent with the mild UFWE onthe'l®  c¢ordingly in both field experiments, with PAR
11" that followed the long relaxation period.  extinction coefficients ranging from -0.09 and
Phytoplankton-patterns. From the active phasgy. 38 mt. The average euphotic zone was less
of the upwelling to the onset of relaxation bethan 50 m and stayed always within the surface
mixed layer, as determined in Moraga (1996). A
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VEGA S. J RUTLLANT & | MASOTTI (2000) Local and significant negative linear correlation between
' J. . (2000) Local and 4o jenth of Zeu and the mean Chl-a concentra-
remote forcing of coastal upwelling near Valparaiso, Chile

(33° S) in late springs of 1996 (La Nifia) and 1997 (El tion was _Obtained (r=-0.73, n = 28), considering
Nifio). Preprints Seventh International Conference on observations for both years. Results from the
Southern Hemisphere Meteorology and Oceanography, seven carbon fixation experiments performed in
San'tiago, Chile, 3-7 April 2000, American Meteorological egch period indicate surface values ranging from
Society: 39-40. 0.03 to 13.3 mg C riht in 1987 and from 0.6 to
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Fig. 5: SST fields in the study area for November 4, 5 and 6, 1987, showing the evolution of the up-
welling plume. NOAA/AVHRR data obtained from the Center for Space Studies at the Universidad de
Chile.

Campos de TSM en el area de estudio para el 4, 5y 6 de noviembre de 1987, donde aparece la evolucién del penacho de
surgencia. Datos del sensor NOAA/AVHRR obtenidos por el Centro de Estudios Espaciales de la Universidad de Chile.

9.4 mg C n? h' in 1988. Maximum specific Multiscale upwelling forcing and phytoplankton-
primary productivity in the water column (PB),  patterns off north-central Chile
expressed in mg of carbon per mg of Chl-a per
hour, fluctuated between 0.8 and 6.0 in 1987 ankh order to see how the 1987-1988 multiscale
from 1.8 and 5.0 in 1988 (Table 3). In addition teenvironmental variability and the corresponding
these maximum rate values for given stations anB and PP responses (phyto-patterns) off Cruz
days, Zeu-integrated primary productivities (PPYsrande Bay fit into a more general picture along
averaged over the whole transect for each day atke coast of north-central Chile, equivalent pub-
also indicated in Table 3. lished and unpublished data for the 1992-1997
The biological response (phyto-pattern) for botllGOFS-CHILE cruises off Punta Lengua de Vaca
field experiments can be characterized as fol30° S) (Montecino et al. 1996, Montecino &
lows: during the warm phase of the ENSO cycle itQuir6z 2000) and for the 1997-1998 SECTO-
November 1987 (late spring: warm) with a slowlyRIAL cruises off Mejillones Peninsula (23° S)
rising sea-level (cold), B increased more tharfGonzéalez et al. 1998, Rutllant et al. 1998, Iriarte
three times from the active to the relaxed phase @ft al. 2000, Pizarro et al. 2002) have been ana-
the local wind forcing, with a slight decrease inlyzed.
PP (Table 3 and 5). First, the interannual scale of variability has
Conversely in November 1988 (late spring:been represented by the warm (W, EIl Nifio) and
warm), during La Nifia (cold) phase of the ENSCcold (C, La Nifia) extremes of the ENSO cycle,
cycle, the sea level was intraseasonally steadpllowing Trenberth (1997). A transition phase
(only high frequency variability). In this case,(T) has also been considered for those months not
while B increased moderately, PP increased biyncluded as W or C in Trenberth’s classification.
almost a factor of three from the active to thelThe seasonal cycle has been divided into quar-
previous relaxed phase (reversed sequence) of thexly periods, JFMA (SU = austral summer), MJJA
local wind forcing (Table 3 and 5). (WI = austral winter) and SOND (SP = austral

spring).
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Intraseasonal (IS) variability has been repretrend patterns represented in Table 5 seem to be
sented through IS cyclic changes in adjusted seaensistent. In fact, the late-spring (warm) phyto-
level (ASL) at Caldera (27° S). Here three ASLpattern response with rising sea level (cold) dur-
categories are considered: Rising (R), Falling (Fing El Nifio (warm) at Cruz Grande bay (Novem-
and Stationary (S). ber 1987) is similar (“warm type”) to those in

The shortest or event-scale variability (3 to Zarly-summer (warm), stationary sea-level con-
days), resulting from pulses of the prevailingditions during the milder EI Nifio’s (warm) in
alongshore equatorward winds, considers twdanuary 1994 and 1995 at Punta Lengua de Vaca.
phases: active (AT) and relaxed (RX) accordinghe opposite (“cold type”) phyto-pattern response
to the upwelling conditions represented by theéhrough the local forcing cycle observed at Cruz
daily coastal upwelling index (AWS values).  Grande in the late-spring (warm) of 1988 with La

Results of the distribution of B and PP areNifia (cold) and stationary sea-level, is similar to
presented in Table 4. Given the scarcity of obsethose observed off Mejillones Peninsula in July
vational data, its broad range in space variabilitywinter: cold) 1997 with rising sea-level (cold),
and its subsequent distribution into the severah spite of the EI Nifio (warm) conditions.
scales of time variability analyzed here, formal From this characterization it may be proposed
statistical analysis was not intended. Howeverthat the ENSO signal, determining the average

TABLE 3

Euphotic zone (Zeu), Zeu-integrated chlorophyll a (Chl-a) and maximum Chl-a specific
primary productivity (PB_) at different offshore distances during November 1987 and
November 1988 off Cruz Grande Bay. The mean daily Zeu-integrated primary productivity
(PP) are shown in the last column

Zona eufotica (Zeu), clorofila-a integrada (Chl-a) en Zeu y productividad primaria especifica maxima &PB
diferentes distancias de la costa en noviembre de 1987 y noviembre de 1988 frente a bahia Cruz Grande. Los
promedios por dia de productividad primaria integrada en Zeu (PP) se muestran en la Gltima columna

Date Offshore distance Zeu Integrated Chl-a RB mean PP
(nmi) (m) (mgm2)  (mgC mgChl-att) (mgC m2d1)
2/11/1987 2 a7 43.0 4.1 620
8 29 13.2 6.0
12 43 39.3
4/11/1987 4 14 50.2
20 27 16.9 5.4
6/11/1987 4 17 128.0 1.0 482
8 26 77.0
12 23 106.8 1.0
8/11/1987 4 14 109.3 1.2 397
8 22 127.8
20 17 82.5 0.8
10/11/1987 4 12 101.9
8 33 47.2
20 19 186.3
5/11/1988 4 5 49.1 922
8 19 117.4
12 22 73.4
24 18 69.1 2.7
7/11/1988 4 12 24.9 667
8 16 74.0
12 24 41.8 5.0
24 17 91.3 1.1
9/11/1988 4 - 26.7 428
8 19 58.8
12 42 33.2 4.5
24 47 45.1 1.8
11/11/1988 4 28 11.9 222
8 - 12.1 222
12 43 34.7 1.8

24 39 37.2 1.0
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depth of the thermo-nutricline, may be balancedflavorable winds before the passage of the center
by more than one opposite thermal condition (seaf the low (Rutllant 1994).
sonal and intraseasonal) in defining a “warm” or During the active phase of the upwelling
“cold” phyto-pattern. downslope air subsidence associated with the lead-
ing sector of the coastal low produces clear skies
(Rutllant 1981). Conversely, the wind relaxation
and the frequent wind reversals immediately after
DISCUSSION the culmination of the low are associated with a
sign change in the meridional pressure gradient,
Upwelling-favorable wind events observed durfavoring the inland penetration of coastal stratus
ing and around the 1987 and 1988 air-sea interactouds.
tion experiments were associated with a strength- Differences in the climate characteristics be-
ening of the zonal pressure gradients between theeen 1987 and 1988 field experiments, consis-
passage of a frontal perturbation and the onset tént with the corresponding phases of the ENSO
a coastal low. The southward propagation of theycle, may explain differences in the local forc-
coastal low generates a strong and rapidly changrg cycles. In fact, the spring of 1987 was rainier
ing meridional pressure gradient, leading to athan average in central Chile because of persis-
ageostrophic wind component along the coastent blocking of the mid-latitude westerly flow.
This results in the strengthening of the upwellingAs discussed in Rutllant & Fuenzalida (1991) that
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Fig. 6: Time-offshore distance SST cross-sections derived from airborne (PRT) measurements: (A)
09:00 h flights for November 1987; (B) 15:00 h flights for November 1988. (adapted from Fuenzalida et
al. 1989)!

Secciones tiempo-distancia costa afuera de la TSM derivada de mediciones aéreas (PRT): (A) vuelos de las 09:00 h para
noviembre de 1988; (B) vuelos de las 15:00 h para noviembre de 1988. (adaptado de Fuenzalida et al. 1989).
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TABLE 4

Published and unpublished Zeu-integrated Chl-a (B) and primary productivity (PP) data off
Mejillones Peninsula (Antofagasta: 23° S) and Punta Lengua de Vaca (Coquimbo: 30° S)
classified according to the season (SU = austral summer, WI = austral winter, SP = austral

spring), ENSO cycle (W = warm or El Nifio, C = cold or La Nifia, T = transition), remote
intraseasonal forcing (UP = rising sea-level, DO = decreasing sea-level, ST = stationary sea-
level), and local, wind-driven upwelling forcind\C = active phase, RX = relaxed phase)

Datos publicados y no publicados de clorofila-a integrada en Zeu (B) y productividad primaria (PP) en la zona
costera frente a la Peninsula de Mejillones (Antofagasta, 23° S) y Punta Lengua de Vaca (Coquimbo, 30° S),
clasificados segun la estacion (SU = verano austral, Wl = invierno austral, SP = primavera austral), ciclo ENOS (W

= calido o El Nifio, C = frio o La Nifia, T = transicion), forzamiento intraestacional remoto (UP = nivel del mar
creciente, DO = nivel del mar decreciente, ST = nivel del mar estacionario) y forzamiento local de la surgencia
debido al vientq AC = fase activa, RX = fase relajada)

Seasoh ENSO Site Year Month Day  Station Zeu (m) Ichla PP Forcing
Cycle? LocaB Remoté
SuU T Antofagasta 1997 January 24 15 62 19 2,234 AC ST
SuU T Antofagasta 1997 January 29 15 17 175.4 4771 AC ST
SuU T Antofagasta 1997 January 30 15 135 3,551 RX ST
SuU T Antofagasta 1997 January 31 15 16.7 5,053 RX ST
Wi W Antofagasta 1997 July 9 15 62 22.5 338 RX UpP
Wi W Antofagasta 1997 July 10 15 65.7 17.5 981 RX UP
Wi W Antofagasta 1997 July 22 15 34.3 36.8 1,823 RX UP
SuU T Antofagasta 1997 January 22 1 48 110 6,063 RX DO
SuU T Antofagasta 1997 January 20 24S 16 32 2,424 RX DO
SuU T Antofagasta 1997 January 19 24S 14.4 40.8 1,474 RX DO
SuU T Antofagasta 1997 January 15 27S 67.6 11.7 563 RX DO
SuU T Antofagasta 1997 January 14 15M 28 32.9 2,064 RX DO
SuU T Antofagasta 1997 January 11 3N 74 13 AC ST
Wi W Antofagasta 1997 July 1 3N 57.5 16.4 620 AC UpP
Wi W Antofagasta 1997 July 2 15 41 329 370 AC UP
Wi W Antofagasta 1997 July 4 27 54 311 2,045 RX UP
Wi W Antofagasta 1997 July  11,12,13 Fmeji 40.2 41.9 1,271 AC UpP
SuU W Coquimbo 1992 April 21 8 47.1 27.3 763 RX UP
SuU W Coquimbo 1992 April 26 14 45 39 1,166 RX UP
SuU W Coquimbo 1992 April 27 19 34 53 1,003 RX UpP
Wi W Coquimbo 1992 June 24 8 62 317 602 RX ST
Wi W Coquimbo 1992 June 24 8 66 13.3 492 RX ST
SP T Coquimbo 1992 October 27 8 14.3 140 AC ST
SP T Coquimbo 1993  September 25 8 8 352 AC ST
SuU T Coquimbo 1994 January 26 8 47.71 23 798 RX ST
SuU T Coquimbo 1994 January 28 7 40.37 53.5 1,562 AC ST
SuU T Coquimbo 1994 January 29 7 20.41 59.9 2,955 AC ST
SuU T Coquimbo 1994 January 30 7 17.06 39.23 1,311 AC ST
SuU T Coquimbo 1994 January 31 5 17.14 92,5 2,416 RX ST
SuU T Coquimbo 1994 February 1 Buoy 21.319 66.5 1,166 RX ST
SP W Coquimbo 1994 September 28
SuU W Coquimbo 1995 January 24
SuU w Coquimbo 1995 January 29 8 50 28.45 1,194.1 RX ST
SuU W Coquimbo 1995 January 30 8 50 204 1,188.9 AC ST
SuU W Coquimbo 1995 January 31 8 59 9.44 1,105 AC ST
Wi T Coquimbo 1995 July 9 8 84.2 8.22 1,011.9 AC DO
SuU C Coquimbo 1996 January 27 7 54 1,589 AC UP
SuU C Coquimbo 1996 January 30 P1 RX UP
Wi C Coquimbo 1996 July 22 G2-22 43.06 AC ST
Wi C Coquimbo 1996 July 23 G5-32 73 38.46 AC ST
Wi C Coquimbo 1996 July 24 G6-36 74.32 AC ST
SuU T Coquimbo 1997 February 6 42 AC ST
SuU T Coquimbo 1997 February 7 31 54.2 24.83 1,216 AC ST
SuU T Coquimbo 1997 February 7 29 27.1 25.38 2,224 AC ST
SuU T Coquimbo 1997 February 8 16 41.9 23 1,317.9 AC ST
SuU T Coquimbo 1997 February 8 6 70 37.2 700.5 AC ST
SuU T Coquimbo 1997 February 10 8 58.6 45.8 1,474 AC ST
SP W Coquimbo 1997  November 4 8 82 37.25 623 AC ST
SP W Coquimbo 1997 November 5 8 82 23.78 1,444 AC ST

(1) SU = JFMA, WI = MJJA, SP = SOND; (2) T = transition, W = warm, C = cold ;

(3) AC = active, RX = relaxation; (4) UP = up, DO = down, ST = stationary
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TABLE 5

Comparison of “phytoplankton patterns” as the response of mean daily primary production in
mg C m? d* (PP) and Zeu-integrated Chl-a in mg@ifB) over a full local forcing cycle
between Cruz Grande bay (Table 3) and equivalent data in the other sites from Table 4.
Interannual, seasonal and intraseasonal conditions are respectively indicated. PP and B values
are averaged from 2 to 5 stations and in 1 to 3 days

Comparacion de los “patrones de fitoplancton” como la respuesta de la productividad primaria diaria promedio en
mg C m? d'y la Cl-a integrada en Zeu en mg?r{B) sobre un ciclo completo de forzamiento local entre Bahia Cruz
Grande (Tabla 3) y datos equivalentes de los otros lugares sefialados en la Tabla 4. También se indican las
respectivas condiciones interanuales, estacionales e intraestacionales. Los valores de PP y B son promedios de 2 a 5
estaciones en 1 a 3 dias

Sites ENSO Seasonal Intra-seasonal Upwelling Upwelling Phytoplankton
cycle cycle cycle active relaxed pattern
(sea-level) PP B PP B PP B

Cruz Grande bay Warm Spring (+) Rising 620 28 439 107 PR £P B=>t1B
November 1987

Cruz Grande bay Cold Spring (+)  Stationary 222 36 622 56 PP=PP B =>1 B
November 1988

Punta Lengua de Vaca Warm () Summer (-)  Stationary 1147 15 1194 28 RPRE B =>11B

January 1995
Punta Lengua de Vaca Warm (-)  Summer (-)  Stationary 1943 51 1791 79 RPRB B=>11B

January 1994
Mejillones Peninsula Warm (+) Winter Rising 754 30 1297 27 PPis>PP  B=>- B

July 1997

(+) strong (ENSO)/seasonally late; (-) mild (ENSO)/seasonally early
t L = small changes up/down; = large changes up

- =no change

=> = transition from the active to the relaxed phase of the upwelling

condition leads to an enhanced presence of midttions synoptic waves and associated frontal ac-
latitude disturbances in central Chile, producindivity concentrated south of 41° S (Fig. 3B), with
more frequent and stronger UFWE's, particularlya high persistence of coastal cloudiness in north-
in austral winter. However during the Novembercentral Chile. These factors could possibly ex-
1987 experiment the UFWE lasted for about 6lain the relatively long period with mild south-
days from the onset of the active phase to therlies, with only minor UFWE’s in between.
onset of relaxation, with a full cycle being com- The warmer oceanic waters, the deeper ther-
pleted in about 10 days. This period is longer thamocline (Moraga, 1996) and the position of the
the climatological mean recurrence and mightipwelling front close to the coast are consistent
have corresponded to an intraseasonal maximufeatures with the El Nifio signal (i.e., Strub et al.
forced by the cold, rising sea-level conditionsl998). The sharp cross-shore thermal contrast
nearshore. On the other hand, the wind reversahd more structured fields during the active up-
(SW to NW) during the upwelling relaxation phasewelling phase in 1987 (warmer water closer to the
(Fig. 2) produced a rapid dissipation of the up€oast) was presumably due to the rising sea-level
welling plume and the onshore advection anghhase (thermocline shoaling: nearshore colder
mixing with warm oceanic waters, leading to anwater) of the intraseasonal cycle. The relatively
increase in stratification (downwelling) and towarmer SST’s next to the shoreline and the less
the confinement of potentially productive watersstructured fields in space and time observed in
close to the coast. 1988 could be attributed to the reduced SST con-
These environmental conditions promoted arast with the colder oceanic waters characteristic
rapid near-shore growth of the phytoplankton (Bpf La Nifia conditions. The steadiness of the
and the decrease in PP, probably due to self-shaidiraseasonal signal in the ASL during the experi-
ing and other factors that will be discussed laterment and the solar warming in shallow waters
The opposite extreme of the ENSO cycle imssociated with the weak mixing present during
1988 resulted in a stronger and poleward-disthe extended wind-relaxation period, could have
placed subtropical anticyclone. Under those comalso contributed to the observed SST pattern.



MULTISCALE UPWELLING FORCING 229

These environmental conditions promoted &I Nifio conditions seem to affect only the spatial
moderate and positive change in B and a rapidistribution of the biological production, prob-
increase in the carbon fixation rate, probablyably through the restriction of the productivity to
associated with widespread favorable conditiona narrow band close to the coast (Wilkerson &
in which small and fast growing phytoplanktonDugdale 1987, Ulloa et al. 2001).
should dominate. Consistent with the previous discussion, the

In general, after an upwelling event B increasebiological response showed clearer patterns dur-
while the phytoplankton shows an increment ofng 1987 when the range of the N/P values changed
chain-forming diatoms (i.e., the dominant speciefrom 2 to 12 throughout the upwelling event (J.
was Leptocylindrus danicusin 1987 and Olivares personal communication). In non-limit-
Skeletonema costatuim 1988). Therefore trends ing nutrient conditions, the increase in phytoplank-
in the phyto-pattern (PP and B responses) could hlen Chl-a in 1987, associated with clear skies
produced by differences in cell-size structure an@Fig. 2) produced the decrease in Zeu, in the
succession patterns of the phytoplankton assemutrient concentration and in PB (Table 3).
blages. Results from a study of the cell-size influSince high PB_ values indicate favorable physi-
ence on the specific primary production off Puntalogical conditions of autotrophs (Harrison et al.
Lengua de Vacain January (warm season) and Jul®81), the increase of the self-shading effect after
(cold season) 1996 (La Nifa), reveal that the smathe phytoplankton growth could be responsible of
sizes dominate during the cold season, increasirie lower PB_ values in the coastal waters (on-
the specific primary production (Montecino & shore advection) after the upwelling event.
Quirdz 2000). These results are consistent with the However in 1988, although Zeu increased and
cold phyto-pattern described here. the phytoplankton decreased in the reversed forc-

The dependency of the phytoplankton responsieg cycle sequence, PB resulted independent of
to the intensity-duration (frequency) of the localZeu (Table 3). This is attributable to a light his-
forcing cycles can be understood in the frame afory with smoother changes, as well as to less
the physiological stages of the phytoplanktorsignificant variations in the nutrient concentra-
growth following the upwelling plume tion, with the exception of November 7 nearshore
(Lagrangian approach) after the onset of upwhere no primary production measurements are
welling. Maclsaac et al. (1985) have defined thosavailable to see a possible departure from the
stages in terms of nutrient concentration, lighgeneral pattern. While mixing and upwelling bring
intensity and turbulence (mixing), for a typical 5together light and nutrients that are important for
day-50 km time-space scales. This concept ighotosynthesis, deep vertical mixing reduces mean
especially relevant for the area off Punta Lenguabsorbed irradiance (Cullen & Mc Intyre 1998).
de Vaca where winds and ocean currents areFrom the available biological data analyzed
particularly energetic (i.e., Torres et al. 1999)here it may be tentatively concluded that, though
implying that phytoplankton acclimation shouldall the scales of time variability seem to interact
be slow. Therefore, rapid and energetic upwellingtrongly in positioning the nutricline closer or
cycles indicate that high phytoplankton growthfarther from the euphotic zone, warm (El Nifio,
rates can only proceed in protected bays (Maclsaaammer, sinking sea-level) conditions tend to
etal. 1985). Brown & Field (1986) recognize thatfavor an increase in B throughout the full cycle in
from newly upwelled waters to aged (nutrientthe local upwelling forcing. Conversely, an in-
depleted) ones, the rate of primary productiomrease in PP would be favored during cold (La
changes from low values (including small initiaINifia, winter, rising sea-level) conditions, with-
biomass), then increases sharply after the relaxut a significant increase in B. This schematic
ation onset and then decreases again due to lightyto-patternshould be further validated with
limitations (self-shading), nutrient depletion andmore experimental data including full local up-
phytoplankton composition differences. Therewelling forcing cycles and the continuos moni-
fore, frequent upwelling means that the low-nutoring of the depth of the thermocline/nutricline.
trient condition acting to decrease primary pro- Table 5 indicates that the ENSO “cold/warm”
duction rates is never attained, though the meaignal may be offset by more than one opposite
phytoplankton biomass of the area is reduced. lthermal condition when all the time-scales of
this context the phytoplankton production stagesariability are simultaneously considered in de-
throughout the local upwelling forcing cyclesfining the phyto-patterrassociated with a par-
seems to be more dependent on the frequenctieular cycle of the local upwelling forcing. How-
intensity of those cycles than on the large-scalever, clear-cut signals are not always to be ex-
interannual ones (Maclsaac et al. 1985, Brown &ected , in particular during transition or neutral
Field 1986, Service et al. 1998). In fact the warn{i.e., stationary sea-level) periods.
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