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IMARPE Foreword

R. VILLANUEVA

Executive Director
Instituto del Mar del Peru

The marine fisheries are vital to Peru and hence responsible management of our marine
fish resources should be one of our national priorities.

Much has been achieved as far as understanding the fishery biology of the various fish
species inhabiting the Peru Current System is concerned; the life-histories of the major species
have been largely elucidated, the fishery monitored and the gross effect of successive El Nifio
events well documented.

Our major impediment in this research effort and hence in formulating optimal
management options has been, however, the piecemeal nature of much of our research largely
due to lack of continued funding for sustained efforts.

This has resulted in many of our valuable results remaining disconnected, delaying the
emergence of a broad view of the upwelling ecosystem along our shores, both in the heads of
some of our scientists and of some of our fishery managers. How else can we explain, over 30
years after the onset of the anchoveta fishery, the lack of a management plan which would
simultaneously consider the exploitation of the anchoveta, of its major predators and competitors
(bonitos, mackerels, horse mackerels, sardine) as well as the conservation of the guano birds and
seals?

I was therefore very pleased when I first heard about the project initiated by Ms. Isabel
Tsukayama, then Chief of IMARPE’s Pelagic Resources Division, by Dr. Pauly of ICLARM and
by PROCOPA staff and have since given it as much support as I could, both by encouraging
IMARPE staff to participate in it and by encouraging other institutions to release data.

I now feel satisfied that this project has produced the elements needed to reach a global
view of the Peruvian ecosystem and I have no doubt that future generations of Peruvian
researchers will find this book useful as inspiration and/or as source of background data for their
research.

With this volume, which includes in table or graphic form an extremely large amount of
time series data, our Institute also provides the international scientific community with material
that can be used to test various hypotheses on the dynamics of upwelling ecosystems and of their
pelagic resources. We have convinced ourselves, during this exercise, that we held in our files,
drawers and unpublished reports more and better data than we thought was the case. We hope
others with social and economic constraints such as ours will also inspect their files and drawers
- and put together the data, as was done in this book.

Finally, I wish to thank GTZ and ICLARM. Without their support and active
involvement, this book could not have been written. This applies especially to Dr. Bilio, who
approved the whole idea, and to Dr. Arntz and Dr. H. Salzwedel, the successive team leaders of
PROCOPA, who so often acted as bridge between us and faraway ICLARM. This applies also to
the latter organization and its Director General, Dr. LR. Smith, for hosting a young Peruvian
scientist involved in the project and especially for their support of Dr. D. Pauly, whose
communicative enthusiasm certainly was a major element to the success of this project.

A,',(/(e/w«—

Callao, June 1987 |
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GTZ Foreword

DR. M. BILIO
Fishery and Aquaculture Section, GTZ

Peruvian-German cooperation in fisheries research is getting close to the completion of
its first decade of existence, while cooperation in the fisheries sector in general is even older.
Research cooperation is being conducted through the Programa Cooperativo Peruano-Alemah de
Investigacion Pesquera (PROCOPA) at the Instituto del Mar del Peri' IMARPE) in Callao. The
main purpose of this project is to provide assistance in research areas that could not be covered
sufficiently by Peruvian scientists alone, due to the restricted means available from national
resources.

PROCOPA, dealing with fishery resources largely dependent on the productive
conditions connected with the Peruvian upwelling system, has from the start aimed to include
species other than anchoveta in its research program. In this context, emphasis was put on the
stock assessment of fish species in demand, or at least highly suitable, for human consumption.
The final objective of the German contribution was the integration of all available and newly
acquired knowledge into a model of the ecosystem. Such a model should enable us to understand
the essential interactions among the major components of the system and, hence, to predict
changes due either to natural causes, such as "El Nifio" events, or to the exploitation of parts of
the system by a fishery.

Collaboration of Peruvian and German scientists has produced a respectable series of
reports and publications culminating in the publication of "El Nino, Su Impacto en la Fauna
Marina", edited by W. Arntz, A. Landa and J. Tarazona (Boletin del Instituto del Mar del Pen,
special volume, Callao 1985). However, PROCOPA has not only involved Peruvian and German
researchers. It has, indeed, included a considerable number of internationally renowned scientists
from other countries, in particular the USA and the UK, and derived benefit from their
participation, which is also documented in PROCOPA’s list of publications. One of the foreign
scientists who participated in PROCOPA'’s activities already at an early stage was Dr. Daniel
Pauly of ICLARM who was invited in 1981 by Dr. W. Arntz, then PROCOPA team-leader, for
what was planned to be a brief consulting exercise on single-species population dynamics and a
series of lectures to IMARPE staff. The present book documents into what Dr. Pauly’s
collaboration has grown!

The involvement of ICLARM in PROCOPA is in line with the close cooperation between
GTZ and this leading international research institution in the field of fishery and aquaculture
development in the tropics and subtropics. It is also in agreement with the principle of making
the best possible use of scientific data by analyzing them according to the highest
methodological standards and to render the results available to the largest possible scientific
audience and to potential users in fisheries management and politics.

The present book appears to me as an excellent example of the fruits that trustful
international cooperation among scientists can bring forth, even when half of the world has to be
bridged in the process. I would therefore, like to congratulate first of all the editors and
contributors on their success and thank them for their commitment. I would_further like to
express my gratitude to Dr. H. Salzwedel, present team-leader of PROCOPA, who
wholeheartedly supported this cooperative effort and successfully steered it through some of its
crises, and to Dr. W. Schmidt, the project officer of PROCOPA, who helped with essential
arrangements from GTZ Headquarters. Particular thanks are due to the management of IMARPE
and its Executive Director, Dr. R. Villanueva, for their enthusiastic support and to ICLARM for
letting Dr. Pauly contribute a major part of his "research time" through 1986 and 1987.
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Although some of the contributions included in this book are highly theoretical, I am
‘confident that its publication represents a great step forward to the understanding of the
dynamics of the principal Peruvian marine fishery resource and its management, if only because
of the massive amount of data that has been assembled and standardized and of the sheer length
of the time series that are now available for detailed study. GTZ is pleased to have been able to

contribute to this effort.
/é( oty

Eschborn, June 1987
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ICLARM Foreword

DR. IAN R. SMITH
Director General, ICLARM

It is with great pleasure that I have accepted to introduce, on behalf of the International
Center for Living Aquatic Resources Management, this book to its readers.

I believe this volume illustrates very well the many facets of ICLARM’s concept of
management-oriented fishery research conducted by cooperating institutions and more
specifically of ICLARM’s multidisciplinary emphasis when conducting such investigations.

Three different institutions, based on three different continents, joined in this effort to
which scientists from six different countries unselfishly contributed all of their data and much of
their time. The disciplines these scientists represent range from physical oceanography and
meteorology to fishery biology and economics - with one author actually having worked for
almost a decade in the anchoveta fishery. However, it is not only this wide range of skills and
talents which has made this book possible. Rather, the crucial factor seems to have been the
support which the authors and the editors received from various institutions in Peru, notably
from PESCAPERU and IMARPE.

The scientific value of historic data held in the laboratories of developing countries is
often unappreciated. This book illustrates the vision and foresight of those who collected these
data as well as of those who released them for use by the authors of the various contributions
included here.

Three of the key papers included in this book are by staff of the National Marine
Fisheries Service of the US Department of Commerce. All of the editors’ effort at reaching a
comprehensive coverage of the Peruvian ecosystem would have been vain without the massive
data sets and in-depth analyses contributed by these authors. On behalf of ICLARM, an
institution devoted to research on aquatic resources with institutions in developing countries, I
would like to congratulate NMFS for this cost-efficient and well-focused method for transferring
data back to where they originated.

This book is the first ICLARM publication dealing exclusively with Latin American
resources and I deeply regret that time constraints prevented the editors from preparing Spanish
Abstracts and Table and Figure legends, as originally planned. We hope, however, that the
opportunity will emerge in due time for a translation of the entire volume into Spanish, which
incidentally would allow for an update of the time series in the various contributions, most of
which stop in December 1982.

ICLARM is pleased to have had the privilege of cooperating with IMARPE and GTZ,
and hope that the volume resulting from this cooperation will be found useful by its readers.

Dot

Manila, June 1987



To the Memory of Haydee Santander Bueno

To whom this book is dedicated for her valuable contribution to Ocean Science and for her
exceptional human qualities. She passed away on the 25th of March this year in Lima, Peru, being
in her peak of scientific production and active involvement in the completion of this book.

e Haydee was born in Lima, Peru, in the pleasant district of Brena. She com-
pleted her studies in Biological Sciences at the Universidad Mayor de San Marcos
in Lima, graduating in 1959 with a thesis on “The Euphausids around Callao

and Chimbote and the General Composition of Zooplankton™.
Haydee’s professional career started in 1961 in the Plankton Department
of the Instituto de Recursos Marinos (IREMAR). From 1964 to her last days
she was affiliated with the Instituto del Mar del Peru (IMARPE) where, in
recognition of her professional achievements, she was advanced to the rank
of Director.

Her main field of interest was research on ichthyoplankton and zoo-
plankton having carried out specialization and complementary studies at
renowned research centers which include the Fisheries Laboratory, Lowe-
stoft, England; Marine Laboratory, Aberdeen, Scotland; Southwest Fish-
eries Center, La Jolla, California, USA and Bedford Institute of Oceano-
graphy, Halifax, Canada.

She participated as principal researcher of the Zooplankton Com-

B ponent of the Coastal Upwelling Ecosystem Analysis (CUEA) Project,

, r a Peruvian-Canadian project; Cooperative Research of the Anchovy
and Its Ecosystem (ICANE); and Peruvian-German Fishery Project (PROCOPA). She was national

representative in the planning of the Sardine-Anchovy Recruitment Program (SARP) Project;

President of the National Study of the “El Nifio”” Phenomenon (ENFEN) Multisectoral Committee;

and national representative of the Regional Study of the “El Nifio” Phenomenon (ERFEN).

Her scientific bibliography is appended. We will miss her.

THE EDITORS

Haydee Santander Bueno
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Abstract

Some features of previous oceanographic and fishery research in the Peruvian upwelling system are presented and contrasted, with
emphasis on the need for biologists to retrieve and standardize historic data and to present and analyze longer time series than commonly done to
date.

The genesis and aims of an international, multidisciplinary project between IMARPE, GTZ and ICLARM and aiming at deriving and
analyzing monthly time series on the Peruvian current system for the period 1953 to 1982 and beyond are discussed, and the key hypothesis that
gives its structure to the present book is presented.

Brief discussions, with copious references, are given of various important species of the Peruvian upwelling ecosystem not discussed in the
book of which this contribution forms the introduction.

Introduction

A huge amount of literature exists on the biology and population dynamics of the Peruvian
anchoveta (Engraulis ringens) (see Table 1). However, this literature differs in an important way
from the associated literature on the oceanography of the Peruvian ecosystem: the overwhelming
majority of "biological papers" have a very short time scale, usually covering the period of a few
months within, or the few years spanning major El Nifio events (see e.g. contributions in Arntz et
al. 1985).

The reasons for this imbalance are numerous and include objective constraints (assembling
and analyzing biological data, say on a monthly scale, over long time series is far more difficult
than assembling say temperature measurements (see Tabata 1985) as well as subjective
problems, such as those that emerge when biologists working in different laboratories, using
different methods, have to share data and ideas.

* ICLARM Contribution No. 375.



Table 1. Some major source of information on the Peruvian upwelling ecosystem (as of early 1987).

Reference

Type of document/remarks

Garcilaso de 1a Vega (1609 and 1617)

Hutchinson (1950)

Boerema et al. (1965)

I Seminario Latino Americano sobre el
Oceano Pacifico Oriental (1966), Univ.
San Marcos, Lima, Peru, 218 p.

Schaefer (1967), Murphy (1967),
Gulland (1968)

IMARPE (1970, 1972, 1973, 1974a,
1974b)

IIP/IBP (1971)
Stevenson and Wicks (1975)
Boje and Tomczak (1978)

Sharp (1980)

UNESCO (1980)

Dickie and Valdivia (1981)

Glantz and Thompson (1981)

Richards (1981)

Sharp and Csirke (1983)

CPPS (1984)

Mariategui et al. (1985)

Arntz et al. (1985)

IMARPE Boletin

IMARPE Informes

Bol. Cient. de la Cia Adm. del Guano

Tropical Ocean-Atmosphere Newsletter

First historic account of the Inca civilization, as written by the son of an Inca princess
and a Spanish conquistador (1539-1616), and including comments on the Incas’ efforts
to regulate guano exploitation (see Tovar et al., this vol.).

Thorough review of guano production and exploitation throughout the world with an
account of the biology and physiology of the Peruvian guano birds, and of the guano
industry.

as per title (see references).

Proceedings of a UNESCO-supported seminar, containing numerous contribution on the
Peru current and its resources.

Monographs based on data supplied by IMARPE staff.

Reports of five “Panel of Experts” on the biology and management of the anchoveta,
and the economics of the anchoveta fishery.

Contains results of research cruises conducted off Pisco, Peru.
Microfiche bibliography of El Nino and related publications.

Proceedings on a symposium on upwelling ecosystems, with four contributions dealing
with aspects of the Peru current.

Proceedings of a workshop held in Lima and devoted to the early life history of pelagic
species in upwelling systems (Peru and California).

Proceeding of a Workshop held in 1974(!) in Guyaquil, Equador and including several
major reviews. .

Compilation of 36 papers either generated as part of a Peruvian-Canadian cooperative
research project, or available at the times this was printed. [Some raw data generated by
this project are in Doe, 1978].

A multiauthored book on upwelling ecosystem, with numerous contributions relevant to
Peru and ranging from the prediction of El Nino events to the politics of fishery manage-
ment and land reform. Includes reprints of older, classical papers, e.g. by R.C. Murphy
and G.J. Paulik.

Proceedings of a major conference on upwelling ecosystem; includes more than 20 con-
tributions on the Peru Current region.

Proceedings of an “Expert consultation” (FAQ term for Symposium) *“‘to Examine
Changes in Abundance and Species Composition of Neritic Fish Resources”, held in
San José, Costa Rica, 18-29 April 1983; contains numerous contributions on Peruvian
resources.

Proceeding of a Symposium on El Niffo, held in Guyaquil, Equador, 12-16 Dec. 1983.
Indexed bilbiography, with 1,106 entries on El Nino and Peruvian resources.

Proceedings of a Symposium on El Nino and its impact on the maime fauna, held in Are-
quipa, Peru, Oct. 1983, heavy emphasis on the 1982/83 El Nino. Includes several ac-
counts of benthic animals.

Scientific journal of the Instituto del Mar del Peru; includes crucial informations often
missed by non-Peruvian scientists writing on the Peru current and/or the anchoveta.

Report series of the Instituto del Mar del Peru; contains crucial information not found
elsewhere,

Scientific journal of an organization previously in charge of guano birds and exploita-
tion; contains numerous papers relevant to anchoveta biology (ser. now defunct.) -~

Contains many brief, up-to-date articles on the Peru Current area, and discussions of El
Nino.




One consequence of this imbalance is that long time series data, to which rigorous
multivariate methods could be applied are lacking, and that various hypotheses, advanced
decades ago to explain the dynamics of the anchoveta stock of Peru could not be tested and/or
refined. Another consequence is that each author, while concentrating on the specific
problems(s) she or he is investigating has to "set constant” those variables that are not
specifically dealt with, leading to rather old estimates of important anchoveta population
statistics being "carried over" from one study to the next.

Underlying these problems, finally, is an enormous waste - or at least underutilization - of
information which, while not necessarily being easy to access, does nevertheless exist and
which, if properly standardized, could help interpret the behavior of the anchoveta stocks off
Peru, and more generally, of stocks of small pelagics throughout the world.

Genesis of the Project Leading to the Present Book

We shall present, in the following paragraphs (based on Pauly et al. 1986) an outline of the
genesis of the multidisciplinary project which led to the book presented here, meant to alleviate
the situation described above. We shall elaborate on this item more than might appear necessary
because we believe that this international effort illustrates a cooperative modus operandi that is
used far too little in projects with aims similar to ours.

The project emerged out of three, at first unrelated, developments. The first was that the
staff of a GTZ project hosted by IMARPE, the Programa de Cooperacion Peruano-Aleman
(PROCOPA) was given a mandate to develop, for purposes of fishery management, and in
cooperation with their counterparts at IMARPE, a model of the Peruvian ecosystem that would
be more realistic and versatile than those of Walsh (1981) or of Kremer and Sutinen (1975).
Thus, an attempt was made to involve Dr. E. Ursin, who had earlier worked on a model of the
North Sea (Andersen and Ursin 1977) in these efforts (Ursin 1980).

The second development was the 1980 release of the early version of the ELEFAN
programs for the estimation of growth, mortality and related statistics from length-frequency
data (Pauly and David 1980, 1981; Pauly 1982; Pope et al. 1981), such as have been collected on
the Peruvian anchoveta since the 1950s (Clark 1954; Jordan 1959).

The third development, finally, was the identification and refinement, by A. Bakun, R.
Parrish and associates at the Pacific Fisheries Environmental Group of NOAA/NMFS
(Monterey, California) of a methodology for the analysis of wind data in a context relevant to
fisheries in upwelling systems (Bakun 1985; Parrish et al. 1983).

Two of these developments converged in 1981, during the first author’s initial visit to.
IMARPE. A "test run" was undertaken as a consequence of this visit, leading to an analysis of
20 years’ worth of monthly anchoveta catch-at-length data using the ELEFAN I and III
programs. This provided extremely encouraging results (Pauly and Tsukayama 1983), the three
main conclusions from this preliminary analysis being:

1) length-based methods - particularly that described as "VPA III" in Pauly and
Tsukayama (1983) and Pauly, Palomares and Gayanilo (this vol.) - appear
eminently suited to study the dynamics of anchoveta, and reasonable estimates of
monthly recruitment, biomass, fishing mortality and related information can be
readily derived from an extremely limited amount of data in addition to catch-at-
length data;

ii) the assumption of a constant natural mortality ("M") underlying the preliminary
analysis, as well as most fish population models is untenable in the case of the
Peruvian anchoveta, and ways must be found to let M vary, e.g., with the biomass
of major predators, or by adding anchovetas consumed by predators to those
caught by the fishery (see Pauly, Palomares and Gayanilo, this vol.);

iii)  the 20-year time series of catch-at-length data used in the preliminary analysis
from 1961 to 1979 should be extended backwards to cover the initial phase of the
fishery (when biomasses were high and recruitment variability low) and forward
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Main Results of the Simulation

Fig. 14 shows anchoveta growth curves obtained for "1950" and "1980" conditions. Table 5
summarizes the results for two runs, while Table 6 shows the main results of the sensitivity
analyses of the model. As might be seen, assimilation coefficient and caloric food content, both
related to the food quality factor, have the strongest effects on model output. Table 6 also shows
that these parameters, considered alone must be changed by 45% for anchoveta to change from
its "1950" pattern to the "1980" pattern. On the other hand, if all parameters in Table 6 are
changed simultaneously, a change of only 15% is needed for the "1950" to "1980" transition (see
also Fig. 14).

" 1980 conditions"

20
(all effects combined)
I8
16
g 14+ start of
< 12k simulation ™\"|1950 conditions"
4
2 |0 = ,'
E’ 8 /,
(-] 4
F sl //
4 //’
2 ,,’
Pl | 1 I ]
(o] | 2 3 4

Age (years)

Fig. 14. Growth of Peruvian anchoveta as simulated using model described in text. Note that most of the differ-
ence between the “1950” and “1980 growth curves is due to growth rate differences of fish between 1 and
1.5 years.

Table 5. Summary of two runs of the anchoveta growth simulation model, for high (*“1950”) and low (“1980")
anchoveta biomass.

1950 conditions 1980 conditions®

Parameter (units) mean range mean range

Weight increment 0.27 0.17-0.41 0.65 0.32-1.49
(% BWD)?

Length increment 0.056 0.002-0.1 0.09 0.03-04
(mm -d’l) ~

Metabolic losses 15 1.27-2.02 1.16 1.07-1.69
(% BWD)

Ration 35 2.84.6 2.60 2.146
(% BWD)

‘Growth efficiency 9.3 5.0-12.2 23.76 10.7-22.4
%)

Duration of feeding 153 11.3-24.0 12 10.7-22.4
(hedl)

3 % BWD = percent of body weight per day.
b with all factors affecting growth changed by 15% (see text).
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Table 6. Sensitivity analysis of anchoveta growth simulation model.

Small change (25%) Resulting ‘Changes needed to
applied to “1950” length® at move from “1950” to
Parameter conditions 4yr “1980” conditions
from to (in cm) % change ie, to
Duration of feeding 153h 114h 17.2 -76 36 h
period ‘
Metabolic cost per unit 100% 75% 17.8 -70 30™
time feeding
Assimilation 0.60 0.75 187 +45 0.87
coefficient
Energy content of 1,000 1,250 18.7 +45 1,450

1 g of food (cal)

2 As compared with a length of 16 cm for the initial (“1950”") conditions.

Discussion

Overall, our growth estimates match those obtained previously by other authors (Table 7,
Fig. 15). However, the key finding presented here is obviously the strong evidence for density-
dependent growth in the Peruvian anchoveta, a phenomenon for which only anecdotal evidence
existed previously. Our ability to extract evidence for changes in the growth performance of
anchoveta depended on two main factors not found elsewhere:

i) the availability of an extremely long time series of length-frequency data, and

ii) the availability of powerful software for the analysis of these time series.

Table 7. Review of some growth-related statistics in adults of Engraulis spp.

Parameter Mean Range Species Source
Daily ration 45 4-6 E., mordax Hunter and Leong (1981)
(% body weight) 2.6 1.5-3.7 E. encrasicholus Sirotenko and Danilevsky (1977)
24 14-3.4 E. encrasicholus Mikhman and Tomanovich (1977)
3.52 2.84.5 E. ringens this
2.6° 2.14.6 E. ringens} study
Growth efficiency 12.8 - E. mordax Hunter and Leong (1981)
%) 9.3; 6-12.2 E. ringens this
239 15-32 E. ringens} study
Daily length 0.020° 0.015-0.025 E. mordax Parrish et al. (1985)
increment (mm) 0.05 3:;’ ‘; 0.020-0.106 E. ringens } thig
0.056" 0.020-0.016 E. ringens study
Daily weight 0.74° - E. ringens Walsh (1975)
increment (% BWD) 0.28? 0.17-0.41 E. ringens this
0.65° 0.32-1.50 E. ringens} study
Spawning events 15.1 5.3-23.5 E. mordax Parrish et al. (1986)
per year- 20.0 - E. mordax Hunter and Leong (1981)
[9.6;f - E. ringens Alheit (1986)
6.0 4,095 E. ringens this
17.3° 14.0-22.0 E. ringens} study
242 - E. ringens Pauly and Soriano (this vol.)

341950” condition.

“1980” condition, combined effects.

cComputed from Table 2 of Parrish et al. (1985) and referring to the Central (California) stock.
Refers to anchoveta of 1.5 yr and more to allow comparison with data in [c].

®Most favorable upwelling conditions.

Refers only to the main spawning months (August & September), and hence, cannot be directly compared to other values.
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Fig. 15. A. Frequency distribution of growth performance indices in
Engraulis spp. (excl. E. ringens), showing a wide range covered by the
genus. Based on data in Pauly (1978), Radovich and MacCall (1979),
Volovik and Kozlitina (1983), Melo (1984) and Gallardo-Cabelio (1985).
B. Frequency distribution of growth performance indices in E. ringens
showing that the species grows, as a whole, better than other Engraulis
spp.; the arrows refer to values of ¢’ for 1950 and 1980 on Fig. 5 and
express the density-related change of anchoveta growth identified in the
present study (see text).

Density dependence, as demonstrated here, is not confined to anchoveta and indeed
numerous authors have shown that growth rates are density-dependent in a large number of
fishes, especially as far as juveniles are concerned (Cushing 1973; Mathisen et al. 1978). This is
confirmed by our simulation model, which generated mean growth rates of about 0.05 mm/day
for both "1950" and "1980" conditions in fish of more than about 1.5 years (see Fig. 14 and
Tcallblles 6 and 7), suggesting that density-dependent growth affects mainly juveniles and young
adults.

The existence of marked seasonal growth oscillations (not considered in the simulation
model) in anchoveta also show this fish to behave, with regard to temperature, just as other fish
do (see Fig. 16), i.e., length growth rate is reduced when temperature is low even if the cold
period corresponds to a major upwelling and hence to increased food availability.

The main problem thus remaining is the identification of the cause(s) for the density-
dependent growth changes presented here.

Clearly, the "holistic" model presented here as Fig. 8 and equation (5) cannot be used to
distinguish potential causes - all the model can do is roughly quantify their combined effect. A
"reductionistic" model such as the one presented in Fig. 13 and in the preceding section, on the

A UGS,
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Abstract

A recently developed version of length-structured Virtual Population Analysis, implemented in the form of a graphic-oriented
microcomputer program (ELEFAN IIT) was used to estimate, on a monthly basis, the population in number and weight by 1 cm length class of the
Peruvian anchoveta (Engraulis ringens, northem/central stock). The analyses were performed with predation (by three species of guano birds, by
bonito and two species of seals) accounted explicitly, and with estimates of (residual) natural mortality obtained by back calibration with
independent acoustic estimates of biomass. The estimated biomasses rather faithfully reflect environmental perturbations (El Nifio events) and
human interventions (fishing and overfishing).

Likely sources of errors involved in the analysis are discussed.

Introduction

Numerous previous estimates of the biomass of Peruvian anchoveta exist and may be found
in the form of time series in various pamphlets, reports and/or books on topics ranging from the
economics of soya bean exports to oceanographic forecasting. Yet these time series not being
structured by size (or age group) nor having a time scale sufficiently small to reflect the rapid
changes of biomass experienced by the anchoveta, are largely useless for research, e.g., as
element of models for predicting fisheries yields.

* ICLARM Contribution No. 381.
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We shall present here biomass estimates that are structured by length (1 cm classes) and
which have a monthly time scale. Also, the time span covered shall extend from 1953 to 1981,
i.e., covering the Peruvian anchoveta fishery from its beginning to a period shortly preceeding its
total demise at the height of the 1982-1983 El Nifio.

The estimates we present do not call into question the overall magnitude of previous
estimates of biomass as obtained previously, mainly through acoustic surveys. The reason for
this is that the model we used - Virtual Population Analysis (VPA) - and the specific fashion we
implemented it, i.e., adding fish removed by major predators to fish taken by the fishery,
necessitated estimates of residual mortality (i.e., that part of natural mortality not caused by
major predators (here coded "Mo") which we had no way of estimating independently.

Therefore, we have used available estimates of biomass for calibration, i.e., to obtain
estimates of Mo, with the result than our analysis, rather than challenging the existing anchoveta
estimates, actually gives them additional coherence by integrating them with other information.

Materials and Methods

Computation of Total Withdrawals and Catch-at-Length Data

The bulk of the material used here is represented by the nominal catch and catch
composition data in Tables 1 to 30 of Tsukayama and Palomares (this vol.). To account for
unrecorded catches (Castillo and Mendo, this vol.), we have multiplied all monthly nominal
catches by 1.2. Much could be said pro or contra this value; however, it has little impact on VPA
estimates of biomass given that the Mg values estimated from the independent biomass estimates
are inversely related to such multiplicative factor.

The estimated quantities of anchoveta consumed monthly by cormorants, boobies and
pelicans (from Muck and Pauly, this vol.) by bonito (from Pauly, Palomares and Gayanilo, this
vol.), and by two species of seals (from Muck and Fuentes, this vol.) were then added to the
corrected catches of the fishery to obtain total withdrawals on a monthly basis (Table 1). We
shall refer to these total withdrawals as "catches" and use the terms "catch-at-length" when
referring to the monthly "number-of-fish-withdrawn-by-length-class”, except in cases where
fishery catches must be explicitly differentiated from predatory losses.

The detailed analyses on each of the major anchoveta predators considered here shows that
they consumed anchoveta of sizes largely matching those of the fishery (see Jordan 1959; Figs.
1-3 in Muck and Pauly, this vol.; Fig. 7 in Pauly, Vildoso, et al., this vol.; Fig. 1 in Muck and
Fuentes, this vol.), thus justifying the approach of pooling the withdrawals by the fishery with
those of the birds, the bonito and the seals.

The % catch composition data in Tables 1 to 30 of Tsukayama and Palomares (this vol.)
were raised to this catch (i.e., total withdrawals) by means of raising factors (R.F.) computed, for
each month (i) separately, from

R.F(j) = catchj/W(j) .1

where Wg(j) is the weight of the % composition data in month (i). The values of Ws(j) were
obtained from

w w2)

sy = T Tyt Wy

where Wij is the mean weight of fish in class j of sample (i.e., month) (i), n the total number of
length classes in that sample, and fjj the % frequency of class (j) in sample (i). The values of Wj
were estimated, given a length weig'llt relationship of the form _
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W =ajLb, 3)
from

W =1/(Lj2 - Lj1)-ai/(b + 1)-[Lj2b+1 - Lj1b+1] -.4)

where Lj1 and Lj2 are the lower and upper limits of class (j), and which provides an unbiased
estimate of the mean weight of fish in a given length class (Beyer 1987). All computations were
performed with the value of b in equation (4) set equal to 3 (i.e., isometric growth and the
appropriate values of a = ¢.f./100; see Tsukayama and Palomares, Tables 1 to 30 and text).

This procedure, implemented here through the ELEFAN III program was applied 360 times,
1ie., to all % length-frequency samples in Tsukayama and Palomares (this vol.) as well as to the
samples interpolated to fill in gaps (see below). The resulting matrix of monthly catch at length
data, covering the years 1953 to 1982 was used for all VPAs.

Brief Description of Length-Structured VPA

Beverton and Holt (1957) showed that the catch (C;) from population during a unit time
period (i) is equal to the product of the population size at the beginning of the time period (Nj)
times the fraction of the deaths caused by fishing, times the fraction of total deaths, or

F.

i
C =

(1 _Zi) N
JR— —e A
! Z,

1

)]

where Fj is the fishing mortality in the ith period, M is the natural mortality, generally assumed
constants for all period and Zj =F; + M.

The version of Beverton and Holt’s catch equation which has become most widely used for
stock assessment purposes, however, is

_.Zi

Ni +1 Zi e
= ~— ..0)
C; F,(1-¢
also written
Ci Fl z.
= (e ?=1) )
N4 A

which is the equation in Gulland’s (1965) VPA and which can be derived from (5) by
substituting for Nj the relationship

Ni=Ni+1-¢eZ ..8)

Given values of Cj and an estimate of M (here: "Mg") equation (7) can be used to estimate
(retroactively) the size of past cohorts (i.e., of groups of fish born at the same time and exposed
to the same mortalities throughout their lives), given an estimate of Nj + 1 from which to start
the computation. Such estimate of Nj + 1 (expressing the last population size a cohort had before
it went extinct) are usually called "terminal populations” (Nt).Values of Nt can be obtained from

Nt =_Ct/Ft .9

where Cy is the terminal catch (i.e., the last catch taken from a cohort before it went extinct) and
Ft is the terminal fishing mortality, i.e., the fishing (here inclusive of predation) pressure that
generated Ct (Mesnil 1980; Pauly 1984).
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The feature of VPA that is most important in the context of this contribution is that, given a
high fishing pressure, estimates of population size obtained by repeated application of equations
(6) or (7) tend to rapidly converge toward their true value, and hence usually provide, given
reasonable estimates of M, very reliable estimates of recruitment (Pope 1972; Pauly 1984).
Moreover, the speed of convergence from the guessed values of Nt (i.e., values of Nt based on
guessed values of Ft) toward accurate values of Nj is a function of the ratio of F to M. That is,
the higher the proportion of the cohort is which ends up being caught by the fishery (here: and
eaten by birds, bonito or seals), the more reliable will the population estimates be. This is the
reason why we have here, through the contributions of Muck and Pauly; Pauly, Palomares and
Gayanilo; Muck and Fuentes (this vol.) accounted explicitly for the anchoveta consumed by
birds, bonito and seals, respectively, and thus left Mg low, rather than replace predation by a
higher constant estimate of M.

Three forms of VPA, all included in the ELEFAN III program may be distinguished (Pauly
and Tsukayama 1983):

i) VPA I, which is the version originally proposed by Gulland (1965) and which Pope
(1972) reformulated as "Cohort Analysis",

ii) VPA TII, the VPA equivalent of Jones’ (1981) "Length Cohort Analysis" (see also Jones
and van Zalinge 1981; Pauly 1984), and

iii) VPA III, the model used here as originally proposed by Pope et al. (MS).

VPA I is a version of VPA I performed on "cohorts” obtained by superimposing growth
curves, drawn at monthly intervals, onto a set of catch-at-length data, the catch pertaining to each -
"cohort" and month being simply that part of the monthly catches contained between two
adjacent growth curves (see Fig. 1).

For such cohorts to really consist of fish recruited at the same time, the growth curves used
for "slicing up" a cohort must be obviously as close to the true growth curve of that cohort as
possible. This, among other things, makes it imperative that a seasonally oscillating growth
curve be used since, as shown in Pauly and Ingles (1981) and Pauly (1982), virtually all natural
fish stocks, including those occurring in tropical waters, display seasonally oscillating growth
(see also Palomares et al., this vol.).

In reality, not all fish of a given cohort have the same growth parameters, however, and it
can be expected that some fish will "leave their cohort" because they grow either faster or slower
than predicted by the mean cohort growth curve. Such differences in growth rate should here
have the effect of artificially increasing the autocorrelation between estimates of recruitment (see
Mendelsohn and Mendo, this vol.; Pauly, this vol.).

The growth curves used here to "slice cohorts" were based on the seasonally oscillating
version of the von Bertalanffy Growth Function (VBGF) presented by Pauly and Gaschiitz
(1979) i.e.,

L¢=L, (1-exp (-[[K(t-to)] + [KC/27sin 2(t-ts)]]) --10)

where Lt is the length at age t, L _ the asymptotic length, K a growth constant, to the "age" at
which length is zero if the fish always grew according to the equation, C is a dimensionless
constant expressing the amplitude of the growth oscillations and ts is the time (with respect to t =
0) at the beginning of a sinusoidal growth oscillation of period one year.

For practical purposes the estimation of tg was replaced by the estimation of a Winter Point
(WP), defined as

ts + 0.5 = WP ' 11)

which expresses (as a fraction of the year) the time during which growth is slowest. It should be
mentioned here that the ELEFAN programs, being based on length-frequency data (rather than
length-at-age data) do not allow for the estimation, nor require estimates of to, hence of absolute
ages (see Palomares et al,, this vol.); all "ages" used internally by the programs are relative ages,
expressed in relation to an arbitrary birthdate that is set internally and not output by the program.
The VPA III routines of ELEFAN III were applied to the available catch-at-length data
using the growth parameters given in Table 2. The small year-to-year differences in the values of
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Fig. 1. Facsimile of an ELEFAN III output (via plotter) showing monthly catch-at-length data (not to scale) and one of the many monthly cohorts which can be superimposed on
these data. The upper two panels show the population and fishing mortality estimate pertaining to this cohort, along with its biomass (rightmost panel). The populatlon estimate
pertaining to month 1 is an expression of recrultment of fish of length L, (here 3.75 cm, i.e., the lower limit of the class with midlength 4.25 cm).
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these parameters caused a slight overlap of some "cohorts" (i.e., some of the catch data were
used twice), and small gaps (i.e., some of the catch data were not included in any cohort). This
source of error could have been avoided by using the same growth parameters throughout. This,
however, would have caused a large bias, given the strong positive trend in anchoveta growth
performance documented in Palomares et al. (this vol.).

Interpolation of Missing Sets of Monthly Size-Composition Data

Although the monthly catch data (in weight) used for the present analyses are complete, the
monthly size composition data needed to derive monthly catch-at-length data are not (see Tables
1 to 30 in Tsukayama and Pauly, this vol.). Since uninterrupted series of catch-at-length data are
needed for VPA III, we have linearly interpolated size-frequency distributions where gaps
appeared in the original data (except for January-October 1953, where we have used the
corresponding values for 1954). We believe this approach had no major detrimental impact on
our results for three reasons:

i) linearly interpolated % length-frequency samples are very similar to "real" samples (see
Fig. 2) if only because the overall shape of such samples is determined mainly by continuous,
rather "smooth” processes (i.e., growth and mortality);

201 20%
—

£
o
£
5 iof
2
s
O
-
0

M A J
Month (1966)

Fig. 2. Length-frequency data of Peruvian anchoveta (northern/central stock), including samples that were linearly
interpolated. The reader is invited to guess which samples were interpolated.
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ii) VPA estimates of F and population size in a given time interval are not predominantly
determined by the catch composition in that very interval, but by the catch in that interval and
the catches and catch composition in previous intervals (VPA runs backwards!). Hence whatever
error is introduced by interpolating will be spread over several intervals, and its absolute impact

n mortality and population estimates pertaining to a given interval thus reduced.
iii) catch-at-length data as used in VPA 111 are estimated from both length composition data
nd catch data in weight. While the former were interpolated in some cases, the latter were
ways "real” and hence the overall number of fish caught in a given month tended to be
'sonably approximated, even though their size composition was interpolated.

‘mation of Monthly Recruitment and Biomass

Monthly population estimates per length class were obtained by regrouping monthly values
of Nj obtained on a cohort basis into regular class intervals (the same intervals as those in which
ssbinicre originally grouped). The population estimates in the smallest class

~ 4.75 cm) are here defined as "recruitment” (of fish with mean length
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stics (lower panel, left). Details are given in the software documentation.
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The population estimates (in numbers), by length class, were then multiplied, for each
- month and length class separately by the appropriate value mean weight values (see equation 4)
to obtain monthly population biomass by length class (Fig. 3).

All analyses were run with F = 2(y-1). It is recalled that these values (a) pertain to Z-Mg
(i.e., to the sum of true fishing mortality plus all sources of natural mortality represented by
distinct predators and (b) that values of F; have little impact on final results, especially on
recruitment estimates.

Estimation of Natural and Fishing Mortalities

The natural mortality (Mp) exerted by any given predator (p) with anchoveta consumption
(Cp(i)) was estimated, for each month (i) from

Mp(i) = anchoveta consumption (Cp(j))/anchoveta biomass (i) ..12)
Similarly, fishing mortality (F) was estimated from

Fj = anchoveta fishery catch (i)/anchoveta biomass (i) . 13)
Thus, all estimates of mortality presénted here pertain to weights, not numbers. [Note,

however, that computations of number-based mortality values are possible, based on the data
presented in this volume.] From these data, total mortality (Z) can be estimated from

w

Zi=Fi+Mo + 21 Moy ..14)
m:

where m is the number of predator groups considered here (i.e., birds, bonito and seals).
Results and Discussion

Estimate of My and Their Implications

Table 3 gives the values of Mg obtained iteratively, i.e., by changing values of Mg until
biomass were obtained which closely matched the independent biomass estimates in that same
table. The same values of Mg are also plotted as time series in Fig. 4. As might be seen, the
estimates of biomass in Table 3 force us to assume that Mg, which took values of about 2y-1 in
the 1960s, dropped to about 0.5y-1 in 1975, rapidly increased to about 4y-1 in 1976 and stayed at
this high level until the late 1970s. (We shall present below evidence suggesting that the natural
mortality of anchoveta did decrease in the early 1970s, as illustrated on Fig. 4.) The value of Mg
= 4y-1 for the late 1970s suggest that an important predator, ignored in our analyses, managed to
continue consuming a large amount of anchoveta in spite of their very reduced biomasses in the -
late 1970s (Pauly, this vol.).

Estimates of Anchoveta Biomass and Recruitment, 1953 to 1981

Tables 4 to 33 present the key results of our analyses, i.e., the monthly recruitment estimates
and the monthly biomasses, by length group, respectively, obtained through the VPA III routine
of the ELEFAN III program.

Fig. 5, based on Tables 5 to 33, shows the monthly sums of biomass over all length groups,
for 1953 to 1982. One part of this time series, covering the years 1963 to 1979 illustrates the
match of our biomass estimates to the independent biomass estimates used to calibrate the VPA

“.e., to esimate Mop). That part of the time series presents no surprise, except perhaps for the fact
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Table 1. Total monthly withdrawals of anchoveta, 1953-1982 (4-14°S) in tonnes.*

Annual

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec sum

1953 172,325 199,136 92,571 154,261 152,967 186,928 137,930 118,142 153,313 212,868 263,163 218,188 2,061,792
1954 166,672 202,551 187,266 235,332 269,842 296,327 222,086 177,561 201,589 210,850 281,843 193,539 2,645,458
1955 169,085 210,267 180,784 216,229 238,964 275,663 229,692 208,169 224,131 197,935 242,713 186,845 2,580,477
1956 151,439 180,214 209,841 248,458 227,417 254,725 217,918 163,157 171,757 203,191 223,343 176,286 2,427,746
1957 196,044 103,777 109,546 124,942 105,958 153,424 113,117 86,445 123,365 196,850 235,230 188,419 1,737,117
1958 159,711 136,415 142203 180,142 192,855 163,362 97,394 122,120 141,740 186,491 221,291 202,956 1,946,680
1959 278,720 224,134 294,788 331,039 298,496 262,756 246,974 186,905 201,499 309,220 488,693 476,245 3,599,469
1960 489,499 456,819 452,101 329,552 270,635 433,151 269,128 219,058 272,677 338,971 530,660 589,976 4,652,227
1961 633,344 566,837 -439 200 536,879 633,954 526,594 389,189 331,984 343,770 562,806 813,396 822,460 6,600,413
1962 601,292 577,221 635,309 756,421 889,586 649,631 526,208 423,099 482,055 687,302 1,056,724 1,092,780 8,377,628
1963 1,020,448 358,030 832,859 922,170 877415 480,807 294,012 278,416 337,413 540,481 824,818 954,703 7,721,572
1964 1,300,665 893,868 1,269,644 1,097,514 862,785 586,399 555,688 323,171 338,564 853,595 1,130,233 1,215,972 10,428,098
1965 1,329,674 838,527 1,317,907 994,144 849,356 650,866 . 73,284 46,125 118,250 285,351 809,297 1,435,436 8,748,217
1966 1,637,331 1,226,818 1,366,247 1,205,989 1,126,118 43,646 42,323 44,500 717,298 1,077,463 44,028 1,188,973 9,720,734
1967 1,855,000 732,557 1,105,166 1,499,645 1,355314 197,963 45,434 51,915 333,988 1,370,470 1,519,904 1,675,723 11,743,079
1968 1,795,685 1,108,654 922,816 1,320,189 1,167,869 23432 23,933 25,926 1,519,219 1,511,769 1,149,290 1,079,544 11,648,326
1969 1,497,099 24,485 2,143,191 1,529,121 © 975,930 22,316 19,933 20,733 600,449 585,527 469,795 2,186,282 10,074,861
1970 2,419,500 1,205,395 1,218,595 2,301,691 1,017,383 68,653 30,163 18,488 1,431,385 1,539,584 1,211,783 896,093 13,358,713
1971 23,572 24,075 2,866,270 1,771,166 788,862 134,698 24,654 23,932 1,362,641 1,495,016 1,298,701 1,488,913 11,302,500
1972 29,418 20,514 2,000,955 1,647,038 426,029 188,817 14,098 13,493 12,680 12,290 11,994 27,474 4,404,800
1973 10,226 301,114 1,171,497 419,390 10,272 9,755 8,837 11,417 31,154 21,334 49,555 5,482 2,050,033
1974 3,568 3,987 600,264 1,046,470 580,670 3471 4,072 3,876 43,472 751,095 644,109 3,060 3,688,114
1975 213,905 371,281 393,258 963,940 648,223 19,507 5,191 4,369 5,426 15,944 6,906 19,625 2,667,575
1976 - 321,080 66,033 422,216 691,773 384,836 621,501 175,766 3,133 2,995 96,150 470,255 426,057 3,681,795
1977 225,300 3,710 4,362 322,235 159,643 3971 3,890 4,407 4,212 4,939 6,359 6,052 749,080
1978 3,980 63,705 5,248 102,001 105,761 113,735 58,077 3,513 3,617 3,m 27,554 251,471 742,313
1979 2,784 3,597 312,380 726,659 2,838 2,624 2,200 2,085 1,967 81,281 33,898 1,547 1,173,860
1980 2,253 2,360 2,770 3,376 150,690 35,208 3,284 3,079 3,186 3,726 4,317 59,270 273,579
1981 2,176 2,295 2,044 35,049 66,048 63,234 1,576 1,471 1,270 31,445 12,7178 143,730 363,116
1982 2,139 60,890 177,414 224,304 251,896 237,787 337,080 1,966 5,118 22,173 67,112 89,142 1,477,021

3Total withdrawals = nominal catch x 1.2 plus consumption by guano bizds, bonitos and seals (see text).

Table 2. Inputs used for VPA III estimates of monthly anchoveta

biomass off Peru, 1953 to 1982.2

b

d

Year L," K© M Year L, K M,
1953 184 078 2.00 1968 204 0.87 2.00
1954 18.6 0.78  2.00 1969 205 0.88 2.00
1955 18.7 079  2.00 1970 207 0.88 2.00
1956 18.8 079 2.00 1971 208 0.89 2.00
1957 190 0.80 2.00 1972 209 090 195
1958 19.1 081 2.00 1973 211 090 1.75
1959 19.2 0.81 - 2.00 1974 212 091 1.15
1960 194 0.82 2.0 1975 213 0.92 0.80
1961 195 0.82 2.00 1976 215 093 1.70
.1962 19.6 083 200 1977 216 0.94 3.90
1963 198 0.84 2.00 1978 217  0.94 4.00
1964 199 084 2.00 1979 219 0.95 4.00
1965 20.0 0.85 2.00 1980 220 0.96 4.00 .
1966 20.2 0.85 2.00 1981 221 097 4.00
1967 203 0.86 2.00 1982 222 098 4.00
30ther inputs, used throughout, were C = 0.3, WP = 0.7

and l=‘t =2 (see text).
:Tgtal length, in cm; from Fig. 7 in Palomares et al. (this vol.).
y~'; from Fig. 7 in Palomares et al. (this vol.).
Monthly means, as read off eye fitted line in Fig. 4; values
used for VPA III linearly interpolated in steps of 3 months.

Table 3. Independent estimates of anchoveta biomass off Pern
(4-14°S) and estimated values of baseline natural mortality

(M,) using VPA IIL
Independent
biomass Source of VPAIII
estimate biomass estimates

Date (tx10%)? estimates of My,
Jan 64 1420 T 1.90
Jan 65 11.20 215
Jan 66 13.30. 1.78
Jan 67 13.80 1.68
Jan 68 13.30 Fig. 1 and text 1.67
Jan 69 12.50 r IMARPE (1974a) 2.38
Jan 70 18.30 223
Jan71 15.40 2,03
Mar 72 3.00 (<0)
Sep 72 2.00 _{ 1.40
Jan 73 3.16 1.54
Feb 73 3.30° 1.35
Sep 73 3.09 1.17
Nov 73 448 IMARPE 1.48
Feb 74 339 IM-168 (1974b) 0.73
May 74 2.19 025
Aug 74 392 1.28
Sep 74 3.09 0.84
Nov 74 3.25 if IMARPE 1.19
Feb 75 432 - (1975) 1.55
Aug 75 3.39 2.60
Sep 75 4.27 3.18
Jan 76 7.41 3.52
Aug 76 4.62 Johannesson 3.99
Feb 77 1.89 » and Vilchez 5.15
Jul 77 1.39 (1981) 4.17
Jun 78 3.78 3.79
Nov 78 202 2.99
Apr 79 215 ) 4.27

241 values adjusted to pertain only to the region between 4

and 14°8S.
bSee also Johannesson and Robles 1977).
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these parameters caused a slight overlap of some “cohorts” (i.e., some of the catch data were
used twice), and small gaps (i.e., some of the catch data were not included in any cohort). This
source of error could have been avoided by using the same growth parameters throughout. This,
however, would have caused a large bias, given the strong positive trend in anchoveta growth
performance documented in Palomares et al. (this vol.).

Interpolation of Missing Sets of Monthly Size-Composition Data

Although the monthly catch data (in weight) used for the present analyses are complete, the
monthly size composition data needed to derive monthly catch-at-length data are not (see Tables
1 to 30 in Tsukayama and Pauly, this vol.). Since uninterrupted series of catch-at-length data are
needed for VPA III, we have linearly interpolated size-frequency distributions where gaps
appeared in the original data (except for January-October 1953, where we have used the
corresponding values for 1954). We believe this approach had no major detrimental impact on
our results for three reasons: .

i) linearly interpolated % length-frequency samples are very similar to "real” samples (see
Fig. 2) if only because the overall shape of such samples is determined mainly by continuous,
rather "smooth" processes (i.e., growth and mortality);

20
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" Fig. 2. Length-frequency data of Peruvian anchoveta (northern/central stock), including samples that were linearly
interpolated. The reader is invited to guess which samples were interpolated.
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ii) VPA estimates of F and population size in a given time interval are not predominantly
determined by the catch composition in that very interval, but by the catch in that interval and
the catches and catch composition in previous intervals (VPA runs backwards!). Hence whatever
error is introduced by interpolating will be spread over several intervals, and its absolute impact
on mortality and population estimates pertaining to a given interval thus reduced.

iii) catch-at-length data as used in VPA III are estimated from both length composition data
and catch data in weight. While the former were interpolated in some cases, the latter were
always "real" and hence the overall number of fish caught in a given month tended to be
reasonably approximated, even though their size composition was interpolated.

Estimation of Monthly Recruitment and Biomass

Monthly population estimates per length class were obtained by regrouping monthly values
of N1 obtained on a cohort basis into regular class intervals (the same intervals as those in which
the c¢aich datawere originally grouped). The population estimates in the smallest class
considered here (3.75 to 4.75 cm) are here defined as "recruitment” (of fish with mean length
4.25 cm).
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Fig}, 3. Facsimile of an ELEFAN III output (via plotter) showing summary of result of a VPA III pertaining to a given month (here May. 1969), and showing the catch data (lower
panl, right, histograms) the cohorts “passing through” that month (box with narrowin,
statjstics (lower panel, left). Details are given in the software documentation.
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The population estimates (in numbers), by length class, were then multiplied, for each
- month and length class separately by the appropriate value mean weight values (see equation 4)
to obtain monthly population biomass by length class (Fig. 3).
All analyses were run with Fy = 2(y-1). It is recalled that these values (a) pertain to Z-M
(i.e., to the sum of true fishing mortality plus all sources of natural mortality represented by
distinct predators and (b) that values of Ft have little impact on final results, especially on
recruitment estimates.

Estimation of Natural and Fishing Mortalities

The natural mortality (Mp) exerted by any given predator (p) with anchoveta consumption
(Cp(i)) was estimated, for each month (i) from

Mp(i) = anchoveta consumption (Cp(i))/anchoveta biomass (i) ..12)
Similarly, fishing mortality (F) was estimated from

Fj = anchoveta fishery catch (i)/anchoveta biomass (i) ; «13)
Thus, all estimates of mortality presented here pertain to weights, not numbers. [Note,

however, that computations of number-based mortality values are possible, based on the data
presented in this volume.] From these data, total mortality (Z) can be estimated from

w

Zi=Fi+Mp+ X My, ..14)

m=1

where m is the number of predator groups considered here (i.e., birds, bonito and seals).
Results and Discussion

Estimate of Mg and Their Implications

Table 3 gives the values of Mg obtained iteratively, i.e., by changing values of Mg until
biomass were obtained which closely matched the independent biomass estimates in that same
table. The same values of Mg are also plotted as time series in Fig. 4. As might be seen, the
estimates of biomass in Table 3 force us to assume that Mg, which took values of about 2y-1 in
the 1960s, dropped to about 0.5y-1 in 1975, rapidly increased to about 4y-1 in 1976 and stayed at
this high level until the late 1970s. (We shall present below evidence suggesting that the natural
mortality of anchoveta did decrease in the early 1970s, as illustrated on Fig. 4.) The value of M
= 4y-1 for the late 1970s suggest that an important predator, ignored in our analyses, managed to
continue consuming a large amount of anchoveta in spite of their very reduced biomasses in the
late 1970s (Pauly, this vol.).

Estimates of Anchoveta Biomass and Recruitment, 1953 to 1981

Tables 4 to 33 present the key results of our analyses, i.e., the monthly recruitment estimates
and the monthly biomasses, by length group, respectively, obtained through the VPA Il routine
of the ELEFAN III program.

Fig. 5, based on Tables 5 to 33, shows the monthly sums of biomass over all length groups,
for 1953 to 1982. One part of this time series, covering the years 1963 to 1979 illustrates the
match of our biomass estimates to the independent biomass estimates used to calibrate the VPA
(i.e., to esimate Mg). That part of the time series presents no surprise, except perhaps for the fact
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Table 1. Total monthly withdrawals of anchovéta, 1953-1982 (4-14°S) in tonnes.?

Annual

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec sum

1953 172,325 199,136 92,571 154,261 152,967 186,928 137,930 118,142 153,313 212,868 263,163 218,188 2,061,792
1954 166,672 202,551 187,266 235,332 269,842 296,327 222,086 177,561 201,589 210,850 281,843 193,539 2,645,458
1955 169,085 210,267 180,784 216,229 238,964 275,663 229,692 208,169 224,131 197,935 242,713 186,845 2,580,477
1956 151,439 180,214 209,841 248,458 227,417 254,725 217,918 163,157 171,757 203,191 223,343 176,286 2,427,746
1957 196,044 103,777 109,546 124,942 105,958 153,424 113,117 86,445 123,365 196,850 235,230 188,419 1,737,117
1958 159,711 136,415 142,203 180,142 192,855 163,362 97,394 122,120 141,740 186,491 221,291 202,956 1,946,680
1959 278,720 224,134 294,788 331,039 298,496 262,756 246,974 186,905 201,499 309,220 488,693 476,245 3,599,469
1960 489,499 456,819 452,101 329,552 270,635 433,151 269,128 219,058 272,677 338,971 530,660 589,976 4,652,227
1961 633,344 566,837 -439,200 536,879 633,954 526,594 389,189 331,984 343,770 562,806 813,396 822,460 6,600,413
1962 601,292 577,221 635,309 756,421 889,586 649,631 526,208 423,099 482,055 687,302 1,056,724 1,092,780 8,377,628
1963 1,020,448 358,030 832,859 922,170 877415 480,807 294,012 278,416 337,413 540,481 824,818 954,703 1,721,572
1964 1,300,665 893,868 1,269,644 1,097,514 862,785 586,399 555,688 323,171 338,564 853,595 1,130,233 1,215,972 10,428,098
1965 1,329,674 838,527 1,317,907 994,144 849,356 650,866 . 73,284 46,125 118,250 285,351 809,297 1,435,436 8,748,217
1966 1,637,331 1,226,818 1,366,247 1,205,989 1,126,118 43,646 42,323 44,500 717,298 1,077,463 44,028 1,188,973 9,720,734
1967 1,855,000 132,557 1,105,166 1,499,645 - 1,355,314 197,963 45,434 51,915 333,988 1,370,470 1,519,904 1,675,723 11,743,079
1968 1,795,685 1,108,654 922,816 1,320,189 1,167,869 23,432 23,933 25,926 1,519,219 1,511,769 1,149,290 1,079,544 11,648,326
1969 1,497,099 24,485 2,143,191 1,529,121 - 975,930 22,316 19,933 20,733 600,449 585,527 469,795 2,186,282 10,074,861
1970 2,419,500 1,205,395 1,218,595 2,301,691 1,017,383 68,653 30,163 18,488 1,431,385 1,539,584 1,211,783 896,093 13,358,713
9 23,572 24,075 2,866,270 1,771,166 788,862 134,698 24,654 23,932 1,362,641 1,495,016 1,298,701 1,488,913 11,302,500
1972 29,418 20,514 2,000,955 1,647,038 426,029 188,817 14,098 13,493 12,680 12,290 11,994 27474 4,404,800
1973 10,226 301,114 1,171,497 419,390 10,272 9,755 8,837 11,417 31,154 21,334 49,555 5,482 2,050,033
1974 3,568 3,987 600,264 1,046,470 580,670 3471 4,072 3,876 43,472 751,095 644,109 3,060 3,688,114
1975 213,905 371,281 393,258 963,940 648,223 19,507 5,191 4,369 5,426 15,944 6,906 19,625 2,667,575
1976 - 321,080 66,033 422216 691,773 384,836 621,501 175,766 3,133 2,995 96,150 470,255 426,057 3,681,795
1977 225,300 3,710 4,362 322,235 159,643 3,971 3,890 4,407 4,212 4,939 6,359 6,052 749,080
1978 3,980 63,705 5,248 102,001 105,761 113,735 58,077 3,513 3,617 3,711 27,554 251,471 742,373
1979 2,784 3,597 312,380 726,659 2,838 2,624 2,200 2,085 1,967 81,281 33,898 1,547 1,173,860
1980 2,253 2,360 2,770 3,376 150,690 35,208 3,284 3,079 3,186 3,726 4,317 59,270 273,579
1981 2,176 2,295 2,044 35,049 66,048 63,234 1,576 1471 1,270 31,445 12,778 143,730 363,116
1982 2,139 60,890 177,414 224,304 251,896 231,787 337,080 1,966 5,118 22,173 67,112 89,142 1,477,021

3Total withdrawals = nominal catch x 1.2 plus consumption by guano birds, bonitos and seals (see text).

Table 2. Inputs used for VPA Il estimates of monthly anchoveta

biomass off Peru, 1953 to 19822

Year L K°  M° Year L, K M,

1953 184 078 200 1968 204 087 2.00
1954 186 078 200 1969 205 0.88 2.00
1955 187 079 200 1970 207 0.88 2.00
1956 188 079 200 1971 208 089 2.00
1957 190 080 200 1972 209 090 195
1958 191 081 200 1973 211 090 175
1959 192 081 200 1974 212 091 1iS
1960 194 082 200 1975 213 092 0.80
1961 195 082 200 1976 215 093 170
1962 196 083 200 1977 216 094 3.90
1963 198 084 200 1978 217 094 4.00
1964 199 084 200 1979 219 095 4.00
1965 200 085 200 1980 220 096 4.00 .
1966 202 085 200 1981 221 097 4.00
1967 203 086 200 1982 222 098 400

20ther inputs, used throughout, were C = 0.3, WP =-0.7
and Ft =2 (see text).
otal length, in cm; from Fig. 7 in Palomares et al. (this vol.).

Cy™1; from Fig. 7 in Palomares et al. (this vol.).
Monthly means, as read off eye fitted line in Fig. 4; values
used for VPA III linearly interpolated in steps of 3 months.

Table 3. Independent estimates of ‘anchoveta biomass off Peru
(4-14°S) and estimated values of baseline natural mortality

(M) using VPA 11
Independent
biomass Source of VPA III
estimate biomass estimates

Date tx10%)? estimates of M,
Jan 64 1420 ) 1.90
Jan 65 11.20 2.15
Jan 66 13.30: 1.78
Jan 67 13.80 1.68
Jan 68 13.30 Fig. 1 and text 1.67
Jan 69 12.50 IMARPE (1974a) 2.38
Jan 70 18.30 2.23
Jan 71 15.40 2.03
Mar 72 3.00 (<0)
Sep 72 2.00 4 1.40
Jan 73 3.16 1.54
Feb 73 3.30° 1.35
Sep 73 3.09 1.17
Nov 73 448 } IMARPE 1.48
Feb 74 3.39 ’ IM-168 (1974b) 0.73
May 74 2.19 0.25
Aug 74 392 1.28
Sep 74 3.09 0.84
Nov 74 3.25 X IMARPE 1.19
Feb 75 432 (1975) 1.55
Aug75 3.39 C 2.60
Sep 75 427 3.18
Jan76 741 3.52
Aug 76 4.62 Johannesson 3.99
Feb 77 1.89 r and Vilchez 5.15
Jul 77 1.39 (1981) 4.17
Jun 78 3.78 3.79
Nov 78 2.02 2.99
Apr79 215 ) 4.27

2A1 values adjusted to pertain only to the region between 4

and 14°S. )
bgee also Johannesson and Robles (1977).
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Fig. 4. Estimates of baseline natural mortality (M) as required to reproduce independent estimates of anchoveta biomass
using the VPA III routine of the ELEFAN III program, Line is eye fitted. Note forward and backward extrapolations of
M,=4 y_1 and M, =2 y"l, respectively (see also Table 2 and text).
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Fig. 5. Biomass estimates of Peruvian anchoveta, 4-14°S, obtained through the VPA Iil
routine of the ELEFAN III program (see text), and showing independent biomass estimates
used to calibrate VPA.

that seasonal oscillations and other within-year changes appear to be far more intense and rapid
than had previously be assumed.

Little comments are needed for the parts covering 1980 to 1982, except perhaps that the
decline of the biomass to a very low level prior to the onset of the 1982-1983 El Nifio is, in part,
an artifact due to the absence of catches and consumption estimates to "feed into" the VPA in
1983 to estimate the 1982 biomasses. For this reason, we have omitted the year 1982 from the
detailed results on biomasses given in Tables 5 to 33. '

The anchoveta biomasses estimated for the 10 years preceding the first available
independent standing stock estimates, i.e., the years 1953 to 1962, are interesting in that they are
lower than expected (see Table 3 in Muck and Pauly, this vol.). Interestingly, these biomass
estimates suggests that the anchoveta suffered from the 1957 El Niiio almost as much as from
that of 1971-1972. This indeed would explain the massive bird mortalities recorded from that
period (see Tovar et al., this vol.). It should be noted, however, that this point is, in part at least, a
circular argument, since we used, among other things, bird population data to estimate bird
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Monthly anchoveta recruitment (102)

Running average anchoveta
recruitment (10'2)

Year

Fig. 6. Time series of recruitment (of fish ranging from 3.75 to 4.75 cm, slightly less than 3
months old) into the anchoveta stock, January 1953 to mid-1982. 4bove: monthly recruit-
ment, showing increasing variability, from the late 1950s to 1970, probably due to increasing
fishing pressure and leading to recruitment collapse in early 1971, prior to the onset of the
1971-1972 El Nino. Below: smoothed data (using a' 12-month running average), showing that
the 1960s, which saw the buildup of the fishery, may have been a period of exceptionally
and steadily high recruitment.

anchoveta consumption, and since such consumption, at a time when the fishery was just
starting, should have had a great impact on the VPA estimates of biomass.

Fig. 6, based on Table 4, shows two time series of anchoveta recruitment: one consists of
monthly estimates of the number of young fish (of 3.75-4.75 cm, i.e., about 3 months old)
entering the fishery, the other illustrating the same data, but as 12 months’ running average to
show interyear changes. ‘

As might be seen, these time series closely resemble the time series of biomass, which is not
surprising in a fish with a short lifespan. Important aspects of the time series in Fig. 6 are:

i) the increased within year variability of recrultment from the late 1950s to the late 1960s,
presumably an effect of fishing, and
- ii) the fact that the major recruitment collapse of 1971 appears to have occurred before the
onset of the 1971-1972 El Nirio (see also Mendelsohn and Mendo, this vol.)

These two aspects, already apparent in the earlier analysis of Pauly and Tsukayama (1983)
imply that much of what has been written about the 1971-1972 El Nifio being the cause of the
collapse of the fishery in 1972 is probably wrong.

Fig. 7 shows time series of anchoveta fishing mortality, both of a monthly basis and
smoothed (12 months’ running average) to allow the interyear trend to become fully visible. As
might be seen, fishing mortality increased steadily through the 1950s and 1960s, then fluctuated

violently through the 1970s, mainly due to successive El Nifio events and associated closures of
the fishery.



Table 4. Number (x 106) of 3-month old fish of 3.75-4.75 cm entering (i.e., recruiting into) the Peruvian anchoveta stock, 4-14°S, January 1953 to April 1982.%

Jun

Year Jan Feb Mar Apr May Jul Aug Sep Oct Nov Dec
1953 292,401 310,721 333,392 333,215 323,787 295,573 266,126 233,973 209,821 179,433 165,217 183,384
1954 249,439 284,852 301,348 311,256 291,585 275,693 258,460 240,727 231,057 204,386 196,399 184,062
1935 235,808 200,231 186,493 186,377 183,130 172,522 151,500 128,960 122,539 94,755 98,014 107,883
1956 99,192 92,438 100,919 106,241 105,940 113,487 120,299 114,224 108,228 104,495 103,797 100,531
1957 98,802 104,425 119,649 144 631 179,945 191,625 198,293 235,740 203,330 106,741 109,698 105,208
1958 98,305 91,993 83,066 95,486 146,211 192,280 203,730 215,991 233,897 222,661 220,453 259,231
1959 290,360 391,308 470,026 478,302 446,391 478,298 557,056 604,380 571,127 542,146 512,860 508,012
1960 452,402 480,002 527,558 569,098 635,323 650,442 649,351 628,579 592,214 576,450 562,711 547,614
1961 545,625 579,497 640,034 651,976 638,188 612,918 594,073 560,883 ' 506,098 475,374 438,089 406,372
1962 362,585 353,028 341,388 346,496 379,772 414,732 442,193 456,562 453,308 411,526 380,585 379,867
1963 333,775 399,409 561,871 751,350 892,165 945,165 925,158 859,530 736,234 584,076 463,815 364,578
1964 291,377 231,958 207,921 707,987 266,083 314,189 377,694 415,750 383,285 386,175 390,310 394,284
1965 . 354,200 430,984 591,307 768,595 965,290 1,114,012 1,093,886 924,414 889,437 670,164 503,727 344,684
1966 131,628 146 412 258,973 436,005 670,170 885,004 1,005,247 1,010,747 957,588 864,360 714,970 539,031
1967 389,989 " 326,571 411,111 561,766 695,692 796,117 793,659 675,627 498,822 330,448 207,687 116,550
1968 67,936 77,018 160,739 307,547 449,171 525,030 550,165 539,435 502,771 433,467 353,524 258,926
1969 248,893 407,409 632,203 924522 1,157,515 1,137,915 949,410 668,179 440,827 332,922 235,251 170,479
1970 117,493 123,425 272,582 490,554 673,910 788,302 886,948 893,627 833,132 755,162 563,238 415,561
1971 288,236 185,926 86,146 35,334 30,558 35,050 39,901 40,875 36,314 32,498 28,143 35,137
1972 32,736 57,495 89,919 127,568 125,830 172,909 176,716 165,981 103,255 - 86,838 68,987 52,680
1973 13,722 47,107 54,743 71,554 56,077 53,162 44,122 39,910 28,571 21,957 18,207 17,560
1974 19,278 29,963 41,083 45,748 30,754 21,631 17,785 15,983 19,569 10,409 8,608 6,310
1975 5,402 5,026 7,932 15,467 37,852 60,945 76,139 87,443 288,019 296,152 274,886 228,886
1976 172,989 110,704 70,135 65,028 219,249 171,504 104,307 66,939 41,295 22,019 12,883 24,396
1977 40,044 13,789 17,526 90,982 118,117 160,906 270,437 277,585 276,708 339,961 342,728 306,785
1978 302,504 302,123 385,998 343,541 268,315 224,379 180,306 162,623 134,142 99,121 64,460 38,620
1979 22,224 53,964 63,291 63,344 80,103 79,173 82,955 86,365 83,558 64,060 49,260 58,880
1980 56,999 78,146 123,280 138,152 258,423 416,862 513,687 530,905 561,133 662,001 681,893 685,038
1981 609,353 674,405 565,089 429434 473,128 414,134 303,297 198,820 120,694 81,765 57,983 42,310
1982 33,952 23,751 13,666 7,624

3Month beyond April 1982 not included due to their decreasing reliability; the values for early 1982 given here to allow computation of loge (Rec./Eggs) with egg production pertaining to

3-4 months prior to recruitment (see Mendelsohn and Mendo, this vol. and Pauly, this vol.).

€51
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Fig. 7. Fishing mortality (i.e., catch in weight/biomass) exerted on Peruvian anchoveta
(northern/central stock, 4-14°8) from January 1953 to December 1981. Above: actual
values, by month. Nete sharp spikes, partly due (from 1972 on) to closures of the
fishery. Below: running average (over 12 months) of monthly values, to show major,
increasing trend from the 1950s to the early 1970s.

Estimation of Anchoveta Mortality Caused by Various Predators

Figs. 8A, 8B and 8C show that part of natural mortality is attributable to the birds, the
bonito and the seals, respectively. As might be seen, birds and bonito had a roughly similar
impact on the anchoveta stock with peaks of 0.3-0.4y-1 in the late 1950s and negligible impact
thereafter. The impact of the seals on the anchoveta stock, on the other hand, was negligible
throughout the whole period considered here.
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Fig. 8. Monthly time series of natural mortality in juvenile and adult anchoveta, 1953 to 1981. A. Mortality caused by cormorants
(mainly), boobies and pelicans. B. Mortality caused by bonito (Sarda chiliensis) (note similarity of estimates to those pertaining to the
birds). C. Mortality caused by sea lion (mainly) and fur seals. Note that the scale, ranging from zero to 0.005 implies a negligible
pinniped impact on anchoveta natural mortality due to all causes. Note that shape of curve resembles that of Fig. 4, except for small
“pumps” in the 1950s, corresponding to periods of bird and bonito abundances. Important here is that decline of M from 1971 to 1974
is confirmed by analysis of tagging/recapture data performed by Malaga and Armstrong (MS). Note also that little support is available
for low M estimates (B & S) in Schaefer (1967).

Fig. 8D, finally, shows a time series of natural mortality as a whole, i.e., combining the
predators considered here and the estimates of Mo from Fig. 4. As might be seen from the
overall shape of the curve, it is the estimates of Mg which, throughout determine the overall
level of natural mortality, clearly illustrating that the predators explicitly considered here do not
explain but a small fraction of overall natural mortality. Interestingly, the drop of M observed in
1973-1974 is closely matched, albeit at higher level by a drop of M-estimates based on tagging
data and reported in Table 11 of Malaga and Armstrong (MS).

Fig. 8D also shows that the values of M reported in Schaefer (1967) and based on his
simulations ("S") and on a personal communication of T. Burd ("B") appear low compared with
our estimates. We note, finally that values of M computed from the empirical equation of Pauly
(1980) ranged between 1.3 and 1.6, and thus were intermediate for the 1960s at least, between
the estimates reported in Schaefer (1967) and the Mg values estimated by backcalibration of
VPA estimates.

Overall Assessment of Results

Overall, our results both confirm and expend on previous results, and provide biomass and
recruitment estimates for use in deriving further quantities (see, e.g., Pauly and Soriano, this vol.;
Mendelsohn and Mendo, this vol.).
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Both the data and the software we used have serious liabilities associated with them: the
former had gaps which were "filled" using interpolation procedures which might not have all the
required properties, while the latter is structured around assumptions about the growth of fish
(i.e., that all fish in a given cohort have the same growth parameters) which are known not to be
true.

- Improved estimates of biomass and recruitment may thus result from more sophisticated
interpolation methods and by using a length-structured VPA model not based on the assumptlon
that all fish of a cohort have the same growth parameters.

However, such improvement might be minor compared with what we considered to be the
main problem with our analysis, i.e., the fact that we did not account through the explicit
inclusion of predators of as large a fraction of overall natural mortality as we would have liked.

This is due to the fact that, following earlier authors, we believed the birds to be the key
anchoveta predators in the Peru current system (see Pauly and Tsukayama, this vol.; Pauly this
vol.). We have here been proven wrong.
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Table 5. VPAIII estimates of biomass per length class and month for Peruvian anchoveta (Engraulis ringens, northem/central stock, 4-1408) for .
1953, in tonnes.

Midlength
(TL, cm) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

4.25 150,651 155,979 163,468 166,234 166,318 155,506 140,428 124,918 111,697 96,079 88,209 97,053
5.28 246,736 256,082 268,853 290,405 299,155 287,546 261,596 235,166 224,497 194,201 163,424 147,046
625 - 355,358 373,906 389,585 423,039 460,206 459,071 430,666 392,482 367,151 335,218 296,942 249,128
7.25 493,665 493,098 522,148 562,948 620,094 640,901 622,552 584,173 567,793 506,434 459,511 418,277
8.25 543,892 630,895 644279 702,307 769,568 802,954 783,631 769,836 765,476 723,605 666,542 601,273
9.25 564,511 637,988 763,431 818,461 861,480 908,902 914,698 911,803 845,925 862,593 857,248 824,606

10.25 581,969 625,532 688,214 856,940 979,635 989,725 970,551 960,050 936,729 905,941 892,837 942,307

11.25 695,506 605,725 616,872 724,747 849,031 952,835 987,529 976,229 924,686 923,087 911,526 899,584

1225 525,188 655,811 643,606 619,633 649,835 694,131 694,189 745,741 800,932 846,011 809,037 718,887

13.25 330,535 328,285 403,450 563,377 615,018 551,879 487,787 469,110 466,902 473,638 479,233 523,439

14.25 181,542 206,674 206,999 222,173 236,562 355,913 396,378 379,897 278,534 230,963 237,194 219,597

15.25 114,352 108,246 103,508 . 117,790 134,147 143,821 142,743 120,566 90,242 64,772 74,189 90,009

16.25 23,977 40,955 56,829 70,397 48,938 57,474 59,152 57,105 14,883 17,584 21,267 23,250

17.25

18.25

1925

20.25

Sum 4,807,883 5,119,178 5,471,243 6,138,452 6,689,988 7,000,659 6,891,899 6,727,077 6,395,448 6,180,125 5,957,099 5,814,454

Table 6. Biomass per Iength class and month of Peruvian anchoveta (Engraulis ringens, northem/central stock, 4-1408) for 1954, in tonnes.

Midlength Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
4.25 130,264 147,649 157,606 165,938 157,266 150,626 140,205 133,021 126,958 112,114 106,692 96,552
5.25 209,584 227,237 266,486 279,161 268,821 268,158 247,917 232,066 232,260 212,948 185,394 174,249
6.25 321,394 323,982 358,655 421,605 394,315 401,120 394,503 368,030 369,382 340,993 315452 271,929
125 518,177 457,317 468,474 518,606 622,884 548,812 522,065 519,988 548,561 498,006 457,786 422,008
8.25 * 804,133 702,089 626,071 634,007 965,754 890,098 706,570 655,518 710,603 677,118 639,274 580,378
925 1,108,199 1,028,213 929,070 824,732 1,164,896 1,154,265 1,126,184 1,001,703 864,531 832,650 794,254 755,946

10.25 1,401,394 1,340,485 1,276,100 1,193,344 1,562,388 1,395,453 1,277,616 1,226,920 913,196 913,726 908,875 881,580
11.25 1,589,295 1,578,199 1,563,586 1,523,905 2,106,932 1,857,371 1,599,042 1,437,777 925,012 885,513 893,528 919,160
12.25 1,084,147 1,543,890 1,707 410 1,720,633 2,523,592 2,294,526 1,992,258 1,792,748 953,383 895,657 853,719 840,323
13.25 527,202 639,369 1,036,336 1,490,034 2,076,967 2,468,922 2,287,613 2,122,634 1,133,526 966,375 842,797 742,438
1425 223,346 287,689 374254 479,457 581,818 734,819 1,090,182 1,320,943 1,461,192 1,367,751 1,185,879 904,182
15.25 102,485 121,499 138,280 163,134 201,713 251,588 282,217 279,724 254,203 258,415 349,001 507,336
16.25 15,470 22,267 37,490 60,770 67,539 79,071 80,885 77,895 32,919 36,929 30,144 9,408
17.25 166

18.25 ’

19.25

20.25

Sum 8,035,088 8,419,884 8,939,819 9475324 12,694,884 12,494,827 11,747,256 11,169,134 8,525,723 7,998,227 7,562,796 7,105,490

Table 7. Biomass per length class and month of Peruvian anchoveta (Engraulis ringens, northern/central stock, 4-1408) for 1955, in tonnes.

Midlength Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
425 118,924 102,852 98,408 97,476 97,773 92,378 81,358 69,956 66,091 51,622 53,016 57,766
5.25 216,441 210,107 177,698 170,666 170,687 164,804 155,261 139,312 155,904 124,672 89,379 87,766
6.25 345,343 341,844 335,728 270,635 284,937 257,130 242,912 229,640 277,806 239,317 195,882 138,927
7.25 512,818 504,125 503,592 475,789 472,104 411,190 351,121 327,853 436,635 396,133 340,601 281,821
8.25 718,159 705,494 692,757 672,041 648,296 608,851 563,495 480,090 614,855 565,613 515,939 453,956
925 980,260 936,892 923,930 872,324 860,103 797,131 730,893 666,905 801,988 750,919 694,906 641,233

10.25 1,225,587 1,230,451 1,189,930  1,127962 1,074,190 1,005,913 931,490 813,245 970,301 916,607 863,869 817,659
11.25 1,063,154 1,398,007 1,482,036 1,398,879 1,332,274 1,229,135 1,106,365 999,113 1,200,208 1,109,692 1,000,940 957,545
12325 802,281 957,978 1,338,992 1589815 1525482 - 1,428,696 1247891 1,123,187 1,987,667 1,636,764 1,286,874 1,067,995
13.25 645,115 677,768 823,813 954,678 1,022,068 1,146,779 1,172,829 1,174,342 1,117,901 1,232,124 1,414,494 1,541,598
14.25 839,524 631,541 580,761 578,313 630,215 708,852 732,221 729,888 617,506 664,249 693,479 681,319
15.25 341,290 641,827 691,801 696,869 533,568 396,609 381,116 377,158 344,313 330,479 335,943 297,707
16.25 §.465 6,196 36,326 73494 283,832 421,453 420,323 405,511 227,040 236,309 236,381 231,467
17.25 514 158 379

18.25

19.25

20.25

Sum 7,814,363 8,345,081 8,875,772 8,979,455 8,935,528 8,669,526 8,117,433 7,537,180 8,818,215 8,254,501 7,721,704 7,256,757
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Table 8. Biomass per length class and month of Peruvian anchoveta (Engraulis ringens, northem/central stock, 4-1490S) for 1956, in tonnes.

. Midlength Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
4.25 51,878 47,338 51,367 55234 55,572 59,884 63,666 60,984 58,120 56,440 55902 54,299
5.25 94,168 86,853 82,267 93,176 101,545 94,242 94,426 102,396 97,477 94,170 91,368 95,061
6.25 134,201 144,539 133,191 130,299 164,040 155,547 140,082 129,739 136,792 143,453 138,217 136,571
7.25 220,891 188,606 206,843 195249 218,939 222,807 218,251 191,821 175,310 167,962 184,386 190,663
8.25 384923 297,680 253,677 280,978 304,374 287,763 272,389 259,300 250,667 225,254 208,659 227,484
9.25 590,669 495,864 397,673 331,268 376,932 381,427 349,452 305,813 285,481 287,055 281,669 261,160

10.25 753,217 717,965 633,999 535,970 452,673 422,274 419,236 390,335 357,267 323,448 301,716 320,229
11.25 916,666 882,052 841,084 809,195 681,269 565,443 460,909 411,036 391,948 381,237 356,851 327,004
12.25 961,097 964,000 965,156 958,547 848,490 750,119 619,059 530,475 442,065 375,014 335,804 346,278
13.25 1,211,989 1,008,610 928,684 957,427 954,974 876,988 724,238 591,957 512,257 416,995 354,849 295,259
14.25 666,105 - 915,502 1,051,658 1,017,547 789,109 729,057 690,876 629,381 575,350 486,867 383,033 272,966
15.25 336,170 397,486 451,646 521,963 741,614 742,623 706,236 671,818 575,525 468,742 388474 344,376
16.25 120,424 149,849 158,085 174,161 234,397 276,098 285,431 287,068 233,802 330,672 383,592 367,224
17.28 10,699 36,356 5942 23,021 32,927 5,057
18.28

19.25

20.25

Sum 6,456,791 6,310,710 6,182,133 6,112,664 5,937,209 5,583,914 5,078,527 4,605,280 4,101,877 3,768,965 3,477,099 3,258,294

Table 9. Biomass per length class and month of Peruvian anchoveta (Engrauli.;' ringens, northem/central stock, 4-1408S) for 1957, in tonnes.

Midlength Jan Feb Mar Y apr May Jun Tul Aug Sep © o Oct Nov Dec
425 52,135 . 51,445 59,132 71,815 88,790 96,045 100,776 122,743 107,450 56,241 57,800 3,223
5.25 90,811 85,900 91,929 106,643 124,554 149,510 162,046 157,814 173,836 197,573 102,445 94,336
6.25 134,307 131,439 135,577 144,330 162,026 184,811 208,418 234,459 226,501 232,655 290,433 168,573
7.25 176,591 181,382 189,677 194,997 201,138 219,453 236,646 254,860 283,278 306,927 297,306 366,584
8.25 226,145 221,965 245,622 257,892 255,359 259,658 263 421 272,263 287,462 295,687 352,865 359,526
925 244,459 262,357 285,298 307,547 328,830 316,228 307,543 297,594 295426 287,581 318,924 382,651

10.25 308,888 279,135 310,373 348,394 344,914 375,648 371,254 347,953 321,774 299,983 288,521 307,655
11.25 302,568 319,972 330,636 332,503 360,466 376,696 376,726 383,986 368,499 325,954 273,247 250,855
12.25 293,397 265,055 303,217 331,551 308,540 309,136 329,090 339,648 330,108 298,164 275,073 218,277
13.25 227,585 208,363 216,456 222,650 235,127 248,321 201,547 185,768 204,314 212,582 200,382 139,623
14.25 271,110 163,666 131,592 145,380 149,241 137,352 106,892 90,814 97,627 105,194 99,688 71,730
15.25 290,329 239,157 206,790 157,378 128,131 107,248 86,017 80,318 73,972 65,205 56,413 48,963
16.25 356,057 331,538 328,069 286,154 222,767 194,099 172,755 142,829 97,085 94,959 80,603 62,937
17.25 19,419 48,799 106,415 60,458 95,355 106,001 114,495 13,989 28,263
18.25

19.25

20.25

Sum 2,990,330 2,777,737 2902278 3035479 2994961 3089527 3049796 3,050,043 2,876,937 2,791,409 2720782 2,573,984

Table 10. B<iomass per length class and month of Peruvian anchoveta (Engraulis ringens, northem/central stock, 4-1408) for 1958, in tonnes.

Midlength Jan Feb Mar Apr May Jun . Jul Aug Sep Oct Nov Dec
4.25 48,813 45,392 41,117 48,676 76,014 100,862 107,186 115,318 124,878 118,706 116,842 138,404
525 87,235 84,608 78,896 72,690 83,000 125,934 162,883 174,326 198,834 198,694 195,995 199,691
6.25 133,441 135,582 132,670 125,895 110,117 123,130 159,265 218,424 278,347 285,717 287,631 295,275
7.25 216,872 191,106 196,524 196,088 156,885 153,042 157,640 168,450 298,222 349,454 379,606 387,386
8.25 391,100 304,142 260,391 271,646 252,486 216,488 192,894 186,451 307,910 312,492 381,655 466,022
9.25 430,660 467,509 436,064 330,813 329,500 314,109 281,349 242,751 719,162 420,629 336,883 428,615

10.25 317,291 491,300 528,292 576,324 355,090 373,150 - 348,326 338,071 604,019 782,109 714,289 403,238
11.25 250,869 271,656 480,030 584,951 695,879 559,741 342,284 369,837 598,279 531,872 515,080 787,355
12.25 171,967 208,772 229,546 231,641 472,701 503,902 611,353 493,385 621,151 576,348 498,393 384,005
1325 81,216 88,390 104,535 0 185,821 218,670 299,216 323,349 569,959 519,178 479,634 455,083
14.25 61,616 64,581 41,394 0 80,620 77463 73,672 21,438 604,779 549,680 502,499 470,696
15.25 41,225 35,700 16,606 5,715 2,328 3,291 8,226 0 728,079 647,420 577,599 530,216
16.25 50,409 43,638 41,603 ' 39,141 33,438 23,528 16,107 10,761 759,727 753,409 698,842 638,088
17.25 4,700 15,818 21,766 15,171 11,350 15,711 17,965 19,110 321 22,375 100,159 203,603
18.25

19.25

20.25

Sum 2,287,413 2,448,192 2,609,434 2,498,751 2,845,229 2,809,021 2,778,367 2,681,671 6,413,668 6,068,086 5,785,107 5,787,677
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Table 11. Biomass per length class and month of Peruvian anchoveta (Engraulis ringens, northem/central stock, 4-140S) for 1959, in tonnes.

Midlength Jan Feb Mar Apr May Jun Jut Aug Sep Oct Nov Dec
425 150,504 196,129 237,778 245,687 232422 252,386 297,846 324,561 305,814 288,608 271,422 264,902
525 227,025 262,409 376,148 431,765 427,597 397,556 406,160 463,328 491,733 488,590 477,819 454,623
6.25 293,705 352,587 422,852 608,493 678,350 626,023 603,670 547,581 597,939 672,082 712,969 710,978
7.25 397,204 408,859 520,486 614,727 858,243 829,776 843,758 822,467 752,261 734,582 859,362 979,928
825 488,146 489,764 556,814 653,438 796,306 918,033 987,639 1,012,967 1,003,715 968,949 878,109 1,001,538
9.25 536,017 516,180 598,910 626,526 756,133 883,114 930,761 994,562 1,100,983 1,118,968 1,140,599 1,082,766

10.25 479,395 516,510 561437 623,307 672,607 767,295 799,917 814,823 904,919 1,026,985 1,180,009 1,200,803
11.25 910,908 - 657,181 463,134 544,766 551,168 661,808 678,541 634,593 679,888 774,005 813,983 840,253
12.25 342,941 607,350 900,832 535,677 474,977 536,207 548,368 547,330 532,634 509,950 487,477 519,341
13.25 341,984 321,134 308,831 772,109 829,816 601,669 413,908 431,645 359,295 301,731 291,727 317,318
14.25 382,587 347,169 330,997 318,559 294,361 525,294 746,125 664,298 558,725 330,870 178,544 191,897
1525 468,826 417,927 389,709 364,606 340,185 313,885 286,354 260,489 224,392 355,808 465,272 399,111
16.25 543,580 505,585 471,452 440,853 408,370 374,398 339,826 303,728 268,809 238,118 212,607 190,069
17.25 10,240 106,493 206,721 282,102 169,256 215,736 239,836 247,011 27,707 57,791 83,926 106,805
18.25

19.25

20.25

Sum 5,621,667 5,775,070 6,423,434 7,133,181 7,547,085 7,964,133 8,184,362 8,128,765 7,864,754  7,925474 - 8,119,588 8335227

Table 12. Biomass per length class and month of Peruvian anchoveta (Engraulis ringens, northem/central stock, 4-1408) for 1960, in tonnes.

Midlength Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
425 234,496 246,934 272,631 299,413 338,211 346,766 348,711 336,577 317,566 309,562 302,184 289,814
525 408,252 410,729 448,494 498,434 564,777 573,783 575,667 565,329 532,405 515,341 514,060 507,388
6.25 636,390 637,216 648,642 714,616 835,001 849,979 845,682 825,667 784,646 768,936 758,373 765,793
7.25 915,652 911,012 931,696 958,864 1038462 1,135,562 1,148,446 1,110,580 1,052,090 1,046,281 1,048,687 1,046,488
8.25 1,087,594 1,230,327 1243366 1284702 1283446 1,329,555 1,382,118 1,397,976 1,295867 1,287,515 1,301,497 1,326,802
9.25 942,163 1,338,489 1576380 1607434 1,626,769 1,568,370 1,528,256 1,480,916 1,491,203 1498220 1496626 1555648

10.25 1,158,115 1,068,304 1535039 1845724 1,959,716 1,859,133 1,746,742 - 1,612,225 1,580,659 1,546,983 1,634,375 1,717,459

11.25 960,075 1,061,548 1,138,755 1527922 1985163 2,037,981 1,947,663 1,826,340 1,706,567 1,622,502 1,624,768 1,684,182

12.25 524,347 715,548 851,297 979,153 1,237,526 - 1,668,044 1,849,349 1,870,630 1,812,700 1,722,405 1659723 1,551,754
113325 227,550 341,517 454,289 606,084 689,453 863,827 971,663 1,143,524 1,316,067 1,468,154 1,570,733 1,461,177

14.25 158,017 164,882 198,282 286,431 346,390 445,186 510,628 520,202 520,345 570,183 691,633 874,931

1525 408,404 358,078 186,327 164,016 169,190 193,497 221,452 234,272 251,686 216,298 170,208 197,647

16.25 171,094 164,530 333,232 336,433 306,442 275,240 208,387 126,002 121,600 107,502 79,035 71,823

17.25 74,145 103,295 126,923 144,862 86,480 101,723 157,049 223,290 130,925 - 123,093 115,946 110,534

18.25

19.25

2025

Sum 7,980,528 8,835,601 10,035,488 11345051 12,557,060 13327448 13,509,919 13,333,638 12,973,742 12,869,625 13,042,398 13,250,594

Table 13. Biomass per length class and month of Peruvian anchoveta (Engraulis ringens, northem/central stock, 4-1408) for 1961, in tonnes.

Midlength Jan Feb Mar Apr May Jun Jut Aug Sep Oct Nov Dec
4.25 282,817 293,158 339,722 353,165 341,723 318,174 297,757 293,344 282,810 267,862 238,669 212,535
525 482,130 493,639 553,267 625,568 607,726 562,264 511,679 505,061 512,590 470,433 433,848 390,066
6.25 748,970 734,811 818,210 881,140 959,017 892,032 807,776 784,628 771,316 750,808 681,687 632,341
725 1,017,978 1,064,097 1,123,721 1213668 1238174 1,271,996 1,180,474 1,143,004 1,120477 1,056,291 989,698 925,508
8.25 1,281,975 1,349,015 1,524,657  1,562445 1588371 1555359 1518713 1,568,984 1,541,656 1443912 1,314,868 - 1,234,181
9.25 1,590,841 1,614,818 1822,848 1992946 1944910 1876318 1,793,339 1,785,247 1,906,117 1,897,335 1,711,919 1,578,254

10.25 1,746,525 1,889,215 2099263 2252671 2,344,848 2266295 2,061,108 2,039,918 2,130,651 2,056,177 2,050,932 1,986,571
11.25 1,804,715 1,954,542 2292622 2,514,161 2501221 2426368 2,331,082 2,322,205 2,314,130 2,242,123 2,186,522 2,155,969
12.25 1,561,342 1,840,135 2,239,165 2445055 2,596,824 2,492,108 2,306,642 2,326,872 2,445067 2,404,963  2,252020 2,164,741
13.25 1,337,263 1,374,389 1,708,746 2,154,749 2,324475 2,239,041 2,126,363 2,148,048 2,222,138 2,179442 2,096,726 2,103,808
14.25 924,170 872,013 979861 1,250,361 1,510,564 1625588 1,624,007 1,670,501 1,670,730 1,677,500 1,607,136 1,496,940
15.25 187,258 238,259 391,339 468,718 514,256 576,607 639,145 702,199 839,847 879,548 815,084 674,194
16.25 70,019 76,933 59,413 73,876 80,602 106,721 119,316 136,272 148,688 164,388 129,500 89,198
17.25 30,063 38,113 3,808 5,597 5,420 5,760 6,562 7,604 4,687 6,535 6,696 4,818
18.25

19.25

20.25

Sum 13,157,818 13,931,733 16,070,130 17,898,810 18,646,938 18,285,164 17,382,564 17,484,460 17963564 17,553,450 15,709,465

16,573,039
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Table 14. Biomass per length class and month of Peruvian anchoveta (Engraulis ringens, northern/central stock, 4-1408S) for 1962, in tonnes.

Midlength Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
4.25 194,713 182,437 184,924 184,455 195,963 205,287 220,945 239,140 250,136 231,244 218,005 212,863
5.25 359,441 326,395 338,693 317,303 316,250 319,854 339,259 371,139 402,750 413,669 399,530 365,125
6.25 585,714 539,376 533,856 517,294 478,338 458,185 468,101 502,077 538,542 574,430 617,138 596,027
7.25 869,114 815,784 818,282 761,434 714,077 643,711 625,177 633,760 679,509 715,430 785,773 841,923
8.25 1,221,443 1,137,835 1,166,697 1,093,130 991,665 905,646 845,447 815,617 822,606 835,878 906,414 985,431
9.25 1,526,809 1,522,962 1,548,684 1,477,765 1,356,368 1,194,717 1,113,319 1,084,781 1,042,070 993,607 986,686 1,046,592

10.25 1,921,621 1,813,884 1,963,416 1,888,167 1,743,920 1,558,261 1,406,386 1,318,644 1,306,008 1,247,932 1,183,375 1,144,009
11.25 2,228,015 2,211,722 2,286,742 2,249,352 2,135,145 1,867,485 1,704,019 1,619,425 1,557,215 1,451,802 1,427,572 1,362,142
12.25 2,182,356 2,322,334 2,599,352 2,553,387 2,392,951 2,161,376 1,988,211 1,857,180 1,772,128 1,663,238 1,583,763 1,499,755
13.25 2,089,439 2,185,871 2,497 450 2,667,879 2,619,693 2,335,910 2,150,553 2,046,548 1,960,981 1,813,353 1,653,655 1,496,690
14.25 1,442,381 1,649,937 1,979,780 2,136,219 2,175,110 2,102,246 2,064,318 1,998,656 1,921,279 1,760,937 1,644,787 1,318,706
15.25 604,311 608,672 832,240 1.045,765 1,154,550 1,131,984 1,196,071 1,244,321 1,270,182 1,271,101 1,197,362 970,782
16.25 106,416 120,724 160,532 179,491 179,614 215,396 270,841 370,771 441,089 450,177 421,367 354,518
17.25 4,826 4,136 5,850 8912 20,778 25,542 27,779 31,577 24,884 30,304 31,406 30,494
18.25 207 70 175

19.25

20.25

Sum 15,398,889 15,503,244 16,976,522 17,137,542 16,529,090 15,174,950 14,466,353 14,179,311 14,036,962 13,499,910 13,113,644 12,287,342

_ Table 15. Biomass per length class and month of Peruvian anchoveta (Engraulis ringens, northem/central stock, 4-1408) for 1963, in tonnes.

Midlength Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
4.25 176,904 205,163 287,302 411,672 491,604 353,826 489,622 436,828 375,886 331,840 264,236 207,417
5.25 304,722 306,768 384,955 594473 753,610 572,065 830,509 775,061 726,544 716,134 565,816 445,636
6.25 480,391 446,648 484,135 641221 923,245 767,696 1,170,432 1,156,514 1,122,222 1,189,770 1,100,269 863,392
725 746,206 672,371 684,626 791,976 955,348 864,767 1,397,178 1,439,424 1,498,081 1,669,929 1,649,126 1,561,022
8.25 978,871 982,604 923,384 1,003,503 1,068,455 829,259 1,429,760 1,527,609 1,682,620 2,004,139 2,144,613 2,181,602
9.25 1,037,596 1,224 381 1,276,867 1,267,157 1,275,905 855,241 1,331,165 1,414,556 1,600,174 2,024,377 2,315,458 2,569,045

10.25 1,039.416 1,196,396 1,506,605 1,670,892 1,510,115 1,000,607 1,374,537 1,312,862 1,378,044 1,747,023 2,029,589 2,520,529
11.25 1,144,065 1,161,359 1,354,177 1,781,776 1,885,235 1,186,171 1,501,842 1,367,485 1,350,147 1,475,971 1,624,680 2,074,936
1225 1,355,164 1,255,522 1,288,085 1,523,837 1,718,307 1,276,457 1,735,630 1,526,142 1,380,906 1,465,255 1,456,367 1,583,238
13.25 1,351,294 1,332,034 1,401,417 1,366,438 1,393,686 1,006,874 1,464,328 1,459,325 1,451,981 1,528,325 1,336,951 1,268,915
14.25 1,037,597 929,387 1,126,911 1,210,510 1,078,712 634,168 902,195 923,322 952,003 1,088,471 1,076,558 941,280
15.25 625,222 440,153 499,572 563,106 556,526 290,404 346,198 320,777 349,553 380,904 436,514 372,482
16.25 189,003 140,928 127,018 123,052 104,112 55,706 69,344 68,471 59,107 63,593 67,637 42,491
17.25 22,374 23,569 22,2717 26,230 25,044 17,214 7,544 6,903 4,758 4,665 4,498 © 4,927
18.25 . 46 275 202 276 1,179 61 59 2 23
19.25

20.25

Sum 10,548,011 10,412,240 11,473,243 13,114,423 13,740,181 9,711,634 14,050,346 13,735,337 13,997,264 15,757,467 - 16,134,135 16,694,301

Table 16. Biomass per length class and month of Peruvian anchoveta (Engraulis ringens, northern/central stock, 4-140S) for 1964, in tonnes.

Midlength Jan Feb Mar Apr May Jan Jul Aug Sep Oct Nov Dec
4.25 145 815 115,538 108,096 387,913 150,967 174,593 210,470 236,530 211,497 213,392 226,917 221,249
525 304,065 242,189 199,923 548,370 236,525 253,545 284,765 335,146 327,951 341,958 375,901 376,694
6.25 597,125 458,043 390,195 594,109 317,084 349,461 369,186 399,217 405,268 450,793 522,992 555,723
7.25 1,080,651 832,224 674,007 747,700 485,203 438,451 461,854 485,270 483,885 521,631 631,333 702,557
8.25 1,815,547 1,445,269 1,140,199 958,666 806,252 632,597 574,816 559,239 559,584 584,933 678,262 786,228
9.25 2,356,868 2,303,717 1,908,581 1,202,573 1,283,596 1,047,566 841,756 720,998 635,937 633,818 720,419 770,085

10.25 2,534,838 2,808,807 2,884,281 1,644,037 2,030,414 1,625,350 1,333,308 1,103,711 887,630 759,959 733,907 775,649
11.25 2,271,174 2,834,187 3,301,842 1,710,820 3,001,160 2,399,324 2,002,266 1,701,104 1,363,362 1,142,187 988,992 838,920
12.25 1,646,901 2,141,440 2,996,046 1,474,201 3,588,194 3,227,603 2,833,723 2,395,530 2,001,609 1,700,239 1,497,850 1,198,166
13,25 1,218,238 1,245 877 1,844 859 1,329,465 3,257,862 3,276,246 3,114,158 2,970,552 2,611,749 2,348,407 2,085,353 1,727,439
14.25 697,363 602,227 815,299 1,200,358 1,645,609 2,095,813 2,379,551 2,532,548 2,400,381 2,324,515 2,255,421 1,890,447
15.25 219,835 173,800 232,124 546,896 431,707 619,723 856,390 998,277 1,180,037 1,310,849 1,312,537 1,137,474
16.25 23,606 21,519 26,595 31,613 58,858 89,054 124,142 176,029 199,163 250,742 275,828 234,255
17.25 935 627 968 4,823 6,991 11,599 16,116 15,048 17,281 16,755 14,500
18.25 37 19 7 103 425 309
19.25

20.25

Sum 14,959,008 15,262,800 16,559,079 12,508,669 17,341,928 16,281,603 15,446,168 14,676,388 13,326,207 © 12,649,246 12,383,800 11,296,899




in time to cover the period when the anchoveta was (partly) replaced by other

small pelagic fishes, and its variability became high.

Item (i) resulted in IMARPE, PROCOPA/GTZ and ICLARM formalizing an agreement to
cooperate on a major program of data retrieval and standardization, such that subsequent studies
using length-frequency methods, time-series analysis and other methods would become possible.

Item (ii) implied a need to explicitly consider the major predators of anchoveta, of which the
guano birds were - at the time (see below) - the only ones we thought were really important.

Estimating the population size and anchoveta consumed by guano birds along the stretch of
the Peruvian coast between 4 and 1408 (i.e., such that the "southern stock" of anchoveta is
excluded, see Fig. 1) involved performing a planimetric analysis of over 10,000 maps showing
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Fig. 1. Distribution of anchoveta stocks along the Eastern Coast of South America. Based on FAQ (1981), Jordan (1971),

Chirichigno (1974), Brandhorst (1963) and IMARPE (1973).



the distribution of three species of guano birds on 40 guano islands and "points", completed by
the guards of the Compania Administradora del Guano and its various successors (see Tovar et
al., this vol.). This also involved deriving a model of the predation on anchoveta by the guano
birds (see Muck and Pauly, this vol.).

Item (iii) above involved retrieving, from a number of scattered sources, information on the
catch and catch size composition of anchoveta for the earlier years of the fishery. This effort
brought a surprisingly large amount of material to light (see Tsukayama and Palomares, this
vol.), matching previous experiences elsewhere (Ingles and Pauly 1984). These data, as well as
data covering the late 1970s and early 1980s indeed allowed for the construction of numerous
time series, and showing so few gaps that standard interpolation procedures could be used to
obtain uninterupted series (see, e.g., Pauly, Palomares and Gayanilo, this vol.). This also applied
to the time series of oceanographic and meteorological data compiled and analyzed by Brainard
and McLain (this vol.), Bakun (this vol.) and Mendo et al. (this vol.). ;

Identity of the Anchoveta Stock

The Peruvian anchoveta (Engraulis ringens Jenyns) belongs to the family Engraulidae
(Pisces Clupeomorpha, Clupeoidei). It occurs exclusively along the eastern coast of South
America, from 4030’S off Peru (Jordan 1971) to 42030’S off Chile (Brandhorst 1963; Mathisen
1979), with heaviest concentration along the coast of northern and central Peru, north (i.e.,
"downstream") of the strongest upwelling area. At the northern end of their range, anchoveta
biomass drops off rapidly, while toward the south, this biomass only tapers off gradually (Fig. 1).

1).

Mapping of anchoveta distribution during "EUREKA" (Villanueva 1975) and other acoustic
surveys and during egg surveys suggests the presence during the spawning season of isolated
"density centra” (see maps in Santander, this vol.) which may or may not correspond to
genetically distinct subgroups or populations. Mathisen (1979), after a thorough review of the
then available literature, suggested these "centra" to be genetically distinct populations.
However, electrophoretic studies of allelle distribution have not been conducted in anchoveta.

At the gross level however, distinctions can be made straightforwardly between the
anchoveta off northern/central Peru, and those from southern Peru/Chile, with anchoveta from
southern Peru and Chile having less, coarser gill rakers (Tsukayama 1966) and shorter guts
(Rojas 1971), both items suggesting that these fish rely on zooplankton more than their northern
counterparts.

IMAREPE (1973) wrote that "the results of the recent tagging experiments support the
hypothesis expressed in previous reports that the anchoveta resources in the southem area
(Atico-Ilo area) are a more or less separate stock”.

For the purposes of this, and the other contributions included in this book, we have therefore
used 1408 as the limit between the northern/central stock - here reported upon - and the southern
Peruvian/Chilean stock of anchoveta (Fig. 1). The strong interactions between the Peruvian and
Chilean components of the southern stock of anchoveta would make studies based on isolated
"national” data sets of limited usefulness. In fact a detailed investigation of this stock would
require a high level of cooperation and data exchange between Peruvian and Chilean scientists
and institutions. We hope that such cooperations will materialize in the future, and that the
southern stock of anchoveta will become as well documented as the northern/central stock
covered in this book.

The Peruvian Anchoveta and the Prediction of Its Recruitment

A research project as comprehensive as the one reported upon in this book cannot be kept on
course if a "central hypothesis" is lacking around which the various contributions can be
structured.

Our central hypothesis is that the recruitment of the Peruvian anchoveta, "everything else
being equal”, is determined by a short-frequency burst of wind-driven turbulence, i.e., our
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central hypothesis corresponds to Lasker’s contention that "storms", by dissipating food-rich
microlayers in which anchoveta larvae can feed, lead to their starvation and to recruitment
failures (Lasker 1978). Given appropriate data,testing this hypothesis is rather straightforward,
and indeed, it has been repeatedly and successfully tested off California both for average
conditions (Husby and Nelson 1982) and based on time series data (Peterman and Bradford
1987). This hypothesis has also been tested, in the Peru Current area, for average conditions with
somewhat equivocal results (see Bakun 1985 for a review of the relevant literature).

What has been lacking to date was a test of this hypothesis using time series data from Peru.
For such a test, however, everything else must be at least approximately equal (see above), and
the bulk of this book represents an attempt to collect data on those things that have varied, such
that they can be explicitly accounted for, and the true effect of wind-induced turbulence isolated
from the noise. Thus in a sense, this book is a test of Lasker’s hypothesis, probably the most
comprehensive test this hypothesis will ever get.

Previous work dealing explicitly with the recruitment of anchoveta include the classic paper
of Csirke (1980) who quite conclusively demonstrated that plotting a bivariate stock vs.
recruitment relationship simply will not do for the Peruvian anchoveta (see Fig. 2), as is indeed
also true for any other fish, notwithstanding suggestions to the contrary (e.g., by Shepherd 1982).
Also, an attempt exists to deal with anchoveta recruitment in terms of bioenergetics (Ware and
Tsukayama 1981).
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Fig. 2. Stock/recruitment relationships of Peruvian anchovy (Engraulis ringens)
showing effect of taking an additional variable into consideration. (A) simple Ricker
plot, showing rather bad fit and correspondingly low correlation of observed to
expected recruitment (GM line, r = 0.494). (B) Plot of the residuals of a multivariate
relationship involving recruitment, parent stock and concentration index, Q, related
to occurrence of El Nino events onto stock recruitment relationship, drawn for an
average value of Q. This shows an improved fit with a correlation of observed to
expected recruitment of r = 0.893 (based on data in Csirke 1980).



An approach to deal with recruitment (R), suggested by Bakun et al. (1982), and following
up on the work of Csirke (1980) is to use a model of the form

log (R/S) = a+b1S+b2 E1+b3 En+ ... 1)

where S is the spawning stock and the Ej are environmental variables likely to affect the survival
of prerecruits. Bakun et al. (1982) suggests that because data points for such approach are
limited (they implied 1 point per year), "the number of explanatory variables must be limited to a
minimum", and that "this should be done on rational ground, based on the best available
understanding of cause-effect relationships between recruitment and environmental factor”.

The problem of data point limitation alluded to by Bakun et al. (1982) has been resolved
here at least in part by putting all time series included in this book on a monthly basis (this
resolves the problem only in part because other problems, such as seasonal autocorrelation then
crop up; see Mendelsohn and Mendo, this vol. and Pauly, this vol.).

On the Time Series and Graphs in This Volume

The criteria applied to decide whether to include a given data set into the present volume
were:

1) do the raw data cover reasonably well the period January 1953 to December
19827, or

ii) does a given data set allow estimation of a "constant" or relationship useful for
deriving time series covering 1953 to 1982?

Examples of data sets fulfilling criterion (i) or (ii) are the temperature data in Table 2 and in
Bakun (this vol.) and the data on spawning of anchoveta in Pauly and Soriano (this vol.),
respectively.

These criteria, on the other hand, led to the nonconsideration of some zooplankton and other
time series reported in the literature, which were too short and could not be utilized as input to
derived time series.

This approach was needed - at least as far as the major contributions included in this book
are concerned - to prevent a large numbers of nonoverlapping time series from being assembled.
We feel vindicated in this approach in that:

i) those who contributed to this book made a special effort to “stretch” their data,as
far as possible, which now allows simultaneous analysis of a very large number of
mutually compatible, uninterrupted time series covering, on a monthly basis, the
whole 30-year period from 1953 to 1982;

ii) some readers of this book will feel challenged to match the time series they
encounter here with time series of their own; and finally,

iii) a body of background data is now available allowing other authors working with
data covering a shorter period to rigorously test whatever hypothesis they might
have.

To facilitate further analysis of the data presented in the various contributions included here,
we have included throughout the book tables with unaggregated data which readers are welcome
to usea,

The astute reader will notice that this book, despite the restrictive inclusion criteria given
above, incorporates more data on the Peruvian upwelling ecosystem than ever published in a
single volume. In fact, an attempt was made to make each contribution included here cover the

aThe bulk of the data presented in this book is also available as Lotus 1-2-3 files on 5 1/4’ diskettes for IBM PC and compatibles; please
contact the first author for details.



Table 2. Sea surface temperature off Peru in °C.2

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1953 194 212 22.6 215 196 180 17.8 170 17.2 16.8 17.0 17.6
1954 185 19.0 184 17.1 16.3 15.4 159 14.6 15.0 15.1 15.8 18.2
1955 20.8 19.6 17.8 184 170 16.8 16.6 15.9 16.3 15.7 16.1 16.8
1956 184 19.8 20.2 18.8 18.2 17.8 17.6 17.0 16.6 16.2 16.4 16.2
1957 17.8 223 221 21.8 222 21.2 20.3 18.7 17.7 17.9 17.9 20.6
1958 21.8 222 220 20.1 18.8 18.2 18.0 17.0 17.0 17.1 17.5 17.0
1959 19.0 21.2 20.6 19.6 18.7 17.8 16.9 16.6 16.8 17.2 17.6 18.6
1960 19.0 195 19.2 18.0 17.2 17.1 16.6 16.8 16.7 16.6 16.6 17.6
1961 19.0 20.6 19.3 187 18.2 17.3 16.7 16.6 16.4 16.4 16.4 16.8
1962 19.0 19.1 18.1 17.4 17.6 17.0 16.6 16.4 16.6 16.0 16.4 16.5
1963 174 18.8 194 18.2 184 179 177 17.4 17.3 17.0 17.0 18.0
1964 19.0 19.5 19.2 17.8 16.2 15.6 153 15.7 15.8 16.0 16.2 16.2
1965 17.6 196 204 21.3 20.6 19.5 19.0 18.4 17.6 17.5 17.9 18.6
1966 19.9 204 19.2 18.1 17.5 16.8 16.4 16.2 15.6 16.2 16.5 16.8
1967 18.4 19.6 19.1 17.6 16.9 16.2 16.1 15.4 15.4 15.0 151 16.4
1968 17.6 17.6 18.5 16.6 16.4 155 158 16.0 16.4 16.1 16.6 17.1
1969 18.7 19.0 20.4 20.5 210 195 174 17.3 17.2 17.3 17.3 17.8
1970 19.2 19.8 20.0 191 18.6 17.8 16.8 16.9 16.9 17.3 17.0 17.2
1971 18.2 19.1 19.6 19.8 18.7 18.0 18.0 18.0 174 16.8 17.1 17.2
1972 18.6 20.6 21.8 214 210 214 21.1 20.0 18.9 19.0 19.3 214
1973 23.2 23.0 21.3 184 174 16.6 16.0 15.5 157 16.2 17.1 16.4
1974 17.0 18.2 18.6 189 18.6 19.1 17.6 16.8 16.1 15.8 16.5 16.3
1975 16.7 18.1 21.1 19.8 18.6 16.9 16.7 16.1 16.0 15.9 15.6 16.4
1976 17.2 21.0 21.3 196 198 19.9 194 19.1 17.6 18.0 18.4 20.2
1977 204 20.5 20.6 20.6 19.1 18.2 17.6 17.0 16.6 16.6 17.2 17.8
1978 18.0 20.0 199 191 17.6 16.5 16.6 159 16.2 16.6 17.1 17.3
1979 18.5 18.5 19.2 190 18.3 17.3 17.4 17.4 17.0 17.2 17.4 18.3
1980 18.6 18.8 194 19.1 183 . 18.0 17.5 16.8 16.6 16.6 16.9 17.6
1981 174 18.8 18.5 18.3 185 17.6 16.8 16.8 16.2 17.0 16.9 17.0
1982 17.6 18.8 19.1 18.9 19.3 18.6 18.4 17.6 17.5 19.3 21.9 23.7

@ Mean of values off Talara, Chimbote and Callao and thus referring to the entire Peru coast between 4 and 14°S. Based on data
provided by P. Lagos (Instituto Geofisico del Peru, pers. comm.) complemented by data from Zuta and Urquizo (1972).

bulk of the information available on a given topic. Thus for example virtually all
bathytermograph casts hitherto taken off Peru have been analyzed by Brainard and McLain (this
vol.).

The graphs included in this volume, whether original or redrawn from earlier graphs, have
all be done at ICLARM, mainly by Messrs. Mark Anthony Go-Oco and Christopher Bunao,
usually on the basis of drafts provided by the senior editor.

As the reader will notice, these often include schematic representation of the animals or
processes "meant” by the graphs. This was not done primarily to make the present volume more
accessible to nonscientists (although this would be a nice side-effect). Rather, this style was
chosen because we believe it is appropriate for scientists to develop, in the course of their
research, what Keller (1983) calls "a feeling for the organism" they work on, i.e., to realize their
investigations deal with living things and not disembodied entities that manifest themselves as
numbers or dots on a graph.

Following Keller (1985) we are thus suggesting "that questions asked about objects with
which one feels kinship are likely to be different from questions asked about objects one sees as
unalterably alien". The reader will decide whether we have asked the right question.

The Mammals of the Peruvian Upwelling Ecosystem
The most comprehensive account of the mammals of the Peru Current - at least as far as

their interactions with fish stocks and fisheries are concerned - is that of Northridge (1984). His
list of marine mammals from Fishing Area 87 (Southeast Pacific) includes 38 species of



cetaceans and pinnipeds. However, his reference to information other than occurrence records
and population size estimates (e.g., Aguayo 1975, 1979; Vaz-Ferreira 1979a, 1979b, 1981,
1982), are extremely sparse, almost vanishingly so when only the Peruvian coast is considered.

This scarcity is, however, due to problems with accessing relevant sources since quite a few
publications exist which discuss, at least in anecdotal form, actual or potential interactions
between Peruvian mammals and fish stocks (Piazza 1959; Vinatera-Jaramillo 1965; Grimwood
1968; Majluf and Trillmich 1981; Trillmich and Majluf 1981; King 1983; Limberger et al. 1983;
Majluf 1985; Ramirez and Urquizo 1985; Ramirez 1986 and see references in Muck and
Fuentes, this vol.).

Northridge (1984) concluded his review of Area 87 by stating that "there are no documented
examples of any effects of competition between marine mammals and fisheries in this area,
although the collapse of the anchovy stock could well have affected some species, such as
Bryde’s whale."

We have consulted Dr. P. Ramirez Advincula, IMARPE’s whale biologist, with regard to
Bryde’s whale (Balaenoptera edeni) as a potential anchoveta predator. He informed us that in all
the stomach samples he collected at Paita land station over a period spanning 3 decades, only
one (1!) ever contained anchoveta. He also asserted that the whales occurring off Peru actually
tend to avoid waters in which anchoveta occur, concentrating instead on areas with abundant
schools of sardines, mackerels and Vinciguerria.

The sperm whale (Physeter macrocephalus = P. catodon), similarly, consumes no
anchoveta, concentrating instead on squid (Vinatera-Jaramillo 1965), in line with Tomilin (1967)
who states that "the distribution of sperm whales is limited by the distribution of cephalopods, on
which they feed, and which tend to prefer warmer, more salty waters" (Northridge 1984).
Burmeister’s porpoise, Phocaena spinnipinis appears to be rather abundant off Chile and Peru,
with rather high catches reported from the latter country. However, no data are available on its
diet off Chile and Peru (Brownell and Praderi 1982).

This leaves only two species, the South American fur seal Arctocephalus australis
(Zimmerman 1783) and the South American sea lion Otaria flavescens (Blainville 1820) as
mammal species off Peru that are (a) sufficiently well documented and (b) that could have an
impact on the anchoveta resources. The contribution of Muck and Fuentes (this vol.) examines
this question.

Coverage of the Fish Feeding on Anchoveta

A crucial element of the time series of anchoveta biomass and derived series presented in
this book is that they are based on an approach which explicitly considers some key anchoveta
predators.

Thus, large resources were devoted to estimating the guano bird populations in the Peru
System (Tovar et al., this vol.) and their anchoveta consumption (Muck and Pauly, this vol.) as
well as the population and anchoveta consumption of seals (Muck and Fuentes, this vol.) and
bonito (Pauly, Vildoso et al., this vol.).

However, we-overlooked, in the first phase of this project the potential impact of the
mackerel and horse mackerel which we (erroneously) assumed to be largely limited to the
anchoveta prerecruits (i.e., to fish of length under 4 cm). Dr. Peter Muck eventually convinced us

that mackerel and horse mackerels most probably have a predatory impact on adult anchoveta far
more important than that of birds, bonito and seals especially in later years. Unfortunately the
contribution by Muck and Sanchez (this vol.) became available too late to be considered
explicitly when deriving Virtual Population Analysis (VPA)-based estimates of anchoveta
recruitment and biomass. This is probably the reason why Pauly, Palomares and Gayanilo (this
vol.) found My (i.e., the part of natural mortality not explained by the ]fredators explicitly
included in their VPA model) to take high values, ranging from 2-4 y-1.

It is obvious from this that future estimates (or re-estimate) of anchoveta biomass should
consider mackerels and horse mackerel predation explicitly. Information on the size composition
of anchoveta in mackerels and horse mackerels’ stomachs, along with other biological data are
available which could be used for this purpose.
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The role of Peruvian hake Merluccius gayi peruanus as a potential anchoveta predator has
not been investigated in any of the contribution included in this book, mainly because available
time series of population estimates (Espino et al. 1984) do not reach sufficiently far back in time
(i.e. do not fulfill criterion (i) above). However, a strong relationship between hake abundance
and bottom oxygen concentration (i.e., temperature regime and occurrence of E1 Nino events)
has recently been established (Espino et al. 1985, 1986; Espino and Urquizo 1986) possibly
allowing, in combination with more recent population estimates, the construction of time series
of inferred hake abundance covering the period from 1953 to the present. Such time series would
provide the chronological "backbone" for the hake stomach content data held at IMARPE which
suggest that hake preys heavily on anchoveta when its range, normally limited to the north of
Peru, is extended southward by the well oxygenated waters typical of El Nifio events (M.
Espino; H. Fuentes, pers. comm.).

Iteration of Anchoveta Biomasses and Derived Statistics

The astute reader will notice that the interrelationships of the various contributions included
here implies an iterative approach.

Thus, in a first iteration, preliminary estimates of anchoveta biomass, available in the
literature were used both to estimate the anchoveta consumption by guano birds and seals and to
obtain reasonable values of Mg. Then, anchoveta consumption by bird and seals, the estimates of
M and other data were used to re-estimate monthly anchoveta biomass for 1953 to 1982, which
thus represent the results of a second iteration. The data presented in this book could be used
quite straightforwardly for a third iteration, but we have abstained therefrom. We have done so
because we believe that the results of the second iteration are good enough to be presented, and
to allow others to perform (or to join us in performing) this third iteration, with better data and
models than have been assembled here.

We hope that the results presented here on the dynamics of the anchoveta stocks off Peru,
and of their upwelling ecosystem wil be found useful for managing this valuable resource.
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Abstract

Time series of monthly means of subsurface ocean temperature data along the Peru coast are developed for the period 1952 to 1984 for
historical studies of anchoveta populations. Monthly mean values of sea surface temperature (SST), depth of the 140C isotherm, and thickness
and heat content of the surface layer were computed from all available subsurface temperature profiles. Means of these four parameters were
computed for five areas along the Peru coast from 1 to 1708, extending approximately 300 km offshore. Intra-annual (seasonal) and interannual
variations of the four parameters are described and plotted as contour isograms. Time series of the four parameters are presented for the region
from 4 to 1408, as are monthly means of the Southern Oscillation Index and SST and sea level at Talara and La Punta (Callao), Peru. -

Introduction

The coastal waters off the west coast of South America, particularly off Peru, are among the
most biologically productive regions of the world’s oceans (Ryther et al. 1971). The Peruvian
anchoveta (Engraulis ringens) once supported the world’s largest fishery. The high productivity
of the area is a result of coastal upwelling which is an oceanic response to the southeasterly trade
winds which cause offshore Ekman divergence, elevating the thermocline and bringing relatively
cold, nutrient-rich water to the euphotic zone where the nutrients can be utilized by
phytoplankton photosynthesis (Barber et al. 1985). The upwelling ecosystem off Peru is subject
to considerable natural variability, with prominent time scales ranging from days to decades.
This paper examines two temporal scales of oceanic variability which are likely to affect
populations of anchoveta: seasonal (months) and interannual (years). The seasonal or intra-
annual variability, being strongly dependent upon the annual solar cycle, is relatively
predictable, and therefore likely to promote evolutionary adaptation (Parrish et al. 1983; Bakun,
this vol.). The interannual variability, by contrast, has an irregular period which would tend to
promote population variations. The dominant form of interannual variability off Peru occurs
when the normal seasonal upwelling of nutrients is interrupted by "El Nifio" intrusions of
relatively warm, clear oceanic waters from the west and north.

* Authors are listed alphabetically only; both contributed equally to this manuscript.
** Present address: Ocean Applications Group, National Ocean Service, NOAA, Fleet Numerical Oceanography Center, Monterey, CA
93940 US.A.
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The coastal upwelling off Peru is imbedded within the Peru current system, which consists
of several more or less independent currents interacting in a rather complicated manner (Wyrtki
1966). Gunther (1936) first distinguished a poleward countercurrent situated between the
northwestward flowing Peru Coastal Current and the northwestward flowing Peru Oceanic
Current farther offshore. This intermediate current, the Peru Countercurrent or Gunther Current,
is a weak and irregular southward flow along 800W and is usually observed only as a subsurface
current. At the surface it is usually concealed by the wind drift to the northwest and west. It is
strongest near 100 m depth, but reaches to about 500 m.

According to Wyrtki (1965, 1966), the Peru Coastal Current flows northwestward along the
coast with velocities of 10-15 cm/s. At about 150S, much of this flow turns westward away from
the coast and increases speed to 25-35 cm/s as it joins the South Equatorial Current. Generally,
the Peru Coastal Current is strongest from April to September. North of 1508, the wind drift
remains northwestward, but it is shallow and the southward flow of the Peru Undercurrent lies
immediately beneath the shallow surface layer. The combined system of the Peru Coastal
Current, the westwardwind drift, and the subsurface Peru Countercurrent maintain the upwelling
along the coast. North of 1508, the upwelling is supplied by equatorial subsurface water which is
of high salinity and low oxygen content and flows southward in the Peru Countercurrent. The
Peru Oceanic Current, which flows in a more westward direction and is slightly stronger than the
Peru Coastal Current, seems to have little direct interaction with the more complicated processes
closer to the coast.

The mean topography of the thermal structure of the Eastern Tropical Pacific reflects the
ocean currents and has been described by Wyrtki (1966). The thermocline is relatively shallow
along the coast at depths of 40 to 60 m and slopes downward in the offshore direction to depths
of over 200 m about 1,000 km offshore. A region of shallow thermocline extends westward from
the coast along the equator out to 1300W and beyond.

The current system off Peru is related to the large-scale oceanic and atmospheric
circulations over the entire tropical Pacific. The atmospheric circulation over the region is
dominated by the Hadley circulation of rising air over the equatorial region and sinking air over
mid-latitudes near 300N and 300S. The Hadley circulation creates the high-pressure systems
observed over the oceans in these latitudes which are strongest in the summer and weakest in the
winter of their respective hemispheres. The meridional Hadley circulation is modified by zonal
Walker circulation of rising air over the warm western tropical Pacific (WTP) and sinking air
over the cold, upwelled water of the eastern tropical Pacific (ETP). The zonal Walker circulation
normally causes heavy rainfall and low pressure over the WTP and sparse rainfall and high
pressure over the ETP. The trade winds result from the combination of the Hadley and Walker
circulations: the trades blow equatorward from the mid-latitude oceanic highs toward the lower
pressure at the equator and westward from the higher pressure over the ETP to the lower presure
over the WTP.

The surface wind stress created by the northeast and southeast trade winds drive the warm
surface water westward in the North and South Equatorial Currents, respectively. This westward
transport of mass and heat depresses the thermal structure and raises the sea level in the WTP.
By conservation of mass, the high sea level in the WTP requires a poleward flow of the western -
boundary currents of the North and South Pacific gyres and eastward flow in the North and
South Equatorial Countercurrents and the equatorial Undercurrent or Cromwell Current (within a
degree or so of the equator).

The zonal slope of the sea surface downward from the high sea levels in the WTP to the
lower sea levels in the ETP establishes a reverse zonal slope of the thermocline upward from the
WTP to the shallow thermocline of the ETP. Meyers (1979) showed that near the equator
(between 10N and 108), the 140C isotherm varies from depths of 200 to 250 m in the WTP to
depths of 100 to 150 m in the ETP. Off the South American coast, local alongshore winds induce
offshore Ekman divergence and the associated upwelling. This upwelling elevates the relatively
shallow thermocline, bringing nutrient-rich deep water to the euphotic zone where it supports a
high level of biological productivity. In addition, the trade winds cause oceanic divergence or
surface transport away from the equator. This divergence forces local upwelling along the
equator, which produces a region of shallow thermocline and above normal productivity that
extends westward along the equator from the coast.
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Interannual variations of the stength of the trade winds cause changes in the ocean
circulation and related changes in the upwelling of nutrients off Peru. According to the
hypothesis of Wyrtki (1975), El Nifio occurs when a weakening or reversal of the trades occurs
after a sustained period of anomalously strong trades. The period of stronger than normal winds
forces an even greater than normal east to west slope of the sea surface. When the trade winds
slacken or reverse, the forcing of the higher than normal sea levels in the WTP is removed. This
imbalance generates equatorially-trapped baroclinic disturbances which propagate eastward
along the equator in the form of equatorial Kelvin waves (Enfield and Allen 1980). The
propagation of these long-period internal waves, and the associated energy, across the entire
equatorial Pacific from Indonesia to South America has been observed using an extensive array
of sea level monitoring stations (Wyrtki and Nakahara 1984). Upon encountering the South
American coast, this energy is observed as a large intrusion of warm water which depresses the
normally shallow thermocline and causes a rapid rise in sea level along the coast. As a result,
normally arid regions of Peru and Ecuador receive inordinate amounts of rain, with severe
flooding occurring during major events.

Interannual variations in the strength of the trade winds are part of a global pattern of
surface pressure variation called the Southern Oscillation. The Southern Oscillation is often
measured by the difference of atmospheric pressure between weather stations in the ETP and
WTP. Quinn (1974) and Quinn and Neal (1983) have used the difference of atmospheric
pressure between Easter Island (representative of the Indonesian low) as an index of the
Southern Oscillation (SOI, see Table 1). Quinn (1974) demonstrated the strong relationship
between anomalously low SOI values and the occurrence of El Nino off the coasts of Peru and
Ecuador. A time series of anomaly of the SOI pressure difference shows the major El Nifio
events of recent decades (Figs. 1 and 2). Note the strong positive SOI presure differences (and
implied strong trade winds) during 1954-1956 and 1970-1971. Subsequent sharp declines in the
SOI pressure difference in the winters of 1956-1957 and 1971-1972 were followed by El Niiio
events, as evidenced by the increased SST and sea level at Talara and La Punta. Also, note that
the strong 1982-1983 El Nifio was not preceded by a period of strong positive SOI, rather, it
occurred during a period of predominantly negative SOI which began in 1976.

The formation of El Nifo has been modelled numerically by McCreary (1976) who
suggested that the anomalous deepening of the density structure observed during El Nifio events
dissipates by reflection in the form of westward propagating baroclinic Rossby waves and
transmission to the north and south along the coast as low-frequency coastally trapped waves and
coastal Kelvin waves. Such baroclinic waves can be observed as anomalous deepenings of
temperature and salinity surfaces adjacent to the coast and as anomalous rises of sea level at
coastal tide stations. Poleward currents along the coast are created in geostrophic response to the
anomalous deepening and change in slope of the density surfaces normal to the coast. The
currents reverse to equatorward as the anomalous deepening dissipates. To some extent these
processes occur each year and anomalous warm years are merely an extreme condition of the
normal annual cycle of events (Chavez et al. 1984).

Although the interannual changes associated with El Nifio events are dominant, longer
period fluctuations also occur. In their 34-year time series of temperature at 100 m along the
west coast from British Columbia to Chile, Brainard and McLain (1985) showed a marked
warming trend occurring between the early and late 1950s, cooling in the 1960s, and warming
again in the mid-1970s and early 1980s (see also Tables 2 and 3). The causes of these long-term
temperature trends are unknown, but like the interannual variations, they are related to changes
in both the large-scale atmospheric and oceanic circulations. The period of below normal SOI
pressure differences during the years 1976-1983 (Fig. 2) is an example. El Nifio-like conditions
of above normal SST and sea level occurred during much of this period in the northeast Pacific
(McLain 1983, and see Fig. 2 and Tables 4 and 5 for monthly sea level data from 1950 to 1974).

Development of historical time series of subsurface temperature conditions off Peru is
important for modelling historical changes in fish populations of the area. This paper presents
plots and tables of monthly mean values of four parameters computed from subsurface
temperature observations for 1952 to 1984 for use in historical studies. These four parameters
are SST, depth of the 140C isotherm, depth to the temperature that is 2.00C less than the surface
temperature (SST-20C), and heat content from the surface to the SST-20C isotherm. The depth
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Table 1. Southern Oscillation Index (SOI). Monthly mean pressure difference in millibars between Easter Island and Dar\jvin,
Australia, Data courtesy of Dr. W. Quinn, Oregon State University.

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1948 129 11.7 12.3 104 9.3 11.6 107 11.2 93 12.1 9.8 9.3
1949 8.0 12.8 15.0 6.2 7.8 119 10.3 9.7 11.7 11.3 13.4 15.1
1950 164 17.6 15.0 14.7 9.5 13.8 113 9.2 9.1 16.0 171 17.6
1951 143 14.3 129 73 4.1 7.8 4.6 52 54 9.9 13.6 11.8
1952 132 11.5 10.8 5.5 8.6 70 109 8.9 5.8 116 12.8 11.3
1953 126 9.1 121 8.3 6.1 84 6.7 5.0 8.2 16.2 12.8 12.8
1954 154 15.2 10.6 11.0 10.7 71 110 8.6 13.8 15.3 14.9 16.3
1955 11.2 18.6 139 13.2 109 10.6 10.0 117 16.2 16.8 13.3 15.1
1956 15.9 15.3 136 123 127 8.0 9.1 10.5 10.7 11.8 10.5 9.8
1957 10.2 10.8 10.0 7.7 39 4.1 7.0 8.6 8.6 11.8 9.4 11.5
1958 11.0 13.4 11.3 6.1 34 10.3 2.9 10.8 86 12.0 13.4 8.5
1959 150 11.1 10.1 117 5.5 10.0 5.9 11.3 85 112 13.8 14.5
1960 11.0 12.5 94 9.1 83 5.4 9.3 9.7 125 12.7 12.6 10.5
1961 12.3 14.9 9.5 13.0 4.8 44 1.6 4.0 10.0 10.1 115 12.0
1962 124 11.1 10.6 10.2 106 7.5 7.3 11.0 13.0 14.2 10.6 13.2
1963 162 135 14.9 8.2 50 6.0 11.9 79 7.5 7.7 12.9 10.6
1964 123 13.0 13.0 11.1 6.4 9.9 8.7 11.2 13.1 10.3 9.5 12.8
1965 125 12.9 10.1 8.0 45 32 32 6.3 6.7 11.3 8.3 10.2
1966  10.5 137 10.4 7.8 33 104 5.0 103 120 104 11.1 13.8
1967 143 155 127 6.3 9.1 11.6 139 11.0 125 107 11.0 12.5
1968 159 129 14.8 8.3 75 108 8.3 6.3 4.8 12.0 10.2 127
1969 102 14.7 127 7.1 6.0 6.3 35 8.6 8.2 10.5 15.9 13.1
1970 12.8 12.8 9.8 7.0 12.4 10.2 10.2 10.0 11.9 13.3 16.5 16.8
1971 155 16.0 15.2 11.2 143 111 5.2 12.0 127 11.3 145 15.1
1972 104 115 13.4 75 6 3 55 32 48 8.2 10.2 8.9
1973 125 127 13.0 8.9 7.6 93 84 10.7 13.6 13.0 16.2 16.5
1974 16.8 17.1 154 9.5 6.1 10.1 94 5.3 112 134 15.7 13.0
1975 11.6 8.6 13.8 8.7 3.8 8.6 8.8 134 13.3 14.0 13.6 149
1976 145 15.0 137 6.7 24 35 3.1 8.2 52 7.2 11.0 7.6
1977 10.2 15.0 8.0 5.3 23 59 11.1 10.0 48 7.0 11.5 10.5
1978  13.1 9.7 9.6 6.0 78 9.1 7.6 10.7 10.3 6.9 9.1 11.6
1979 11.0 13.1 109 45 3.7 97 2.1 11 9.2 10.1 8.3 9.9
1980 136 12.2 94 8.6 74 75 6.6 73 6.5 12.4 10.3 10.5
1981 16.5 15.0 8.0 73 76 6.4 8.0 74 6.2 9.5 13.6 13.2
1982 14.2 144 12.2 42 6.3 6.9 29 1.5 40 6.8 5.3 7.2
1983 3.9 43 7.3 7.2 58 6.4 4.6 9.0 10.9 10.5 12.4 10.5
1984 9.9 13.6 10.9 5.6 70 6.6 8.4 6.5 6.5 10.6 12.5 14.2
1985 13.1 142 134 127 8.3 48 5.9 13.0 10.1 *EAE *EEE *HAR

of the SST-20C isotherm indicates the thickness of the mixed layer which provides a measure of
the depth of the thermocline and hence, relates to upwelling and availability of nutrients to the
euphotic zone. This definition of mixed layer is similar to that used by Robinson and Bauer
(1976), except that they chose the depth that is 20F (1.10C) less than the SST. The SST-20C
depth was selected for defining the depth of the thermocline from smooth average temperatures
because 20C is larger than the small positive and negative temperature changes near the surface
that are present in both the raw data and the analyzed values. Also, a temperature change of 20C
is large enough to reach the large gradients found in the thermocline.

The 140C isotherm is at depths of 80 to 180 m off Peru and is below the strongest gradients
of the thermocline. Variations in the depth of the 140C isotherm are indicators of large-scale
vertical movements of the water column, such as upwelling. Also, Barilotti et al. (1984) related
the depth of the 140C isotherm off San Diego, California, to the depth of the thermocline and
hence to the supply of nutrients for kelp growth.

Heat content down to SST-20C is an indicator of the overall environmental change in the
euphotic zone. Combined with wind-derived Ekman transports (Bakun, this vol.; Mendo, this
vol.), these vertical temperature parameters can be used to describe the offshore velocity
structure which is critical to the reproductive success of the anchoveta (Parrish et al. 1983, and
other contributions in this vol.).
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Fig. 1. Time series of monthly means of (A) Southern Oscillation Index (difference of surface barometric
pressure in millibars between Easter Istand and Darwin, Australia), (B and C) SST in degrees C, and (D and
E) sea level in cm at Talara and La Punta, Peru. Values are computed as monthly means of daily observations,
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Fig. 2. Annual cycles, autocorrelation functions, and anomalies of monthly means of daily observations at coastal and island stations. Parameters are (A) Southern Oscillation Index,
(B and C) SST, and (D and E) sea level at Talara and La Punta, Peru, The annual cycle plot (center) shows the long term (1943-1986) monthly means, between-year standard deviations
(bars), and range of interannual variability (dots). The autocorrelation function plot (right) shows the autocorrelation of each original data series (dotted) and the autocorrelation of each
anomaly series (solid). The time series of anomalies from 1941-1986 mean (left) are shown in standard deviation units for intercomparison between data series. Based on data in Tables
1-§.
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Mean values of the four parameters were computed for each month for the 33-year period
from 1952 to 1984 for five areas along the coast from 1 to 1708 (Fig. 3). Each of the given areas
spanned 3 degrees of latitude except for the central-most area which spanned 4 degrees. The
zonal extent of each area was chosen so that they would extend about the same distance
offshore, roughly 300 km. In addition, all data prior to 1952 were combined to form a single '
composite year. Thus, the resulting fields of monthly means for each parameter for the 5 areas
covers 34 years (408 months), for a total of 2,040 cells. The average value for the region from 4
to 140§ was obtained by averaging the values computed for the three central areas. Mean
temperature at 25 m depth intervals from the surface to 350 m were also computed for the central
area to show vertical variations of temperature with time. The data are plotted as contour
isogrqms of latitude (area) or depth vs. month to show both seasonal and interannual
variations.

Table 2. Monthly mean sea surface temperature in degrees Celsius at Talara, Peru, Data courtesy of Dr. D. Enfield, Oregon State
University.

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1950 19.0 216 21.7 16.9 18.6 17.6 17.3 16.8 17.6 17.9 17.7 18.1
1951 232 20.6 20.9 219 214 211 20.5 18.8 18.9 19.8 19.6 17.9
1952 19.8 214 20.6 184 17.2 173 16.5 16.5 171 172 18.6 188
1953 208 23.0 248 23.6 19.7 19.7 18.8 17.7 19.0 17.2 192 18.4
1954 195 20.6 204 172 16.2 17.1 16.4 16.3 16.7 16.7 17.9 18.2
1955  22.8 229 224 209 18.6 19.7 18.0 17.8 17.3 174 18.3 17.9
1956 19.2 226 22.5 20.3 19.5 19.3 19.8 18.5 18.1 17.4 17.4 17.9
1957 207 25.1 243 239 234 22.8 210 194 18.3 19.1 194 22.1
1958  22.8 24.8 23.8 210 19.9 19.7 18.2 17.7 18.4 184 18.6 17.0
1959 203 23.0 224 206 199 18.1 175 17.2 18.0 17.5 19.6 18.6
1960 21.3 20.3 20.6 18.7 17.7 18.7 17.6 177 18.0 17.8 176 19.6
1961 224 241 20.7 20.1 18.9 18.1 178 17.6 17.3 17.5 175 18.1
1962 218 19.3 187 176 182 175 17.1 17.3 17.8 16.4 17.2 16.8
1963 194 223 20.8 196 19.9 189 19.0 19.0 18.4 17.8 17.9 19.2
1964  20.1 19.9 201 18.5 16.1 16.0 16.1 16.0 16.0 17.0 17.6 175
1965 203 22,8 233 235 22.0 19.8 18.6 18.3 185 19.1 194 20.2
1966  21.2 218 194 179 17.6 19.1 17.0 177 17.0 17.8 17.2 171
1967 205 221 194 185 17.3 184 16.9 17.1 16.1 16.4 16.1 18.1
1968  20.1 19.3 19.1 16.2 17.9 16.6 18.3 17.8 18.1 17.0 19.0 184
1969 202 19.7 224 22.3 216 19.7 182 17.3 175 184 18.8 19.2
1970 203 19.8 19.6 19.3 18.0 16.8 16.0 16.5 16.5 17.0 16.5 16.5
1971 195 20.5 21.5 205 175 170 17.0 17.0 16.5 17.5 175 16.5
1972 198 239 24.8 22.3 20.7 22.2 21.0 19.5 19.0 19.9 20.1 23.3
1973 240 23.6 219 194 17.9 16.9 16.7 16.2 16.0 17.0 17.3 16.0
1974 188 212 204 195 194 19.1 18.0 16.9 174 16.6 17.4 16.9
1975 17.8 18.6 224 215 19.8 17.8 18.0 17.7 18.1 18.1 16.2 17.7
1976 205 244 236 214 21.7 21.2 21.2 19.0 18.9 19.5 20.1 20.3
1977 205 20.3 20.8 19.4 18.5 19.1 18.2 18.3 17.9 18.7 16.9 18.7
1978 187 21.5 20.1 19.1 186 17.3 17.2 15.9 17.3 17.8 18.2 18.1
1979  18.7 183 18.7 19.0 18.7 18.3 18.2 18.1 179 18.0 17.6 18.5
1980 18.6 17.8 21.8 17.8 19.0 184 174 175 16.8 17.2 16.7 18.9
1981 177 207 18.6 19.2 19.1 187 17.7 18.0 17.6 17.9 17.7 177
1982 184 19.9 19.9 196 18.7 200 20.0 185 182 209 234 249
1983 249 279 28.3 29.2 29.2 28.5 26.2 19.3 20.1 *akk b A
1984 5 ok 3k ok Xk ok k *kkk Nk ok k Aok ok s ook sk koK dekok ok ek e dkeokok *kkk
1985  ¥**+ ok Rk b 157 18.6 17.0 16.6 16.7 16.9 16.7 18.6

1986 20.2 235 194 18.8 15.7 A3k %k Aok ok L2 2 2 ok kK kR ok ek sk ok
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Fig. 3. Locations of five areas along the Peru coast for which subsurface temperature profiles were extracted from the FNOC MOODS
and used to perform analyses of surface and subsurface temperature. A total of 12,102 profiles were extracted from the MOODS files
for all five areas for SST analyses. Area I is the northernmost area and Area V, the southernmost.
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Table 3. Monthly mean sea surface temperature in degrees Celsius at La Punta, Peru. Data courtesy of Dr. D. Enfield, Oregon State
University.

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1950 19.8 204 19.6 18.3 16.3 151 156 15.4 16.3 17.2 17.2 179
1951 18.7 18.9 19.3 19.3 194 19.2 18.9 18.5 17.7 18.7 19.2 19.2
1952 19.5 20.0 204 19.2 18.1 16.7 16.0 15.7 159 16.8 16.9 17.9
1953 18.2 20.3 22.3 21.5 19.0 18.0 *okkx okkw 184 17.8 18.3 19.2
1954 196 16.3 164 16.2 15.5 15.2 14.7 14.5 144 14.2 14.1 15.2
1955 15.9 16.5 17.1 16.7 16.6 159 15.6 15.0 14.4 14.2 14.7 15.1
1956 154 17.2 18.2 17.8 16.7 16.5 16.0 158 15.3 14.9 15.2 15.5
1957 15.9 19.2 20.2 20.0 204 19.1 18.9 17.5 16.5 16.6 16.1 18.3
1958 19.9 21.0 20.0 18.9 18.1 17.3 17.1 15.9 15.5 15.4 16.4 15.7
1959  15.8 184 18.8 18.1 17.7 16.5 16.0 155 15.2 15.2 15.7 15.6
1960  16.7 17.2 176 16.9 16.2 16.1 15.6 15.6 15.4 15.1 15.2 15.0
1961 16.2 17.6 17.9 17.1 17.2 159 15.6 15.7 15.5 154 15.1 15.3
1962 16.8 17.8 16.5 16.1 15.7 16.3 16.0 15.6 15.5 15.4 15.2 15.7
1963 15.6 16.3 18.1 17.3 17.1 173 16.9 16.5 16.2 15.6 15.9 15.8
1964 = 17.3 18.2 173 i6.7 15.8 154 14.9 14,7 14.6 14.3 14.5 149
1965 154 16.5 199 19.6 18.9 18.6 17.8 18.0 16.4 159 16.6 17.4
1966 179 18.1 176 16.5 16.1 15.9 15.6 15.1 14.8 14.9 14.8 15.4
1967 15.6 15.5 170 17.0 17.0 155 15.3 14.6 14.3 14.0 14.1 14,6
1968 15.3 15.4 176 155 149 146 14.6 15.0 15.1 15.1 154 16.4
1969 174 18.6 195 19.6 19.2 19.1 16.7 15.8 15.9 15.6 17.8 17.8
1970 16.9 17.0 17.0 16.1 16.1 15.6 15.0 14.5 14.4 14.7 14.1 14.8
1971 155 16.3 151 16.0 16.3 158 156 15.5 15.3 14.8 14.8 15.3
1972  16.0 17.6 19.5 195 19.7 194 19.3 18.8 17.9 174 18.2 19.0
1973  21.1 20.5 19.0 174 16.2 15.1 15.2 144 144 14.4 144 14.8
1974 15.3 15.8 16.8 16.8 17.3 16.9 16.3 155 147 14.6 15.0 14.9
1975 15.3 156 17.2 176 16.6 15.1 15.3 147 142 13.9 148 149
1976 148 16.9 184 18.2 18.5 19.0 18.1 18.6 15.9 16.6 16.9 18.3
1977 17.1 174 17.3 17.7 17.2 16.6 146 155 15.0 14.6 153 15.6
1978 16.2 17.7 195 18.1 16.5 15.6 155 15.5 14.8 15.1 15.5 16.2
1979 17.0 178 194 179 176 16.2 16.2 16.2 158 15.5 15.7 17.2
1980 16.3 16.9 18.9 18.6 17.3 16.7 16.4 15.6 15.3 147 15.7 16.3
1981 15.5 16.6 165 16.8 17.6 16.7 15.7 154 149 149 15.3 15.5
1982 15.6 16.3 17.3 164 16.6 16.2 16.2 16.2 16.0 16.5 19.0 21.7
1983 235 23.6 230 237 238 242 196 174 16.0 16.0 159 15.5
1984 158 16.1 16.7 179 16.4 15.6 158 15.5 14.8 14.6 15.2 14.7
1985 15.1 15.5 155 16.3 147 147 15.0 14.7 14.3 14.3 142 14.3
1986 14'7 166 15_9 15_3 15.2 o okok Kk Aok ok ok sk ol ke ke Aok kok sk ok ok ok o ok dkkkak

Data Acquisition and Processing
Data Sources

The profiles of subsurface temperature for the Peru coastal region were acquired from the
US Navy Fleet Numerical Oceanography Center (FNOC) in Monterey, California. The profiles
were obtained by merchant, naval and research vessels of many nations using a variety of
sampling instruments, including bottle casts, mechanical bathythermographs (MBT), expendable
bathythermographs (XBT) and electronic conductivity/temperature/depth profiles (CTD). The
capability and accuracy of these instruments vary widely: MBTs, with typical accuracies of 0.3
to 1.00C, were used until the development of XBTs in the 1960s. Generally, MBTs reached
depths of only 100-200 m, whereas the newer XBTs are capable of depths to 450, 700, or even
1,500 m. The accuracy of XBTs are typically 0.1 to 0.40C. Bottle casts and CTD casts from
research vessels are capable of any depth, with typical cast depths to 1,000 or 1,500 m and
accuracies of 0.001 to 0.10C. Profiles from all of these sources are normally mailed to
oceanographic data centers and assembled into common data sets. The time lag between
observation and final assembly of the data by the data centers may be 5 to 10 years or longer. To
reduce this time lag, many of the profiles are manually digitized and transmitted by radio in near



Table 4. Monthly mean sea level (cm) at Talara, Peru. Data courtesy of Dr. D. Enfield, Oregon State University.
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Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1950 267 287 310 301 342 318 310 294 275 303 272 264
1951 344 373 366 386 460 450 303 301 317 307 328 307
1952 315 302 281 291 312 333 303 325 295 317 285 318
1953 316 442 431 383 425 412 363 358 334 327 326 323
1954 333 305 301 300 310 342 313 297 307 292 329 294
1955 339 363 314 346 310 308 276 274 272 249 219 260
1956 293 383 402 357 356 335 323 306 295 280 263 247
1957 342 455 471 519 487 471 426 357 321 343 420 455
1958 463 410 355 395 381 377 354 285 311 292 298 311
1959 385 442 407 382 394 393 312 358 326 349 380 309
1960 354 354 312 323 317 352 351 329 309 299 333 316
1961 380 365 362 366 351 370 341 330 300 305 336 339
1962 371 336 319 377 369 386 355 327 352 314 295 286
1963 343 442 394 376 425 417 369 369 344 293 2175 351
1964 322 373 356 286 299 291 309 282 297 264 279 274
1965 368 486 487 432 397 407 385 379 357 340 367 379
1966 395 342 310 343 336 337 345 344 310 317 291 292
1967 364 367 303 318 347 350 330 282 269 274 285 312
1968 328 313 317 338 344 379 421 369 320 306 374 327
1969 351 343 434 478 411 351 348 330 344 337 317 331
1970 334 278 328 341 281 328 292 307 299 322 273 226
1971 260 333 355 347 331 364 336 289 294 392 289 327
1972 412 501 461 427 436 505 463 367 374 384 445 539
1973 397 386 309 285 281 341 335 330 325 306 330 321
1974 254 284 376 400 396 431 427 333 318 332 341 343
Table 5. Monthly mean sea level (cm) at La Punta, Peru. Data courtesy of Dr. D. Enfield, Oregon State University.

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1950 212 212 239 246 258 261 228 225 185 181 197 197
1951 232 279 285 305 378 388 289 269 247 251 236 247
1952 265 265 254 284 296 275 256 251 215 234 218 244
1953 245 343 308 325 328 232 286 283 249 239 199 224
1954 221 220 226 226 242 256 212 200 195 178 239 202
1955 234 232 263 254 235 241 223 174 177 152 161 178
1956 222 264 262 269 246 252 204 229 202 178 190 175
1957 240 325 355 400 393 371 319 267 233 259 281 332
1958 383 341 280 291 290 297 283 216 202 207 229 245
1959 309 317 317 286 249 270 240 240 171 211 220 207
1960 223 253 196 237 223 266 219 221 195 219 219 223
1961 272 261 285 236 280 258 245 245 193 195 181 244
1962 270 241 248 290 241 273 268 244 236 193 208 188
1963 228 251 260 264 285 294 269 247 218 230 245 243
1964 217 234 222 208 224 221 241 196 181 178 165 182
1965 214 281 373 314 273 291 329 270 282 207 300 269
1966 270 227 213 239 233 264 257 212 198 214 193 207
1967 231 233 236 240 287 248 240 195 166 177 182 205
1968 216 207 240 240 221 267 282 237 245 254 220 222
1969 262 296 337 387 306 277 274 250 285 237 300 272
1970 312 309 283 278 331 328 246 236 231 226 205 218
1971 211 270 288 302 279 226 224 219 220 234 212 215
1972 237 287 350 317 381 402 379 318 319 287 354 421
1973 316 276 212 201 227 217 229 193 198 179 186 187
1974 230 202 268 276 295 301 290 275 236 322 325 319
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real-time as BATHY messages for support of real-time ocean analyses. BATHY messages,
although more timely, require additional editing to correct digitizing and transmission errors.
With improved digital data acquisition and satellite data transmission systems, the time lags and
transmission errors are being reduced.

Subsurface temperature profiles from many available sources have been assembled by
FNOC in the Master Oceanographic Observations Data Set (MOODS). MOODS is in a compact
binary format and contains almost 5 million subsurface temperature profiles globally. The
MOODS file is by no means a complete file of all ocean temperature profiles that have even
been made; rather, it is only that subset which have been made available to FNOC and merged
into the file. Probably many additional profiles exist and if obtainable, could be used to improve
analyses of historical conditions. At present, MOODS occupies 12 reels of magnetic tape and is
sorted in the sequence: month, 1 degree square of latitude and longitude, year, day and hour. For
compactness, many of the temperature profiles are stored at significant or inflection points so
that the original data can be recreated by linear interpolation between inflection points.

The distribution of the profiles in time and space is critical for making consistent time series
of subsurface temperature. A total for all years of only 12,102 profiles were available in the
MOODS file for the five areas along the Peru coast (Fig. 3). Temperature profiles off Peru are
almost nonexistent in the MOODS file for the years prior to 1955 but are more abundant for the
years from the late 1950s to the early 1970s. Lags in data assimilation have reduced the amount
of data in MOODS since the mid-to-late 1970s, with most of the recent data being acquired via
BATHY messages. Profiles taken prior to 1952 have been included in the analysis by
combination into the single composite year, labelled "1951" in the plots and tables. Inclusion of
early profiles in the analysis is useful to help establish the edition scheme and to improve the
long-term means.

In addition to an insufficient quantity of profiles over the 33-year analysis period, many of
the available profiles are very "patchy” in their distribution. A cell in the data fields having 100
or more observations is often surrounded by many cells with no observations. This
inhomogeneity of the data fields reflects the fact that relatively large numbers of temperature
profiles are taken during short, localized research expeditions.

The subsurface temperature profiles in the MOODS file suffer from many types of errors.
‘Teague et al. (1985) have described some of the errors based on samples of the data for the
North Atlantic. Many of the profiles have erroneous spikes and tails which require editing,
whereby the profiles are truncated to retain the portion of the profile above the erroneous data.
About 1 to 5% of the profiles are from incorrect positions or times, as evidenced by reports from
land areas. No attempt was made in this analysis to correct for position and time errors of the
profiles as this would have required resorting the profiles into original cruise sequences and
tracking each ship individually.

Because of the errors in profiles and more importantly insufficient distribution of
observations in time and space, a complicated scheme was necessary to compute reasonable
monthly mean values. Thus, the MOODS profiles were edited, monthly means were computed,
and then the means were interpolated to fill gaps in coverage.

Editing Scheme for Subsurface Temperature Profiles

The first stage of editing the profiles was a gross error check requiring all reported
temperatures to be in the range of -2.0 to +38.00C and all depths to be nonnegative and increase
sequentially. No two temperatures were allowed from the same reported depth; in such cases
(which are rare), the depth of the second reported temperature was increased by an arbitrary
value of 1 m. In order to eliminate gross error spikes, the size of allowable temperature changes
between successive reported depth levels was limited between +2.0 and -12.00C. When data
were rejected by these edits, the profile was truncated at the depth of failure and the remaining
upper portion of the profile was retained.

The second stage of profile editing checked for unusually strong positive and negative
vertical temperature gradients to further reduce unreal spikes and vertical gradients. In the
surface layer and thermocline, where the water temperatures were greater than 6.00C, the




25

vertical temperature gradients were required to be in the range of -2.0 to +0.50C per meter of
depth. For reported temperatures less than 6.00C, the allowable gradients were tightened to -0.5
to +0.10C/m. As for the first stage editing, when gradients exceeding these limits were
encountered, the profiles were truncated and the remaining, upper portions of the profiles were
retained.

The third stage of editing was a check against the mean and standard deviations of a running
series of 10 values of a temperature editing parameter. For SST, depths of the 140C and SST-
20C isotherms and heat content, the computed parameter itself was used as the editing para-
meter. For the vertical temperature series, the temperature at 100 m was interpolated from each .
profile and used as the editing parameter. The running series was started with the first 10 profiles
for each month and 1 degree square of latitude and longitude. (Because the data were sorted in
the sequence: month, 1 degree square, year, day and hour, the first 10 profiles in a one degree
square were often from years earlier than 1952 and thus errors in the first 10 profiles did not
cause serious contamination of the 1952-1984 time series). After acceptance of the first 10
profiles, the mean and standard deviation of the running series of 10 editing values were
computed and used to check the next profile. A new profile was accepted if the editing parameter
computed from it was within a specified tolerance of the mean of the previous 10 values, where
the tolerance was arbitrarily defined to be 1.3 times the standard deviation of the previous 10
values. Each new accepted value was then added to the series and the oldest value in the series
deleted. Use of the running series of 10 values allowed the editing mean to move up or down
with warm and cold periods defined by the data themselves. Similarly, the scheme allowed the
editing tolerance range to widen as the data became more variable (in periods of climatic change
or in areas near oceanic boundaries) and to narrow as the data became less variable (during more
stable periods or in areas far from oceanic boundaries).

Computation of Individual Monthly Mean Values

After editing the temperature profiles as described above, values of the four parameters
(SST, depth of the 140C isotherm, depth of the SST-20C isotherm, and heat content down to the
SST-20C isotherm were computed for each profile. Individual monthly means of the four
parameters were computed for each cell (5 areas x 408 months) for the years 1951 to 1984. The
resulting monthly mean fields were very sparse, having mean values in only about 37% of the
2,040 total cells.

Temperatures at 25 m depth intervals from the surface to 350 m were computed from each
profile to display vertical variations of temperature versus time in each of the five areas. The
data were processed as differences between the surface temperature and the temperature at each
25 m depth interval because of the effect of varying maximum depths of the profiles. Direct
computation of mean temperatures from profiles of varying maximum depth can cause
unrealistic subsurface temperature gradients (Robinson and Bauer 1976).

After computation of the individual monthly mean values, the 12 long-term monthly means
and 12 between-year standard deviations were computed for each area (or depth for the vertical
plots). Here, long-term mean is defined as the mean of all the individual monthly means, e.g.,
the January long-term mean is the mean of all individual January monthly means. The between-
year standard deviation (bysd) is the standard deviation of the individual monthly means
computed by month to show the interannual variability. The monthly anomalies were then
computed as the differences between the individual monthly means and the appropriate long-
term monthly mean, e.g., the January 1952 anomaly is the individual monthly mean for January
1952 minus the January long-term mean.

In some cases, no profiles were available in a month during any year for an area (or depth).
In these cases, it was not possible to compute a long-term monthly mean. Such gaps in the long-
term mean field were filled using a 5 x 5 matrix interpolation which used information from
surrounding long-term means. Empty cells were filled with averages of surrounding mean
values, weighing proportionately to the square root of the number of years of data represented by
the mean and inversely to the square of the distance (in grid lengths) away from the cell.
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The fields of individual monthly mean values were rather noisy, particularly those computed
from small numbers of profiles which are considered less reliable than those based on relatively
large numbers of profiles. To reduce the errors associated with limited numbers of profiles, the
individual monthly means were adjusted toward the long-term mean for each month, i.e., means
based on only a single profile were set to the average of the mean and the long-term mean for
that month, while means based on two or three profiles were weighed proportionately less
toward the long-term mean.

Monthly anomalies were computed as the difference of the adjusted individual and long-
term monthly means. To partially fill the gaps in the anomaly field between data values, the
same 5 x 5 matrix interpolation scheme was used as for the long-term means, weighing
proportionately with the square root of the number of profiles represented by the mean and
inversely with the square of the distance away from the cell. In regions that were 3 or more cells
away from mean values, no interpolation of the anomaly was made. Use of this interpolation
scheme increased coverage of the field from about 37% to about 91%. Use of a 5 x 5 matrix
interpolator was reasonable as autocorrelation functions (not shown) of the individual monthly
means were computed and had magnitudes greater than 0.4 for lags of at least two months in
time and at least three areas (9 degrees of latitude) along the coast in space. The correlations are
in agreement with Enfield and Allen (1980) who showed similar strong coastwise coherence of
sea level and SST along the coast of North and South America from Alaska to Chile.

After adjustment and interpolation of the anomaly field, the fields of individual monthly
means were recomputed. Gaps in the coverage were partially filled by the addition of the
interpolated anomaly field and the long-term mean field. Use of the anomaly fields to interpolate
the monthly mean fields for filling gaps in coverage is based on the assumption that the anomaly
fields are smoother in time and space than the monthly means. This assumption is justified
because of the large seasonal changes that are observed in the monthly means but relatively
smoother changes in the anomalies (see, e.g., Fig. 2, autocorrelation functions).

Spatially Averaged Monthly Means for the 4 to 140S Region

Monthly anomalies for the three central areas were further averaged to make time series of
monthly mean anomalies for the entire region from 4 to 140S. The averaged monthly anomalies
were then added to the appropriate averaged long-term means to obtain time series for the four
computed parameters by month for the region 4-140S. Plots and tables of the time series values
are presented along with the total combined number of observations for the three central areas.
Values are only given if observed or interpolated mean values were available for all three areas.
This requirement reduced the coverage of the time series to about 90% of the 408 possible
months. For cases where anomaly values were not available for each of the three areas for any
particular month, asterisks are printed in the tables and values are not plotted.

Results and Discussion

Each of the parameters (SOI, SST, sea level, depth of the 140C isotherm, depth of the SST-
20C isotherm, vertical structure of subsurface temperature and heat content from the surface to
the SST-20C isotherm) is presented separately. The data are displayed in a variety of formats to
emphasize the seasonal and interannual scales of variability, both horizontally along the coast
and vertically through the water column. For each of the parameters, tables and plots of
spatially-averaged (for the region from 4-140S) monthly means are presented. Plots of the long-
term annual cycle, between-year standard deviation, monthly anomaly in standard deviation
units, and autocorrelation functions of the anomalies for each of the parameters are presented to
describe seasonal and interannual variability. Also, time-latitude and time-depth contour plots of
profile data are presented to show horizontal and vertical variations of subsurface temperature.
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Southern Oscillation Index

Time series of the monthly mean Southern Oscillation Index (Fig. 1A, Table 1) and anomaly
of SOI (Fig. 2A) show the buildups and subsequent declines of pressure differences associated
with the onset of El Nifo, as described earlier. Major buildups and declines occurred in 1949-
1952, 1954-1958, 1970-1972 and 1975-1977. The most recent decline in 1982-1983, associated
with that strong El Nifio, followed a long period (1976-1981) of relatively weak negative
pressure difference. There was also a sharp decline in 1979 associated with a weak coastal
warming event in that year. Perhaps the 1979 event would have been more notable (more
comparable to other moderate or weak El Nifios) if it had not occurred during an already warm
period.

The SOI has a relatively strong annual cycle (Figs. 1 and 2) which varies from a peak
difference of about 13 mbs in February, indicating strongest trade winds in late austral summer
to a low of about 7 mbs in May, indicating weakest trade winds in late austral fall. The
interannual variability of SOI is relatively constant throughout the year as indicated by the
similar values of between-year range and standard deviation. The SOI is moderately persistent in
time with an autocorrelation of anomaly of about 0.4 at one month lag. From 12 to 36 months
lag, the autocorrelation of the anomaly remains very close to zero, then becomes weakly positive
at lags of 36-48 months. This suggests that the period of important interannual changes in the
SOl is greater than 3 years, in agreement with the frequently reported period for El Nifio of 3-7
years.

Sea Surface Temperature

Time series of monthly mean SST (Figs. 1B and 1C, Tables 2 and 3) and anomaly of SST
(Figs. 2B and 2C) at Talara and La Punta (Callao) and spatially-averaged SST for the region
from 4-1408S (Table 6, Figs. 4A, 5A) show significant seasonal and interannual variability of
SST. Both the shore station and spatially-averaged SST data show the major El Nifio and anti-El
Nifio events. Positive anomalies occurred in the years 1953, 1957-1958, 1965, 1972-1973, 1976-
1977, 1979 and 1982-1983. Each of the figures also show longer period interannual variations:
cool conditions in the early 1950s, warm conditions in the late 1950s, moderately cool conditions
throughout the 1960s and early 1970s (except the 1965 and 1972-1973 El Nifios), and finally a
long-term warming during 1976-1983. Comparison between the two shore stations, Talara in the
north and La Punta in the south, shows the northerly station to have more low-amplitude, high
frequency variability than the southerly station. This difference is assumed to be caused by the
more complicated equatorial ocean dynamics occurring in the northern region.

Along the coast, the El Nifio events of 1953, 1957-1958, 1965, 1969, 1972-1973, 1976-1977
and 1982-1983 (Rasmusson 1984) are seen as tongues of warm SST, extending variable
distances southward (Fig. 6). A moderate warming occurred in 1979-1980, in agreement with the
below normal SOI that year. The extreme magnitude (large region of SST > 280C), duration, and
coastwise coherence of the 1982-1983 event distinguish it as the most significant warm feature
of this series. The poorly documented 1953 El Nifio shows a surprisingly strong surface
manifestation of warm water. The 1954-1956 cold event is only weakly evident, probably due to
sparse data. With the exception of the 1982-1983 warm event, each of the warm surface events
are shown to be preceded by a period of anomalously cool SST.

The annual cycles of SST at the two shore stations (Figs. 2B and 2C) and for the spatially-
averaged region (Fig. 7A) vary from highs during the austral fall to lows during the austral
spring. The amplitude of the annual variation of SST is greatest nearer to the equator and the
complex dynamics associated with the interaction of equatorially-trapped waves with the eastern
boundary (Fig. 6). The spatially-averaged long-term means (Fig. 7A) show high SST (>23.50C)
from January through March or April, when warm water intrudes from the north, followed by a
rapid transition to lower temperatures in April with the onset of upwelling along the central and
southern portions of the coast. SSTs of 17-190C occur during the upwelling regime from May to
October along the coast, except for the northernmost area where upwelling is weak.

Along the coast, the annual cycle is strong, varying between upwelling and nonupwelling
regimes for the central and southern areas and the weak seasonal variation for the northern area.



Table 6. Monthly mean surface temperature (C) for the region 4-14° off Peru. These means are averages of the monthly means for the three Central areas, computed from subsurface temperature profiles. The
corresponding number of profiles used in computing each mean is printed (in brackets) to the right of the mean. Means based on zero profiles are computed from interpolated values. Asterisks indicate months
in which neither observed nor interpolated means were available in all three areas.

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

1951 230 () 243 (1) 2450129 235 (© 195 (0 182 (2 185 (36) 176 (6) 168 (0 176 (0 192 (© 210 (0)
1952 228 (35 239 (@ 236 (0) **T* (©) 175 (0) 173 (0) 174 (129) 162 (0) 154 (0)  **** (0) ek (g)  *exx  (q)
1953 244 (@ 252 () 251 (49) 231 (93) 198 (23) 198 (0) 197 (0)  **EE (0)  Kxxx (Q)  *wsx (0)  A*kx ()  kexx ()
1954 *kkk (0) REkE (0) ddek (0) kkkk (0) ddeskk (0) s kok ok (0) 17'3 (0) 16'3 (2) 15.5 (0) *okkk (0) ARk (O) sk (0)
1955 *xxk  (0)  *REX (Q) KRR (Q)  kxkx () kswx Q) skkx ()  xxxx () Rk (0) 168 (0) 172 (©) 193 (1) 197 (95)
1956 210 (5) 225 (© 228 (0O 220 (31) 185 (0) 184 (0 195 (@ 185 (0 178 (31) 183 (0 199 (13) 215 (0)
1957 239 (®) 248 (1) 261 (33) 233 (25 206 (0) 201 (0)  **** (0)  *** () 170 (0) 176 (©0) 188 (15) 213 (6)
1958 231 (75) 245 (10) 241 (66) 228 (8 196 (4 190 (0 186 () 172 (©) 164 (79 171 (©) 186 (5)  21.0 (160)
1959 227 (© 239 (0) 238 (32) 226 (0) 192 (0)  ***= () **t* () 180 (® 172 (© 179 @ 194 (©0) 205 (0)
1960 214 (0 228 (4 216 (13) 223 (51) 185 (4 190 (© 187 (0 173 (0 165 (14 168 (97 181 (41) 201 (0)
1961 215 (0 227 (79 215 (63) 202 (60) 170 (@ 179 (14 177 (9 170 (156) 168 (290 175 (B) 190 (1) 201 (0
1962 214 (93) 212 (89) 214 (24) 208 (98) 183 (94) 181 (37) 177 (47) 169 (0 161 (O 169 (18)  17.8 274  20.1 (61)
1963 216 (33) 229 (178) 222 (55) 207 (69 178 (@ 183 (0 179 (55) 182 (142) 176 (46)  16.6 (155) 188 (44) 199 (72)
1964 217 (0) 231 (10) 215 (38) 215 () 185 (42) 180 (65) 180 (3) 164 (47) 159 (49) 160 (8) 186 (175) 206 (2)
1965 226 (0) 249 (10) 238 (1) 241 43) 204 (© 199 (© 199 (31) 186 (66) 180 (49) 177 (26)  19.4 (135) 215 (15)
1966 222 (0) 230 (80) 225 (57) 220 (A7) 185 (50) 177 (9 185 (@ 175 (5) 168 (148) 169 (2 187 (28) 200 (49)
1967 218 (0) 227 (116) 238 (15) 214 (5) 185 45 186 (2) 178 (2 166 (95 161 (69) 165 (0) 183 (28) 189 (48)
1968 213 (© 229 O 222 (© 208 () 161 (55 160 (© 181 (0 180 (0) 176 (86) 174 (38) 181 (12) 203 .(71)
1969 224 (46) 233 (20) 237 (8 230 (@ 189 (O 192 @) 187 (53) 178 (36) 172 (159 175 (0) 189 (62) 202 (19)
1970 219 (@ 228 (O 214 © 203 (© 171 (® 170 33) 175 (0 168 (0) 161 (63) 167 (94  17.0 (100) 183 (32)
1970 206 (® 218 (@ 222 (0 203 (5) 189 (23) 193 (19) 184 (0)  172(A51) 165 (43) 163 (11) 184 (109)  19.6 (62)
1972 224 (1) 243 (19) 247 (68) 233 (68) 208 (14 205 (1) 207 (3D 195 (0 182 (0) 182 (20) 206 (139) 221 (4)
1973 237 (o) 246 (16) 226 (89) 206 (6) 181 (2 174 (© 178 (6 163 (33) 165 (25 171 (1) 189 (0) 193 (0)
1974 222 () 205 (28) 217 (38) 212 (5) 190 (4 194 (34) 189 (3 177 (6 167 (0 174 (3) 186 (65 205 (0)
1975 225 (6) 237 (@ 238 (53) 225 (@9 196 (31) 188 (1) 181 (0 168 (133) 159 (0) 163 (0) 17.6 (13) 200 (A7)
1976 216 (0 233 (© 233 4 220 Q1) 191 (© 198 (© 203 (25 183 (26) 179 (0) 192 (16) 202 (O 216 @D
1977 236 (0 250 (26) 247 (© 235 (1) 195 (© 190 (® 189 (@ 176 (13) 173 (0 184 (1) 190 (A1) 208 (0)
1978 220 (© 229 (0 226 (5 221 (© 197 () 187 (@ 183 (9 174 (O 172 (© 183 (© 199 (19 215 (0)
1979 233 (0)  *ekx (Q)  **xE Q) *skx ()  exx () 198 (0) 198 (0) 188 (28) 181 (0O 185 (0) 195 (0 211 (8)
1980 234 (0 249 @ 247 (D 237 (@ 200 (® 193 © 193 (0 184 (12) 176 (0) 182 (0)  ***x (0)  **x  (0)
1981 230 (0 241 (© 236 (1) 28 () 195 (@)  *x () *xx () e+ () 171 () 178 (0 192 (34) 214 (19)
1982 224 (O 228 (1) 215 (29) 224 (1) 189 (® 196 (0 196 (0 186 (19 185 (0) 205 (0) 226 (34) 234 (6)
1983 260 () 274 (A7) 265 (1) 260 (1) 225 (0 224 (30) 215 (18) 190 (2 183 (0) 191 (11) 204 (0 222 (0)
1984 241 (0 253 (12) 250 (O 237 (@ 190 (® 190 (@ 188 (11) 182 (12) 174 (0) 179 (0) 194 ()  ***+ (Q)
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Fig. 4. Time series of spatially-averaged monthly means for the region 4 to 14°S as computed from profiles of subsurface temperature.

Parameters are (A) SST, (B) depth to 14°C isotherm, (C) depth to SST-2°C isotherm, and (D) heat content from the surface down to
SST-2°C.
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Fig. 6. Time-latitude contour plot of monthly mean SST for the 5 areas off Peru. Data shown for “1951” are a composite of data for all years prior to 1952. Tongues of water greater than
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early 1983, Low temperature tongues, associated with upwelling, extend northward.
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The time-latitude between-year standard deviation plot (Fig. 7A, left-hand plot) shows the
highest interannual variability to occur during the fall transition from the warm current regime to
the upwelling regime, particularly in area 2 which is between the strong upwelling to the south
and the weak upwelling to the north. The interannual variability of SST is lowest during peak
upwelling.

The autocorrelation function of the anomaly of the spatially-averaged SST (Fig. 5A) is
moderately persistent with a lag one value of about 0.6. After 18 months’ lag, the autocorrelation
function begins to rise, peaking again at a lag of about 44 months. Anomaly of SST at the two
shore stations has autocorrelation functions with moderately strong persistence at lags one and
two, negative correlation between lags of 12 and 36 months, and weakly positive correlation
after a lag of about 40 months (see Figs. 2B, 2C). This pattern is similar to that described for SOI.

Vertical Structure of Subsurface Temperature, 0-350 m

~ The interannual variability of subsurface temperature for the central area (Area III) off Peru
(Fig. 8) shows monthly variations of isotherm depths from the surface to 350 m for the period
1952 to 1984. A similar plot of the anomaly field was used for the analysis (but not shown
because anomalies must be carefully analyzed to avoid misinterpretation of events caused by
slight phase shifts). Interestingly, the 12, 14 and 160C isotherms show a general long-term
depression of the thermal structure for the period 1976-1984, in agreement with the changes in
SOI and SST discussed previously and with other reports of a large-scale coastal warming during
the period.

Shorter duration depressions of the isotherms are observed for the 1957-1958, 1965-1966,
1969, 1972-1973, 1976-1977, 1979-1980 and 1982-1983 El Nino warming events. The
magnitude and vertical extent of these isotherm depressions varies noticeably between different
events. Each of these El Nifo events is characterized by moderate to strong surface warming.
The anomaly field (not shown) has double peaks for most of these warming events, as has been
reported by others for many El Nifo events (e.g., Cane 1983; Reinecker and Mooers 1986). The
1957-1958 El Nifio appears to be of shallower extent but of longer duration than most of the
other events, lasting for about 3 years. The 1965-1966 El Nifio had intense surface warming
(down to 150 m) which began in January 1965 and lasted until about July, followed by a second,
weaker warming which peaked in about December. There was also a weak isotherm depression
between 275 and 350 m. The 1969 El Nifio had a weak signal from the surface down to about
300 m. The 1972-1973 El Nifio was similar in vertical extent and duration to the 1965 event,
except the second peak was less defined. The 1976-1977 event was moderately strong at all
depths from the surface down to 350 m. The 1979-1980 event had a weak depression at all
depths. During the 1982-1983 El Nifo, a strong depression of 50 to 80 m was observed at all
depths. For this event, it is interesting to note that the 12 and 140C isotherms were depressed 5-6
months prior to the depressions of the surface layer isotherms. It is yet to be determined whether
this relates to the idea of downward and poleward propagating coastally trapped waves
(McCreary 1976).

The annual cycles of subsurface temperatures for the five areas along the coast are shown by
vertical contour plots of the long-term monthly means (Fig. 9). The areas are arranged from
north to south from left to right across the page. The strongest vertical temperature gradients are
in the upper 75 m, indicating a relatively shallow mean thermocline. The isotherms display a
relatively linear slope upwards with increasing latitude (southward) along the coast, as would be
expected. The 12 and 140C isotherms shoal from mean depths of about 285 m and 170 m for
Area I, near the equator, to mean depths of 205 m and 90 m for Area V, in the south. Similarly,
the SST varies between 21 and 240C for the northern area and between 16 to 210C for the
southern area. Each of these plots show a strong annual cycle having relatively warm
temperatures during the austral summer, with annual highs occurring in February and March,
and cooler temperature during the austral winter, with annual lows occurring in September. This
pattern of the annual cycle becomes less apparent with increasing depth, where the 12, 14 and
160C isotherms have an interesting double peak.

The interannual variability of subsurface temperature off Peru is shown by vertical contour
plots of the between-year standard deviation (bysd, see Fig. 10) for the long-term monthly means
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Fig. 8. Time-depth contour plot of monthly mean subsurface temperature off Peru from 1952 to 1984. Data are computed at 25 m depth intervals from 0 to 350 m from subsurface tem-
perature profiles for central area (Area III). Values shown for “1951* are a composite of data for all years prior to 1952. Note the depression of the 12°C and 14°C isotherms from the

early to mid-1970s to a maximum depth in 1982..
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just discussed. The highest variability is found in the upper 50 m, as would be expected for the
thermocline. Seasonally, this upper layer variability appears to be highest (bysd = 2.7-3.00C)
from March through July and lowest (bysd = 0.7-1.20C) in September. With a few exceptions,
the interannual variability is consistently low (bysd = 0.2-0.90C) below 100 m in each of the 5
areas.

Depth of the 140C Isotherm

Unlike the previous section which described time variations of the thermal structure
vertically for a single area and the lon g-term annual cycle of the slope of the thermal structure
for the five areas along the coast, this section examines temporal and spatial variations of the
depth of the 140C isotherm in greater detail. The time series of monthly mean depth of the 140C
isotherm (Fig. 11, Table 7) shows considerable seasonal and interannual variability. The 140C .
isotherm deepened during each of the warming events, with the most striking example occurring
during the 1982-1983 El Nino. The anomaly of the depth of the 140C isotherm (Fig. 5B) shows
persistent deep or shallow anomalies lasting several years. The 140C isotherm deepened in 1976
and remained anomalously deep throughout the rest of the record.

The annual cycle of the depth of the 140C isotherm (Fig. 7B) differs from the annual cycles
of each of the other parameters in that it displays a double peak. Seasonally, the depth of the
140C isotherm for the region from 4 to 140S has maximum depths in April and July and
minimum depths in June and September. This double peak exists for each of the five areas
(Fig. 9), although the months of occurrence differ slightly.

The 140C isotherm is relatively deep in the north and shallow in the south (Figs. 9 and 11).
The annual long-term mean depths of the 140C isotherm for Areas I through V are 152, 135, 109,
90, and 78 m, respectively. The transition from depth to shallow depths is usually rapid, typically
occurring in 1-2 months. The interannual variability of the depth of the 140C isotherm is highest
in December and January for the three northern areas (between-year standard deviations greater
than 50 m), associated with the intrusion of the warm water. The interannual variability is lowest
during peak upwelling in September.

Along the coast, the depth of the 140C isotherm (Fig. 11) provides an indication of the
coastwise interannual variability of the thermocline depth and the effect of coastal upwelling on
the thermal structure. The 140C isotherm deepened moderately during the years 1957-1958,
1965, 1969, 1976-1977 and 1979-1980 and strongly during the 1972-1973 and 1982-1983 El
Nifios. This plot shows the 1982-1983 El Nifio to be the largest event of the record, bothin
magnitude and duration. The 140C isotherm remained below 200 m for most of the period from
February 1982 through July 1983 for the northern two areas. Likewise, the 140C isotherm
remained significantly deeper than normal during this period for the southern three areas. Both
plots show the 1957-1958, 1965, 1969, 1972-1973 and 1976-1977 El Niflos were preceded by
cold period having shallow depths of the 140C isotherm. The 1979-1980 and 1982-1983 warm
events, by contrast, occurred during the long-term coastal warming from 1976 to 1984.

The 1979-1980 warming, which was not included in Rasmusson’s (1984) list of El Nifos,
had moderate signals for each of the three parameters thus far discussed. Norton et al. (1984)
described a strong surface warming in 1979-80 in the California current system which attenuated
rapidly with depth, seemingly unrelated to tropical warming.

Wyrtki (1975) pointed out that El Nifio conditions off the coast of Peru were not caused by a
local weakening of the upwelling favorable winds, as had been previously hypothesized. He
showed that not only did the upwelling favorable winds not weaken but also appeared to have
strengthened during El Nino events. Using Bakun’s (this vol.) time series of wind stress,
turbulent mixing index, and offshore Ekman velocity and transport, we now strengthen Wyrtki’s
argument and show that each of the major El Nifio events of the past three decades occurred
during periods of anomalously strong southeast trades and offshore Ekman transport. One would
expect intense offshore transport to be associated with intense coastal upwelling and shallow
thermocline. However, comparison of the time series of offshore transport with depth of the
140C isotherm indicates the opposite. Periods of ‘strongest offshore transport correspond to
periods of deepest depth of the 140C isotherm. The 1957-1958, 1965, 1972-1973 and 1982-1983
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" Table 7. Monthly mean depth of the 14°C isotherm (m) for the region 4-14°S off Peru. These means are averages of the monthly means for the three central areas, computed from subsurface temperature pro-
files. The corresponding number of profiles used in computing each mean is printed (in brackets)to the right of the mean. Means based on zero profiles are computed from interpolated values. Asterisks indi-
cate months in which neither observed nor interpolated means were available in all three areas.

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

1951 96 (1) 112 () 108 () 116 (0 121 (0 110 (0 149 A7) 126 () 96  (0) 96  (0) *¥*x  (0)  **xx  (0)
1952 %% (0) ek () xerx (0)  kexk () 116 (0) 94 (0) 113 (144) 106 (0) 87  (0) KF*Ex. Q) *EE () sk (Q)
1953 101 @ 115 ©) 127 (1) 123 (0) 123 (0)  wwx  (0)  mexx Q)  eeER () ckeRR Q) kkmr () kkkx () sERx ()
1954 * kR ok (0) *k kK (0) *k oKk (0) ko kk (0) ok sk ok (O) ELE T (0) FokkE (0) EX X 23 (O) Kk k (0) &3k Kok (O) EEE T (0) EEE 33 (O)
1955 EX 233 (0) EX 21 (0) Hesk ke (O) ok % Kk k (0) k% %k (0) sk kok (0) EEE 23 (0) EXES S (O) 81 (O) 73 (0) 73 (69) 85 (104)
1956 75 () 97 (© 108 (0 102 @7 110 () 100 (0) 131 (© 121  (0) 99 (30) 108 (0 126 (5) 119 (0
1957 98  (0) 90  (3) 118 (43) 135 (10) 127  (0) 108  (0)  ***x  (0) ***=  (©0) 94  (0) 98 (0) 102 (5) 105 (2
1958 129 (41) 138 (9 121 (65) 127  (6) 136 (2 113 (0 129 (1) 118 (@ 9 (1) 9% (@ 8 (5 112 173
1959 101 (0) 120 (©) 148  (5) 1290  (0) 125  (0)  RRRE ()  REx () KRRk () kkxx () kxkx () kkxx () 113 (0)
1960 103 (0 118 (3) 140 (32) 137 (75 128 (3 11l (@ 130 (© 116 (0 81 (7 102 (94 105 (33) 117  (0)
1961 109  (0) 126 (S5) 134  (60) 131 (15) 127  (0) 105 (12) 121 (14) 104 (124) 9% (24) 82 (8 91 (© 98 (0
1962 85 (63) 9 (I7) 97 (24) 88 (90) 86 (101) 96 (20) 118 (35 110 (O 75 (0) 68 (200 67 (284) 95 (54)
1963 66 (88) 113 (99) 115 (40) 93 (30) 104 (©) 90  (0) 96 (60) 143 (49) 101  (3) 86 (61) 110 (14 132 (18)
1964 109 () 112 (1) 113 (@3 101 (0 81 (S1) 8 (99 113 (2 8 (59 13 (6 54 (9 60 (180) 19  (0)
1965 80 (0) 114 (© 125 (© 119 (34 132 @) 109 (© 136 (26) 130 (53) 103 (34 123 (1) 124 (85) 145 (18)
1966 121  (0) 145 (47) 103 (42) 122 (32) 130 (449 106 (1) 125 (® 89 (5) 94 (135 87 (2 100 (29 123 (41)
1967 99  (0) 109 (130) 120 (1) 107 (5 142 (52) 114 (® 126 (2 95 (113) 9% (63) 8 (1) . 719 (31 81 (55)
1968 70 () 75 (114) 9% (1) 119 (D 102 (32 9% (0) 134 () 134 (@ 128 (57) 107 (32) 88 (9 148 (37
1969 130 (12) 109 (5 148 (D) 130 () 134 (2 123 (14) 125 (48 97 (31 101 (17) 102 () 113 (23) 148  (8)
1970 117 () 121 () 122 (©) 119 (© 120 (1) 87 (26) 118 (0 101 () 74 (67) 62 (95 76 (125) 63 47D
1971 71 © 100 @ 114 (@ 109 4 101 (22 79 (15) 111 (© 98 Q700 90 (47) 60 (1) 69 (112) T4  (60)
1972 81 (1) 102 (20) 113 (49) 138 (59) 130 (17) 128  (0) 157 (25) 147 (15) 124  (0) 139 (22) 130 @D 150 (@
1973 121 () 141 (11) 134 (7D 124 (14 121 3 9% (@ 100 (9 8 (36 95 (4 9% (O 99 (® 101  (0)
1974 80 (@) 64 (24) 15 (40 107 () 115 () 115 (As) 129 () 112 () 94 (® 105 (3) 9 (7D 109 (0
1975 95 (8 105 () 121 (53) 102 (35) 116 (63) 92 (1) 118 (0 99 (134 81 (© 8 (O 59 A7 16 (1)
1976 81 (0 104 (© 104 (6 111 (1) 121 (@© 113 (© 151 1) 132 (4 115 (© 133 (23) 120 (0 123 (12)
1977 113 (© 139 (24) 133  (© 128 (@ 127 (0 123 (2 135 (0 120 (4 101 (© 114 (1) 122 (@8 121  (0)
1978 102 (© 113 (@) 116 () 119 © 119 @ 105 (0 128 (1) 117 © 99 (© ili (0 128 (20) 124  (0)
1979 106  (©) **x Q)  *** (0) *** Q) *** (@) 110 (0) 139 (® 138 (25 105 (0 108 () 110 (0 139  (3)
1980 113 (© 129 (49 125 (14 125 (© 124 (© 108 (O 135 (O 128 (1) 99 (0 101  (0) ***  (0) ** (0
1981 102 (0) 119  (0) 133 (19) 126  (0) 124  (0) ***  (9) **%  (0) **: ) 97 () 105 () 109 (33) 129 (7
1982 110 (@ 118 (5) 149 (29 171 (19 146 () 121  (0) 149 (0) 164 (4 119 (@ 125 (O 156 (12) 151 (1)
1983 154 (10) 180 (16) 168  (6) 185 (85) 169 (1) 151 (73) 166 (68) 134 (9 114  (©) 125 (13) 110 (0) 120  (0)
1984 111 () 138 (18) 132 (© 126 (@ 125 (0 114 (0) 145 (14 136 (10) 103 (0 104 (0) 109 () ***+  (Q)
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El Nifio periods of anomalously deep thermocline occurred during the four highest peaks of
offshore Ekman transport. Thus, the thermocline deepens sharply during periods when local
wind forcing should produce anomalously shallow thermocline.

Depth of the SST-20C Isotherm

The depth of the SST-20C isotherm is an indicator of the thickness of the surface mixed
layer, i.e., the depth to the top of the thermocline. The time series of monthly mean depth of the
SST-20C isotherm (Fig. 4C, Table 8) show that variations in the depth of this isotherm occur
over both seasonal and interannual time scales. Although anomalies (Fig. 5C) occurred during
the major El Nino events, the interannual variations of the depth of the SST-20C isotherm are
less closely correlated with El Nifio events than were the other parameters discussed. Rather, the
dominant interannual variations appear to occur over longer time scales. The SST-20C isotherm
was anomalously shallow throughout most of the 1960s, anomalously deep from 1970 to 1976,
near the long-term mean annual cycle from 1976 until 1982 and deep during the 1982-1983 El
Nifio.

The annual cycle of the depth of the SST-20C isotherm (Fig. 7C) is strong, varying from a
minimum depth of 20-25 m from January through March (austral summer) to 2 maximum depth
of 60-70 m from July through September (austral winter). This annual cycle corresponds well
with Bakun’s (this vol.) seasonal wind mixing index and surface wind stress calculations, further
establishing the depth of the SST-20C isotherm as a reasonable measure of the mixed layer
depth. Thus, the annual cycle of the depth of the SST-20C isotherm fluctuates with the upwelling
cycle, being deep during the upwelling season and shallow during the nonupwelling season.
Upwelling elevates the thermal structure in response to offshore transport of the surface water.
The elevated thermal structure combined with increased turbulent mixing during the upwelling
season apparently force the observed deepening of the SST-20C isotherm.

The between-year standard deviation and range between extrema vary between lows of
about 5 and 20 m, respectively, in May and June to highs of about 20 and 40 m, respectively, in'
August and September (Fig. 7C). There is an inverse correlation between SST and depth of the
SST-20C isotherm. The autocorrelation function of the depth of the SST-20C isotherm indicates
weak persistence (Fig. 5C). This suggests that the mixed layer changes due to local rather than
large-scale processes, which makes sense because it is primarily an indicator of the thickness of
the wind forced mixed layer (or local upper layer stratification due to heat budget
considerations).

Along the coast, the depth of the SST-20C isotherm slopes from a shallow annual mean
depth in the north (Area I) of 31 m to a relatively deep annual mean depth in the south (Area V)
of 50 m. The maximum coastwise between-year standard deviation occurs in August in Area II,
which is located between the weak upwelling area to the north and the strong upwelling areas to
the south, reflecting interannual variations in the northerly extent of the upwelling.

Heat Content from the Surface to the SST-20C Isotherm

The heat content from the surface down to the SST-29C isotherm (Fig. 4D) is computed as
the vertically averaged mean temperature down to the SST-20C isotherm multiplied by that
depth. Since the magnitudes of depth variations (in meters) are significantly greater than for
temperature variations (in degrees Celsius), the computed heat contents are dominated more by
depth than temperature. Thus, heat content is low (300 to 5000C x m) during nonupwelling
periods when the surface layer is warm but the SST-20C isotherm is very shallow. Conversely,
heat content is high(>1,0000C x m) during the upwelling regime when the surface layer is cool
but the SST-20C isotherm is deep. Time series of monthly mean heat content (Fig. 4D, Table 9)
and anomaly of heat content (Fig. 5D) reveal interannual variations almost identical to those
described for the depth to the SST-20C isotherm.

The annual cycle of heat content has characteristics similar to the annual cycle described for
depth to the SST-20C isotherm (Fig. 7D). The long-term mean values vary from about 500 mC



Table 8. Monthly mean depth of the SST-2°C isotherm (m) for the region 4-14°S off Peru. These means ate averages of the monthly means for the three central areas, computed from subsurface temperature
profiles. The corresponding number of profiles used in computing each mean (in brackets) is printed to the right of the mean. Means based on zero profiles are computed from interpolated values. Asterisks
indicate months in which neither observed nor interpolated means were available in all three areas.

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

1951 24 (9] 22 1) 20 (195) 29 0) 37 ©) 42 (U] 45 (34) 59 ©6) 66 ) 49 ©0) 35 (V) 29 ©)
1952 13 (37 17 0) 20 ) b ) 43 (0) 53 ) 71  (143) 71 ) 72 ) *E 0) ** ) *¥ )
1953 - 24 ) 20 (W} 18 (62) 26 (145) 32 (24 40 ) 56 0) b ) o ) ** ) ** 0) *x )
1954 *% ) (0) *K (0) sk (0) k% (0) * e (0) * % (0) * K (0) * %k (0) *k (0) &%k (0) Ak (0) *k (O)
1955 ** ) o ) o ) b (0) ** ) o ) *k ©) x* (V] 66 ) 45 ) 32 (70$) 31 (114
1956 19 (5) 23 ©0) 26 0) 39 47N 44 0 48 ©) 56 ©) 60 0) 61 (31 50 (U] 48  (15) 39 )
1957 26 ) 20 3) 28  (50) 25 (33) 38 (] 45 0) ** ©) i () 69 (V) 53 ©) 42 (16) 48 (10
1958 34 (78) 22 (16) 18 (90) 26 [t} 31 4) 44 0) 58 @) 65 (0) 70 (54) 50 (0] 34 ®) 33 (174
1959 24 0) 23 ()] 23 (36) 34 3) 43 (¢3) 47 0) 58 0) 64 ©0) 71 0) 60 [C)] 40 ) 36 0)
1960 23 ) 21 (O] 18 (47) 25 (107) 36 ) 43 (O 56 0) 63 (V] 64  (10) 59 (92) 45 (49) 36 0)
1961 19 ) 14 (113) 16 (97) 25 (55) 35 ) 40 Q4 63 (10) 62 (137) 70 2N 39 (6) 32 (68} 32 )
1962 21 (102) 16 (130) 15 (35) 29  (100) 31 (107) 46 (36) 60 (27) 63 [(1)} 62 ) 33 (20 31 (273) 27 (58)
1963 16 (94 19 (184) 19  (55) 22 (73) 34 ()] 42 (V] 54  (61) 62 (118) 54 29 67  (76) 36 (44) 36 (61)
1964 23 ©) 28 (13 22 @47 -32 (0] 41 54 52 (99 61 3) 85 37) 74  (40) 55 @ 26 (182) 28 (2)
1965. 20 ©) 25 Qo) 21 ) 32 (87 40 1) 41 ©0) 47 @3s) 48  (69) 52 43) 50 (29 37 (139) 35 29)
1966 25 ©) 25 96) 22 (65) 30 (34 42 (69) 50 (2% 57 0) 53 “4) 65  (130) 47 (V] 31 (29) 31 60
1967 20 () 18 (147 24 (16) 25 1) 41 (65) 50 9) 69 ) 76 (103) 86  (54) 52 1) 42 (32 37 (62)
1968 20 ©) 16 (120) 18 1) 22 @) 45 41) 49 0 57 ©) 60 ) 61 (73) 52 (36) 35 (11) 37 (73)
1969 ** an 20 (23) 29 3) 31 ) 41 3) 48  (20) 53 (58) 42 (34 51 (149) 37 ©) 25 59) 32 19
1970 22 ) 23 [(1)] 22 0) 32 (V) 40 3) 50  (25) 60 ©) 65 0) 74 (85) 41  (91) 47  (129) 31 (50)
1971 24 (1)) 23 ©0) 25 ©) 37 (12) 36 (28) 39 (23) 62 ) 70 (@172) 92 (46) 54 8) 30 (118) 32 (58)
1972 21 1) 22 (26) 25 (96) 36  (90) 40 (35) 45 2) 54 (53) 53 Q7N 70 ©0) 48 (31 53 (148) 53 Q@1
1973 34 (6) 26 (15) 26 (114) 34 (25 35 3) 53 0) 70 (11 86  (38) 80 (29 57 ()]} 39 (V)] 34 )
1974 21 2) 18 @3N 21 (45) 40 (12) 44 () 45 (31 64 (5) 65 *) 73 (V) 62 3) 43 (68) 38 )
1975 26 ®) 26 ) 29 56y 32 (49 44  (64) 49 1) 70 0) 83 (141 82 0) 56 (V)] 34 (15) 29 (19
1976 22 (0) 23 ) 28 (6) 30 an 38 ()] 44 (V] 57 (42) 59 27N 67 0) 42 (26) 38 0) ** an
1977 26 0) 29 @2n 25 ©) 31 ) 37 ()] 41 a1 59 (9] 66 a4 68 (U] 41 (13) 36 ) 34 ©)
1978 25 ) 29 1) 26 ) 32 ©) 38 ) 43 ) 54 “@ 61 ) 66 ) 46 (V) 31 (21) 33 ()

1979 23 ) *E ) ** ©) ** 0) *x ()] 43 0) 52 ) 52 (29 63 0) 47 ©) 35 ) 28 8) -

1980 22 0) 25 (C)] 18 amn 29 ©) 39 0) 48 ) 62 (V)] 73 (13) 72 0) 51 (V] ** ) *x )
1981 22 0) 19 (V] 13 (1) 27 0) 38 ) *x ) ** ()} d (0) 67 ©) 46 ©0) 30 (36) 37 19)
1982 24 ) 24 ®) 24 (36) 27 (24) 39 (U] 45 ) 58 0) 63 23) 74 (V)] 64 0) 59 @81 57 (21)
1983 37 (14) 39 (32) 36 (6) 39 (99 46 (O] 44 (99 60  (80) 5§ (11 64 (O] 43  (13) 34 ) 33 ©)
1984 23 ) 20 (18 21 ) 30 ©) 38 ) 41 ©) 46  (15) 59 (14 66 0) 49 0) 37 (@) ** )

[ 84



Table 9. Monthly mean heat content from the surface down to the SST-20°C isotherm (°C x m) for the region 4-14°S off Peru. These means are averages of the monthly means for the three central areas, com-
puted from subsurface temperature profiles. The corresponding number of profiles used in computing each mean (in brackets) is printed to the right of the mean. Means based on zero profile are computed

from interpolated values. Asterisks indicate months in which neither observed nor interpolated means were available in all three areas.

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1951 491 1) 524 1) 506 (188) 609 (1)) 748 0) 772 (U] 801 (31) 1,063 3) 984 (O] 837 (V) 596 ()]} 553 )
1952 270 (37) 401 (V] 440 (] oxx ) 789 0) 895 0 1,154 (122) 1,069 0 1,036 (V)] *rE 0) Fxx [(O N ()}
1953 458 ©) 465 ©0) 419 59 558 (137 613 (24) 748 0) 984 (V)] b (V) *k 0) *Ek 0) wxx ()]} b (V)]
1954 EE L] (0) Aok (0) dk (0) Aok (0) ok (0) e e K (0) ok % (0) ek e (0) *kk (0) dkKk (0) A0k % (0) *%% (0)
1955  *x* (1)) rkx ©) i ©) hE ©) *rx ()] rHE ) i (D] *Ex (U] 974 (U] 763 (V] 568 59) 594 (113)
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from January through March to about 1,000 ©Cm from July through September. The between-
year standard deviation varies from about 100 ©Cm in June to about 200 ©Cm in November and
February. The range between extrema varies from 200 to 600 ©Cm. The autocorrelation function
of heat content is 0.5 at lag one and decreases rapidly thereafter, indicating weak persistence
with time (Fig. SD). Along the coast, the long-term monthly means of heat content generally
slope downward to the south. For instance, the long-term annual mean heat contents for Area I in
the north and Area V in the south are 582 0Cm and 843 OCm, respectively. This alongshore
variation is a consequence of the deepening of the mixed layer in response to upwelling, which is
stronger in the south. The interannual variability of the heat content is highest in areas and
months around the edges of the upwelling regime.

Sea Level

Sea level represents a vertical integral of the thermohaline structure over the entire water
column. Integrating over the water column has the effect of combining many subsurface
processes into a single parameter. Frequently, this combining of factors provides an invaluable
indication of large-scale oceanic change. Monthly means and anomalies of sea level at Talara
and La Punta (Figs. 1D, 1E and 2D, 2E, Tables 4 and 5) show seasonal and interannual
variability similar to that described for SST. Sea level at both coastal stations was variable
during the early 1950s, moderately low during the mid-1950s, moderately high for the 1957-
1959 El Nino episode, slightly below normal for most of the 1960s (except the 1965 and 1969
warm events when it was above normal), very high during the 1972-1973 El Nifio, and variable
until 1974,

The annual cycle of sea level is characterized by relatively high levels from February
through June and low levels from August through December. The interannual variability is
generally high from December through June and low from August through September. Bigg and
Gill (1986) showed that the long period response of sea level off Peru separates into a remotely
forced component mainly due to zonal winds along the equator to the west, and a locally driven
component where sea level slopes to balance the alongshore wind. Their examination of the
annual component of sea level indicates that the locally forced component dominates, whereas
the remotely forced component plays a major role at semiannual and interannual periods.

Summary and Implications

All of the time series presented show considerable seasonal and interannual variability. Each
series had a strong annual cycle, dominated by seasonal shifts from an intensified upwelling
regime from May to October to a relaxed upwelling regime in which warm water intrudes from
the north from January through March. Contrary to this single peak pattern observed for SOI,
SST, sea level, depth to the SST-20C isotherm, and heat content, deep isotherms, represented by
the depth of the 140C isotherm, had double peaks in their annual cycles. Along the Peru coast,
the seasonal variability increased from north to south, with lowest variability associated with
weaker upwelling in the north than in the south.

Interannual variations of most of the series were similar, being dominated by remotely-
forced El Nifio signals. Contrary to this pattern, however, interannual variations of the depth to
the SST-20C isotherm and heat content down to this isotherm were only weakly correlated to El
Nifio signals. Interannual variations of these two parameters appear to occur at longer periods.
Weaker persistence suggests that these two parameters may be dominated by local rather than
large-scale processes, such as local wind or heating events. The parameters which were
correlated to El Nifio signals showed that coastal waters off Peru (4-140S) were generally cool in
the early 1950s, moderately warm during 1957-1959, near normal during 1960-1965, warm in
1965, near normal during 1966-1968, warm in 1969, cool in 1970 and 1971, very warm in 1972,
cool during 1973-1975, warm during 1976-1981, extremely warm in 1982-1983 and variable in
1984. La Punta SST was below normal in 1984-1985, but the 140C isotherm was still depressed.



The warm events described by the above interannual variations represent a general
deepening of the thermal structure along the coast as indicated by a depression of the 140C
isotherm. Such depressions cause a change in the slope of the thermal structure normal to the
coast and a tendency to increase transport of warm water and associated organisms poleward
along the coast. Furthermore, deepening the thermal structure would reduce the biological
productivity of the surface waters by reducing the ability of upwelling favorable winds to upwell
nutrient-rich water. These depressions of the thermal structure have been shown to occur even
during periods of maximum offshore transport, which normally correspond to maximum
upwelling and availability of nutrients.

The effects of interannual variability of subsurface temperature on Peruvian anchoveta
populations are difficult to access. If one assumed that some combination of factors associated
with warming and depression of the thermal structure is detrimental to anchoveta recruitment
and/or growth, a scenario of events based on the subsurface variability presented here may be as
follows. Heavy fishing pressure in the late 1960s and early 1970s combined with the strong El
Nifio of 1972, which had a deeply depressed thermal structure, caused a collapse of the
anchoveta population. The stock then recovered slightly in 1974-1976 (Avaria 1985) following
cool water conditions (upwelling) of 1973-1975 as described by the depression of the 140C
isotherm. However, this slight recovery was subject to continued strong fishing pressure. The
moderate 1976-1977 El Nifo and the warm, depressed conditions thereafter, especially during
the 1982-1983 El Nifio, have prevented good recruitment, resulting in very low anchoveta
populations. A reversal to cooler conditions since 1983 may be associated with a modest recent
recovery of the population. Clearly, the actual ecosystem of the Peruvian anchoveta is much
more complicated than this simple scenario suggests. This scenario does, however, illustrate the
potential value of multiple environmental time series such as presented in this volume.
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Abstract

Monthly time series, generated from summaries of maritime reports from the region off Peru, are presented for the period 1953 to 1984.
These include sea surface temperature, cloud cover, atmospheric pressure, "wind-cubed” index of rate of addition of turbulent mixing energy to
the ocean by the wind, wind stress components, solar radiation, long-wave back radiation, evaporative heat 1oss and net atmosphere-ocean heat
exchange. All series are found to undergo interrelated nonseasonal variations at multiyear periods. El Nifio episodes are characterized by intense
turbulent mixing of the ocean by the wind, intense offshore-directed Ekman transport and by low net heat gain to the ocean through the sea
surface. Effects of constant versus variable transfer coefficient formulations on the bulk aerodynamic flux estimates are discussed. Certain
comments on the utilization of these data in analysis of biological effects are offered.

Introduction

By international convention, weather observations are recorded routinely on a various types
of ships operating at sea. These maritime reports remain the primary source of information on
large-scale variability in the marine environment. Even with the increasing development of
satellite observation systems, analysis of time series of decadal length and longer must continue
to depend heavily on these maritime reports for some time to come. Observations of wind speed
and direction, air and sea temperature, atmospheric pressure, humidity and cloud cover included
in these reports provide a basis for estimating a number of environmental variables pertinent to
the study of variations in ocean climate and of effects of these variations on the associated
communities of marine organisms. In this paper, the historical files of these observations are
summarized to yield monthly estimates of properties and processes at the sea surface within the
extremely productive upwelling ecosystem off central and northern Peru. The 32-year period
treated encompasses several dramatic El Nifio events and the spectacular rise, collapse, and
indications of a recent rebound, of the largest exploited fish population that has ever existed, the
Peruvian anchoveta. |

Although remarkably rich both in biological productivity and in climatic scale ocean
variability, the area off Peru is rather poor in maritime data density. Thus the region presents a
particular challenge to the methodologies employed here. The area is very sparsely sampled in
comparison to the corresponding eastern ocean boundary ecosystems of the northern hemisphere,
with most of the reports coming from a narrow coastal shipping lane lying within about 200 km
of the coast (Parrish et al. 1983). Maritime reports are subject to a variety of measurement and
transmission errors, of which improper positioning is perhaps the most troublesome, sometimes
introducing very large errors in all derived quantities (e.g., when a wrong hemisphere, etc., may
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be indicated). And it is difficult to establish effective procedures for rejecting erroneous reports
without also suppressing indications of real variations, particularly in the area off Peru which is
perhaps uniquely subject to drastic and abrupt natural environmental perturbations. For example,
early indications of the 1982-1983 El Nifio event went unnoticed by meteorological agencies in
Europe and North America, because the reports which clearly indicated an event of
unprecedented intensity were so far from the norm that they are rejected as erroneous by the
automated data editing procedures (Siegel 1983). In addition, even when no actual errors are
involved, irregular distribution of the reports in both time and space may introduce biases and
nonhomogeneities into time series constructed from these data.

- Tests of the precision of the methodology on interyear time scales, 1nvolv1ng subsamplings
of the much richer data distributions off the Iberian Peninsula in the northeast Atlantic Ocean,
have indicated benefits to be gained by utilizing rather large areal samples, i.e., of the order of 10
degrees of latitude and longitude in extent, with the increase in report frequency overriding
increases in sampling variance resulting from incorporation of additional spatial variability
(Bakun, unpublished data). These same tests have indicated that the use of the ordinary ‘standard
error of the mean’ provides a useful guide to the precision of monthly estimates, even though the
underlying processes may be very highly variable on much smaller temporal and spatial scales
than those used for data summarization. For the time series presented herein, reports available
within an area extending some 10 degrees of latitude along the Peru coast and about 4 degrees of
longitude offshore (Fig. 1), between Talara and a point just to the south of Pisco, were

1°S
5°S |-
10°S |-
15°S |-
20°S | B | ] l 1 ] L I | 1 1 L1 1
85°W 80°W T75°W T0°W

Fig. 1. Summary area. Maritir_ne reports from within the area indicated by diagonal hatching
were used for assembling monthly samples.



48

L ema, . 8
composited together. These composite samples are assumed to féharactgﬁze temporal variability,
at least in the relative sense, in conditions affecting the neritic fish habitat along that stretch of
coastline which appears to have some degree of naturalunity both in terms of environmental
processes and biological community (Santander 198Q; Partishet al. 1983). The rather ragged
offshore edge of the summary region was chosen to facilitate initial extraction of the reports
from the data archive files. Consistent features of spatial variability tend to be much less intense
in offshore areas of coastal upwelling regions than in coastal areas; thus no substantial effect of
the irregularity of shape of the offshore boundary is expected. Also all the monthly summaries
are treated identically in terms of areal selection and so time series homogeneity is preserved. In
any case, report density is extremely low at the outer edge of the summary area.

Assembly of Data Series

Impossible or highly improbable values occur occasionally in the maritime report files, due
to keypunch errors, etc. In the data record format, temperature values between -99.9 and 99.90C
are possible. Initial efforts to construct the data series resulted in rather large standard errors for
_ certain of the monthly values due to incorporation of improbable data. For this reason, only
values falling between the limits 11 to 310C were accepted as valid observations of air
temperature, sea surface temperature, or ‘wet bulb’ air temperature, for this region. (Note that the
lower bound on the wet bulb temperature caused only 16 reports, no more than a single report in
any one month, to be rejected). Wind speeds of up to 199 knots (102 m/sec) are possible in the
record format. Erroneously high wind speeds have a particularly serious effect since wind speed
is squared in the stress computation and cubed in the wind mixing index formulation. Reports of
wind greater than 45 knots (23 m/sec) occurred within the summary region less than ten times in
the entire 32-year record and were in no case corroborated by neighboring (in either space or
time) data. Thus wind reports exceeding this value were excluded in preparing these time series.
The data record format limited wind direction to values between 0 and 360 degrees, cloud cover
observations to the range 0 to 100% of sky obscured, and barometric pressure to values between
890 and 1,070 millibars.

In assembling the monthly data samples, if any one of the reported values of sea surface
temperature, barometric pressure, wind speed, or wind direction, were missing or unacceptable
the entire report was excluded from the summaries. These four observed properties are sufficient
to produce time series of sea surface temperature (Table 2), atmospheric pressure (Table 4), wind
stress components (Tables 5 and 6), and wind mixing index (Table 7). The numbers of reports
having acceptable observations of these four items are entered as the first of the three numbers
shown for each month in Table 1. In addition, if a valid cloud cover observation was available
the report was also incorporated in the cloud cover series (Table 3); numbers of reports including
acceptable observations of these five items are entered as the second number of each monthly set
in Table 1. Finally, if acceptable values of both air (dry bulb) temperature and either wet bulb or
dew point temperature were included, the report was also used for construction of time series of
atmosphere-ocean heat exchange components (Tables 8 to 11). Numbers of available reports
containing acceptable observations of all seven properties required to construct all the time series
presented in this paper are shown as the third number under each month in Table 1. All
computations of derived quantities were performed on each individual report prior to any
summarization process. A simple mean was taken as an estimate of the central tendency of each
monthly sample. Computed standard errors of these mean values are displayed within the
parentheses following each monthly value presented in the various data tables. An approximate
95% confidence interval estimate can thus be generated by multiplying the indicated standard
error by the factor 1.96, and adding and subtracting the result from the monthly mean value
(point estimate) to yield the upper and lower limits of the interval.

A small percentage of the reports contain wind observations in which the direction is noted
as "variable"; i.e., no direction could be assigned. This properly occurs only when the wind
speed is very low. In these cases the wind speed is used, as reported, in the calculations where it
enters as a scalar quantity, i.e., in the calculations of wind mixing index, evaporative heat loss
and conductive heat loss. In the computation of surface wind stress, wind enters as a vector
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quantity and directionality is crucial. Accordingly, for the surface wind stress calculations,
variable winds are treated as calms. Because the wind speed enters the calculation as a "square”,
low wind values act essential as zeros in their effect on the monthly means, and so treating these
weak variable wind observations as calms has no substantial effect. Also, the net effect of a
stress from one direction is cancelled by an equal stress from the opposite direction, and so
treating variable-directional stress as equivalent to calm conditions makes physical sense.

Sea Surface Wind Stress

Sea surface stress was estimated according to:

(TX,Ty)=paCD(|WIO§U W 1V ) ... D

10° 10 10

where 7cand 7yare components of stress directed onshore and alongshore, respectively; a
characteristic onshore direction of 62 degrees and an alongshore direction of 332 degrees (from
true north) was assigned to the entire summary area. », is the density of air, considered constant
at 1.22 kg/m3. Cp is a dimensionless drag coefficient. IW o is the wind speed at 10 m height.
U10 is the onshore-directed component of wind velocity; V1() is the alongshore-directed
(positive equatorward) component. For the data series presented in the tables, CD was
considered to be a constant equal to 0.0013. The use of this constant drag coefficient has been a
somewhat standard practice in climatological studies of upwelling regions (Bakun et al. 1974;
Nelson 1977; Parrish et al. 1983). However, it is recognized that the value of the drag coefficient
is actually a variable which depends on the nature of atmospheric turbulence near the sea
surface. Thus a dependence on both atmospheric stability and wind magnitude near the sea
surface is indicated; the stability effect is particularly important in reducing air-sea transfers in
upwelling regions due to the stable atmospheric boundary layer formed over cool upwelled
surface water. No clear consensus as to the proper formulation of these dependencies is presently
available. However, a reasonable variable drag coefficient formulation has been chosen and has
been applied to these data for evaluation of possible differences from results based on the
constant drag coefficient formulation. In this case we follow the method of Nelson (1977) for
incorporation of the atmospheric stability effect, which is based on a bulk Richardson number
parameterization (Deardorff 1968). We incorporate a dependence on wind speed according to the
recommendations of Large and Pond (1981) who find a linear increase in the drag coefficient at
wind speeds greater than 11 m/sec.

Offshore Ekman Transport

In their climatological study of seasonality and geography of anchovy and sardine
reproductive habitats within eastern ocean boundary upwelling systems, Parrish et al. (1983)
found a pattern of minimization of both wind-driven offshore surface flow (Ekman transport)
and of wind-induced turbulence in the spawning habits of these fishes. They therefore suggest
the likelihood of important effects of both processes on reproductive success. Offshore Ekman
transport at a given latitude is proportional to the alongshore stress, being simply the product of
the alongshore stress and the reciprocal of the local Coriolis parameter. Ekman transport (Ekman
1905) provides an acceptable description of ocean surface transport directly driven by surface
wind stress at periods which are long compared to the half-pendulum day; the half-pendulum day
is 2.9 actual days in length at 100 latitude but increases to infinity at the equator. Obviously, the
Ekman transport description cannot be applied directly at the equator. Here we assume the
Ekman transport description to be adequate for the effect of wind stress variations affecting the
summary area as a whole on the monthly time scale; thus we simply divide the monthly
alongshore wind stress by a characteristic value of the Coriolis parameter (we choose the local
value at 1008, i.e., 0.0000253/sec, to characterize offshore Ekman transport in response to large-
scale, long period wind variations over the anchoveta reproductive habitat; this choice will affect
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the average magnitude but not the time series properties of the resulting indicator series, which
will be identical to those of the alongshore stress series).

Wind Mixing Index

The rate at which the wind imparts mechanical energy to the ocean to produce turbulent
mixing of the upper water column is roughly proportional to the third power, or "cube”, of the
wind speed (Elsberry and Garwood 1978). A "wind mixing index", which is simply the mean of
the cube of the observed wind speeds in each monthly sample (Table 7) is presented as a guide to
longer period variability in this particular process. However, it is to be noted that these series
may not reflect energetic shorter-term variability which may be more crucial to reproductive
success of anchovies (Husby and Nelson 1982). The hypothetical basis for interest in this process
in relation to anchoveta reproductive success is Lasker’s (1978) suggestion that first-feeding
success of anchovy larvae may be dependent upon availability of fine scale food particle
concentrations which may be dispersed by wind-driven turbulent mixing events. These occur at
atmospheric storm event scales which are much shorter than one month. Furthermore, it is not
the exact magnitude of mixing that is crucial according to this hypothesis, but rather the
existence of time-space "survival windows" within which the rate of addition of turbulence by
the wind does not reach a level that homogenizes the food particle distributions (Bakun and
Parrish 1980). The wind speed level at which this occurs and the minimum required duration of
the window for substantial survival to result are unclear and undoubtedly are vanable functions
of other factors such as water column stability, the particular food particle organism’s growth
rate, behavior, motility, etc. In any case, the maritime reports occur irregularly in time and space
and so are not amenable to indicating durations of periods characterized by specific conditions,
even if we were able to specify the required nature of the conditions. This would require
utilization of a time-and-space continuous meteorological analysis procedure (Bakun 1986)
which might be ineffective due to the low maritime report density in the region and particularly
seaward of the region. The use of shore station data, despite interference from local topographic
influences, etc., might be the best available option for indicating short time scale wind variability
over the ocean habitat off Peru (see Mendo et al., this vol.).

Solar Radiation

Net incoming solar radiation, QS, absorbed by the ocean was estimated according to the
formula:

Qg=(1 - Q, (1 —0.62C +0.0019h) ’ ...2)

where o is the fraction of incoming radiation reflected from the sea surface, QQ is the sum of the
direct and diffuse radiation reaching the ground under a cloudless sky, C is the observed total
cloud amount in tenths of sky covered and 4 is the noon solar altitude. For each maritime report,
the total daily direct solar radiation reaching the ground under cloudless conditions was extracted
from the Smithsonian Meteorological Tables (List 1949) as a function of the date and latitude of
the report, using a 4 x 4 element curvilinear interpolation on the table entries via Bessel’s central
difference formula and assuming the atmospheric transmission coefficient of 0.7 recommended
by Seckel and Beaudry (1973). The diffuse solar radiation was estimated according to List’s
recommendations as follows. The solar radiation reaching the top of the atmosphere was
extracted from the appropriate table. This value was decreased by 9% to allow for water vapor
absorption and 2% for ozone absorption. The result is subtracted from the value previously
determined for the direct radiation reaching the ground to yield the energy scattered out of the
solar beam. This is reduced by 50% (to reflect the fact that half is diffused upward and therefore
only half is diffused downward) to yield the total diffuse solar radiation reaching the ground. The
total daily direct and diffuse radiation values corresponding to each report are then summed to
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yield QS. The remainder of the computation follows the procedures adopted by Nelson and
Husby (1983). The linear cloud correction in Equation (2) is as suggested by Reed (1977), and
Reed’s recommendation that no correction be made for cloud amounts less than 0.25 of total sky
was followed. Sea surface albedo was extracted from Payne’s (1972) tables, following Nelson
and Husby’s (1983) algorithm which consists of entering the tables with the 0.7 atmospheric
transmission coefficient reduced by a factor equal to the linear cloud correction applied in
Equation (2) and the mean daily solar altitude. The possible error in the net radiation estimate
introduced by using the mean daily solar altitude to indicate albedo, rather than an integration
over the entire day of entries at short time intervals with instantaneous solar altitudes, is
estimated to be of the order of 1%.

Radiative Heat Loss

Effective back radiation is the difference between the outgoing long-wave radiation from the
sea surface, which depends on the 4th power of the absolute temperature of the sea surface, and
the incoming long-wave radiation from the sky, which depends on the water vapor content of the
atmosphere and on the nature of the cloud cover. Here we follow exactly the computational
scheme of Nelson and Husby (1983) who used the modified Brunt equation (Brunt 1932) with
the empirical constants of Budyko (1956) and the linear cloud correction formula of Reed (1976)
to compute the effective back radiation (radiative heat loss), QB:

Qg =5.50x 107 % (T +273.16)* (0.39 — 0.0Seal/z) (1 —0.90) ... 3)

The vapor pressure of the air, e3, was computed according to the formula provided in the
Smithsonian Meteorological Tables (List 1949) using the observed barometric pressure, and "dry
bulb" and "wet bulb" air temperatures. For reports that were without an acceptable wet bulb
temperature but included an acceptable dew point temperature, the vapor pressure was computed
as the saturation vapor pressure at the dew point temperature using an integrated form of the
Clausius-Clapeyron equation (Murray 1967).

Evaporative and Conductive Heat Losses

In estimating evaporative heat loss (latent heat transfer) and conductive heat loss (sensible
heat transfer), the procedures of Nelson and Husby (1983) are again followed closely, except for
a modification of the wind speed dependence in their variable transfer coefficient formulations
as indicated below. The bulk aerodynamic formula for turbulent fluxes of latent and sensible
heat across the air-sea interface in a neutrally stable atmospheric boundary layer (Kraus 1972)
can be expressed as

Q.=r,LC_(a, —a,) W, ... 4)
Qe=r,¢,Cy (T, —T,) IW, | L))

where p,and |W, | are as in Equation (1), with 5, assigned the same constant value (1.22 kg/m3) as
in the stress computation. L is the latent heat of vaporization, assigned a constant value of 2.45 x
106 J/kg (585.3 cal/gm). cp is the specific heat of air, assigned a constant value of 1,000 J/kg/oC
(0.239 cal/g/0C). The empirical exchange coefficients, CE and CH, were assigned constant
values of 0.0013 in the construction of the time series presented in Tables 10 and 11. In addition,
time series based on variable transfer coefficient formulations incorporating dependencies on
atmospheric stability and on wind speed were also assembled for comparison. These
formulations are again those chosen by Nelson and Husby (1983) which incorporate the

»
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q10, were computed according to

Nelson and Husby’s wind speed dependencies were in this case modified

according to the recommendations of Large and Pond (1982) who suggest an increase in CE and

atmospheric stability effect according to a bulk Richardson number parameterization (Deardorff
CH which is proportional to the square root of the wind speed. The specific humidities of the air
pressure over pure water was computed from a formula given by Murray (1967), and reduced by

radiative heat loss calculation (Equation 3). To calculate e at the sea surface, the saturation vapor
2% to account for the effect of salinity (Miyake 1952).

where E is the known ratio (a constant equal to 0.622) of the molecular weight of water vapor to
the net molecular weight of dry air, e is the vapor pressure and P is the barometic pressure. For

this calculation the variation in P is negligible and so a constant value of 101,325 pascals
(1,013.25 mb) was assigned. The calculation of e at 10 m, or deck level, is as indicated for the

in contact with the sea surface, qQ, and at 10 m or deck level,

1968); however,
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The Seasonal Cycles

The idea of regular seasonal cycles for the coupled ocean-atmosphere system off Peru is to
some degree illusory in view of the predominant influence of interyear variability in the region.
However, the seasonal variation is the most cyclic and predictable of the large components of
variability. It is therefore the component of variation which is most likely to be reflected in
biological adaptations. Accordingly, a summary of the long-term mean monthly values of the
various series (Figs. 2 and 3) serves as a useful starting point for discussion.

Being situated within the tropical band, the region experiences two passages of the sun each
year; the sun is directly overhead in October and again in February-March. Also, since the
earth’s meteorological equator is displaced to the north of the geographical equator, the region is
dominated by southern hemisphere atmospheric dynamics; thus austral winter dominates the
seasonality of transfers of momentum and mechanical energy from atmosphere to ocean.

The 32-year mean monthly sea surface temperature (Fig. 2A) is at a maximum in March,
coinciding with the second period of vertical sun which marks the culmination of the extended
austral summer period of relatively high sun. The temperature falls to a minimum in August. The
atmospheric pressure (Fig. 2B) tends to be directly out of phase, being at a minimum in the
austral summer and at a maximum in the winter season. Cloudiness (Fig. 2C) lags the
atmospheric pressure variation by about one month. On average less than 50% of the sky is
obscured by clouds in April; this increases to greater than 85% in September.

The strength of the wind exhibits a typical southern hemisphere seasonality, being strongest
in austral winter and weakest in summer. Thus the 32-year mean monthly values of the index of
rate of addition of turbulent mixing energy to the water column (Fig. 2D) reach a maximum in
August-September and a minimum in January. The fact that the seasonal spawning peak of
anchoverta is centered within this August-September turbulent mixing maximum would indicate
non-adaptation of reproductive strategy for minimization of turbulent mixing effects. This is not
in accordance with the general pattern suggested by Parrish et al. (1983) as generally
characterizing seasonality and geography of spawning of eastern ocean boundary anchovy
populations. Although no claim is made for conclusiveness, the inference would seem to be that
Lasker’s (1978) hypothesis is not, at least in most years, the major factor affecting anchoveta
reproductive success off Peru. Note that the level of turbulent mixing index intensity off Peru is
low compared to other anchovy reproductive habitats, even at its seasonal maximum.

The alongshore component of wind stress on the sea surface is consistently equatorward; in
no case in the 32-year series (Table 5) did any monthly wind mean stress value deviate from this
predominently alongshore and equatorward tendency 1n the transfer of momentum from
atmosphere to ocean. The long-term mean values of alongshore stress (Fig. 2E) follow the same
seasonal pattern as the turbulent mixing index, reaching a maximum in September and a
minimum in January. The 32-year mean monthly values of the onshore component of stress are
small compared to those of the alongshore component, but are positive (onshore-directed) at all

seasons.
Surface Ekman transport, being proportional to the alongshore stress but directed

perpendicularly to the left of the stress, is thus directed offshore, with a seasonal maximum again
corresponding to the seasonal spawning peak of anchoveta. This "anomaly" to the pattern of
apparent minimization of offshore transport in spawning strategies of engraulids puzzled Bakun
and Parrish (1982). However, Parrish et al. (1983) showed that the seasonal variation in mixed
layer depth off Peru proceeds in phase with that of transport, in response to the seasonalities in
turbulent mixing (Fig. 2C) and surface cooling (Fig. 2A), but has greater relative amplitude. The
result is that drifting organisms which are distributed through the upper mixed layer would
experience a faster net offshore drift in the thinner surface mixed layer of austral summer than in
the deeper mixed layer of winter, even though the winter transport (by volume) is much larger.
This is illustrated in Fig. 2F, which shows calculations of mean monthly offshore Ekman
velocity of the mixed layer performed in two different ways (based on the 32-year mean monthly
values of the data presented in Table 5). Firstly, the monthly estimates of offshore Ekman
transport are divided by the composite mean (20 m) of the mixed layer depth values given for 2-
month segments of the seasonal cycle by Parrish ¢t al. (1983). Secondly, the same monthly
estimates of offshore Ekman transport are divided by monthly mixed layer depth estimates
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produced by curvilinear interpolation of the 2-month seasonal segments. The effect of variable

mixed layer depth on the net offshore velocity is apparent

and suggestive of adaptation of

t4

however they are slightly smaller in magnitude,

presented in Table 5);

b

e.
Solar radiation entering the ocean (QS) is at a maximum during the February overhead

passage of the sun (Fig. 3B). This is due to substantially reduced cloud cover relative to the

The 32-year mean monthly Ekman transport values based on the variable coefficient formulation
follow a seasonal progression which is very similar to those based on the constant coefficient

formulation in the stress computation (Equation 1) on the seasonal signal is indicated in Fig. 3A.
formulation (.

spawning seasonality for avoidance of offshore loss of larvae (for additional discussion of this

aspect, see Bakun 1985). The effect of the choice of a constant or variable drag coefficient
November solar passage. Solar radiation is at a minimum in July, when solar altitude has just

reflecting the effect of stability in the atmospheric boundary layer which is stabilized as the
passed its June minimum, and cloudiness is approaching its winter maximum.

onshore-directed airflow is cooled from below while traversing the coastal upwelling zone.
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Heat loss from the sea surface via long-wave radiation (QB) is only a small fraction of the
short-wave radiation absorbed reflecting the area’s location within the tropical band (Fig. 3C).
Radiative heat loss is at a seasonal maximum during April, corresponding to the minimum in
cloudiness, and at a minimum in September, corresponding to the cloudiness maximum.

Heat loss from the ocean via evaporation at the sea surface (QE) is at a maximum during
austral winter and at a minimum during summer (Fig. 3D). The choice of constant or variable
transfer coefficient has only a slight effect, with the results of the variable coefficient
formulation appearing to increase very slightly in magnitude relative to those of the constant
coefficient formulation toward the summer and fall seasons.

Heat loss via conduction (QC) is very small compared to the other heat exchange
components (Fig. 3E). This is fortunate because the choice of transfer coefficient formulation
completely changes the seasonal pattern. With the constant coefficient formulation, conductive
heat loss is mostly negative, indicating heating of the ocean surface by contact with the
atmosphere. This reflects the common situation of cool upwelling-affected surface waters being
in contact with a generally warmer atmosphere. However, the strong stability of the atmosphere
boundary layer inherent in this situation inhibits conductive heat transfer according to the
variable transfer coefficient formulation. Thus the less common situation where the air is cooler
than the water dominates the sensible heat transfer according to the variable coefficent
formulation, with the result that conductive heat loss is indicated as being positive in all the 32-
year composite monthly means except the summer months of January and February.

The 32-year monthly means of the time series of atmosphere-ocean heat exchange (QN),
which represent the resultant differences between the amount of solar radiation absorbed by the
ocean and the sum of the heat losses due to long-wave radiation, evaporation and conduction,
indicate substantial heat gain by the ocean throughout the year (Fig. 3F). As expected, the
average heat fain is greatest in austral summer, reaching values of the order of 200 watts/m2
(413 cal cm-2 day-1) in January, and least in winter, falling to about 70 watts/m2 (144 cal cm-2
day-1) in July. The constant coefficient formulations yield slightly greater numerical values of
net heat exchange than do the variable coefficient formulations, mainly due to the differences in
the respective indications of the conductive heat loss component discussed in the previous
paragraph; however the respective seasonal progressions are very similar.

Interyear Variations

If cyclical seasonal effects are those most likely to be adapted for and incorporated in life
cycle strategies of organisms, major nonseasonal variations are those most likely to cause
disruptions in life cycle processes and therefore to be reflected in population variations. Very
short-scale nonseasonal variations are not well resolved in these monthly composites of
irregularly distributed maritime reports. However, when shorter period variability is smoothed
and the cyclic seasonal effects are suppressed, nonseasonal variations of longer than annual
period, which represent substantial perturbations of the environmental "normalcy” to which
reproductive strategies or other life cycle strategies should have become tuned, are clearly
manifested. For the purposes of this discussion, a simple 12-month running mean filter is chosen
to suppress seasonalities and smooth the higher frequencies.

Problems (negative side lobes, wavelength-dependent phase shifts, etc.) with such equally-
weighted moving average filters are well known (Anon. 1966). However, in this case the
alternatives also present problems. We particularly wish to suppress the seasonal cycle, and so
weighting the filter elements to suppress side lobes at other frequencies while increasing leakage
of the seasonal frequency, is not desirable. Smoothed monthly series of anomalies from long-
term monthly means (e.g., Quinn et al. 1978; McLain et al. 1985) have the property that the
filtering is "nonlocal"”, i.e., that any value is dependent on other values in the same calendar
month in temporally "distant” parts of the time series. Thus, for example, an intense warming
(e.g., EI Nino) occurring within a generally cool climatic period appears as a much less intense
anomaly than a warming of similar magnitude within a warm period; also, the degree of
indicated intensity changes whenever the length of the series used for determination of the long-
term mean changes. More importantly, if the amplitude (or shape, phase, etc.) of the seasonal
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variation is undergoing nonseasonal variation, taking anomalies introduces spurious seasonal-
scale variations into the filtered series. A "local" seasonal filter that avoids some of these
problems can be based on 12th-differences, e.g., the result of subtracting from each monthly
value the value for the same calendar month in the previous year, but the result is thereby
transformed to annual rates of change of a property rather than the property itself, which
complicates a descriptive discussion. However, th¢ use of 12th-difference transforms is worth
considering for empirical modelling efforts. For the purposes of this discussion, the simple 12-
month running mean provides a "local” seasonal filter/smoother which will be familiar to many
readers and adequate for a descriptive treatment.

The filtered sea surface temperature series (Fig. 4A) illustrates well the major El Nifio warm
events of the period: 1957-1958, 1965, 1969, 1972-1973, 1976 and 1982-1983. Generally
elevated temperatures in the period between the 1976 and 1983 events are also apparent. Also
apparent is the extended cold period of the mid-1950s; the indication of rise in temperature from .
this cold period to the peak of the 1957-1983 El Nifio is comparable in total magnitude to that of
the rise of the 1982-83 El Nifio from the much warmer climatic base temperature level of the late
1970s.

Major features in the filtered cloud cover series (Fig. 4B) are visibly related to those in the
temperature series, but not in any simple, consistent manner. Cloud cover minima often appear
to coincide with the relaxation of El Niiio events. An extraordinarily low degree of cloudings
appears to have coincided with the return to normal sea temperatures in 1984. Another sharp
cloud cover minimum coincided with the leveling off of the temperature decline following the
1957-1958 event. Likewise cloud cover maxima often appear to coincide with rapid drops of
temperature into cool periods. Atmospheric pressure variations (Fig. 4C) are obviously highly
inversely correlated, at these low frequencies, with those of sea surface temperature.

It is not surprising, in view of the dynamic linkage of wind to horizontal gradient of
atmospheric pressure, that wind variations would be related to those of atmospheric pressure.
The relation of the "wind-cubed" index of rate of addition of turbulent mixing energy to the
ocean by the wind (Fig. 4D) to El Nifio periods is striking. El Nifio events are evidently strong
wind-mixing events which, according to Lasker’s (1978) scenario, would correspond to periods
of high probability of starvation for first-feeding anchoveta larvae. The period during and
immediately following the 1972 El Nifio appears to have been characterized by an extended
period of highly turbulent upper water column conditions. The period during and following the
1982-1983 event appears to have been similarly turbulent, except for a 2-month "window" of
relaxed turbulent mixing index during December 1983 and January 1984 (somewhat masked by
the smoothing in Fig. 4C, but evident in the unsmoothed monthly values in Table 7).

The magnitude of alongshore (equatorward) wind stress also increases during El Nifio
events (Fig. 4E), in agreement with Wyrtki’s (1975) conclusions which were based on a
summary area displaced somewhat southward along the coast (10-200S, 70-800W) from the one
used here (Fig. 1). Thus in addition to potential increases in larval starvation due to increased
destruction of food particle strata by turbulent mixing, an increase in potential offshore loss of
larvae from the favorable coastal habitat is also indicated. The onshore component of surface
wind stress is relatively small and consistently positive (onshore-directed) in the filtered series.

In the previous section, the effect of seasonally-varying mixed layer depth on the offshore
Ekman velocity of particles which are continually mixed through the upper mixed layer was
discussed (i.e., in reference to Fig. 2F). To investigate the effect on interyear time scales, filtered
time series of offshore Ekman velocity were calculated as in that section, i.e., (i) assuming a
constant MLD of 20 m and (ii) assuming a seasonally varying MLD derived from the values
given by Parrish et al. (1983). The result indicates that, at least for the MLD values chosen, the
effect of seasonally-varying mixed layer depth is such as to substantially increase on average the
rate of offshore movement of passive particles in the mixed layer. If the effective mixed layer
depth is increased during El Nifio, as would be expected both from the effect of the propagating
baroclinic wave in deepening the surface layer and also from the enhanced wind induced
turbulent mixing, the effect would be to counteract the increased rate of offshore movement
indicated from the Ekman transport calcylations.

The effect of the choice of constant or variable drag coefficient formulation in the stress
computation (Equation 1) is illustrated in Fig. 4G, where the alongshore stress variation is
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‘Table 1. Numbers of observations in monthly samples used to construct time

series. For each month the first number refers to observations used in
constructing the values in Tables 2,4,5,6 & 7 (sea temperature, atmospheric
pressure, wind stress components, and "wind cubed" index; the 2nd number
refers to observations used in constructing the values in Table 4 (cloud
cover); the 3rd number refers to observations used for values in Tables
8,9,10 & 11 (heat exchange components).

Jan Feb Mar Apr . May Jun

1953 21 19 19§ 29 29 29| 22 22 19| 23 23 10| 33 33 33| 16 16 6
1954 61 57 40| 19 19 17| 21 21 21| 59 59 53| 42 39 39| 36 34 24
1955 24 22 20| 35 35 29| 16 15 12| 9 9 5] 24 24 13| 35 35 30
1956-—41 38 15| 17 15 15| 16 16 3|39 39 21| 22 22 16| 20 20 7
1957 32 32 32| 25 24 15| 98 98 47| 38 38 29| 25 25 21| 53 52 33
1958 153 153 106| 74 73 44| 69 69 34| 84 84 28] 67 66 44|110 107 52
1959 128 125 51162 162 49143 138 37|115 112 37| 97 96 21} 67 67 43
1960 98 95 42|148 146 110|166 166 105|151 146 101|171 164 135| 85 82 59
1961 148 147 127|124 124 90115 111 94|183 180 150| 89 86 66|130 128 104
1962 185 183 127|149 148 134|163 162 142|157 155 122|114 111 105|177 177 147
1963 78 76 711103 102 102)182 181 167|180 177 170|157 156 149|185 185 185
1964 129 129 198|138 137 135) 82 81 81l) 76 - 76 76| 45 45 45| 52 52 52
1965 59 59 58| 75 71 70{137 137 137} 99 99 96|139 136 136|139 139 138
1966 107 107 107| 82 82 82|113 112 111|106 106 106|117 113 110|137 137 137
1967 111 109 102| 60 52 52| 80 80 78|147 144 144| 75 74 74| 66 66 66
1968 76 76 76|128 127 127}108 108 108|139 137 137| 91 87 87111 109 108
1969 67 67 67| 87 84 84(134 131 131{ %1 91 91| 56 56 56|102 102 102
1970 90 87 82| 57 57 53|103 100 90| 51 51 48| 99 98 192|208 206 200
1971 103 101 93| 81 77 75| 89 89 89| 53 53 52| 44 44 44) 22 22 21
1972 109 108 104| 54 52 51| 49 49 47| 85 85 85| 81 81 81| 56 56 56
1973 55 54 40| 44 44 39 89 89 89| 50 50 48| 58 58 56| 57 54 47
1974 84 78 78] 63 63 58|113 109 100|] 57 54 54|119 118 117| 73 72 172
1975 59 57 56| 73 72 69]140 140 140| 99 92 90140 138 136|116 115 114
1976 70 69 68| 20 19 19| 76 73 71| 59 59 55| 71 71 70| 49 44 40
1977 51 51 511|109 106 105| 79 79 173|101 99 94| 93 88 87| 70 70 69
1978 57 56 56| 65 65 62} 71 69 67| 92 92 88} 71 71 71} 41 40 35
1979 97 96 89| 58 57 551|105 104 98| 85 85 77| 83 80 74| 48 45 34
1980 96 93 80106 105 93125 123 102| 75 70 54|151 146 119|246 201 98
1981 116 113 85| 90 89 82|139 137 124}108 103 95[(115 108 79|128 124 108
1982 91 89 82| 90 90 80152 146 139|100 98 88|103 98 80| 54 54 41
1983 68 64 54{126 126 116| 94 91 86| 76 72 61] 93 92 83| 61 61 55
1984 90 75 26| 99 80 39] 90 59 14| 75 41 16| 58 39 6| 56 49 29
Jul Aug Sep Qct Nov Dec
1953 10 10 9] 39 35 26| 29 28 25 18 18 11} 24 24 18| 19 18 11
1954 40 39 38| 14 14 10| 27 26 22) 46 43 37| 30 30 6] 18 18 9
1955 17 17 12| 37 36 21| 35 35 6| 45 44 34| 27 27 201 13 13 [
1956 45 45 36| 21 21 21} 29 29 21} 41. 40 29| 63 61 20| 24 24 6
1957 27 27 11| 24 24 21| 64 64 38|112 110 65|100 99 533|115 115 86
1958 51 51 27|159 159 83| 96 93 44|113 108 47|115 110 63| 58 43 26
1959 100 100 57|103 101 39| 85 81 42| 74 74 21110 110 55|114 114 85
1960 169 168 147114 111 67142 142 94| 75 75 46| 63 63 23| 82 81 59
1961 108 107 82|155 155 142|153 151 141|128 127 80]197 197 192|135 133 118
1962 213 212 193|168 168 159) 81 81 75(129 125 125|173 172 152| 91 88 79
1963 120 120 120 70 70 70)110 110 101] 70 70 70] 61 61 58| 56 56 53
1964 90 88 87| 71 65 64| 94 94 88|129 127 121| 62 61 58|105 104 102
1965 92 92 92{119 117 115| 99 99 98| 67 67 67|177 176 176|111 111 106
1966 116 112 112}122 118 118|185 182 182|131 125 125| 89 89 88}|123 123 123
1967 89 87 87| 67 67 67| 84 84 84| 76 71 71| 73 73 73| 99 97 97
1968 58 58 58] 82 81 81] 59 59 56(111 109 108|118 118 118| 66 65 65
1969 70 70 70| 86 84 84|108 97 92]102 102 97|137 137 127|101 101 96
1970 75 74 74| 66 65 65] 91 90 90| 50 50 50|127 125 124| 68 68 67
1971 43 43 42| 58 58 54| 28 28 23] 51 51 47| 78 78 78| 34 31 30
1972 35 32 30)] 60 58 54| 32 32 29| 81 74 74} 31 28 26] 51 51 48
1973 81 75 74|105 92 88| 89 84 82| 55 54 50|100 98 98| 71 71 70
1974 102 101 101] 90 89 89| 67 66 66| 53 52 50| 78 78 77| 44 44 44
1975 67 66 65| 53 48 47| 70 68 68| 70 65 60| 68 68 67| 88 88 88
1976 74 74 72| 21 21 18| 88 87 86| 76 76 73| 46 44 44| 58 57 57
1977 55 54 53| 55 51 51| 73 70 68|106 104 1041183 166 163| 67 59 59
1978 37 33 30| 55 S1 501 73 72 67| 53 49 49| 99 79 76| 87 87 85
1979 80 75 63)117 108 190|116 109 82| 84 77 53| 77 75 59| 39 35 26
1980 281 233 533|207 182 90}148 131 194|129 118 89| 80 74 61} 70 66 47
1981 169 161 178|174 159 63|122 111 92127 115 97|174 155 142|154 147 127
1982 78 74 68| 78 70 66| 71 62 55|106 102 81]132 124 113| 93 89 51
1983 124 121 84145 116 46| 70 48 119|156 150 90| 73 73 24| 96 90 32
1984 104 90 411113 95 65| 87 69 8] 75 54 25| 62 40 14| 77 61 35




Table 2.

Sea surface temperature in degrees Celsius.

The standard error of
the mean appears within parentheses to the right of the mean temperature

value,
Jan Feb Mar Apr May Jun
1953  21.14(.50) 23.08(.64) 24.63(.51) 24.78(.49) 22.79(.37) 20.52(.46)
1954 18.55(.33) 22.86(.46) 22.01(.42) 16.36(.29) 17.86(.23) 16.95(.25)
1955 21.72(.39) 18.50(.52) 21.01(.85) 19.01(.37) 17.89(.85) 16.67(.30)
1956 19.90(.44) 17.64(.82) 21.66(.46) 20.71(.29) 19.90(.41) 19.22(.29)
1957 19.47(.47) 24.83(.48) 25.26(.21) 24.53(.37) 24.76(.48) 23.15(.27)
1958 23.15(.11) 25.00(.19) 24.52(.25) 22.83(.30) 21.63(.35) 20.42(.18)
1959  20.45(.21) 23.08(.18) 24.49(.15) 21.54(.25) 20.90(.18) 19.26(.25)
1960 21.97(.18) 22.74(.18) 22.70(.19) 20.58(.18) 19.09(.14) 18.22(.18)
1961  22.20(.15) 23.24(.20) 21.61(.21) 19.94(.15) 20.24(.21) 18.67(.15).
1962 21.29(.14) 22.12(.18) 20.37(.18) 19.41(.18) 18.68(.18) 18.92(.12)
1963 20.72(.24) 22.67(.17) 22.15(.16) 20.21(.17) 21.01(.13) 18.98(.10)
1964  21.44(.12) 22.41(.14) 20.91(.22) 20.66(.37) 18.38(.26) 17.35(.24)
1965 21.75(.26) 23.09(.27) 23.96(.15) 24.54(.21) 24.08(.20) 22.11(.14)
1966 22.09(.20) 23.62(.20) 21.96(.25) 20.85(.24) 19.88(.24) 18.67(.16)
1967 20.01(.22) 22.12(.22) 21.86(.23) 20.61(.19) 19.11(.24) 18.13(.30)
1968 19.67(.21) 22.21(.21) 21.78(.22) 18.60(.20) 18.49(.30) 17.31(.20)
1969  22.28(.23) 22.36(.23) 24.25(.18) 23.51(.23) 22.94(.25) 20.92(.22)
1970  21.71(.26) 21.94(.43) 22.51(.26) 20.40(.33) 18.73(.21) 16.85(.14)
1971  19.70(.19) 20.34(.29) 19.70(.25) 21.63(.36) 19.80(.32) 18.46(.46)
1972 20,94(.25) 24.38(.41) 25.17(.37) 22.97(.24) 23.05(.22) 21.68(.24)
1973  24.22(.25) 24.40(.39) 22.52(.20) 19.54(.31) 19.16(.37) 17.36(.35)
1974 20.72(.30) 22.00(.36) 22.10(.31) 21.35(.36) 21.36(.24) - 19.51(.19)
1975 21.25(.28) 22.41(.24) .23.41(.19) 22.21(.27) 20.81(.21) 18.67(.18)
1976 21.16(.30) 23.38(.64) 22.96(.33) 22.45(.35) 21.64(.28) 21.23(.30)
1977 23.69(.22) 23.46(.19) 22.44(.32) 20.44(.28) 19.77(.24) 19.66(.27)
1978  21.06(.24) 23.46(.25) 22.57(.25) 22.69(.32) 20.07(.34) 19.95(.49)
1979  22.42(.19) 23.11(.28) 23.62(.22) 22.,71(.26) 20.37(.31) 20.61(.45)
1980 21.69(.25) 23.22(.21) 24.21(.21) 22.48(.29) 21.81(.17) 20.84(.13)
1981 20.90(.26) 22.80(.22) 22.10(.24) 20.99(.28) 20.73(.20) 19.44(.16)
1982  21.33(.22) 22.62(.30) 21.65(.23) 21.20(.24) 21.01(.22) 21.15(.41)
1983 26.42(.19) 27.38(.19) 27.99(.14) 27.93(.20) 27.72(.15) 25.93(.30)
1984 22.13(.22 22.78(.29 21.92(.26 20.95(.33 19.17(.31 19.49(.28
Jul Aug Sep Oct Nov. Dec
1953  19.78(.27) 19.06(.21) 18.20(.34) 18.24(.35) 18.72(.40) 18.81(.41)
1954 14.60(.35) 15.57(.41) 14.91(.31) 14.22(.29) 17.11(.26) 19.24(.54)
1955 17.68(.53) 15.54(.45) 15.73(.28) 14.69(.37) 17.09(.24) 18.12(.37)
1956 18.94(.24) 17.65(.37) 17.48(.29) 16.75(.19) 18.38(.29) 19.23(.40)
1957 22.43(.34) 19.28(.34) 18.94(.19) 19.23(.17) 19.07(.16) 20.75(.16)
1958 19.63(.26) 17.37(.10) 17.80(.15) 17.90(.13) 18.98(.18) 20.25(.31)
1959  17.55(.15) 16.80(.12) 16.64(.18) 17.77(.20) 19.04(.20) 19.35(.15)
1960  17.65(.10) 17.42(.12) 17.17(.11) 17.53(.18) 18.78(.24) 20.59(.17)
1961 18.04(.22) 17.62(.11) 16.87(.11) 17.36(.16) 18.54(.14) 19.39(.17)
1962 17.30(.09) 17.27(.10) 16.77(.10) 16.89(.1l0) 18.08(.12) 19.49(.21)
1963 18.70(.13) 18.24(.17) 18.00(.11) 17.55(.16) 18.54(.28) 19.72(.17)
1964 17.10(.18) 16.11(.20) 16.11(.14) 16.40(.15) 18.31(.32) 19.76(.19)
1965 20.59(.20) 20.00(.20) 17.79(.16) 18.26(.23) 18.76(.13) 21.49(.15)
1966 18.00(.12) 16.75(.13) 16.81(.10) 17.37(.1l2) 18.13(.17) 19.77(.20)
1967 17.40(.16) 16.46(.17) 15.76(.13) 16.09(.21) 16.90(.18) 18.22(.21)
1968 17.64(.23) 17.05(.17) 18.26(.38) 17.65(.17) 17.67(.16) 20.82(.24)
1969 18.44(.20) 18.01(.17) 17.36(.19) 18.24(.16) 18.39(.13) 19.49(.15)
1970 15.72(.12) 16.19(.13) 16.33(.28) 16.36(.25) 17.94(.16) 18.29(.21)
1971  18.00(.28) 17.27(.23) 16.32(.26) 17.05(.27) 18.34(.15) 19.81(.35)
1972  21.18(.36) 21.77(.23) 19.29(.36) 19.17(.25) 20.61(.32) 21.73(.31)
1973 16.88(.32) 16.04(.16) 15.80(.22) 16.11(.31) 17.27(.24) 19.01(.30)
1974 18.12(.15) 17.48(.15) 16.70(.31) 16.91(.32) 18.96(.23) 19.83(.35)
1975 18.46(.25) 17.68(.36) 15.71(.24) 15.59(.20) 16.24(.15) 18.74(.24)
1976  21.18(.20) 19.51(.55) 19.00(.23) 19.19(.25) 20.04(.23) 21.46(.15)
1977 18.54(.25) 17.23(.22) 17.21(.28) 18.49(.28) 18.95(.16) 19.45(.24Y
1978 18.49(.35) 16.91(.33) 17.27(.25) 18.11(.25) 19.40(.30) 20.49(.24)
1979 18.73(.25) 18.30(.26) 19.01(.28) 18.53(.23) 19.25(.27) 21.04(.38)
1980 20.04(.11) 18.35(.13) 17.77(.15) 18.39(.23) 18.95(.27) 20.21(.21)
1981 18.08(.17) 18.24(.11) 17.67(.24) 17.86(.23) 18.98(.15) 20.29(.15)
1982 19.65(.18) 18.34(.23) 19.00(.36) 20.61(.22)  23.03(.17) 25.19(.21)
1983  23.24(.23) 21.26(.21) 19.57(.25) 19.89(.14) 20.25(.22) 21.54(.27)
8.37 18.27 . 19.70(.31 20.20(.3
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Table 3. Total cloud amount. Values indicate mean fraction of sky obscured.
The standard error of the mean appears in parentheses to the right of each
mean value.
Jan Feb Mar Apr May Jun

1953 .66(.06) .58(.06) .43(.06) .43(.08) .54(.06) +76(.10)
1954 .59(.05) +75(.05) .69(.07) .35(.04) .85(.05) .74(.07)
1955 «55(.07) «61(.06) .60(.09) .06(.04) .69(.08) .90 (.04)
1956 .66(.05) .46(.10) .40(.06) .53(.06) .65(.08) .89(.06)
1957 -48(.07) .80(.05) .56(.03) .57(.05) .55(.06) .76(.04)
1958 .60(.03) .68(.03)" .63(.03) .32(.04) .54(.04) .83(.03)
1959 .40(.03) .58(.02) «66(.02) +60(.03) .83(.03) +78(.04)
1960 «50(.03) .50(.03) .38(.02) .44(.03) .51(.03) .63(.05)
1961 .65(.03) .44(.03) .65(.03) .50(.03) -49(.04) .79(.03)
1962 .55(.02) +54(.03) .48 (.03) .56(.03) .53(.04) «79(.03)
1963 .50(.04) .52(.03) .61(.02) .52(.03) .66(.03) .81(.02)
1964 +64(.03) .66(.03) .57(.04) .51(.04) .72(.06) .63(.06)
1965 .54(.04) .49(.04) .61(.02) .60(.03) .63(.03) .64(.03)
1966 .56(.03) .44(.03) .57(.03) .45(.03) .62(.03) «76(.03)
1967 .72(.03) .51(.05) .56(.03) .51(.03) .46(.04) .82(.04)
1968 .52(.04) .52(.03) .45(.03) .38(.03) .65(.04) .75(.03)
1969 «57(.04) «55(.04) .58(.03) .57(.04) .70(.05) «81(.03)
1970 +59(.04) .43(.04) .37(.03) .43(.05) .62(.04) .81(.02)
1971 +51(.03) .58(.04) .48(.03) .52(.05) .68(.06) .85(.06)
1972 .53(.04) .49(.04) .64(.03) .53(.04) .69(.04) «78(.04)
1973 +67(.03) .61(.05) .60(.04) .49(.04) .40(.05) +70(.05)
1974 «59(.03) .52(.04) .53(.03) .53(.05) «77(.03) «89(.02)
1975 «69(.04) +«50(.04) .60(.02) .54(.03) .72(.03) «86(.03)
1976 «61(.04) .59(.08) «63(.03) .55(.05) .62(.04) «87(.04)
1977 .54(.05) .68(.03) .55(.04) +34(.03) .53(.04) «71(.04)
1978 .53(.04) .65(.04) .45(.04) .57(.04) .54(.05) +68(.07)
1979 «50(.03) .53(.04) .56(.03) .44(.03) .67 (.04) «79(.05)
1980 +57(.03) .53(.03) .58(.03) .48(.04) .57(.03) +80(.02)
1981 .66(.03) .63(.03) .51(.03) .57(.03) .66(.03) .80(.03)
1982 «60(.03) .58(.03) .55(.03) .52(.03) .58(.04) .84(.04)
1983 .52(.04) «47(.02) .63(.03) .70(.03) .75(.03) +.74(.04)

84 «42(. 43(.03 45 (. +40(.04 -34(.05 «74(.0

Jul Aug Sep Oct Nov Dec

1953 «65(.14) .91(.04) .74(.07) - +74(.07) .81(.06) .67(.07)
1954 «79(.05) .88(.07) .92(.05) .89(.04) .72(.05) +75(.08)
1955 «97(.02) .90(.04) .90(.04) .80(.05) .61(.08) .44(.10)
1956 .85(.05) .82(.08) .84(.05) .82(.05) .73(.05) «49(.08)
1957 «79(.06) «72(.08) .85(.04) .72(.03) .72(.03) .64(.03)
1958 «79(.05) «80(.03) .90(.02) .81(.03) .52(.04) .45(.06)
1959 .78(.03) .78(.03) «79(.04) .79(.03) .63(.04) .51(.03)
1960 .72(.03) .81(.03) .90(.02) .89(.03) .63 (.05) .67(.04)
1961 .94(.01) .83(.02) .90(.02) .78(.03) .61(.02) .60(.03)
1962 .90(.02) .93(.02) .86(.03) .88(.02) .77(.02) .46(.04)
1963 .80(.03) .80(.04) .88(.02) «+82(.04) «77(.04) .68(.05)
1964 .87(.03) .87(.03) .86(.03) .88(.02) .77(.04) .51(.03)
1965 .88(.03) .90(.02) .92(.02) .86(.03) «75(.02) .61(.03)
1966 .77(.03) .83(.03) .85(.02) .89(.02) .83(.03) .61(.03)
1967 .88(.03) .91(.03) .84(.03) .85(.04) .86(.03) .47(.04)
1968 .80(.05) +93(.02) .88(.03) .83(.03) .76(.03) .50(.04)
1969 «86(.04) +83(.03) «91(.02) .82(.03) .68(.03) .56(.04)
1970 .87(.04) +.91(.03) .85(.03) .95(.02) .59(.03) .64(.04)
1971 .94(.02) .88(.03) «91(.03) .85(.05) .65(.04) .65(.06)
1972 .83(.05) .80(.04) .87(.04) .78(.04) .86(.05) .67(.05)
1973 .82(.03) «91(.02) .87(.03) .80(.04) .81(.03) .72(.04)
1974 .91(.02) .89(.03) .88(.03) .75(.05) .72(.04) .57(.05)
1975 .86(.03) .89(.03) .89(.03) .77(.04) .78(.04) .64(.04)
1976 .80(.04) +93(.03) .77(.03) .81(.03) .78(.04) .53(.04)
1977 .89(.03) .86(.04) .83(.04) .81(.03) «72(.02) .41(.05)
1978 «95(.01) .84(.04) .80 (.04) .81(.04) .68(.04) .50(.03)
1979 +«85(.03) «81(.03) .83(.03) .81(.03) .80(.03) .49(.06)
1980 .90(.01) .90(.02) .81(.02) .82(.02) .69(.04) .48(.04)
1981 .87(.02) .83(.02) .92(.02) .67(.03) .63(.03) .51(.03)
1982 .80(.04) .88(.03) .82(.03) .76(.03) «75(.03) .58(.03)
1983 «72(.03) .68(.03) .66(.06) .80(.02) «58(.04) .49(.04)

4 . =86(.03) +92(.03) 220(.05) -52(.04)




Table 4. Atmospheric pressure at sea level. Add 1000.0 to the mean values
in the table to yield pressure in millibars. The standard error of the mean
appears in parentheses to the right of each mean value; the standard errors
are given (directly) in millibars.

Jan Feb ___Mar Apr May Jun
1953  11.2( .3) 10.4( .1) 11.1( .3) 13.2( .5) 12.5( .2) 14.5( .5)
1954  12.3( .2) 12.2( .4) 10.2( .4) 11.3( .3) 23.5( .3) 14.7( .3)
1955 12.5( .3) 10.9( .2) 10.4( .4) 11.9( .5) 13.6( .2) 15.2( .2)
1956 11.5( .2) 10.7( .4) 11.1( .3) 10.9( .3) 12.0( .2) 10.0( .6)
1957 12.8( .2) 8.6( .3) 10.9( .3) 9.9( .3) 12.3( .2) 12.3( .2)
1958 11.9( .2) 11.5( .2) 7.2( .4) 9.8( .3) 11.5( .2) 13.2( .1)
1959 12.0( .2) 10.9( .1) 11.5( .2) 11.2( .1) 13.3( .2) 14.2( .2)
1960 11.6( .2) 11.5( .2) 11.3( .2) 11.5( .1) 12.7( .1) 13.7( .2)
1961 10.6( .4) 10.6( .2) 10.6( .2) 11.2( .4) 12.9( .1) 13.6( .2)
1962 13.0( .1) 11.8( .2) 12.0( .1) 12.8( .2) 14.0( .2) 15.3( .1)
1963 12.9( .2) 13.6( .2) 11.2( .1) 13.5( .4) 13.2( .1) 14.2( .1)
1964 12.3( .1) 10.5( .1) 11.2( .2) 12.2( .2) 12.7( .4) 14.2( .2)
1965 11.7( .1) 10.2( .2) 11.0( .2) 11.5( .1) 11.3( .2) 12.9( .2)
1966 10.6( .2) 10.2( .2) 10.2( .1) 11.8( .2) 13.2( .1) 14.6( .1)
1967  11.5( .2) 12.3( .2) - 12.0( .2) 11.3( .2) 13.1( .2) 14.3( .2)
1968 11.3( .2) 1r.7( .1) 12.6( .2) 12.9( .1) 14.3( .2) 15.6( .1)
1969 11.2( .3) 9.6( .1) 11.4( .2) 11.3( .1) 11.5( .2) 13.5( .2)
1970 12.8( .2) 11.0( .2) 11.8( .1) 11.7( .2) 14.5( .2) 14.4( .1)
1971  11.9( .2) 10.8( .2) 10.8( .2) 12.3( .2) 13.8( .3) 15.3( .4)
1972  10.9( .2) 11.0( .3) 10.3( .2) 11.5( .2) 11.8( .2) 12.1( .2)
1973 10.5( .4) 11.8( .2) 10.7( .2) 11.5( .3) 13.0( .3) 14.5( .2)
1974 11.9( .5) 11.8( .2) 12.5( .2) 12.6( .3) 13.7( .3) 14.2( .2)
1975  11.5( .3) 11.9( .2) 11.4( .1) 11.9( .2) 13.5( .1) 14.0( .1)
1976  12.1( .3) 11.6( .7) 10.6( .1) 11.9( .2) 12.5( .2) 12.0( .2)
1977 10.4( .3) 11.2( .1) 10.0( .2) 12.0( .4) 12.6( .2) 13.7( .2)
1978 13.9( .3) 10.1( .7) 12.0( .2) 12.3( .2) 12.8( .2) 15.0( .3)
1979 12.2( .1) 11.9( .3) 11.4( .2) 11.0( .3) 13.3( .3) 15.5( .5)
1980 11.9( .2) 12.3( .2) 9.3( .2) 10.5( .2) 12.9( .2) 14.5( .3)
1981 13.9( .3) 10.8( .2) 11.4( .2) 12.1( .2) 14.3( .2) 13.8( .4)
1982 12.6( .5) 11.4¢( .2) 10.4( .2) 12.1( .2) 12.6( .2) 12.9( .3)

1983 9.1( .3) 9.7( .2) 9.1( .2) 9.5( .2) 9.6( .3) 11.6( .2)
1984 12.5( .2) 10.7( .3) 10.7( .5) 13,1( .3) 13,7( .7) 13.9( .2)
Jul Aug Sep oct Nov Dec

1953 13.7( .5) 13.4( .2) 13.0( .2) 15.0( .5) 14.0( .3) 13.2( .4)
1954  13.8( .3) 14.3( .4) 13.8( .3) 14.8( .2) 14.5( .2) 13.0( .3)
1955 15.7( .3) 15.1( .3) 15.4( .3) 16.1( .3) 14.0( .2) 13.1( .5)
1956  14.9( .3) 13.7( .4) 14.4( .3) 14.31( .2) 14.2( .5) 9.4( .6)
1957  13.0( .3) 14.0( .3) 12.5( .3) 13.4( .2) 12.8( .2) 12.2( .2)
1958  14.1( .3) 13.8( .2) 14.0( .3) 12.7( .2) 12.8( .2} 10.6(1.7)
1959  13.6( .1) 14.1( .2) 13.1( .2) 13.7( .2) 13.3( .2) 12.2( .3)
1960 14.5( .1) 14.5( .2) 14.1( .1) 14.0( .2) 13.1( .2) 13.5( .3)
1961  14.4( .2) 14.4( .1) 14.7( .1) 13.5( .1) 14.7( .2) 13.2( .1)
1962 14.4( .1) 15.2( .2) 13.9( .3) 15.3( .2) 10.6(1.4) 13.8( .2)
1963  14.3( .2) 13.6( .3) 13.8( .4) 14.4( .1) 15.4( .4) 12.4( .2)
1964 14.8( .1) 14.8( .2) 14.2( .2) 14.3( .2) 13.1( .2) 13.2( .1)
1965 - 12.6( .2) 14.0( .2) 14.1( .2) 13.9( .2) 12.1( .2) 11.6( .1)
1966 14.0( .1) 14.9( .1) 14.8( .1) 14.1( .2) 13.6( .2) 12.3( .1)
1967 14.2( .2) 14.5( .2) 15.2( .2) 14.0( .2) 13.4( .2) 13.0( .2)
1968  14.8( .2) 15.2( .1) 14.0( .3) 13.5( .2) 14.1( .1) 12.6( .2)
1969  14.3( .2) 14.9( .2) 13.0( .1) 13.8( .1) 13.2( .2) 12.2( .1)
1970 15.5( .1) 14.4( .2) 13.8( .2) 13.9( .3) 13.9( .1) 11.0( .2)
1971  13.7( .3) 14.3( .7) 14.5( .4) 15.3( .2) 14.0( .1) 12.3( .3)
1972 12.8( .e) 12.8( .3) 12.9( .3) 13.1( .2} 12.2( .3) 11.8( .6)
1973  14.7( .4) 14.8( .2) 15.2( .3) 15.1( .2) 14.3( .2) 14.8( .2)
1974  13.8( .4)  14.7( .2) 14.9( .2) 14.0( .2) 13.7( .1) 12.6( .2)
1975 15.2( .2) 15.1( .3) 15.5( .2) 15.3( .2) 15.1( .2) 13.5( .2)
1976  13.3( .2) 14.6( .6) 13.3( .4) 13.7( .3) 13.9( .2) 10.4( .2)
1977  13.5( .3)  14.3( .2) 14.7( .2) 14.2{ .2) 13.7( .2} 12.4( .2)
1978  13.9( .4)  14.1( .2) 14.5( .2) 13.8( .2) 12.3( .2) - 12.3( .2)
1979  14.9( .2)  14.2( .3) 14.7( .3) 14.8( .2) 14.1( .3) 12.5( .9)
2980 15.1( .2) 15.2( .2) 14.1( .4) 13.8( .3) 13.8( .2) 13.7( .5)
1981 15.0( .3) 16.0( .2} 14.8( .2) 13.9( .2) 13.4( .2) 11.9( .1)
1982  12.0( .2) 12.9( .2) 14.1( .3). 12.9( .2) 10.6( .2) 10.0( .2)
1983  11.8( .2) 14.2( .4) -15.0( .5) 13.6( .2) 13.3( .7) 14.2( .4)
1984 12.6( .4) 15.3( .3) 14.8( .5) 14.5( .3) 14.2( .1)  33.8( .3)




Table 5. Alongshore component (positive equatorward) of wind stress on the
sea surface. Units are dynes per square centimeter. The standard error of the
mean appears in parentheses to the right of the mean alongshore stress value.
Values in this table multiplied by the factor 3.95 (see text) yield offshore

Ekman transport in cubic meters

per second across each meter width.

Jan Feb _Mar. Apr May Jun
1953 +36(.06) .32(.05) .44(.07) .99(.20) .83(.09) «37(.10)
1954 «24(.03) .41(.14) .10(.02) .46(.05) .56(.08) .46(.08)
1955 «40(.09) .16(.03) .53(.18) .18(.08) «63(.11) .45(.09)
1956 «16(.02) +«25(.07) .67(.10) .83(.09) .85(.13) .50(.05)
1957 «31(.06) .53(.11) .76(.05) .86(.10) .57(.06) .76(.07)
1958 .40(.05) .42(.05) .45(.05) .61(.06) .57(.07) .46(.04)
1959 «34(.03) .28(.02) .40(.03) .42(.04) .30(.03) .59(.07)
1960 «23(.03) .27(.02) .41(.03) .49(.04) .53(.09) .45(.04)
1961 .20(.02) «27(.03) .39(.04) .48(.03) .70(.06) .48(.05)
1962 .42(.02) .34(.03) .47(.03) .52(.04) .51(.04) .60 (.04)
1963 «32(.04) «39(.03) .61(.03) .47(.03) .59(.04) .33(.03)
1964 «49(.04) .44(.03) .51(.05) «71(.07) .63(.07) .58(.12)
1965 «29(.04) .40(.05) .40(.03) .53(.06) +97(.07) .58(.04)
1966 «60(.04) .61(.06) .46(.04) .75(.06) .59(.05) .62(.04)
1967 «40(.04) «36(.04) .29(.03) .30(.03) .37(.04) «71(.10)
1968 «15(.02) .40(.05) .36(.03) .36(.03) .34(.05) .65(.05)
1969 «29(.04) «26(.04) .47(.04) .56(.04) .45(.07) .89(.08)
1970 «33(.04) .16(.05) .40(.05) .56(.06) .55(.05) .52(.04)
1971 «17(.04) +36(.04) .34(.03) .59(.08) .43(.07) «73(.23)
1972 «29(.03) .34(.04) .56(.11) 55(.04) .42(.04) .67 (.08)
1973 +57(.06) .38(.05) .73(.05) .68(.08) .67(.11) «51(.07)
1974 «32(.04) .42(.05) .48(.04) .68(.07) .71(.05) .66(.07)
1975 «40(.04) +.35(.04) «72(.05) .63(.05) .74(.04) .63(.06)
1976 «21(.04) «17(.04) .51(.05) .77(.07) .72(.07) .56(.08)
1977 «32(.06) .56(.06) .38(.04) .57(.05) .47(.05) .67 (.05)
1978 +«37(.05) .47(.06) 62(.07) .71(.08) .59(.07) «72(.12)
1979 «49(.05) .54(.09) .54(.04) .68(.05) .69(.07) «92(.14)
1980 .44(.04) .47 (.05) .49(.04) .49(.05) .89(.07) .58(.03)
1981 .52(.04) +.30(.03) .46(.04) .54(.04) .53(.05) .84(.08)
1982 «35(.04) .47(.04) .63(.04) +55(.04) .65(.06) «91(.12)
1983 +69(.06) .66(.04) .46(.05) .74(.08) .75(.06) 1.07(.09)
1984 «26(.04) «53(.11) .80(.13 «31(.11 .83(.18 «87(.13

Jul Aug Sep Ooct Nov Dec
1953 +70(.22) .36(.05) .46(.06) .53(.08) .62(.08) .27(.05)
1954 +52(.07) .89(.21) .83(.09) .24(.02) .30(.04) «20(.04)
1955 «46(.09) .88(.14) .66(.10) .65(.12) .60(.08) .11(.04)
1956 .69(.09) .52(.13) .64(.05) .50(.08) .45(.04) .45(.08)
1957 1.02(.11) .54(.08) .75(.07) .56(.06) .44(.04) +«56(.04)
1958 .51(.05) «71(.06) .49(.04) .43(.04) .26(.03) «39(.05)
1959 +38(.04) .53(.04) .48(.07) .44(.05) .31(.03) «23(.03)
1960 .59(.05) +55(.04) .52(.04) .48(.06) .34(.03) .36(.04)
1961 .67(.06) .50(.04) .50(.04) .40(.03) .38(.02) +.31(.03)
1962 .60(.04) .49(.04) .60(.06) .49 (.04) .51(.04) «23(.02)
1963 +54(.05) .48(.06) .72 (.05) .72(.11) .53(.06) «36(.04)
1964 «62(.05) .71(.09) .73(.08) .57(.04) .36(.05) .42(.04)
1965 «63(.05) .84(.07) .87(.07) .60(.07) .49(.03) .49(.04)
1966 «76(.04) .74(.06) .59(.03) .52 (.04) +26(.03) «26(.02)
1967 +54(.05) .72(.07) .74(.09) «.73(.09) .46(.05) +«55(.06)
1968 +90(.10) .72(.08) .64(.08) .59(.03) .51(.03) .62(.08)
1969 +58(.06) .71(.08) .59(.05) .42(.04) .28(.03) «37(.04)
1970 +«57(.06) .52(.05) .45(.04) .50(.07) .41(.03) «27(.05)
1971 «46(.08) .77(.11) .64(.12) .71(.08) .43(.05) -49(.09)
1972 «90(.11) .81(.10) 1.32(.19) .49(.05) .35(.04) «72(.15)
1973 «70(.11) 1.,16(.12) 1,01(.11) .71(.09) +58(.05) .37(.06)
1974 +73(.05) .64(.08) .72(.07) +67(.07) .68(.05) .45(.06)
1975 .64(.07) .91(.10) .73(.05) .51(.05) .36(.04) «35(.05)
1976 .59(.05) «69(.16) .80(.06) .67(.06) .64(.06) .52(.06)
1977 .94(.11) .83(.10) .47(.06) <46 (.04) «57(.04) +«55(.06)
1978 .87(.14) .69(.08) .73(.09) .54(.06) «52(.06) .47 (.05)
1979 +65(.07) .66(.09) «71(.07) .65(.05) .54(.05) .46(.07)
1980 1,01(.04) .74(.04) .75(.06) +.65(.05) .47(.04) .49(.06)
1981 «77(.07) .64(.04) .85(.09) .41(.04) .57(.04) .42(.03)
1982 .89(.08) .63(.06) «96(.12) .84(.06) .73(.04) .66(.05)
1983 .86(.06) .69(.06) «77(.07) .60(.05) .38(.10) «23(.05)

984 «61(.06 76(. -64(.07 +60(.04 .86 (. «58(.0



Table 6. Onshore component of wind stress on the sea surface. Units are dyres
per square centimeter. The standard error of the mean appears in parentheses
to the right of each mean onshore stress value.

Jan Feb Mar Apr May Jun
1953 «10(.03) .02(.03) .00(.05) -,12(.04) .02(.04) -.06(.05)
1954 .04(.01) .07(.05) .00(.01) .10(.02) -.04(.03) .04(.02)
1955 ~-.04(.03) .02(.01) .19(.07) .09(.08) -.01(.03) -.01(.03)
1956 .06(.03) .08(.03) .08(.08) .01(.04) .01(.05) «10(.04)
1957 .05(.02) -.06(.05) -.06(.02) -.04(.03) .00(.04) .06(.03)
1958 .07(.01) .08(.02) .09(.02) .01(.02) .02(.02) .08(.02)
1959 .05(.01) .07(.01) .01(.02) .06(.01) .04(.02) «17(.03)
1960 .07(.01) .04(.01) .05(.01) .04(.02) .03(.01) .02(.02)
1961 .03(.01) .01(.01) .06(.02) .05(.01) .03(.02) .04(.02)
1962 .08(.01) .01(.02) .04(.01) .02(.02) .02(.02) -.03(.01)
1963 .06(.01) .02(.02) .08(.01) .01(.01) .01(.02) .01(.01)
1964 .05(.02) .03(.01) .04(.02) -.07(.03) .00(.04) .06(.03)
1965 .06(.02) .05(.02) .01(.01) .06(.02) -.08(.03) .03(.02)
1966 «05(.02) .06(.02) .09(,03) -.06(.02) .03(.02) .06(.02)
1967 «02(.02) .08(.02) .02(.02) .03(.01) .09(.02) .08(.05)
1968 .03(.01) .02(.02) .04(.01) .02(.01) .01(.03) .01(.02)
1969 .04(.01) .04(.02) .00(.01) .03(.02) .05(.03) -.03(.03)
1970 .04(.02) -.08(.05) .05(.02) .10(.03) .08(.02) .03(.01)
1971 «05(.02) .04(.02) .00(.02) .03(.04) -.03(.02) -.08(.07)
1972 .04(.01) -.06(.05) ~-.06(.07) .03(.02) .00(.02) .06(.04)
1973 «13(.03) .07(.02) -.02(.02) .13(.04) -.02(.04) «15(.05)
1974 .04(.02) .02(.02) -.04(.02) .02(.04) ~-.01(.02) .03(.03)
1975 .02(.02) .07(.02) -.05(.02) -.04(.02) .00(.02) =-.01(.02)
1976 .03(.01) .02(.04) .01(.02) -.06(.04) .01(.02) .03(.04)
1977 «07(.02) -.03(.03) .06(.02) .07(.03) .02(.02) -.01(.03)
1978 .04(.03) .09(.03) .05(.03) -.03(.02) .03(.02) -.07(.05)
1979 .03(.02) -.08(.04) .08(.03) .03(.02) -.03(.03) -.04(.04)
1980 .08(.02) .06(.02) .02(.02) .03(.03) -.05(.03) -.08(.02)
1981 .02(.02) .00(.02) .05(.02) -.01(.02) .01(.02) .01(.03)
1982 .06(.02) .10(.03) .00(.02) ~-.01(.02) .06(.03) -.09(.06)
1983 .15(.03) .00(.02) -.03(.03) -.01{(.07) .07(.03) .05(.04)
1984 :06(.02) -.04(.02) -.08(.06) -.10(.06) .08(.07) «14(.05)
Jul Aug Sep oct Nov Dec
1953 .15(.04) .06(.02) .12(.03) «07(.07) .08(.03) .04(.02)
1954 .06(.03) =-.02(.11) «19(.08) .04(.01) .21(.05) .08(.02)
1955 .08(.04) .04(.06) .09(.04) .09(.02) .12(.05) .05(.01)
1956 .02(.06) .31(.08) .13(.04) .14(.03) .06(.03) .06(.02)
1957 -.05(.09) .18(.05) .05(.03) .07(.02) .10(.02) .11(.02)
1958 «12(.03) «23(.05) .12(.02) .20(.03) .05(.01) .06(.02)
1959 .04(.02) .12(.02) «17(.06) .05(.01) .05(.01) .04(.01)
1960 .06(.02) «07(.02) .06{.02) .07(.02) .02(.01) .06(.02)
1961 .04(.02) .03(.01) .08(.02) .15(.03) .03(.01) «04(.01)
1962 «05(.01) «12(.02) .10(.02) .08(.02) .08(.01) «09(.02)
1963 .03(.02) .01(.02) .09(.02) .05(.03) .03(.04) .07 (.02)
1964 .04(.02) .05(.05) .10(.03) .11(.02) .05(.02) .04(.02)
1965 «01(.03) -.02(.02) .10(.03) .17(.04) .13(.03) .08(.02)
1966 +05(.02) «15(.03) .08(.02) .15(.02) .06(.01) .02(.01)
1967 .08(.02) «06(.04) -.01(.03) .09(.03) .03(.02) «12(.03)
1968 .03(.04) .09(.03) .12(.05) «11(.02) .08(.01) ~.06{(.04)
1969 .02(.02) -.02(.02) .08(.02) .04(.01) .07(.01) .09(.02)
1970 «07(.02) .08(.02) .10(.02) .18(.04) .12(.03) .09(.03)
1971 .02(.03) «14(.04) -.01(.03) .00(.03) .06(.02) -.02(.04)
1972 .04(.04) .07(.03) .12(.08) .10(.03) .19(.04) «14(.03)
1973 ~-.03(.04) .01(.05) .01(.06) .01(.05) .01(.02) «06(.03)
1974 .02(.02) .04(.03) «13(.03) .12(.03) .03(.03) «13(.03)
1975 .06(.03) .03(.05) .06(.03) .11(.03) .08(.03) .04(.02)
1976 «03(.04) -.01(.06) .09(.03) .15(.03) .02(.04) «13(.04)
1977 .05(.07) -.10(.04) «10(.03) .08(.02) .07(.01) .02(.03)
1978 -.11(.05) .04(.04) «07(.03) .08(.03) .07(.02) .05(.02)
1979 -.01(.03) «10(.03) ~-.02(.04) .07 (\02) .08(.03) «06(.06)
1980 =-.12(.02) -.02(.03) .04(.03) .05(.02) .06(.02) -.01(.02)
1981 -.04(.03) -.05(.01) .01(.03) .07(.02) .05(.02) -.04(.01)
‘1982 «05(.04) .04(.02) .01(.06) «15(.04) .09(.02) .08(.02)

1983 =.03(.02) =-.01(.03) -.10(.03) .02(.03) .04(.03) .04(.03)
. .03(, . . ,
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Table 7.

wind, of turbulent mixing energy.

"Wind cubed" index of rate of addition to the water column, by the

parentheses to the right of each mean index value.

The standard errors of the mean appear in
Nominal units are m®sec™

Jan Feb Mar Apr. May Jun
1953 130( 34) 107( 19) 162( 35) 473(140) 354( 44) 130( 47)
1954 75( 16) 205( 85) 19( 4) 186( 32) 210( 46) 174( 41)
1955 132( 40) 37( 9) 316(101) 93( 22) 238( 67) 177( 50)
1956 58( 15) 91( 30) 287 ( 46) 355( 51) 377( 68) 182( 25)
1957 101( 22) 220( 44) 310( 23) 375( 64) 201( 27) 337( 42)
1958 184( 48) 171( 32) 181( 25) 260( 37) 244( 46) 192( 21)
1959 116( 13) 94( 8) 143( 14) 154( 18) 104( 16) 300( 47)
1960 84( 11) 86( 10) 151( 15) 207( 18) 307( 95) 161( 19)
1961 71( 9) 83( 11) 173( 24) 178( 13) 301( 37) 204( 26)
1962 156( 12) 127( 16) 171( 14) 220( 24) 197 ( 20) 226( 19)
1963 113( 19) 141( 19) 252( 17) 176( 14) 230( 20) 113( 13)
1964 188( 20) 156( 14) 198( 27) 295( 36) 248( 41) 315(117)
1965 100( 17) 155( 33) 144( 16) 238( 51) 467 ( 45) 232( 20)
1966 247( 26) 263( 30) 213( 25) 312( 35) 252( 34) 263( 24)
1967 147( 16) 143( 25) 94( 13) 102( 11) 140( 20) 387( 80)
1968 47( 10) 172( 30) 126( 15) 120( 11) 142 ( 25) 272( 25)
1969 97( 16) 113( 19) 174( 18) 206( 23) 193( 34) 432( 68)
1970 121( 17) 148( 36) 166( 38) 232( 35) 227( 25) 218( 20)
1971 92( 16) 128( 25) 120( 15) 266 ( 42) 155( 30) 404(162)
1972 102( 14) 146( 33) 346( 70) 214( 25) 146( 18) 315( 51)
1973 247( 29) 136( 21) 292( 26) 333( 49) 314( 75) 279( 52)
1974 121( 17) 155( 24) 181( 20) 308( 62) 300( 29) 295( 39)
1975 135( 18) 140( 22) 308( 24) 251( 21) 304( 24) 272( 33)
1976 76( 22) 68( 19) 196( 27) 326( 39) 308( 36) 248( 53)
1977 134( 44) 251( 40) 158( 21) 265( 27) 191( 27) 263( 30)
1978 150 ( 22) 214( 33) 280( 44) 316( 54) 246( 35) 327( 91)
1979 202( 33) 250( 54) 241( 23) 282 ( 29) 331( 38) 459(122)
1980 179( 19) 212( 32) 203( 21) 194( 23) 441( 47) 241( 18)
1981 205( 22) 104( 13) 195( 19) 212( 21) 226( 27) 431( 73)
1982 134( 21) 199( 20) 259 ( 19) 201( 20) 300( 29) 491( 97)
1983 319( 31) 262( 18) 203( 21) 420(117) 373( 35) $39( 61)
1984 118 307(120 534(117 88(110 636(159 522(116
Jul Aug Sep oct Nov Dec
1953 332(129) 125( 26) 179( 34) 217( 43) 243( 50) 74( 16)
1954 207( 37) 445(135) 439( 73) 64( 8) 161( 33) 59( 13)
1955 179( 41) 460(100) 308( 76) 322( 79) 266( 42) 30( 13)
1956 324( 56) 346( 65) 261( 29) 237( 56) 184 ( 23) 158( 35)
1957 484 ( 66) 253( 52) 331( 45) 261( 38) 189( 24) 238( 22)
1958 214( 25) 474( 56) 214( 26) 228( 30) 92( 16) 152( 26)
1959 138( 16) 233( 23) 303( 76) 164( 23) 108( 15) 82( 13)
1960 260( 32) 222( 25) 201( 19) 198( 35) 99( 12) 144( 24)
1961 290( 39) 191( 17) 211( 20) 199( 24) 136( 12) 100( 12)
1962 265( 22) 236( 23) 267( 32) 199( 20) 212( 19) 96( 15)
1963 220( 26) 176( 25) 320( 31) 376( 72) 222( 33) 131( 19)
1964 250( 25) 385( 89) 372( 58) 242( 22) 132( 20) 164( 21)
1965 263( 29) 392( 45) 442( 52) 319( 44) 240( 21) 193( 20)
1966 317( 29) 388( 39) 245( 18) 243 ( 28) 95( 12) 83( 10)
1967 222( 28) 336( 41) 357( 59) 369( 57) 180( 30) 280( 45)
1968 442( 61) 352( 56) 326( 62) 243( 19) 192( 16) 283( 42)
1969 237( 33) 312( 52) 272( 29) 154( 26) 104( 13) 151( 23)
1970 248( 34) 212( 28) 186( 22) 251( 50) 194( 24) 139( 22)
1971 190( 49) 425( 71) 258( 66) 302( 49) 169( 23) 199( 57)
1972 423( 63) 400( 67) 805(139) 220( 27) 156 ( 25) 407 (157)
1973 369( 81) 784( 81) 675( 74) 348( 66) 237( 28) 179( 37)
1974 299( 28) 317( 57) 352( 45) 295( 42) 274( 28) 195( 31)
1975 284( 35) 461( 58) 316( 31) 235( 35) 143( 24) 147 ( 23)
1976 264( 36) 377( 87) 370( 33) 328( 37) 270( 49) 235( 43)
1977 529( 95) 392( 59) 229( 37) 189( 21) 241( 17) 220( 34)
1978 434( 85) 310( 54) 350( 82) 226( 29) 237( 49) 203( 28)
1979 290( 51) 433( 73) 350( 51) 274( 33) 233( 28) 226( 50)
1980 458( 27) 354( 31) 382( 35) 271( 28) 181( 22) 188( 30)
1981 420( 49) 244 ( 21) 457 ( 60) 166( 18) 249( 22) 146( 13)
1982 438( 52) 270( 40) 549 ( 82) 454( 57) 316( 22) 275( 30)
1983 379( 34) 330( 39) 318( 43) 277( 33) 227(111) 122( 32)
1984 334( 58) 415( 88) 328( 46) 242( 30) 350( 27) 229( 22)




Table 8. Daily total (both direct and diffuse) solar radiation absorbed by
the ocean, Qgs. The standard error of the mean appears in parentheses to the
right of each mean value. Units are watts/m2. (Values may be converted to
units of cal em? day' by multiplying by the factor 2.064.)

Jan Feb Mar Apr May Jun
1953 239(12) 253( 9) 262(11) 258(15) 193( 9) 182(22)
1954 240( 9) 214(10) 227(12) 241( 6) 141( 7) 158(11)
1955 250(12) 254 (12) 236(17) 282( 8) 182(17) 125( 5)
1956 255(16) 269(16) 257(31) 230(12) 181(14) 121( 3)
1957 264(12) 203 (11) 243( 7) 221( 8) 190(10) 153( 7)
1958 244( 5) 236( 8) 243( 9) 248( 9) 202( 8) 148( 6)
1959 287( 7) 247( 8) 241( 9) 208(10) 169(12) 144( 6)
1960 268( 9) 269( 4) 283( 3) 236( 4) 204( 4) 167( 7)
1961 242( 5) 276( 5) 228( 5) 221( 4) 205( 6) 140( 4)
1962 258( 5) 257( 4) 260( 4) 214( 4) 192( 6) 143( 3)
1963 263( 6) 265( 5) 240( 4) 217( 0) 176( 4) 139( 3)
1964 243( 6) 236( 4) 242( 6) 223( 6) 162( 8) 161( 7)
1965 257( 8) 268( 7) 236( 4) 218( 4) 183( 4) 165( 4)
1966 252( 5) 279( 5) 246( 5) 236 ( 4) 182( 5) 148( 4)
1967 218( 5) 264( 8) 244( 5) 230( 4) 207( 6) 138( 5)
1968 250( 7) 263( 5) 265( 5) 244( 4) 174( 6) 149( 4)
1969 248( 7) 257( 6) 238( 4) 216( 5) 168( 7) 140( 4)
1970 245( 7) 274( 7) 280( 4) 236( 7) 178( 5) 140( 2)
1971 264( 6) 255( 6) 261( 5) 230( 7) 169( 8) 130( 6)
1972 256( 6) 271( 7) 237( 6) 221( 5) 170( 6) 145( 6)
1973 236( 7) 247( 9) 237( 5) 229( 7) 216( 7) 151( 7)
1974 250( 6) 268( 7) 257( 5) 219( 8) 156( 4) 131( 3)
1975 234( 7) 268( 6) 240( 4) 224( 5) 163( 4) 131( 3)
1976 245( 7) 248(13) 234( 5) 218( 8) 178( 6) 130( 5)
1977 259( 8) 235( 4) 244( 6) 253( 4) 187( 5) 154( 5)
1978 258( 8) 240( 7) 265( 6) 217( 6) 190( 6) 153( 9)
1979 270( 5) 264( 7) 246( 5) 238( 5) 171( 5) 142( 7)
1980 248( 6) 261( 5) 244( 5) 231( 7) 187( 4) 156( 5)
1981 233( 5) 241( 5) 249( 5) 218( 5) 183( 6) 142( 3)
1982 246( 6) 257( 5) 246( 4) 230( 5) 187( 5) 139( 6)
1983 260( 8) 273( 4) 236( 5) 201( 5) 163( 4) 149( 5)
1984 263( 9) 268( 7) 260(10) 223(10) 204(29) 142( 6)
Jul Aug. Sep oct Nov Dec
1953 170(20) 142( 3) 204(12) 227(16) 211(13) 266(15)
1954 149( 8) 144( 5) 158( 5) 192( 7) 225(19) 184(11)
1955 123( 2) 154( 7) 159( 2) 217 (10) 241(15) 263(26)
1956 134( 7) 157(11) 184( 9) 198(10) 195( 9) 261(31)
1957 143(11) 170(12) 186( 8) 211( 6) 216( 8) 235( 6)
1958 154(11) 165( 5) 173( 7) 218( 9) 254( 8) 278(13)
1959 154( 6) 169( 8) 190( 8) 218(13) 226( 7) 256( 6)
1960 163( 4) 171( 6) 171( 4) 185( 5) 219(11) 235( 7)
1961 126( 2) 159( 3) 170( 2) 210( 6) 243( 4) 240( 5)
1962 133( 2) 148( 2) 173( 5) 193( 4) 211( 4) 258( 6)
1963 145( 4) 167( 6) 177( &) 204( 6) 212( 6) 229( 9)
1964 138( 4) 154( 5) 183( 5) 191( 3) 210( 7) 257( 6)
1965 135( 4) 148( 3) 169( 3) 197( 5) 219( 4) 241( 5)
1966 151( 4) 162( 4) 181( 3) 191( 3) 202( 4) 241( 5)
1967 137( 4) 148( 3) 184( 5) 195( 5) 196( 5) 258( 6)
1968 145( 5) 145( 3) 180( 5) 201( 4) 214( 5) 256( 7)
1969 137( 5) 158( 4) 165( 3) 205( 5) 226( 5) 246( 6)
1970 134( 4) 152( 4) 181( 4) 180( 3) 244( 5) 235( 7)
1971 127( 2) 151( 4) 171( 7) 193( 7) 236( 6) 233(10)
1972 138( 7) 161( 6) 183( 8) 209( 6) 195( 7) 229( 9)
1973 142( 4) 149( 3) 174( 5) 20S( 7) 208( 5) 221( 6)
1974 127( 2) 154( 4) 175( 4) 218( 8) 222( 6) 250( 8)
1975 134( 4) 156( 5) 173( 4) 212( 7) 211( 7) 234( 6)
1976 147( 5) 143( 6) 194( 6) 206( 6) 212( 8) 257( 8)
1977 134( 4) 155( 5) 187( 6) 204( 5) 223( 4) 270( 8)
1978 126( 2) 160( 5) 187( 6) 205( 7) 231( 7) 264( 6)
1979 138( 4) 167( 5) 179( 5) 217( 8) 210( 6) 252(12)
1980 139( 5) 158( 4) 196( 5) 208( 5) 231( 8) 266( 9)
1981 139( 4) 168( 6) 169( 2) 235( 6) 241( 4) 255( 4)
1982 150( 6) 151( 4) 186( 6) 215( 5) 218( 5) 253( 6)
1983 156( 5) 161( 7) 184(12) 198( 4) 258(12) 246(10)

1984 157( 7) 165( 6) 175(16) 185( 6) 246(16) 242( 9)
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Table 9. Radiative heat loss, Qp. The standard error of the mean appears in
parentheses to the right of each mean value. Units are watts/m2. (Values may
be converted to units of cal cm? day’ by multiplying by the factor 2.064.)

Jan Feb Mar Apr May Jun
1953 23( 2) 28( 2) 32( 3) 41( 5) 33( 3) 33(10)
1954 26( 2) 16( 2) 22( 3) 43( 2) 16( 3) 30( 5)
1955 30( 3) 27( 3) 29( 5) 60( 5) 29( 7) 10( 2)
1956 33( 5) 34( 5) 38(13) 41( 5) 28( 5) 7( 1)
1957 33( 3) 13( 2) 26( 2) 29( 2) 28( 3) 21( 2)
1958 24( 1) 22( 2) 27( 2) 39( 3) 36( 2) 20( 2)
1959 43( 2) 24( 2) 28( 2) 29( 3) 22( 4) 18( 2)
1960 32( 2) 33( 1) 44( 1) 37( 1) 38( 1) 31( 3)
1961 26( 1) 34( 1) 25( 1) 34( 1) 39( 2) 19( 1)
1962 31( 1) 31( 1) 36( 1) 30( 1) 35( 2) 21( 1)
1963 33( 1) 31( 1) 27( 1) 34( 0) 27( 1) 18( 1)
1964 27( 1) 23( 1) 30( 1) 34( 2) 23( 3) 30( 3)
1965 33( 2) 34( 2) 27( 1) 27( 1) 27( 1) 28( 1)
1966 30( 1) 37( 1) 29( 1) 38( 1) 29( 1) 21( 1)
1967 20( 1) 33( 2) 30( 1) 34( 1) 38( 2) 19( 2)
1968 33( 2) 33( 1) 36( 1) 44( 1) 28( 2) 23( 2)
1969 29( 2) 30( 1) 28( 1) 29( 1) 23( 2) 18( 1)
1970 29( 2) 35( 2) 42( 1) 37( 2) 29( 2) 19( 1)
1971 34( 1) 30( 1) 35( 1) 34( 2) 26( 3) 15( 2)
1972 32( 1) 32( 2) 24( 1) 31( 2) 24( 2) 18( 2)
1973 22( 1) 24( 2) 27( 1) 36( 2) 43( 2) 25( 3)
1974 30( 1) 33( 2) 33( 1) 34( 2) 20( 1) 14( 1)
1975 23( 1) 32( 1) 27( 1) 32( 1) 23( 1) 15( 1)
1976 27( 1) 30( 5) 25( 1) 31( 2) 29( 2) 14( 2)
1977 30( 2) 22( 1) 29( 1) 43( 1) 33( 2) 25( 2)
1978 31( 2) 24( 2) 34( 1) 31( 2) 33( 2) 25( 4)
1979 33( 1) 30( 1) 27( 1) 36( 1) 25( 2) 20( 3)
1980 30( 1) 29( 1) 28( 1) 34( 2) 31( 1) 25( 2)
1981 24( 1) 24( 1) 31( 1) 31( 1) 28( 2) 18( 1)
1982 29( 1) 28( 1) o( 1) 35( 1) 32( 2) 16( 2)
1983 28( 2) 31( 1) 22( 1) 20( 1) 18( 1) 19( 2)
1984 29( 2) 31( 2) 32( 3) 29( 3) 37(10) 17( 2)
Jul Aug Sep Oct Nov Dec
1953 30( 9) 9( 1) 22( 4) 26( 5) 20( 4) 34( 3)
1954 20( 3) 11( 3) 10( 2) 14( 2) 23( 5) 12( 3)
1955 8( 0) 14( 3) 8( 1) 22( 3) 31( 5) 39(10)
1956 16( 3) 18( 5) 15( 3) 19( 4) 15( 3) 35( 9)
1957 17( 5) 19( 4) 18( 2) 21( 2) 22( 2) 25( 1)
1958 22( 4) 20( 2) 14( 2) 25( 3) 35( 2) 43( 4)
1959 22( 2) 19( 3) 21( 3) 24( 5) 25( 2) 34( 1)
1960 27( 1) 23( 2) 15( 1) 11( 1) 23( 3) 27( 2)
1961 10( 0) 17( 1) 13( 0) 20( 2) 31( 1) 29( 1)
1962 14( 0) 11( 0) 15( 1) 15( 1) 20( 1) 37( 2)
1963 19( 1) 19( 2) 14( 1) 18( 2) 21( 2) 26( 2)
1964 15( 1) 15( 2) 16( 1) 15( 1) 20( 2) 35( 1)
1965 14( 1) 13( 1) 12( 0) 15( 1) 22( 1) 29( 1)
1966 22( 1) 18( 1) 16( 1) 14( 1) 17( 1) 29( 1)
1967 15( 1) 13( 1) 17( 2) 16( 2) 15( 1) 39( 2)
1968 20( 3) 11( 1) 14( 1) 17( 1) 22( 1) 34( 2)
1969 15( 2) 17( 1) 12( 1) 18( 1) 26( 1) 31( 1)
1970 15( 2) 13( 1) 16( 1) 10( 1) 32( 1) 29( 2)
1971 11( 1) 13( 1) 12( 2) 17( 3) 28( 2) 26( 3)
1972 15( 2) 19( 2) 15( 2) 20( 2) 15( 2) 25( 2)
1973 17( 1) 12( 1) 15( 1) 20( 2) 18( 1) 23( 1)
1974 13( 1) 14( 1) 15( 1) 23( 2) 23( 2) 32( 2)
1975 15( 1) 14( 2) 14( 1) 23( 2) 20( 2) 28( 2)
1976 19( 2) 11( 1) 20( 1) 18( 1) 19( 2) 33( 2)
1977 14( 1) 16( 2) 17( 2) 19( 1) 23( 1) 41( 2)
1978 9( 0) 17( 2) 19( 2) 19( 2) 25( 2) 34( 1)
1979 16( 2) 19( 2) 15( 1) 22( 2) 19( 2) 32( 4)
1980 13( 1) 15( 1) 20( 1) 19( 1) 27( 2) 38( 2)
1981 15( 1) 19( 2) 11( 0) 29( 2) 30( 1) 35( 1)
1982 19( 2) 13( 1) 17( 2) 21( 1) 20( 1) 30( 1)
1983 24( 2) 17( 2) 15( 3) 15( 1) 33( 3) 28( 3)

1984 21( 2) 22( 2) 18( 8) 11( 1) 29( 5) 29( 3)




Table 10. Evaporative heat loss, Q:.. The standard error of the mean appears
in parentheses to the right of each mean value. Units are watts/m?. (Values
may be converted to units of cal cm’day’'by multiplying by the factor 2.064.)

Jan Feb Mar Apr May Jun
1953 3( 6) 34(10) 39( 8) 62(16) 97 (11) 8( 9)
1954 -23( 5) 15( 4) 8( 3) -24( 4) 27( 5) 33( 4)
1955 22( 7) =-26( 5) 39(16) 14(10) -14(12) 6( 5)
1956 17( 6) =-27(13) =1(25) 39(11) 23( 9) 33( 6)
1957 =-11( 3) 43( 9) 46(10) 68(13) 59( 8) 64(11)
1958 22( 4) 65( 7) 31( 8) 37( 6) 49(11) 40( 5)
1959 15( 3) 15( 4) 59( 9) 42( 7) 21(10) 35( 6)
1960 11( 2) 18( 2) 32( 4) 22( 3) 15( 1) 24( 4)
1961 9( 2) 22( 2) 15( 4) 18( 2) 34( 4) 36( 4)
1962 22( 2) 33( 3) 16( 3) 16( 4) 26( 3) 50( 3)
1963 16( 3) 24( 2) 35( 3) 31( 0) 46( 3) 31( 2)
1964 25( 3) 25( 2) 19( 3) 34( 7) 28( 5) 30( 6)
1965 34( 6) 46( 5) 45( 3) 57( 5) 109( 7) 62( 3)
1966 36( 4) 63( 6) 30( 4) 51( 6) 44( 4) 40( 3)
1967 17( 2) 33( 4) 22( 3) 14( 2) 15( 3) 52( 8)
1968 6( 1) 36( 4) 24( 3) 12( 2) 26( 4) 38( 4)
1969 28( 4) 19( 3) 44( 3) S1( 5) 57( 6) 69( 5)
1970 29( 4) 31(11) 34( 4) 22( 6) 22( 4) 24( 2)
1971 14( 2) 11( 4) 6( 4) 40( 6) 39( 6) 46 (10)
1972 20( 3) 48( 8) 62( 9) 48( 4) 62( 6) 31( 6)
1973 47 (12) 28( 7) 39( 4) 30( 6) 28( 8) 32( 9)
1974 26( 3) 26( 5) 40( 4) 58( 9) 70( 5) 42( 4)
1975 26( 5) 21( 3) 55( 4) 54( 6) 70( 4) 44( 4)
1976 10( 2) 48(22) 32( 6) 62( 9) 64( 6) 57( 6)
1977 25( 4) 43( 5) 15( 4) 13( 5) 21( 4) 39( 6)
1978 21( 3) 38( 4) 34( 6) 54( 6) 23( 3) 62(11)
1979 27( 4) 35( 6) 30( 4) 38( 6) 45( 5) 40( 6)
1980 28( 6) 24( 5) 37( 4) 15( 3) 57( 5) 31( 4)
1981 12( 5) 19( 3) 14( 3) 29( 5) 42( 5) 51( 4)
1982 18( 2) 21( 5) 39( 5) 28( 3. 46( 5) 87 (23)
1983 71( 5) 97( 5) 87( 4) 110(10) 124( 5) 125(14)
1984 4(10) 31( 7) 49(15) 41(15) -11(15) 32( 8)
Jul Aug Sep. oct Nov Dec
1953 41(13) 53( 4) 29( 6) 33( 8) 32( 7) 8( 8)
1954 6( 6) 38(1