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ABSTRACT

Some responses of fisheries resources to
natural climate-ocean variability in 1976
are summarized. Emphasis is on the U.S.
Fisheries C(Conservation Zone. Areas 1in
which the United States has an established
fishery or commercial interest in a local
fishery are also considered. Contributed
papers fpresent various aspects of the
marine climate in 1976.
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Ocean Variability in
the U.S. Fishery Conservation Zone, 1976

INTRODUCTION

Julien R. Goulet, Jr.

9cean variability in the U.S. Fishery Conservation Zope, 19276 s
the third volume? focusina on the effects of natural ocean
variability (including climate scale events) on distribution and
abundance of fishery resources. The objectives of this series

are:

1. to provide resource manasgers with &an overview and
assessment of the status of the envirorment in terms of
Large area and long time scele natural processes and their
possiktle effects on marine fishery rescurces, and

2. to provide researchers with an information source on the
ocean properties and processes influencing fishery
resources.

These three volumes have been prepared by the program management
office of the Marine Resources Monitoring, Assessment, and
Prediction (MARMAF)® program of the National Marine Fisheries
Service (NMFS).

The MARMAP proaram is a national program of NMFS providing
information needed for manzgement and allocation of the nation's
marine fishery resources. The procram encompasses the collection
and analysis of data to provide information on the abundance,
composition, location, and condition of the commercial and
recreational marine fishery resources of the United States.
MARMAP also <considers the physical and chemical processes
influencing fishery resources.

'Resource Assessment Divisions National Marine Fisheries
Service,r, NOAA, Washington, DC 20235.
*J. R. Goulets, Jr. (compiler), The environment of the United

States Lliving marine resources - 1974. U.S. Dep. Commer., NOAA,
NMFS, MARMAP Contrib. 104; J. R. Goulet, Jr. and E. D. Haynes
(editors), Ocean variability: Effects on U.S. marine fishery

resources - 1975, U.S. Dep. Commer., NOAA Tech Rep. NMFS Galric-
416.

‘For information, contact Chief, Resource Assessment Divisions
NMFS, NOAA, Washington, DC 20235.
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Changes 1in physical and chemical properties of the ocean
(currents, temperature, nutrients, etc.) and the associated
modulation of biological processes directly or indirectly affect
not only Llong-term yields and annual abundances of fish stocks.,
but also their distribution and availability. Fishery Oceano-
sraphyr, &s a subprogram of MARMAP, includes the analysis of
physical, chemical, and biological oceanographic data collected
durina MARMAP and other NMFS surveys and from oceanographic and
meteorolcaical operational and research activities of other
anencies. Fishery Oceanooraphy provided much of the information
incorporated into QOcean Variability in the U.S. Fishery <Conser:c

Editorial Qutlook

The areas of interest for 0Ocean Varjability imn the U:Sc  ‘Eisherm

Conservation Zone, 1976 are the United States' Fishery Conser-
vation Zone, established by P.L. 94-265 (Fisherijes Conservation
and Manaagement Act of 197é6), and the areas of fishery resources
outside our 2one in which we have an established fishery or a

market interest.

The papers in this document can be categorized as data products.,
event notices, or topical summaries. Analytic papers, while
important for wunderstanding the processes controlling ocean
variability and consecuent effects on fishery resources, should
be submitted to journals with a broader perspective. Freliminary
or summarized research results, where appropriate, may be
included in the papers contributed to this series.

The data products, event notices, and topical summaries should
focus on a Limited time interval. The data products should not be
selected merely on availability. Rather, products which portray
climate-ocean oproperties or 1indices of processes should be
selected, or developed, for their significance to marine fishery
resources. Topical summaries provide overviews of climate-ocean
properties and assessment of potential effects on fishery
resources. The number of these topical summaries should be
increased to present more information on possible environmental
influences. 1In future years we hope to provide the summary to
resource managers in a more timely manner. This may involve a
small workshop to develop the necessary information, and a
distribution of the summary in draft form prior to distribution
of the full document as a MARMAP contribution.

Wle thank our many contributors, who made this volume possible. We

“elcome criticism, comments, and suggestions for improvement of
future volumes in this series.

t



SUMMARY
Julien R. Goulet, Jr.

The effects of ocean variability on U.S. marine fishery resources
can best be summarized within the context of the broad-scale
atmospheric and oceanic conditions surrounding our area of
interest, the U.S. Fishery Conservation Zone. The variability of
the environment within the Zone is controlled by <conditions and
processes 1in the overlyino atmospherer, at the coast, in the open
ocean beyond aur Zone, and along the bottom within our Zone. The
papers contributed to this document present a synthesis, not
necessarily analytic, of the conditions and processes affecting
the U.S. marine fishery resources during 1976.

This summary first focuses on the overlying atmospherer, which
comnects ‘the"" Atkantic and Pacific Oceans across the North
American continent. The conditions at the U.S. coastr, 1in the
open ocean beyona our Zone, and along the bottom are summarized
an- P turn . Following this, the responses of marine fishery
resources to the variability of their environment are estimated.

Conditions are considered at the 700 mb Level, the height of
approximately the Llower third of the atmosphere. This is high
enough (about 3,000 m above sea level) to be free of surface
friction, a2nd thus reflects the Large-scale conditions and events
taking place in the atmosphere. ERSTIS also Llow enough to be
completely within the troposphere, that part of the atmosphere
which interacts with the ocean.

Two salient features of the atmosphere in 1976 were the
continuation of stronger than average westerly winds over the
Northern Hemisphere oceans and a return to lower Latitudes of the
subpolar Llow pressure anomaly cells. The variations in westerly
wind strength and position influence patterns of wupwelling and
offshore wind driven transport as well as sea surface temperature
distributions. These in turn influence several resource species

- -

'Resource Assessment Division» National Marine Fisheries
Service, NCAA, Washington, DC 20235.

3



SQUMMARY

such as Atlantic menhaden, Pacific mackerel, and Atlantic sea
herring. The strong westerlies have persisted since 1971.
However, the high level pressure patterns have undergone drastic
changes in their annual averages over the last three years. The
1976 pressure anomaly patterns at 700 mb resemble those of 1974
more closely than those of 1975, but with a few important
differences. The Siberian high latitude high pressure cell was
much weaker than in 1974, The subpolar low pressure cells were
more intense and covered broader areas. The Morth American
continental trouah, Lloceted over the Great Plains in 1974 and
over the Rocky Mountains in 1975, was over the eastern seaboard

IR 19 76. The trouah indicated a continental weakening of the
subtropical hiah pressure belt extending across the Atlantic and
Paecifica That it was over the eastern seaboard indicated a west

coast penetration of Pacific stable hiah pressure conditions., and
consequent California drought. It also indicated more unstable
conditions over the eastern seaboard and greater precipitation in
that area.

The pattern of seasonal pressure anomalies (differences from
30-yr seasonal averages) showed 2 striking change from summer to
fall in 1976. In 1974 and 1975, the annual average anomalies
were dominated by the winter 2anomalies. In 1976, the fall
anomalies were so intense that they dominated the annual average.

Winter 1975-76, with extremely mild east coast conditions, had a
zonal distribution of pressure anomalies (the anomalies tended to
Line up zonally, or alona latitude lines). There was essentially
no continental troughs, whereas 1974 had a trouch over the Great
Plains and 1975 had a deep trough over the Rockies. By - fall
1976, the pressure anomalies had become meridional (the anomalies
tended to Line up alone meridians)., indicating extreme wave
(north-south) conditions 1in the actual pressure distributions.
Extreme wave conditions preceded both the winter of 1917-18 and
that of 1976-77, the two coldest winters of record in the eastern
United States.

Haynes (Paper 1) presented a summary of atmospheric circulation
during 1976. Dickson and Namias (Paper 2) discussed the inter-
actions between the atmosphere and the sea surface. Summaries of

atmaspheric conditions over the Pacific (Haynes, Paper 3) and the

Atlantic (Goulet and Haynes, Paper 4) also presented the open
ocean surface conditions. Chamberlin and Armstronc (Paper 11)

presented statistics on the extreme conditions along the east
coast in fall 1978 and winter 1277. Quinn (Paper &) discussed an

index of the Southern Oscillation, a phenomenon of the atmosphere
in the South Pacific associated with the southeast trade winds.
This can ke correlated with upwelling along the egquator and off
the coasts of Chile and Peru, and with the abundance of anchoveta
and tuna in those areas.



Coast

Very Little information on coastal conditions was compiled for
Qcean VYariability in the U.S. Fishery Conservation Zone, 1976.
Haynes (Paper 16) summarized river runoff into the Middle
Atlantic Bight, where the volume flow showed an early spring,
peaking in February instead of March or April. There also wsas
extremely high flow 1in October when oprecipitation in the
Chesapeake drainage basin exceeded 300% of normal. Precipitation
exceeded 1504 of normal over the entire Appalachian Range in
October. This extreme precipitation was associated with the
continental trough and extreme wave conditions in the atmosphere.
The consequent runoff into the Chesapeake Bay influenced the
survival of oyster spat.

McLain (Paper 10) summarized fluctuations 1in temperature and
density at <coastal stations from Maine to Florjida, Florida to
Texasr, and Alaska to California. The densities at a tide station
at Kiptopeke Beach, VA, at the mouth of Chesapeake Bay., had a
Large negative anomaly in November, one month Later than the
extreme flow 1in the Chesapeake. The early onset of the cold
1976-77 winter was shown by positive density anomalies 1in New
England, a consequence of early freezing and decreased runoff.
Negative temperature anomalies in fall 1976 extended along the
entire east coast. They began in midsummer south of New Jersey.

Bretschneider and bdclLain (Paper 5) summarized historical data
(1931-75, with some gaps in coverage) showing variations 1in sea
Level along the Pacific coast. Unfortunately, the 1976 data were
not available to them. Chances in sea level over broad ocean
areas can be related to shifts 1in wind patterns, upwelling
regimes, etc., and may be indicative of conditions affectino
certain resocurce species such as Pacific mackerel.

Open Ocean

The conditions in and beyond the Fishery Conservation Zone wWere
summarized by Haynes (Paper 3) and Goulet and Haynes (Paper 4).
Dickson and Namias (Paper 2) presented a summary and analysis of
the 1976 conditijons. The eastern North Pacific, which began 1976
with a smaller reservoir of warm surface water than 1in previous
years, continued to cool. By the end of the year the sea surface
temperatures were anomalously cold. Heat storage (average tem-
perature, (0-100 mb) in the Pacific, discussed by Saur (Paper 7)
also was lower in 1976 than in 1975.

The central North Atlantic does not have as strong an influence
on conditions in the Fishery Conservation Zone as does the
eastern North Pacific. It 4s downwind of the Zone and 19s
isolated from it by a strong frontal system, the Gulf Stream.



The charts of temperature anomaly (McLain, Paper 9) do not show
any significant patterns, either positive or negative, in the
open ocean waters. Ingham (Paper 12) presented maps of Ekmar
transport off the Atlantic coast and in the Gulf of Mexico. .
1976, the meridional (north-south) component was generally more
negative (more to the south) than the average in the oper
Atlantic. This indicates a stronger westerly wind component
(stronger zonality) than average, which will adversely influence
survival of certain species such as menhadenr.

Bottom

The bottom does not provide a source of energy or variability ir
time affecting U.S. marine fishery resources. Nevertheless, ir
shallower waters at least, the bottom does modify the obprocesse:
affectina the marine environment. Davis (Paper 22) discussed the
bottom waters in the Gulf of Maine and over Georges Bank. There
has been a warming trend since 1968, though it was partiall)
reversed in 1975. In 1976, the spring temperatures in the Gulf
of Maine and the autumn temperatures, both there and over George:
Bank, resumed their warming trend. This warming 1in the bottor
waters took place despite the cold autumn air temperatures. I
may be expected that bottom water temperatures affect the
recruitment of bottom dwelling species such as sea scallops ot
demersal spawning species such as winter flounder and Atlanti
herring.

Armstrong (Paper 17) discussed the anomalous bottom anoxi
conditions leading to a massive fish kill off New Jersey. Cris
and Chamberl in (Paper 19) provided a summary of the botto
temperatures south of New England. No infermation was availabl:
on the broad Bering Sea shelf.

system Responges

How did the environment of the U.S. Fishery Conservation Zon
respond to the surrounding variabtle conditions in 19762 PFMclLain'
charts of sea surface temperature anomaly (Paper 9) provid
information on sceles of one month and 100 km., while Dickson an!
Namias (Faper Z2) presented an analysis on scales of three month
and SC2 km. The change of anomalies along the Pacific coast frol
negative at the beginning of the year to positive at the end 1
noticeable. These <changes parallel the opposite changes in th
offshore waters of the eastern North Pacific. The sea surfac
conditions in the Bering Sea, Gulf of Alaska, Gulf of Mexico
South Atlantic Bight, Middle Atlantic Bight, and Gulf of Main
are also charted by lcLain and discussed by Haynes (Paper 3) an
Goulet and Haynes (Paper 4). The temperature anomalies along th
Atlentic <coast were positive through July and negative for th
remainder of the vyear. Fast-swimming fish such as tun
congrecate in areas and depths where temperatures suit thei



preferences. Temperatures affect the growth rates of many
species.

Nelson (Paper 6) presented the upwelling index along the west
coast from the Gulf of Alaska to Baja California. The southern
area had extremely Llow indices 1in January-February and from
September through December. The Gulf of Alaska also had
extremely Low indices in April-May, July through September, and
in November. The California Current region had extremely high
indices througchout the year except 1in April and July-August.
These indices provide information on availability of nutrients
broucht up with upwelled water. Quinn (Paper 8) presented
indices of the Southern Oscillation (trade wind relaxation) which
trackea the development of EL Nino-type activity in the eastern
tropical Pacific. Stronc EL Nino-type activity is detrimental to
the growth and abundance of Peruvian anchoveta.

The wind driven transports alonyg the east coast and in the Gulf
of Mexico were discussed by Incham (Paper 12). 1In February=-March
the transports were anomalously strong to the southeast along the
RIS . seiasitt L icoa'st - During November-December, anomalously strong
southwest transports gpersisted. In the Gulf of Mexicor
anomalously strong northwest transports persisted from October
through Decemoer. Onshore wind-driven transport is extremely
important to survival of Atlantic menhaden larvae.

Gunn (Paper 18) mapped the annual march of the Shelf water/Slope
Wwater front along several transects off the U.S. east coast. The
front in 1976 was siagnificantly more variable than in 1974 or
17975. The energetic state of the front mirrored the energetic
state (extreme wave patterns) of the atmosphere and preceeded the
cold winter. Deaver (Paper 13) presented the sea surface
temperature along the east coest from Florida to Maine. This
data set, obtained from airborne radiation thermometry, reflects
the early spring and cold autumn of 1976. Cook (Paper 14)
presented the changes in water column thermal structure off New
Jersey. The early spring of 1976 was also evident in this data
set. The nearshore surface salinities were much reduced during
spring, and a relatively fresh surface lLayer sometimes extended
beyond the Shelf Water/Slope Water front. (Note the extremely
early spring runoff shown by Haynes in Paper 16.) The relative
distributions of Shelf Water and Slope Water may be important to
overwinter survival of Atlantic herring larvae. Lowered
salinities due to high runoff, with associated turbidity., are
unfavorable to shellfish.

Smath and Jossi (Paper 20) discussed variations 1in plankton
populations in the Middle Atlantic Bight by season and water
mass, and alsa in a warm core Gulf Stream eddy. Named species
may be considered as water mass indicators. Armstrong (Paper 17)
discussed the anoxic bottom conditions off New Jersey. This was



a response to the early spring warming, with runoff of fresher.,
Lower density water overlying ocean waters and suppressing mixing
throughout the water column, and the consecuent oxygen depletion
by biological activity.

Mizenko and Chamberlin (Paper 15) presented data on the formation
of anticyclonic Gulf Stream eadies and their migration through
the Slope Water south of New England. Eadies create fast,
localized currents which can submerce marker buoys and move
Llobster and crab traps when the eddies Jimpinge upon the upper
continental slope. The total number of eddy days was reduced 1in
1976 compared with 1975, with the summer quarter showing the
greatest reduction. Wwhy the Gulf Stream had a lower energy
state, as shown by the number of eddies cast off, compared with
the Shelf Water/Slope Water front, is a puzzle.

Rogers (Paper 21) provided an upcate on the swarming of siphono-
phores in New England coastal waters. The "lLipo," or slime.,
which fouls fishing nets, was mild in 1976 compared with 1975.

Response of Fishery Resources
What can be said about the response of marine fishery resources
to the 1976 status of the environment? We can comment on only a
few fishery resources. These comments must be considered only as
pest estimates rather than as definitive statements.

= The 1976 year class of Pacific mackerel was favored by
above-normal upwelling. This has been reflected in the 1977
harvest.

- Larval wmenhaden were not favored by tne wind-ariven
transport conditiens in the Middle Atlantic Bight.

- Recovery of the Peruvian anchoveta fishery may be delayed by
the mild 1976 EL Nino conditions.

- Anoxia in bottom water off New Jersey haa Llittle effect on
finfish recruitment, although many adults died. ALL age
groups of shellfish suffered high mortalities.

- Decreased Slope Water on Georges Bank favored herring larvae
survival 1in the fall. Later survival was adversely influ-
enced by the severe winter that followed.

- Extreme runoff in October affected crab recruitment in the

Middle Atlantic Bight. The following cold winter also was
adverse.

The October runoff was detrimental to survival of the oyster
spat in Chesapeake Bay.



Response tgo Prior Years

Because marine fishery resources integrate the effects of their
environment through their lifetimes, and because the Lifetimes of
many species are longer than a few years, it 1is appropriate to
comment on 1976 responses to prior years' conditions.

- The continued warming of bottom yaters in the Gulf of Maine
may adversely affect the recruitment of Llobster.

- The catch of Atlantic menhaden was up about 30% 1in 1976
compared with 1975. The increased catch was not a response
to increased fishing effort. This fishery was primarily on
the 1974 and 1975 year classes. These year classes were
stronger than could have been expected from the wind=-driven
transport in those years. Was the 1increased <catch a
response to increased abundance caused by some as yet
unicdentified environmental or biologicel factor? Or was it
due merely to the increased availability of fish that were
swimming 1in denser or shallower schools because of some
equally unknown influence on their behavior?

- What 1is the relation between the abundance of summer
bottom-spawning, short-finned squid and bottom temperatures
on the outer continental shelf and upper slope south of New
England? The 1975 year class, fished in the fall of 1976,
was 10 times more abundant than normal. The bottom temper-
atures were gabout 1C warmer than normal in late spring and
early summer. The spawning area of the short-finned squid
has not been identified, and so the environmental influences
cannot be studied.

- What is the connection between the warming of Georges Eank
bottom waters and the reappearance in commercial quantities

of sea scallops there? Sea scallop Llandings declined
precipitously in the late sixties. They began increasing in
1974 and reached their 1965 Level 1in 119261, Bottom

temperatures in the autumn on Georges EBank fell in the late
sixties and have gone through an uneven increase since then.
Because sea scallops are harvested at ages greater than four
years, a correlation cannot be run between temperatures and
Landings without obtaining a2 Llonger time series of
temperature and obtaining lagged correlations. Perhaps the
overall warming of Georges Bank bottom waters since 1963
(about 1.5C) is now helping recruitment of sea scallops.
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Paper 1

ATMOSPHERIC CIRCULATICN IN 1976

Elizabeth D. Haynes’

In the Nortn Atlantic, 1976 was characterized by pressure
patterns near normal 1in position but more intense than usual.
The winter storms were severe, but tracked farther north than
normal allowing mild conditions to penetrate northward. In June
an anomalous and persistent high pressure center settled over
western Europe, creating a severe drought for nearly four months.
By October, the ridge progressed to the east and the weather
returned essentially to normal. At the year®s end, winter North
Atlantic storms harrassed the shipping Llénes.

Surface pressure patterns in the North Pacific also were near
normal 1in position, on the whole, but more intense than usual.
Air flow over the area south of the Gulf of Alaska was more zonal
than usual until the last quarter, when a persistent ridae along
the U.S. west coast forced surface winds to back (rotate counter-
clockwise) and become southwesterly. Farther south, north of
20N, surface conditions approximated the Long-term (1948-70)
mean.

In the equatorial Pacific, wind and pressure patterns resembled
those of 1972, witn a weakened southeastern Pacific subtropical
high, and Southern Hemisphere storms passing to the north of
Bheir usual tracks.

| At the 7C0 mb lLevel, winds were much stronger than average all

year. Northern Hemisphere flow was primarily zonal the first

| guarter, with troughs and ridges beginning to develop 1in April.

Deepening continued through the summer, though zonal flow
persisted over the North Pacific. A strong blocking ridge became

'This paper is summarized from the Atlantic and Pacific logs in

Mariners Wweather Logr Vols. 20 and 217 the weather ano
circulation articles in Monthly Weather Review, Vols. 104 anc
1357 and cantributions in the Proceedings of the NOAA Climate

' Diagnostic Workshop, NOAA, November 4=5, 1976, Washington, DC.

‘Resource Assessment Division~, National Marine Fisheries

| Service, NOAA, washington, DC 20235.
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established over Europe throughout the summer. The pattern
retrograded 1in October, with well-developed meridional flow
continuing through November. The pattern reverted to more zonal
flow conditions by the end of the year.

Fiqures 1.1 and 1.2 show anomalies, or departures, of the 700 mb
surface from a 30-yr (1941-70) mean height. The annual and
quarterly anomalies can be compared to those for 1974 and 1975
(Goulet and Haynes 1978). 1In general, sea surface temperatures
tend to be warmer than normal, anc seas calmer, under areas of
positive height anomaly, whereas cooler and stormier conditions
prevail under areas of negative height anomaly. These
interactions in 1976 are more fully discussed by Dickson and
Namias i1n Paper 2.

January - The hich and Llow pressure centers over the North
Atlantic were slightly closer together and more intense than
average, bringing record high winds and severe storms to western
Europe. Positive pressure anomalies extended over the ocean from

20N to 6GN.

In the North Pacific the pressure distributions were near normal
in position put more intense than usual, and storm tracks tended
to be about 5 degrees north of their average locations.

Fast mid-latitude westerlies and a three-lobed wave pattern with
broad trougks characterized the 700 mb circulation, with a strong

ridce alonc the U.S. west coast which deflected storms northward
to Canada anc Alaska.

February - There were more storms than wusual in the North
Atlantic, and their tracks were far north of normal (the majority
of the storms crossed the coast north of Nova Scotia). Surface
pressure was normel 1in outline, but more intense. There was a
+14 mb closed high anomaly over wWwestern Russia, and a =17 mb
anomaly trough paralleling the west coast of Greenland.

Pressure was above normal over all of the Pacific north of 25N~

with a +75 m height anomaly at the 700 mb lLevel (+9 mb at the
surface) in the center of this area.

The 700 mb wave pattern smoothed this month, with very strong
westerly winds a few degrees north of normal. These brought near

record high temperatures over all of the United States except the
northwest corner.

March - The cverall pressure pattern on the North Atlantic was
near normal but more intense than usual with a3 -18 mb anomaly

near Iceland and a +11 mb anomaly from 15N to S5CN on the central
ocean.

12



The number of storm centers traversing the North Pacific was far
above normal . They moved eastward, tracking progressively
farther north to the Llatitude of Seattle, and east of 160w
recurved cyclonically, with the majority movino toward and over
the Bering Strait. The Aleutian low was far to the east of its
usual position. A high pressure cell covered most of the eastern
Pacific south of 45N.

The 700 mb pattern of fast zonal flow produced the highest March
wind speeds since records began. Record breaking warmth
persisted into March over most of the United States.

April - In the North Atlantic, the month was relatively storm
free, wWwith storm centers concentrated northwest of a line from
Newfoundland to Iceland. A ridge stretched northeastward from
the Azores high to 50N, 15W, where pressure was nearly 1C mb
higher than normal.

In the North Pacific there were more, but smaller and Less
intense, lLow pressure starm centers than normal, and they tracked
more nearly east than the normal northeasterly direction. The
anomaly pattern was weak, with a negative anomaly trouah over the
Aleutian Islands associated with the primary concentration of
storm tracks.

Fast, zonal 7300 mb flow persisted across the Pacific, but a
trough developed off the U.S. west coast, a ridge over the Great
PlLains, a trough off the U.S. east coast-, and a pronounced ridge
west of Europe.

May - Low pressure storm centers formed farther off the U.S. east
coast and were fewer 1in number than normal, but followed the
usual storm tracks across the North Atlantic. There was a =12 mb
anomaly centered 1in the Icelandic Llow, with a large area of
mildly positive anemaly south of 45N.

The number of storms in the North Pacific was near normal, but
they were more widely dispersed than usual. The Pacific high and
Aleutian low remained stronger than normal.

Mean 700 mb flow across the North Pacific was flat and stronger
than normal, while waves developed over the continent with a
trough over the U.S. west coast, a ridge in the western United
States, and an eastern trough west of the Appalachians. Mean
flow over the western North Atlantic flattened and strenathened
considerably, while an anomalous lLow developed above the surface
low, and the ridge intensified over Scandinavia.

June - North Atlantic storm paths originated in Ungava Bay, moved

southeastward to 5S5UN, 35W, then recurved toward Iceland. None
crossed the British Isles or the European continent. A strong
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ridge north-northeastward from the Azores high brought high
temperatures and drought conditions to northwestern Europe.

The western North Pacific was dominated by a strong surface high
pressure cell. The pressure gradient was very weak, and the
paths of the storm centers were diffuse.

At 700 mb, there was a trough at 175W, and a subtropical ridge
over the eastern Pacifics, which procressed eastward to bring the
west coast trough over the western States. There was an
anomalous strangthening of the subtropical jet stream approaching
the southwestern United States, while pressures rose to the east.
The trouch south of Greenland deepenedr, and the ridge over
western Europe strengthened.

July - The North Atlantic was relatively ouiet, with diffuse
cyclone <centers. The sea level pressure pattern was near normal
for the month. The few storms that reached Efurope did not
2L leviate the droucht or ease the record-breaking heat.

The North Pacific storm tracks were about 5 degrees farther south
and more easterly than normal into the Gulf of Alaska. There was
an anomalous surface Low at 55N, 180W, with Lower than normal
pressures over the entire eastern North Pacific.

The 700 mb flow over the Pacific was fast and zonal between the
Gulf of Alaska low and a strono subtropical high northwest of
Hawaii. The western U.S. trouah retroaoraded 1intoe the eastern
Pacifice Ridging over the Great Plains induced a strong trouoh
over eastern North America. The strong blocking ridge over
Europe continued, extendino southward from a +55 m 700 mb heioht
ancmaly over the North Sea.

Auoust - The major North Atlantic storm centers traveled eastward
from the Gulf of St. Lawrencer, then curved northeasterly and
passed into the Denmark Strait. The usual storm paths south of
Iceland and across the British Isles were not followed this

month. Hurricane Belle brought heavy rainfall te Long Island and
southern New England.

The principal North Facific storm track was from Japan northeast-
ward into the Bering Sea. The sea level pressure pattern closely
matched the climatological mean for the month, although pressures
were sliohtly Lower (-5 mb) than normal over the Aleutian chain.

The 700 mb wind flow was zonal between 40N and SCN across the
entire Pacific Ocean. Troughs lay over both coasts of the United
States, with a ridge over the central States. A deep Llow over

the Davis Strait intensified the drought-producing ridge over
western Europe.
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September - Extratropical storm activity in the North Atlantic
was Less frequent than wusual this month because of a stronc
(+13 mb anomaly) surface high in this area. One storm, bred in
the Denmark Strait, brought England 4 inches of rain in 24 hours.
with winds to 78 knots;, it was the worst in 25 years but did not
break the arought as the water ran off the dry soil.

In the Pacific, the surface pressure sas lower than wusuals and
the high was displaced westward. The Aleutian low was 7 mb
deeper than normal, sustaining strong westerly winds. Hurricane
Kathleen, the first tropical <cyclone to hit California in
37 years, brought heavy rain to eight western States. Over
2 inches of rain fell in Death valley, and in the San Joaquin and
Imperial Valleys crop losses were severe.

The mean 7CC mb circulation showed a three-lobed pattern, with
closed lows over the Alaska Peninsula, Baffin Island, and Franz
Josef Land. Strong zonal westerlies persisted over the Pacific
north of 40ON. The trough deepened off California and the
downstream ridge lay over the Rockies. The trough over eastern
North America deepened. The persistent ridge over Europe
retrograded and a trough became established over Scandinavia and
the British Isles, extending toward the Azores.

October - bMost of the North Atlantic storms occurred 1in the
second half of the month, followina the historical tracks from
the Gulf of St. Lawrence to south of Iceland or from the
U.S. east coast to northern Europe. The pressure centers were
near their long-term mean locations, but were more 1intense than
narmal . A trouah extended from =2 -12 mb anomaly center over
Land's End southeastward across FfFrance. A high north of the
slack Sea ridged to a +14 mb anomaly over northern Norway.
Surface pressure on the North Atlantic west of 50W was within

1 mb of the climatological mean.

There were fewer starms than normal in the Gulf of Alaska. They
originated farther east and south than usual and tracked toward
Eritish Columbia. The pressure pattern resembled the Long-term
measn, but with a counterclockwise shifting of centers. There was
a -6 mb anomaly center near 50N, 175W, and a +7 mb anomaly center
sioitt h fof sShit kat.

At 700 mb the Aleutian Low persisted over Bristol Bayr, but the
Pacific subtropical high, and consecuently the area of strong
zonal westerlies, retrograded 30 deg of Longitude from 1its
position of the previous month, and a straong ridge developed over
Kamchatka. The upper air pattern in this area was tighter than
naormal, and wind flow was more intense. The mean trough over the
eastern Pacific intensified, the ridage over the Rocky Mountains
persisted. and the trough over the =eastern United States
deepened. A large area of negative height anomaly, with a =127 m
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center south of Ireland, extended from Italy to the Great Lakes.

November - The western North Atlantic was rough sailing this

month . The major storm tracks ran from near Cape Hatteras to
east of Cape Race and toward Iceland, or else recurved into the
Labrador Sea. Surface pressure patterns were more intense than

normal. The two centers of the Icelandic Llow were displaced
southwestwards, while the Azores high was shifted northeastward.

There were fewer, but Llarger than normal, Pacific storms.,
originatinc in the Sea of Japan and tracking northeast into the
western Bering Sea, or east to the date Line then northeast and
north into the Gulf of Alaska. The pressure pattern was much
deeper than normal with a significant surface trough extending
south between 160w and 1554 from a =10 mb anomaly over Bristol
Bay. The Pacific hiah was split into twor, with 2 +8 mb anomaly
over western Montana diminishing to the south-southwest towards
30N, 135W, ana a +4 mbh anomaly center near 30N, 170E.

The 700 mb lLevel showed one major trough paralleling the Asian
coast and another extending from Dutch Harbor south-southeast
toward 3CN, 150W. The normal ridge over the Rockies was higher
and sharper than usual, and a trougch sloped southwestward from
Labrador acrass the central United States. Flow was
west-southwesterly and more intense than normal over the North
Atlantic shipping lanes.

December - Mormal cyclonic activity occurred from Nova Scotia to
the Davis Strait and from Newfoundland through the Denmark
Straite as welli.as: wuwp  the. UsS:heastiicaasts Four successive

storms on this last track battered the grounded oil tanker Arco
Merchant, and the fourth one took the Grand Zenith as well.

In the Pacific, storms tracked alona the Aleutian chain into the
Gulf of Alaska. The Llow was near its usual position, but was
15 mb deeper than normal. Hich surface pressure dominated the
coast south of British Columbia.

At the 700 mb Llevel, flow was more nearly zonal than 1in recent
months, tut with a ridge over the U.S. west coast, 2 broad trough
over the east coast, 2 high over Iceland with an associated flat
ridge, and a Low over Scandinavia.
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‘igure 1.1.—Annual mean height anomalies of the 700 mb pressure surface for 1976. Contour interval is 15 m. Hatched shading is <—15
m; stippled shading is >+15 m.
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Figure 1.2—Quarterly mean height anomalies of the 700 mb pressure surface for 1976. Contour interval
is 15 m. Hatched shading is <—15 m; stippled shading is >15 m.
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Paper 2

ATMOSPHERIC CLIMATOLOGY AND ITS EFFECT
ON SEA SURFACE TEMPERATURE - 1976

Robert R. Dickson' and Jeraome Namias'’

The year 1976 saw the continuation of the abnormally strong
westerly flow which has tended to characterize the circulation
over much of the Northern Hemisphere for the past five vyears
(Namias and Dickson 19767 Dickson and Namias 1978). However, it
is important to note that 1976 also saw the apparent culmination
and reversal af this tendency with & procressive amplification of
the circulation as the year progressed. we may crudely summarize
these changes a&as follows. A winter of record westerlies at
relatively high Llatitudes over the Atlantic and Pacific sectors
was followed by continued westerly vigor in spring accompanied by
asreturn of winds and pressure belts to more normal Llatitudes.
Thereafter, amplification of the flow progressed throughout the
summer as a dominant blocking ridge built over northwestern
Europe with shortening of wavelenagths upstream, and in fall the
amplification of the <circulation was completed with the
establishment, on average, of a full latitude 5-wave system in
the upper westerlies. To some extent, each of these component
features of the <circulation was reflected in the mean annual
distribution of 700 mb height anomaly for 1976 (Fig. 2.1); in
this figure, for example, the well-adeveloped North Pacific and
North Atlantic oscillations are <clearly shown, as are the
dominant ridges over the western seaboards of North America anc
northwest Europe. However, in a year when the key development
was change jtself, a single "mean annual” distribution such as
this provides a less meaningful illustration of events than do
the 1individual maps of <circulation anomaly for each season.
These are described in detail below.

Winter 1975-76 displayed many of the circulation characteristics

of the preceding season and indeed of the preceding year. As
shown in Figure 2.2, intense subtropical ridges dominated both

lM.A.F.F. Fisheries Laboratory, Lowestcft, Suffolk, England.
*Scripps Institution of Oceanography, La Jolla, CA 92037.
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the eastern Pacific and north Atlantic, Llying well to the nortt
of their normal positions and trending northeastward to cover
western North America and the fringes of northwest Europe.
Coupled with intense subpolar lows, on averager over Alaska anc
esstern Greenland, these cells developed polar westerlies of
record dintensity over the Western Hemisphere, driving milc
maritime &air 1into northern North America and Europer anc
confining arctic air masses to higher latitudes. Wagner (1977)
noted that, in December, "The 700 mb polar westerlies between 551
and 75N over the Western Hemisphere averaged 7.8 m/s, the highest
value since records began in 1943, and 2as much as 5 m/s stronger
than normal between 540N and 65N."™ In absolute terms, the peal
zonal wino anomaly was developed petween southern Greenland anc
Scandinavia where the main jet stream axis was deflected far tc
the north of normal around the Atlantic ridge. In, thais . zones
upper westerly wind speeds averaged 10-15 m/s faster than normal
in December (Taubensee 197%a). This pattern of vigorous westerl)
circulation over both oceans, cenerally poleward of normal but
periodically expanding southward to more usual Latitudes,
continued throughout the winter. Agains, 2s in previous years:
the stronag westerlies were larcely a2 feature of the ocean area:
and, wWwith a wWweaker, more meridional flow over the intervening
continents, the hemispheric wave pattern as a whole was not
without amplitude. Periodically throughout the winter ar
extensive Asian ridge was able to 1inject arctic air southwarc
across the wWwestern and central Pacific, stimulating intense
cyclogenesis there and reinvigoratinoc southwesterly flow across
the eastern Pacific (Taubensee 1976a~ Wagner 1976a). Ir
January, "Wind speeds across the eastern Pacific and the entire
Atlantic averaged 6 to % m/s stronger than normal near the
maximum axis." (wWagner 1976a). Meanwhile, with intense
subtropical ridging over both oceans, the subtropical westerlies
(south of 35N) reversed their normal seasonal strengthening trenc
to weaken from December to more than 3 m/s below normal over the
Western Hemisphere in January (Wagner 1976a). Both of these
tendencies cantinued for the remainder of the winter, witt
temperate westerlies (35N-55N) and subtropical westerlies
averaocina their second highest and their lowest, respectively.
intensities of record in February (Dickson® 1976a). Though the
situation was somewhat altered in February with the establishment
of troughing at the western American seabeard, the U.S. winter a¢
a whole was characterized by intense high latitude westerly flo»
with ridging in the west bringing drouaht to the southwest, witl
Trequent chinook winds at the eastern slope of the Rockies., ant
with mild maritime air across much of the northern part of thi
country.

'No relation to present author.
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With the continuation of the vigorous westerly regime of previous
seasons over both oceans, it 1is perhaps no surprise that the
antecedent distribution of surface temperature anomaly (Dickson
and Namias 1978) was consolidated rather than destroyed during
the winter of 1976. The frequent injections of arctic air over
the west and central North Pacific (Wwith associated cyclogenesis,
cloud cover, cold front activity, and surface water divergence)
combined with high westerly wind speeds to maintain the
preexisting belt of anomalously cold water across the full width
S ChisS neirtthern® North” Pacific ¢Fig. 2.2). " In its core area to
the east of Japan this cold anomaly exceeded 2F (1.1C). To = thie
south and east of this cold zone the eastern Pacific atmospheric
ridge extending between Hawaii and western North America was able
to maintain and 1intensify an area of abnormally warm surface
water centered on 30N, 150¥. Core anomalies here rose by over 1F
(D.6C) from the previous season to +2.1F (+1.2C). Flanking this
cell to the eastward, the coel conditions of antecedent seasons
continued to preveil along the American seaboard. But, with the
ridge aloft extending well inland, the prime stimulus for the
earlier cooling (northerly wirds and coastal wupwelling) was
remaoved. As a result, while still below normal, this coastal
strip warmed considerably from the cold conditions observed in
the previous fall (Dickson and Nemias 1978). At lower Latitudes.,
the North Pacific cold surface conditions extended westward from
the coast once more, reflecting the northward displacement of the
eastern Pacific ridge and the resulting weakness of the subtrop-
ical midtroposphere westerlies, with attendant strengthening of
the trade winds at surface level.

As Wwith the Pacific sector, winter temperatures in the western
Atlantic were generally cool with an anomaly distribution similar
to that of the preceding fall. Building on temperatures already
well below normal, centers of intense cooling developed in the

Newfoundland area and 1in the Gulf of Mexico. The former
reflected the arctic airflow off the winter continent and the
record intensity of wind speeds offshores the severe but

Pocalized cooling in the Gulf of Mexjeo [~4F (=2.2C) -at - the corel
appears to be at least partly the result of periodic but 1intense
northwesterly flow from the western ridge which brought arctic
air and occasional record lLow temperatures to the Gulf <coast 1in
the early part of the winter. Eetween these two main centers of
coolino, 2 Limited area of warm surface water was maintained off
the eastern seabecard where the western Limb of the Atlantic
atmospheric ridoe supported an aromalous southerly (from the
south) airflow. The narrows, zonal alignment of this ridge,
however, meant that this southerly flow and the 1induced warming
were necessarily of Limited latitudinal extent.

Many elements of the winter circulation were maintained into

Sipiring . As shown in Fiaqure 2.3, faster than normal mid-latitude
westerlies continued to prevail in both the Pacific and Atlantic
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sectors, the product of coupling between intense subpolar lows
and strong subtropical highs over each ocean. While, on average,
the Low height anomaly centers maintainec their winter positions
over Alaska and southern Greenland, their correspornding ridges
moved westward to mid-ocean from the continental margins and
returned to more southern Llatituaes. These movements, couplecd
Wwith a weakening of the Atlantic ridge from +310 ft (+95 m) at
the 700 mb Level in winter to +150 ft (+46 m) in - springz o along
Wwith partial filling of the Greenland low, effected a general
weakening of polar westerlies and a shift of their ma2in axis to a
more southern path. Once again, as Wagner (1977) points out., the
Lack of amplitude in the troughs at mid=-latitudes meant that
arctic air was largely contained at high latitudes in spring with
Little southward penetration over North America.

1t should be noted, howeverr, that the general westerly vigor
implied in Figure 2.3 conceals certain periods of more amplifiea
flow within the season. The flow was certainly fast and zonal 1in
March when the temperate westerlies over the Western Hemisphere
attained their highest March value since records began (12.3 m/s
on averages Taubensee 1976b). Mean anomalies of +5 m/s were
observed at 700 mb along the principal wind axis from the Great
Lakes to Iceland, with a +12 m/s anomaly south of Greenland.
However, although vigorous upper westerlies (+9 m/s anomaly)
continued to be generated over the Pacific in April (where
jnjections of arctic and subtropical air around the principeal
centers of action were generating a strona baroclinic zone)., the
700 mb circulation amplified agreatly over North America and the
Atlantic, and upper wind speeds were slightly telow normal when
averaged for the Western Hemisphere as a whole (Wagner 1976b.,
ST S Flat, faster than normal flow returned, however, to
characterize both ocean areas for the remainder of the spring.
In the Pacific sector the <continued presence of an intense
subtropical rjdge at higher latitudes than normalr, and the strong
easterly flow to its south, agave the stimulus for unusually
strong typhoon activity over the southwest Pacific.

These develapments once again were reflected 1in the distri-
butions of surface temperature anomaly in spring over the eastern
Pacific and western Atlantic (Fio. 2.3). With much continuity in
the tendency of the circulation from winter to sprina, the season
to season changes in sea surface temperature CSISTD anomaly are
mainly those of detail. The northern Pacific continued to bpe
predominantly cold under its mean trouch, although the center of
cooling [-2.2F (-1.2C) anomaly in the seasonal mean] was situated
close to the Aleutians. To the south ofi this colds Zone vap
expanding belt of warm surface water marked the clear skies, dry
settling air, and oceanic convergence associated with the intense
subtropical ridge 1in 1its new mid-ocean Locatjon. Under 1its
eastern flank, surface warming spread eastwara toward the
American western seaboard, continuing the erosion of the cold
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water fringing the coast. At lower latitudes the strong easterly
flow around the ridge maintained intense cooling [SST anomaly
>=2F (>-1.1C)]1 westward towards Hawaii.

Changes in Atlantic surface temperature from winter to spring are
similarly explicable in terms of the movements of both
subtropical ridges. The westward movement, en average, of the
Pacific ridge removed the northerly outbreaks that earlier were
the source of intense cooling in the Gulf of Mexico. Tempera-
tures there continued below normal, but they increased by over 2F
(1.1C) from the previous season. The similar westward expansion
of the AtlLantic atmaospheric ridge brought the expected
intensification of warming off the Atlantic states., with
anomalies exceeding +1F (+0.6C) over a fairly extensive offshore
area. To the northwest of this ridge, however, vigorous offshore
westerly flow associated with the upstream trough continued to
maintain intense cooling off the Canadian Maritimes and Labrador-.,
in a3 continuation of the winter situation.

While certain elements of the spring circulation were conserved
into summer, the mean distribution of the 700 mb height anomaly
for summer (Fig. 2.4) was very much more chaotic than before,
with zonal pressure alignments breaking down into patterns of
small cells, contributing to a well-amplified mean circulation.
As shown 1in Figure 2.4, a stronger than normal subtropical ridge
still extended zonally in mid-Pacific, though 1its anomalous
amplitude was halved. As a result, its eastern margin retracted
westward, away from the American coast. To the north of this
cell troughing contijnued ocean-wide so that the intervening
westerlies remained anomalously strong (+5 to +8 m/s 1in July~
wagner 1976c), but the single high latitude trough of spring
split into two weaker isolated cells close to the Arctic coast of
Siberia and the American North Pacific coasts.

This continuation of anomalous troughing activity, and strong
westerly flow at higher latitudes of the North Pacific, brought =
further dramatic intensification of <coeling 1in the underlying
surface waters. With surface temperatures already well below
normal in this zone, the renewed <cooling rapidly Lled to the
development of a vast area of subnormal temperatures throughout
the western and northern Pacific with core anomalies of =-3.5F
(-1.9C) and =-3.1F (=1.7C) wunderlying the principal centers of
negative heioht anomaly to the northeast of Japan and off British
Columbia. In the southeastern Pacific, equally dramatic changes
took place. The weakening and westward retraction of the
subtropical ridge meant weaker northerly winds and suppressed
upwelling off the American seaboard, finally permitting warm
surface conaitions to extend eastwarcd to the coast. And with the
collapse of their parent cell, the weakening of the trade winds
from their previous strength farther south brought a rapid change
from cold to warm conditions in the southeastern Pacific,
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contributing to the development of summer EL Nino conditions in
the eastern equatorial zone.

Over the north American and Atlantic sectors the key development
was the westward retrogression of the dominant centers of action

in summer, with a general shortening of wavelengths in the upper

westerlies and amplification of the mean flow. From Europe 2a
powerful preexisting block moved westwsard to settle tenacious!y
over EBritain and assume @a dominating role 1in the Atlantic
circulation (Fig. 2.4). With this event and with intensifica=~
tion of trouahing activity off the Pacific Northuest, the western
Atlantic ridge was encouraged to move inland to east-central
North Americar, Lleaving only a weak subsidiary cell over the
western Atlantic. In the north the persistent mean trough over
Greenland alsoc participated in this general retrogression, moving
westward while retaining 1its spring intensity., to become
centered, on averaae, over the Davis Strait. Coupling between
this cell and the separated centers of positive heioht anomaly to
1ts southwest and southeast induced strona. anomalous
northwesterly winds from arctic Canada to the Laborador Sea and
vigorous, anomalous southwesterly flow at 700 mb from southern
Greenland to Iceland and the Norwegian-Greenland Sea. Thuse
Wwhile the circulation in this sector was much amplified compared
to earlier seasons, the polar westerlies retained great vigor in
the strona baroclinic zone alonc the Arctic fringes. In August.,
for example, when the subpolar trough and the British ridge were
poth more than three standard deviations from normal intensitys
700 mb level wind speeds were 14 m/s stronger than normal over
Iceland (Dickson, 1976b).

Wwith the withdrawal of the preexisting western Atlantic ridge to
North Americar the causes of ocean warming off the middle
Atlantic states and cooling south of Newfoundland were both
simultaneously removed so that surface temperatures there became
more nearly normal than 1in former seasons. The strong
northwesterly component of airflow from the Canadian arctic wass
however, responsible for maintaining the intense cooling off the
Labrador coast [anomaly of =3.5F (=1.9C) in the seasonal mean).

The events of fall (Fig. 2.5) were apparently of great climatic
significance, bringing an end (at Least temporarily) to long=-
established regimes in the atmospheric circulation and 1in the
underlying surface temperature field. Hithertor, for example, the
1970's had been characterized by the extreme vigor of the
temperate westerlies over both oceans. In fall, however., the
proaressive amplification of the circulation was completed with
the establishnment ot a full train of meridional troughs and
ridges at mid-latitudes of the Northern Hemisphere. Wwhile a
deepr, full-latitude trough developed 1in intensity over the
central North Pacific, the northerly anomalous circulation along
its western flank brought a further increment of cooling to the
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already chilled surface waters of the northern Pacificr, with a
ore seasonal anomaly of =5.3F (-2.9C) developing south of
(amchatka. To the south of this cell, westerlies still continued
o flow vigorously over a restricted sector of the North Pacifics,
ut the broad coast-to-coast sweep of westerlies-=-so
characteristic of recent years--was no Llonger 1in operatien.
[nstead, the anomalous tendency was for strong northward flow in
:he eastern Pacific between the mid-Pacific trough and its
“esponse ridge downstream over the American west coast. Already
>ncouraged perhaps by the preexistinag distribution of surface
temperature anomaly in the easternmost Pacific, which by Llate
summer had featured a strong northward twist of isotherms and an
intense anomaly gradient offshore (Fig. 2.4), this southerly
3irflow was responsible for a further rapid northward extension
>f warming along the American seaboard, with reduced transfer of
sensible and Llatent heat from the ocean and suppressed coastal
ipwelling (Nelson, Paper 6). The 1970"s thus far had been
typified by abnormally warm surface temperatures in the east
central Pacific surrounded by cool conditions eastward around the
American seaboard. Nows, with the cold waters of the northern
>acific becominag encircled to the east by warming at the <coast.,
the SST anomaly distribution for the eastern Pacific as a whole
came more closely to resemble conditions of the 1960"'s than those
of the 1970's just described.

In keeping with these developments ., the long-established
cold-season regime of warm air temperatures in the east of North
America and cold in the west also showed signs of reverting to
the conditiorns of the 1960's. The persistent ridge over western
North America was able to direct a chill northerly airflow over
the central and eastern states as far as the Gulf and Atlantic
coasts, brinaging extreme low temperatures to all but the western
fourth of the country. Depressed south of normal by the western
ridge, a vigorous low latitude branch of the jet stream at 290 mb
over northern Mexico and the southern United States activated the
Gulf of Mexico storm track earlier in the season than is usual
(Wagner 1977), while the establishment of a strong baroclinic
zone at thke Atlantic seaboard contributed to the development of
intense storms and strong winds offshore (Dickson and Namias
1976). As the result of these changes, cold surface conditions
once more developed and extended across the surface waters of the
Gulf of Mexico and western Atlantic (Fig. 2.5).

Finally, Figure 2.6 presents the mean annual distribution of
SST*' anomaly (degrees F) over both the North Facific and North
Atlantic Oceans in 1976 and provides a good general summary of

‘SST anomalies for the Atlantic sector were provided by D. R.
McLain, Pacific Environmental Group, NMFS, NCAA, Monterey, CA
93940,

25



£ WWae'w R ™

the dominant events of that year so far as the oceans we
concerned. Over both oceans our attention is immediately dras
to the record extent of colder than normal surface water; in th
annual mean, exactly 90% of the S degree squares (20N-63N) were
below normal temperature in either ocean. In each sector the
main zone of intense cooling extended across the northern ocean
areas with the center of cooling displaced to the west,
reflecting both the antecedent conditions at the close of 1975
and the continuation of the tendency for vigorous westerly flow
at high Llatitudes throughout much of 1976. Farther south, the
dom2ins of the strengthened subtropical ridges are marked by
zones of minimum coolina or by actual warming in each oceans
while at still lower latitudes, the general strength of the trade
winds flowing around these northward-displacec ridges is apparent
in the zonal band of cooling at zbout 2CN=-25N.

These mean annual distributions are thus dominated by the zonal
circulation tendencies which characterized the winter and spring
(and antecedent) seasons., rather than by the more amplified flos
which prevailed at the close of the year. Fowever, these latter
"atypical” conditions were to be of more than passing signifi=
cance. With surface temperzture naradients over the eastern
Pacific in fal.l favoring continued ridaing over the Rockies, and
with the <chijlled east favorinc maintenance of the east coast
trough, the stage was set for the 1intensification of the fall
temperature regime into the record breaking winter conditions of
1977
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1976 MEAN ANNUAL 700 mb HEIGHT & ITS ANOMALY (feet+I0)

Figure 2.1.—Mean annual height of 700 mb pressure surface and its anomaly (departure from the long-term, 1948-72, mean) in ft/10.
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Figure 2.2.—Anomaly (departure from the seasonal mean;. base 1947-66) of 700 mb height for winter (December 1975-February 1976) in
ft/10 (upper), and anomaly of sea surface temperature for winter in degrees F (lower). Anomalies >+1F are stippled, >—1F are
hatchea.
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Figure 2.3.—Anomaly (departure from the seasonal mean) of 700 mb height for spring (March-May 1976) in ft/10 (upper), and anomaly
of sea surface temperature for spring in degrees F (lower). Anomalies >+1F are stippled, >—1F are hatched.
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SUMMER 1976
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Figure 2.4.—Anomaly (departure from the seasonal mean) of 700 mb height for summer (June-August 1976) in ft/10 (upper), and
anomaly of sea surface temperature for summer in degrees F (lower). Anomalies > +1F are stippled, >—1F are hatched.
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FALL 1976
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Figure 2.5.—Anomaly (departure from the seasonal mean) of 700 mb height for fall (September-November 1976) in ft/10 (upper), and
anomally of sea surface temperature for fall in degrees F (lower). Anomalies > +1F are stippled, >—1F are hatched.
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SSTpwm 1976

Figure 2.6—Mean annual anomaly from the long-term, 1948-67, mean of sea surface temperature in degrees F for the North Pacific Ocean
(upper) and the North Atlantic Ocean (lower). Anomalies >+1F are stippled, > —1F are hatched.
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SSTpm

Figure 2.3.—Anomaly (departure from the seasonal mean) of 700 mb height for spring (March-May 1976) in ft/10 (upper), and anomaly
of sea surface temperature for spring in degrees F (lower). Anomalies > +1F are stippled, >—1F are hatched.
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Figure 2.4.—Anomaly (departure from the seasonal mean) of 700 mb height for summer (June-August 1976) in ft/10 (upper), and
anomaly of sea surface temperature for summer in degrees F (lower). Anomalies >+1F are stippled, >—1F are hatched.
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FALL 1976

SSTpm

Figure 2.5.—Anomaly (departure from the seasonal mean) of 700 mb height for fall (September-November 1976) in ft/10 (upper), and
anomally of sea surface temperature for fall in degrees F (lower). Anomalies >+1F are stippled, >—1F are hatched.
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SSTpym 1976

Figure 2.6—Mean annual anomaly from the long-term, 1948-67, mean of sea surface temperature in degrees F for the North Pacific Ocean
(upper) and the North Atlantic Ocean (lower). Anomalies > +1F are stippled, >~ |F are hatched.



Paper 3

EASTERN PACIFIC SEA SURFACE CONDITIONS IN 1976’

ELizabeth D. Haynes®

The annual average sea surface temperature (SST) over the entire
2astern North Pacific (ENP)® north of 30N was colder than normal
>y about 1C in 1976. (ALl comparisons are to the 20-yr mean.
1948-67.) An anomalous warm patch along 30N centered at about
150W persisted until early fall. This warm patch was associated
with the <circulation around the North Pacific subtropical high.
Cold anomaly water lay to the south of 20N during this time. In
September the anomaly pattern began to rotate counterclockwise.
This occurred as the surface pressure pattern also rotated, the
1igh center bhecoming displaced to the northeast and the Aleutian
low center far to the west of their normal positions. Throughout
the year the winds were stronger than average. In general.
surface winds north of 40N and south of Alaska tended to be more
sesterly than normal until September, then they became more
southerly as the Aleutian low retreated westward and deepened.,
bringing wunusual warmth to the North American coast and cold to
the west of 145W and across to Asia.

0ff southern California a3 warm patch developed in early summer
(both warmer than the 20-yr mean and warmer than in 1975) and
jrew for the remainder of the year. The sea surface was much
warmer than usual along the entire coast during the last quarter.

The eastern tropical Pacific (ETP)' was much colder than normal
at the beginning of the year. Small patches of warm SST anomaly
appeared near South America and became Llarger as the year
advanced. - By June the anomalously warm waters dominated the

'This paper 4is summarized from Fishing Informetion, 1976,
Southwest Fisheries Center, NMFS, NOAA, La Jolla, CA 920387 the
weather and circulation articles in Monthly Weather Review, Vols.
104 and 105« and the Pacific Llogs in Maripners Weather Loa-r
Vols. 20 and 21.

‘Resource Assessment Division., National Marine Fisheries
Service, NOAA, Washington, DC 20235.

ENP = 2CN ta the Aleutians, North American coast to 180W.

‘ETP = 20S to 30N, American coast to 18ul.
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equatorial areas east of 120w, and continued to spread for the
remainder of the year.

The ocean-atmosphere circulation patterns and the warm SIS T8
during the second half of 197% resembled those of 1972, a major
EL Nino year. The anchoveta fishery Wwas not affected during the
first half, but LlLater on the <catches were not good north o
callao; the anchoveta were too small. Tuna Tfishing also wa:
poor near Ecuador from May to November, but improved in December.
South of 155, though, fishing was not affectea by the warm water
to the north. The normal counterclockwise high pressur:
circulation with its a&associated southeast trade winds Wa
weakened by frequent storm passages farther north than usua
during the Southern Hemisphere winter. In general, the surfac
pressure gradient southwest of Peru was flatter than usual fal
this time of year. Recause SST*'s remained above normal throug|
December over mast of the ETP, 1976 should be classified as an E
Nino year. However, by the last week of the year there wer:
indications that the FL Nino conditions were dissipating.

January - Eastern North Pacific sea surface temperatures droppe
seasonally 0.6C-2.2C from December 1975. The SST anomaly patter
was similar to that which persisted throughout 1975, with a wari
(+1C anomaly) pool centered abecut 30N, 150w in the central ENP
and cool (-1C anomaly) water 100 km out all along the Nort
American shore to 3CN, and westward south of that Llatitude
Strong surface pressure gradients between the deep Aleutian Lo
and a strong ridge off the U.S. west coast caused strong sout
to southwest winds north of 30N 2nd east of 165W to 135W. Storm
tracking south of the Aleutian Islands were more intense tha
usual, and by increased mixing may be responsible for increasin
the negative SST anomaly in this area.

Except for small isolated patches, the ETP was significantl
cooler than normal, reaching -3.3C anomaly at 15N, 95W of
Guatemala and at 7N, 93W. Temperatures over the tuna fishin
grounds south of 20N and east of 110W were mostly below normal
and the fishing fleet was widely scattered. The extensive area
of negative SST anomalies were associated with strong an
persistent northerly winds. 0ff southern 2aja Californi

temperatures were slightly above normal and fishermen made goo
catches in this area.

O0ff Ecuador the equatorial ocean front becan to weaken toward th
end of the month. Sliohtly positive SST anomalies occurred of
the Gulf of Guayaquil. Tuna fishing was exceptionally good il
this area.

February - Seasonal cooling of the ENP occurred at a near norma
rate, with temperatures dropping up to 1C from January values
except off California and Baja California where SST's ros
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slightly. The anomaly pattern closely resembled that of January.
although the area of positive anomaly contracted and moved
northward slightly and the area of anomaly greater than =-1C also

decreased. Below normal temperatures continued off the North
American west coast.

Along the western boundary of the Peru Current, SST's 1increased
1C to 2C since last month from 5N to 20S between 85W and 115W.
Warm anomalies of up to +3C occurred insnore of this area. Thas
above normal warming was assnciated with a Southern Hemisphere
high pressure system which was weaker than usual. The equatorial
front between &5W and 95W was very weak. SST's in this area
exceeded 26C and the fleet mede exceptionally g¢ood <catches of
yellowfin tuna.

During this month northerly winds from the Gulf of Mexico
frequently penetrated the Gulf of Tehuantepec and the Costa Rican
fishing grounds. Strong winds and rouch seas caused very bad
fishing weather wup to 5C0 miles south and west of these areas.
SST's were lowered as much as 3C by wind mixing. The Gulf of
Panama also experienced extensive wind mixing cof surface layers
and below normal surface temperatures.

A severe eartnquake occurred in Guatemala on 4 February. At
093C GMT that day, at 14nN24"', 94W25', the ship Unigue Fortune

reported, "Vessel suddenly jumped twice, shuddered violently 1in
calm sea."”

March - Seasonal cooling continuec over the ENP, SST's dropped
up to 1C since last month and zpproached the annual minimum. The
anomaly pattern continued similar to lLast menth®s except that the
-1C anomaly pool centered at 25N, 135W in February disappeared.
Wwinds associated with low pressures in the Gulf of Alaska were

stronger than normal.

In the ETP sea surface warming is expected 1in March. However,
the fishing grounds southwest of &Bbaja California experienced
cooling greater than 1C, and fishing decreased due to rough
weather. Most of the fleet shifted to south of 20N where the
SST's were up to 1C above normal.

Tuna fishing was very good south of the Galapagos Islands where
SST anomalies were positive. Above normal warming occurred oTf
Ecuador and aoffshore of Peru, the +1C znomaly areas showing uf
clearly in NESS satellite charts from infrared data and from ship
reports. South of 10S and east of 78W, SST'"s have been up to 1C
below normal along the coast of Chile for many months.

April - Sea surface temperatures over most of the ENP 1increased
only slichtly from the March minimum values, and dropped up to
0.6C between Baja California and Hawaii, creatinc a large area of



-1C anomaly water. Anomalies of -1C showed also south of the
Aleutians and off the coast of Oregon. A strong surface pressure
gradient north of 40N caused stronger than normal westerly winds
which contributed to the below normal heatina in this area.

There were lLarge areas of up to -2C anomaly water centered at
10N, 100W and at 1CN, 140W. In btoth areas, above normal
northeast trade winds and cloud cover persisted most of the
month., Lleading to more vertical mixina and less heating thar
usual for April. There were much smaller areas of "up ‘to  +5(
anomaly water west of Guayaquil to G0wW.

Along the equater east of 120W, upwelling was giminished and the
surface was warmed by solar heating 1in very Llight winc
conditions. South of 10S along the coast of Perur, upwelling ir
the Feru Current maintained below nermal SST's during the month.

May - Sea surface temperatures increased at a below normal rate
over the wentire ENP this month. Greatest warmings, up to 1.7C,
occurred off the coasts of washington and Oregon out to 400 milec
offshore. The SST anomaly pattern was similar to that of the
previous month, but the area of warm anomaly decreased somewhat
and the area of >-2C cold anomaly increased significantly.

There was a strong surface high pressure cell centered neal
35N, 145W and a deeper than normal Aleutian low, causing stront
windss the naorthwesterly winds west of the low contributed t¢
Lowering the SST's southeast of the Alaskan Peninsula, whi L
southerly winds east of the Llow warmed the surface off the
Pacific Northwest.

Extensive warming occurred along the equator east of 115W.
Positive SST anomalies were >+2C in four areas where upwelline
was weaker than normal. The warm offshore water moved closer tr
the coast of Peru from the equator to 10S than in any month since
December 1972 when EL Nino reached its maximum intensity. T h¢
normal surface high pressure center off the coast of Chile an
Peru was weakened this month by the passage of frequent storms.

In the fishing grounds north of the equator, SST's 1increasef
faster than normal. In the area east of 110W, the large negativ
anomalies of March decreased to near normal this month.

June - Sea surface temperatures increased by up to 4.4C over th¢
entire ENP due to seasonal warming. The areas of >-1C anomal)
decreased greatly, and a small patch of >+1C anomaly appeared of
southern California. Between 30N to 45N and 140w to 170W.
temperatures that were up to 1.7C below normal Last montl
increased to above normal values due to decreased cloud covel
(increased solar radiation) and lichter winds (decreased - latent
and sensible heat flow from ocean to atmosphere). Cold anomalie:
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decreased also in the Gulf of Alaska. A: . strong - surface hiah
pressure area occupied the entire ENP, bringing strong
northwesterly winds from Vancouver Island to centratL California.

In the ETP, east of 120W, SST's increased at above normal rates
north of the equator and 1increased markedly in the Southern
Hemisphere. The SST's were higher here than in any June since
1972, a major EL Nino year. The positive SST anomalies from 10N
to 10S, east of 120W to the coast and south to below Pisco, Peru-
were larger than those of June 1965, an EL Nino year. There was
a marked reduction of Llow stratus, because of the decreased
air-sea temperature contrast, and an increase in cumuliform cloud
clusters, with Low barometric pressures., frequent frontal
passages, and disruption 1in the southeast trade winds in this
area usually dominated by the southeastern Pacific high.

Tuna fishing off Ecuador decreased sharply as the water
temperature rose. In the Northern Hemisphere tuna fishing was
very good, especially on the Albatross Plateau and northwestward
after Hurricane Annette moved through early in the month. West
of 120w tuna fishing was better than usual 1in water slightly
warmer than normal with light winds and seas.

July - Seasonal warming caused SST's to increase over the entire
ENP. The warm anomaly pool 1in the central ENP moved 20 deg
southward, arnd a small warm patch appeared off Oregon due to
decreased northerly winds and less intense upwelling.

Sea level pressures were up to 7 mb Lower than normal over the
entire ENP. Strong surface pressure gradients caused above
normal westerlLy winds, resulting 1in 1increased evaporative and
conductive cooling and vertical mixing. A large area of anomaly
>-2C appeared along the 45th parallel and 1into the Gulf of
Alaska.

Along the equator the SST's showed a tremendous area of anomalous
warming, especially east of 12CW. Normally the temperatures in
July decrease 1C or more in this area. Warming appeared in the
Peru Currents typifying an EL Nino year. Below normal surf<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>