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Abstract

From  1974 th ro u g h  1983, we co n d u cted  m on ito ring  to 
provide the first long-term , year-round reco rd  o f  sea 
w ater tem pera tu res south  o f  New England  from  surface 
to bottom , and  from  nearshore  to the con tinen tal slope. 
E xpendable bathy therm ograph  transects were m ade ap­
proxim ately m onth ly  d u rin g  the ten years by scientists 
an d  technicians from  num erous institutions, working 
on  research  vessels th a t traversed the  co n tinen ta l shelf 
o ff so u th ern  New England.

Ten-year (1974-83) m eans an d  variability are p re ­
sen ted  fo r coastal an d  bo ttom  w ater tem peratu res, for 
m id-shelf w ater co lum n tem peratu res, and  for som e

atm ospheric  and  oceanograph ic  conditions th a t may 
in fluence shelf an d  upper-slope w ater tem peratures. 
Possible applications o f  ocean tem p era tu re  m on ito ring  
to fishery ecology are no ted . Som e large d epartu res 
from  m ean conditions are discussed; particularly  no­
table d u rin g  the decade were the response o f water 
tem pera tu res to the passage o f G ulf Stream  warm-core 
rings, and the m agnitude and persistence o f shelf-water 
cooling associated with air tem peratures in three succes­
sive very cold winters (1976-77, 1977-78, and  1978-79).

M anuscrip t accep ted  30January  1995.
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Ocean Temperature Monitoring: 
Project Background and Som e Applications 

to Fishery Ecology

J. LOCKWOOD CHAMBERLIN*

Northeast Fisheries Science Center 
National Marine Fisheries Service, NOAA 

28 Tarzwell Drive 
Narragansett, Rhode Island 02882-1199

Introduction _______________________________

This volum e is the  cu lm ination  o f a decade o f  environ­
m ental m o n ito ring  an d  analysis in itia ted  in 1974 as p art 
o f the M arine Resources M onitoring, Assessment, and  
P red iction  (MARMAP) P rogram  o f the  N ational Ma­
rine Fisheries Service (NMFS). P lann ing  for MARMAP 
em phasized tha t changes in ab u n d an ce  an d  distribu­
tion o f living m arine resources can be satisfactorily under­
stood only th rough analysis o f the influence o f both hu­
m an activity and  natural variation in environm ental con­
ditions. T he plans also recognized th a t far m ore in for­
m ation is routinely gathered on hum an activities, such as 
fishing, coastal dredging and  filling, and  pollution, than 
on the natural variability o f  the  physical environm ent.

T em p era tu re  has long been  recognized as a m ajor 
factor in fishery resource ecology (Taylor e t al., 1957). 
From  1966 th ro u g h  abou t 1976, surface tem p era tu re  
was surveyed m onthly with infrared radiom eters carried 
on Coast G uard aircraft flying standard transects over the 
width o f the co n tin en ta l shelf from  Cape Cod to Florida 
(Deaver, 1975). Lacking, however, were year-round, cross­
shelf m easurem ents o f water tem perature below the sur­
face and, particularly, at and  near the bottom , where most 
finfish and shellfish are concentrated  off the northeastern 
U nited States (Grosslein and Azarovitz, 1982).

We selected the  co n tin en ta l shelf and  slope south of 
New E ngland  along  71°W long itude  fo r a multi-year 
m on ito ring  project. This area  was chosen  because it 
ap p eared  tha t m ost o f  the  desired  data  could  be ob­
ta ined  econom ically th ere  by using expendab le  bathy­
therm ographs (X BT’s) and  by enlisting  the coopera­
tion o f  scientists who traverse these waters on  the  nu ­
m erous research vessels hom e p o rted  at W oods H ole, 
M assachusetts, and  N arragansett, R hode Island. Fur­
therm ore , because average water m ovem ent in the area 
is a longshelf from  off so u th ern  New E ngland  to the 
M iddle Atlantic shelf (Bum pus, 1973; Mayer e t al., 1979),

it was assum ed th a t conditions in the  fo rm er area  were 
fairly represen tative o f those in  the latter.

T he research  rep o rted  here  owes a g rea t deal to  the  
scientific ta len t an d  diligence o f  R obert Wylie Crist 
(1950-83), w ho served as p ro jec t m anager fo r 8 yr un til 
his untim ely death . As well as being  an exem plary re­
searcher and  m anager, Lee was a warm an d  cheerfu l 
colleague, always ready to give assistance. To his m em ory 
we dedica te  this technical report.

T h e  p ro jec t benefitted  at its incep tion  in 1974 from  
the num erous ba thy therm ograph  sections across the 
so u th e rn  New E ngland  shelf an d  slope o b ta ined  by 
Redw ood W right, th en  at W oods H ole O ceanograph ic  
Institu tion , in his study o f variability in the offshore 
limits o f  shelf w ater south  o f New E ngland and  Cape 
Cod (W right, 1976). N um erous scientists coopera ted  in 
m aking XBT observations th ro u g h o u t the 10-yr project, 
as acknow ledged in the annual sum m ary reports cited  
in A rm strong  (1998a). T he m ajor con tribu tions were 
59 sections taken from  vessels o f  the N ational O ceanic 
an d  A tom ospheric A dm inistration (mostly by NMFS 
scientists), 47 taken from  W oods H ole O ceanographic  
Institu tion  vessels, 38 from  vessels o f  the  G raduate  
School o f  O ceanography, University o f  R hode Island, 
16 from  U.S. Coast G uard ships, 10 from  ships o f  the 
Soviet U nion , an d  9 from  Polish vessels. T he p ro jec t 
o b ta in ed  a total o f  approxim ately  196 tem p era tu re  sec­
tions from  176 cruises by 35 d iffe ren t ships.

Before the so u th ern  New E ngland  ocean tem pera­
tu re  da ta  could  co n trib u te  to u n d erstan d in g  o f  fishery 
ecology, various analyses were necessary. Results o f  the 
m o n ito ring  were pub lished  in ann u a l reports  fo r each 
o f  the  ten  years (see citations in A rm strong, 1998a). 
T hese inc lude  co n to u red  vertical sections o f  tem pera­
tu re  for individual vessel transects as well as co n to u red  
tim e-d ep th  diagram s o f bo ttom  tem peratures.

* Now retired. Present address: 278 Maine St., Brunswick, ME 04011.
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In this volum e, A rm strong (1998a), W ood (1998), 
Cook (1998), an d  C ham berlin  (1998) ex tend  the analy­
sis to in te ran n u a l com parisons o f  water tem peratures. 
Also inc luded  are analyses o f  air tem p era tu re  (W ood, 
1998), winds (Ingham , 1998), and  variability in the 
offshore boundary  o f she lf w ater in re la tion  to seasonal­
ity and  the passage o f  warm -core rings (A rm strong, 
1998b), factors expected  to in fluence w ater tem pera­
tures an d  fo r which th e re  were fairly consisten t records 
th ro u g h o u t the  project. Each a u th o r presen ts the  aver­
age cond itions for the decade, rep resen tin g  the norm al 
annual cycle, a long  with an  analysis o f  the  variability, 
an d  discusses som e large d ep artu res  from  m ean cond i­
tions in association with o th e r data.

Project Background________________________

Previous to this research, the general p a tte rn  and  sea­
sonal cycle o f  tem p era tu res  in waters south o f  New 
England were well known (e.g., Bigelow, 1933; K etchum  
an d  Corwin, 1964). O n the  basis o f  daily observations at 
shore stations, it was known tha t short-term  variations 
in coastal water tem perature are associated with changes 
in atm ospheric w eather conditions, particularly insolation 
and  surface air tem perature (Taylor et al., 1957) and 
winds (Lauzier, 1965). However, long-term trends in shore- 
station tem peratures on the northeast coast depend  largely 
on the  relative position  an d  deg ree  o f  m ixing o f coastal 
an d  oceanic w ater masses (C olton, 1968, 1969). Analy­
ses o f  bo ttom  tem p era tu re  on the  shelf an d  u p p e r slope 
had  shown, by exam in ing  m onthly  averages o f  long­
term  archive data, th a t ann u al tem p era tu re  range gen­
erally decreases and  ann u a l tem p era tu re  extrem es oc­
cu r la ter with increasing d e p th  (W alford an d  W icklund, 
1968; C olton and  S toddard , 1973).

T he pool o f  m in im um -tem peratu re  bo ttom  w ater that 
persists th ro u g h o u t the warm season at m id-depth  on 
the so u th e rn  New E ngland  an d  M iddle A tlantic shelf 
was first ch a rted  by Bigelow (1933) an d  la ter co rrobo­
ra ted  by K etchum  and  Corwin (1964) as persisten t “win­
te r  w ater.” From  year to  year this mass o f  bo ttom  w ater 
varies in  intensity; w ithin years it varies in  cross-sec­
tional area, o n sh o re -o ffsh o re  position , and  ex ten t o f 
con tac t with the  bo ttom  (W hitcom b, 1970).

In con trast to the  m arked  annual w arm ing an d  cool­
ing  o f  bo ttom  w ater at shallow to m iddle  dep ths on  the 
shelf, tem p era tu re  on  the  o u te r  shelf an d  u p p e r slope, 
w here the slope-water mass is d o m in an t (W right, 1976), 
was know n to have an ann u a l range o f  only a few de­
grees Celsius. S chroeder (1963) no ted  that greatervaria- 
tions were the  result o f irregularly  occu rring  advective 
processes.

T h e  fam ous mass m ortality o f  tilefish, Lopholatilus 
chamaeleonticeps, from  M arch th rough  May 1882 (Collins,

1884) stim ulated  in terest in advective processes o n  the 
o u te r shelf and  u p p e r slope. Millions o f  tilefish were 
found  dead  at the  surface in a b and  ex ten d in g  abou t 
310 km from  o ff M ontauk Point, L ong Island, to so u th ­
e rn  Delaware. A lthough no p e rtin e n t water tem p era­
tures were m easured  at the  tim e, biological evidence 
ind ica ted  tha t the m ortality was caused by abnorm ally  
cold w ater tem porarily  flooding the bo ttom  (Bigelow 
and  S chroeder, 1953). H achey (1955) p o in ted  ou t that 
the  probab le  source o f such w ater was o ff Nova Scotia, 
w here cold (<4°C) coastal w ater o f  L ab rador origin 
norm ally occupies the bo ttom  along the u p p e r con ti­
nen ta l slope east o f  E m erald  Bank. Only a far g reater- 
than-norm al westward advection o f this cold w ater could 
have caused the  tilefish disaster; however, sim ilar ad- 
vections o f lesser m agn itude  have often  been  observed 
on the slope o ff Nova Scotia westward o f  Em erald  Bank. 
F u rtherm ore , in M arch 1966 an unusually  ex ten d ed  
advection o f  the L ab rador coastal w ater was observed 
on  the up p er continental slope south o f Georges Bank 
and New England, w here bottom  tem peratures were be­
low 6°C to a depth  o f 200 m (Colton e t al., 1968).

D uring  the ten  years o f this tem p era tu re  m on ito ring  
project, there  was no  recognizable incursion  o f the cold 
Labrador coastal water into waters south o f New England. 
At bottom  depths o f 160-200 m the lowest recorded  
tem p era tu re  was abou t 9°C, lasting for perhaps a few 
weeks d u rin g  early 1977 (A rm strong, 1998a, Fig. 5). 
This 10-yr m inim um  may be a ttr ib u ted  to the persis­
tently cold air tem pera tu res d u rin g  fall 1976 th rough  
Jan u ary  1977 (W ood, 1998, Fig. 4).

At the  b eg inn ing  o f  the project, research  by the  U.S. 
Naval O ceanograph ic  Office on  G ulf Stream  warm -core 
rings (G otthard t, 1973) was providing a new perspec­
tive on  bo ttom  tem p era tu re  variation on  the o u te r shelf 
and  u p p e r slope. T hese rings, large deep-w ater fea­
tures, had  been  discovered decades earlie r an d  were 
recognized  as fo rm ing  from  G ulf Stream  m eanders tha t 
d e tach ed  from  the  stream  (Iselin, 1936). N evertheless, 
the  po ten tia l im pact o f  a ring  on  bo ttom  tem pera tu res 
on the fishing g rounds was discovered only w hen XBT 
sections were o b ta ined  across the  o u te r  she lf an d  u p p e r 
slope in the New York Bight at less-than-m onthly in te r­
vals d u rin g  m ost o f  each year in 1972-74 (A pplications 
R esearch Division, 1974). O f particu la r p e rtin en ce  to 
fishery ecology were sections showing m arked  effects o f 
a G ulf Stream  warm -core ring  on  bo ttom  tem pera tu res 
over the u p p e r slope and  o u te r  shelf. W here the ring  
co n tac ted  b o ttom , tem p era tu res  w ere elevated  well 
above norm al values. Sim ilar elevations o f  bo ttom  sa­
linities an d  c u rre n t speeds were in fe rred  because rings 
are  com posed  o f  high-salinity oceanic w ater an d  have 
s trong  anticyclonic c irculation  (G otthard t, 1973).

T he Naval O ceanograph ic  Office also p io n eered  the 
use o f in frared  satellite data, airp lane-deployed  XBT’s,
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and  c u rren t m easurem ents taken from  research ships 
to track rings an d  to  investigate th e ir subsurface struc­
tu re  an d  dynam ics (G otthard t, 1973). Significant find­
ings included:

1. T h e  rings usually fo rm ed  southeast o f  G eorges Bank 
and  seem ed to be irregu lar ra th e r than  seasonal in 
tim e o f appearance.

2. Following form ation , the  rings ten d ed  to travel er­
ratically in speed  an d  d irec tion , bu t with net move­
m en t generally opposite  to tha t o f  the G ulf Stream . 
T hus the proxim ity o f  each ring  to the  o u te r  conti­
n en ta l shelf an d  u p p e r slope varied d u rin g  its p ro ­
gression past the fishing g rounds o f  G eorges Bank, 
so u th e rn  New E ngland, and  the  M iddle A tlantic 
Bight, usually travelling only a few kilom eters p er day.

3. Som e rings persisted for several m onths and , from  
an  initial surface d iam eter o f  a ro u n d  150 km, de­
creased in size and  streng th  th rough  the ir lifetime.

In view o f these findings, a specific goal o f this p ro ject 
was to exam ine the frequency, d u ra tio n , m agnitude, 
an d  d istribu tion  o f  ring  in fluence on  the shelf-slope 
fishing grounds. A nnual sum m ary reports  (cited in 
A rm strong, 1998a) d o cu m en t the irregu lar tim es and  
rates o f  passage o f  the 34 rings that m oved th ro u g h  the 
slope w ater sou th  o f New E ngland  in 1974-83. T he 
n u m b er o f rings passing each year ranged  from  3 to 7. 
A rm strong  (1998a, b) and  Cook (1998) in  this volum e 
also rep o rt on ring  passage d u rin g  this project.

T h e  rate o f  warm -core ring  p ro duc tion  in the  G ulf 
Stream  was particularly high d u ring  an d  after the record  
cold winters o f 1976-77 and  1977-78, w hen G ulf Stream  
tran sp o rt s tren g th en ed  th rough  d eep en in g  o f the p e r­
m an en t therm ocline  in the northw estern  N orth  At­
lantic (W orth ington , 1977; M izenko an d  C ham berlin , 
1979; C elone an d  C ham berlin , 1980). Thus, in the 
sam e years tha t cold w eather chilled  the shelf waters 
below norm al (1977 and  1978; see Fig. 5 in A rm strong, 
1998a), num erous rings m oved large volum es o f warm 
G ulf Stream  w ater in to  the slope w ater, and  in some 
cases in to  contact with the bo ttom  on  the shelf and 
slope. In contrast, in 1984, the year after tem p era tu re  
m o n ito ring  off so u th ern  New E ngland  was term inated , 
only one  ring  passed sou th  o f  New England (Price, 
1985).

Application o f Ocean Temperature 
Monitoring to Fishery E cology______________

For over 20 years, NMFS has accep ted  nationw ide scien­
tific resource assessm ent as an ongo ing  responsibility. 
Accordingly, the ocean tem pera tu re  m on ito ring  project 
was n o t u n d ertak en  simply to investigate env ironm en­

tal cond itions o n  the fishing g rounds south o f  New 
England. R ather, it was to provide a basis fo r analyzing 
the in fluence o f  tem p era tu re  on annual d ifferences in 
the  d istribu tion , m ovem ent, rep roduc tion , an d  o th e r 
aspects o f  fish populations.

Exam ples fo r discussion o f such tem p era tu re  analysis 
are  taken from  Grosslein and  Azarovitz (1982), who 
p resen t d istribu tion  m aps and  sum m arize ecological 
in form ation  for num erous com m ercial finfish and  shell­
fish. A m ong these are the following e igh t dem ersal 
species w hich und ertak e  seasonal onsho re  an d  offshore 
m igrations across the con tinen ta l shelf south o f  New 
E ngland  an d  o ff the M iddle A tlantic states: silver hake, 
Merluccius bilinearis', red  hake, Urophycis chuss; black sea 
bass, Centropristis striata; scup, Stenotomus chrysops; but- 
terfish, Peprilus triacanthus; sum m er flounder, Paralichthys 
dentatus; longfin  squid , Loligo pealei; an d  n o rth e rn  
shortfin  squid, Illex illecebrosus. F u rtherm ore , these au­
thors suggest tha t tem p era tu re  is a prim ary env iron­
m ental factor con tro lling  the  seasonal m igrations o f 
the m ajority o f  these species.

N onetheless, the actual undertak in g  o f  tem p era tu re  
con tro l analysis by fishery ecologists may be h in d ered  
by the  lack o f  offshore tem p era tu re  m o n ito ring  data 
h ere to fo re . Accordingly, the shorew ard spring m igra­
tions o f  the species listed above are discussed h ere  to 
exem plify the use o f  tem p era tu re  data  from  south  o f 
New E ngland, and  also to po in t o u t how variable the 
in fluence o f  tem p era tu re  conditions may have been 
d u rin g  the ten years o f m onitoring .

In slope w ater, w hich is typically p resen t at bottom  
dep ths below 150 m, bo ttom  tem p era tu re  is an unlikely 
stim ulus o f shorew ard spring m igration for overw inter­
ing dem ersal fish. O ne reason for this is the small 
seasonal change o f  bo ttom  tem peratu re: a t dep ths of 
160 to 200 m, the 10-yr m ean  annual cycle had  a range 
o f  less than  1°C (C ham berlin , 1998, Fig. 1 ,2 ). A second 
reason is tha t this low-am plitude annual cycle lagged 
alm ost 6 m o b eh in d  coastal air and  sea-surface tem ­
p e ra tu re  cycles (A rm strong, 1998a, Fig. 3; W ood, 1998, 
Fig. 1, 2; C ham berlin , 1998, Fig. 3, 4). T hus, on  the 
u p p e r co n tinen ta l slope, w here the 10-yr m ean  annual 
m axim um  o ccu rred  in late Jan u ary  and  the m inim um  
in early August, spring was a season no t o f  w arm ing but 
o f  slight cooling.

In con trast to conditions on  the u p p e r slope, bo ttom  
tem pera tu res increase d u rin g  spring  on  the o u te r shelf, 
w here shelf water is norm ally p resen t (Armstrong, 1998a, 
Fig. 3), su pporting  the co n cep t th a t rising tem pera­
tures stim ulate shorew ard m igrations o f  dem ersal fish 
in spring (G rosslein an d  Azarovitz, 1982). W ith de­
creasing d ep th  from  150 to 80 m, the range o f  m ean 
annual bo ttom  tem pera tu res increases from  abou t I o to 
8°C. Yet the tim e o f year o f  m ean  m inim um  bottom  
tem p era tu re  varies little at these dep ths, occurring  in
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mid-April, about 2 m o later than at the coast (Armstrong, 
1998a, Fig. 3; C ham berlin  1998, Fig. 2, 3).

C on tou red  tim e -d e p th  diagram s o f 10-yr ex trem e 
m axim um  and  m in im um  bottom  tem peratu res (C ham ­
berlin , 1998, Fig. 5) give a genera l im pression o f  how 
variable the in fluence o f bo ttom  tem p era tu re  on  shore­
ward spring  m igrations may be. For exam ple, d u ring  
the w inter dem ersal fish sensitive to low tem pera tu res 
may be driven to d e e p e r w ater in cold years than  in 
warm years, and  thus start th e ir shorew ard spring m i­
grations from  fa rth e r offshore (as m uch as 70 m g reater 
bo ttom  d ep th ). T hese d iagram s also indicate the ex­
trem e differences in bottom  tem peratu re  that fish would 
have en co u n te red  d u rin g  1974 to 1983 while m igrating  
shorew ard in the sp ring  n ea r 71°W longitude. For ex­
am ple, if a m igration in  late April began on the bottom  
at dep ths g rea te r than  120 m, u n d er m inim um  tem pera­
ture conditions the fish would have encountered  water o f 
about 6°C at a bottom  depth  o f 120 m, water o f less than 
4°C at bottom  depths o f about 80-40 m, and near the 
coast, water no w arm er than 8°C. In contrast, un d er maxi­
m um  conditions the fish would have found bottom  water 
w anner than 12°C to the 80-m isobath, water o f 6°C near 
40 m, and  water o f about 11°C near the coast.

T h e  practical objectives o f  resource assessm ent, how­
ever, requ ire  m ore specific species-by-species and  year- 
by-year analysis o f  tem p era tu re  in fluence on  shorew ard 
spring m igrations. Especially applicable to such analysis 
are  d iagram s o f ann u a l bo ttom  tem p era tu re  anom alies 
(A rm strong, 1998a, Fig. 5) and  bottom  tem peratu res 
(see citations in Armstrong, 1998a). Differences am ong 
the ten years are m ost readily seen in the anomaly dia­
grams. For exam ple, April bottom  tem peratures on the 
o u te r  shelf notably exceeded  the 10-yr m ean in 1979, 
1980, an d  1982, b u t were below the m ean in 1975 and  
greatly so in 1978. T h e  pub lished  annual bo ttom  tem ­
p era tu re  diagram s provide m ore  deta iled  inform ation .

A prim ary biological considera tion  is to d e te rm in e  
the  adequacy o f  landings data  in docu m en tin g  the p ro ­
gression o f shorew ard m igrations o f  various species in 
waters south  o f New England. Are these data suffi­
ciently com prehensive to reveal annual d ifferences in 
the rou tes an d  tim ing o f these m igrations? Landings 
data may also be used to address the question o f w hether 
various species rem ain  n ea r bo ttom  th ro u g h o u t m igra­
tion, thus passing th ro u g h  cold-core bo ttom  water on 
the shelf, o r  w hether som e o r all avoid the coldest water 
by swim m ing above it.

Results from  the NMFS bo ttom  trawl survey in  spring 
1974 suggest th a t the tim ing o f shorew ard fish m igra­
tions south  o f  New E ngland may be qu ite  variable from  
year to year. A nnual spring surveys have aim ed to com ­
plete  the sam pling o f m igran t species in th e ir  w intering 
g rounds on  the  slope an d  o u te r shelf in April, before 
m ost fish have started  th e ir shorew ard spring  m igra­

tion. N evertheless, in 1974, a year o f warm w inter bo t­
tom  tem peratu res , the survey showed th a t by the  en d  o f 
April, seven o f the e igh t m igran t species listed above (at 
the b eg inn ing  o f  this section) had  reached  the in n e r 
shelf south o f New E ngland  in appreciab le  num bers 
(Grosslein an d  Azarovitz, 1982). Results for the excep­
tional species, Illex illecebrosus, were inconclusive due  to 
low sam ple size th ro u g h o u t the  survey area. Early ar­
rival o f  the seven species is consistent with the above- 
average bottom  tem pera tu res across the shelf d u rin g  
January  th ro u g h  M arch, followed by near-average tem ­
pera tu res in April (A rm strong, 1998a, Fig. 5).

Data from  tem p era tu re  m o n ito ring  may be used to 
investigate the in fluence o f  tem p era tu re  n o t only on 
the rou te  and  tim ing o f shorew ard spring  m igrations, 
bu t also on  re la ted  aspects o f  rep ro d u c tio n . For ex­
am ple, in such species as red  hake, scup, bu tterfish , and  
longfin squid, w hich are known to begin spaw ning soon 
after their shoreward m igration (Grosslein and  Azarovitz, 
1982), spawning location and tim ing will be affected by 
route and tim ing o f m igration. Furtherm ore, to the ex­
tent that gonad ripening in m igrant species is controlled 
by tem perature, where and when spawning occurs will 
vary from year to year as a result o f different tem peratures 
on offshore w intering grounds and on the shelf during , 
and  subsequen t to, shorew ard m igration.

U n d erstand ing  the effect o f annual variation in loca­
tion and  tim ing o f  spaw ning on  the reproductive suc­
cess o f  various fish species is im p o rtan t in recru itm en t 
studies because o f the restrictive food requ irem en ts o f 
som e groundfish  larvae. C ushing (1975, 1982) po in ted  
o u t tha t d u rin g  a critical early stage in p lanktonic devel­
op m en t o f  som e species, survival o f  larvae may d ep en d  
on en co u n te rin g  sufficient concen tra tions o f  an essen­
tial p lanktonic  food. Clearly such en co u n ters  d ep en d  
on the spatial and  tem poral distribution o f the forage 
organism and  on where and when fish larvae are spawned.

Analyzing the role o f  tem p era tu re  in ecology is sim­
p ler with sedentary  ben th ic  species such as the  sea 
scallop, Placopecten magellanicus; ocean  quahog, Arctica 
islandica; Atlantic su rf clam, Spisula solidissima-, and  waved 
whelk, Buccinum undatum, th an  with m obile finfish an d  
squid. For exam ple, diagram s o f 10-yr ex trem e m axi­
m um  and  m inim um  bottom  tem peratures (C ham berlin , 
1998, Fig. 5) approx im ate  the range o f tem p era tu re  
to lera ted  d u rin g  1974 to 1983 by a 10-yr-old clam  found  
in 1984 n ear 71 °W. F u rtherm ore , in co n junc tion  with 
com prehensive in fo rm ation  on  the geographical d istri­
bu tion  (including  bo ttom  dep th ) o f  species, da ta  on 
ex trem e bottom  tem pera tu res an d  ann u al bo ttom  tem ­
p era tu re  anom alies, as well as ann u al bo ttom  tem p era­
ture, can be used to estim ate tem pera tu res necessary 
fo r rep o p u la tio n  (H utch ins, 1947; C ham berlin  and  
Stearns, 1963). Such an app roach  shou ld  be directly 
applicable to species like the waved w helk whose young
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are  no t p lanktonic , b u t em erge in the crawling state 
from  egg capsules a ttached  to the substrate.

T hese exam ples o f  the po ten tia l application  o f  ocean 
tem p era tu re  m on ito ring  to fishery ecology deal with 
only one  o f the factors in fluencing  d istribu tion , ab u n ­
dance, and  recru itm ent o f fishes and  shellfishes in south­
ern  New E ngland waters. C onsideration  m ust also be 
given to natu ral variations in o th e r  env ironm ental fac­
tors and  to deg radation  o f  the env ironm ent resulting 
from  hum an  activities. O f m ost im m ediate concern , 
however, is the im pact o f  severe overfishing which has 
decim ated  several o f  the  m ost valuable finfish species 
since the 1960’s (G rosslein and  Azarovitz, 1982; Muraw- 
ski, 1991; Sissenwine and  C ohen , 1991).

Acknowledgment __________________________

Special apprecia tion  is d u e  to num erous individuals 
who collected  data  on cruises th ro u g h o u t the ten  years 
o f  this ocean m on ito ring  effort and  to those at cooper­
ating institu tions who kept us in fo rm ed  ab o u t cruise 
schedules and  p u t us in con tac t with cruise parties. 
W ithou t th e ir su p p o rt an d  coopera tion  this research  
p ro jec t cou ld  n o t have succeeded.

Literature Cited ___________________________

Applications Research Division.
1974. T em perature  profiles across the Gulf Stream. Gulf 

Stream Mon. Summary 9(7).
Arm strong, R. S.

1998a. Bottom tem peratures on the continental shelf and 
upper slope: means, standard deviations, and anomalies. In 
R. S. Arm strong (ed.). W ater tem peratures and climatologi­
cal conditions south o f New England, 1974-83, p. 7-14. U.S. 
Dep. Com m er., NOAA Tech. Rep. NMFS 134, 43 p.

1998b. Variations in the shelf-slope fron t and the influence 
of warm-core Gulf Stream  rings. In R. S. Arm strong (ed.), 
W ater tem peratures and climatological conditions south of 
New England, 1974—83, p. 39-43. U.S. Dep. Com mer., 
NOAA Tech. Rep. NMFS 134, 43 p.

Bigelow, H. B.
1933. Studies o f the waters on the continental shelf, Cape 

Cod to Chesapeake Bay. I, The cycle o f tem perature. Pap. 
Phys. Oceanogr. M eteorol., Woods H ole O ceanographic 
Inst. C ontrib. 2(4), 153 p.

Bigelow, H. B., and W. C. Schroeder.
1953. Fishes o f the G ulf o f Maine. Fish. Bull. 74(53), 577 p. 

Bumpus, D. F.
1973. A description o f the circulation on the continental 

shelf off the east coast of the U nited States. Prog. Oceanogr. 
6:111-157.

Celone, P. J., a n d j.  L. Cham berlin.
1980. Anticyclonic warm-core G ulf Stream eddies off the 

northeastern  U nited  States in 1978. Ann. Biol. 35:50-55. 
C ham berlin, J . L.

1998. Maximum and m inim um  bottom  tem peratures on the 
continental shelf and up p er slope. In R. S. Arm strong

(ed.), W ater tem peratures and climatological conditions 
south  o f New England, 1974—83, p. 27-30. U.S. Dep. 
Com m er., NOAA Tech. Rep. NMFS 134, 43 p.

Cham berlin, J. L., and F. Stearns IV.
1963. A geographic  study o f the  clam , Spisula polynyma 

(S tim pson). Serial Atlas o f the Marine Environm ent, Folio 
3. American Geographical Society.

Collins, J. W.
1884. History o f the tilefish. Rep. U.S. Com missioner of 

Fish and Fisheries, Part X, 1882, p. 237-294a, pis. 1-2.
C olton ,J. B.,Jr.

1968. A com parison of curren t and long-term tem peratures 
o f continental shelf waters, Nova Scotia to Long Island. Int. 
Comm. Northwest Atl. Fish. Res. Bull. 5:110-129.

1969. T em perature  conditions in the Gulf o f Maine and adja­
cen t waters during 1968. J. Fish. Res. Board Can. 26:2,746- 
2,751.

Colton, J. B., Jr., R. R. Marak, S. R. Nickerson, and R. R. Stoddard.
1968. Physical, chemical, and biological observations on the 

co n tin en ta l shelf, Nova Scotia to Long Island, 1964-
1966. U.S. Fish Wildi. Serv., Data Rep. 23, v + 190 p.

Colton, J. B., Jr., and R. R. Stoddard.
1973. Bottom-water tem peratures on  the continental shelf, 

Nova Scotia to Newjersey. NOAA Tech. Rep. NMFS Circ. 
376, iii + 55 p.

Cook, S. K.
1998. Vertical therm al structure o f m idshelf waters. In R. S. 

Arm strong (ed.), W ater tem peratures and climatological 
conditions south o f New England, 1974—83, p. 21-25. U.S. 
Dep. Com m er., NOAA Tech. Rep. NMFS 134, 43 p.

Cushing, D. H.
1975. Science and Fisheries. Edward Arnold, London.
1982. Climate and Fisheries. Academic Press, London.

Deaver.J. W.
1975. Aerial oceanographic observations,July 1969-June 1970, 

Cape Cod, Massachusetts to Miami, Florida. U.S. Coast 
Guard Oceanogr. Rep. CG373-68, 27 p.

G otthardt, G. A.
1973. G ulf S tream  edd ies in th e  w estern N orth  A tlan­

tic. NAVOCEANO Tech. Note 6150-16-73, 42 p.
Grosslein, M. D., and T. R. Azarovitz.

1982. Fish distribution. MESA NY Bight Atlas M onogr. 15,
182 p.

Hachey, H. B.
1955. W ater rep lacem en ts  and  th e ir  sign ificance  to  a 

fishery. Deep-Sea Res. 3, suppl.:68-73.
Hutchins, L. W.

1947. T he bases for tem perature  zonation in geographic 
distribution. Ecol. Monogr. 17(3):325-335.

Ingham , M. C.
1998. Mean m onthly wind stress and Ekman transport con­

ditions. In R. S. Arm strong (ed.), W ater tem peratures and 
climatological conditions south of New England, 1974-83, 
p. 31-38. U.S. Dep. Com mer., NOAA Tech. Rep. NMFS 
134, 43 p.

Iselin, C. O ’D.
1936. A study of the  c ircu la tion  o f the W estern N orth  

Atlantic. Pap. Phys. O ceanogr. M eteorol., Woods Hole 
O ceanographic Inst. Contrib. 4(4), 101 p.

Ketchum , B. H., and N. Corwin.
1964. T he persistence o f “w inter” water on the continental 

shelf south of Long Island, New York. Limnol. Oceanogr. 
9:467-475.

Lauzier, L. M.
1965. Long-term tem perature variations in the Scotian Shelf 

area. Int. Comm. Northwest Atl. Fish. Spec. Publ. 6:807-816.



6 NOAA Technical Report NMFS 134

Mayer, D. A., D. V, H ansen, and D. A. O rtraan.
1979. Long-term cu rren t and tem perature  observations on

the m iddle Atlantic shelf. J. Geophys. Res. 84:1,776—1,792.
Mizenko, D., a n d j.  L. Cham berlin.

1979. G ulf Stream  anticyclonic eddies (warm core rings) off
the northeastern  U nited  States in 1977. Ann. Biol. 34:
39-44.

Murawski, S. A.
1991. Can we m anage ou r multispecies fisheries? Fisheries, 

16(5) :5—13.
Price, C. A.

1985. Anticyclonic warm core Gulf Stream rings off the no rth ­
eastern U nited States du ring  1984. NAFO SCR Doc. 85 / 
19, Ser. No. N960, 12 p.

Schroeder, E. H.
1963. N orth  Atlantic tem peratures at a dep th  o f 200 meters. 

Serial Atlas o f the M arine Environm ent, Folio 2, 2 p., Ap­
pendix 11 p., 9 pis. Am erican Geographical Society.

Sissenwine, M. P., and E. B. Cohen.
1991. Resource productivity and fisheries m anagem ent o f 

the northeast shelf ecosystem. In  K. Sherm an, L. M. Alex­
ander, and B. D. Gold (eds.), Food chains, yields, models, 
and m anagem ent o f large m arine ecosystems, p. 107-123. 
Westview, Boulder, CO.

Taylor, C. C., H. B. Bigelow, and H. W. Graham .
1957. Climatic trends and the distribution o f m arine animals in 

New England. U.S. Fish Wildi. Serv. Fish. Bull. 57:293-345.
W alford, L. A., and R. I. W icklund.

1968. M onthly sea tem perature  structure from the Florida 
Keys to Cape Cod. Serial Atlas o f the M arine Environ­
m ent, Folio 15, 2 p., Appendix 28 p., 16 pi. Am erican Geo­
graphical Society.

W hitcomb, V. L.
1970. O ceanography of the Mid-Atlantic Bight in support of 

ICNAF; S ep tem ber-D ecem ber 1967. U.S. Coast G uard 
Oceanogr. Rep. 35, 157 p.

W ood, G. B.
1998. Com parision of surface and bottom  water tem pera­

tures with air tem peratures. In R. S. Arm strong (ed .), Wa­
ter tem peratures and clim atological conditions south of 
New England, 1974-83, p. 15-20. U.S. Dep. Com mer., 
NOAA Tech. Rep. NMFS 134, 43 p.

W orthington, L. V.
1977. Intensification o f the Gulf Stream after the winter of 

1976-77. N ature (Lond.) 270:415-417.
W right, W. R.

1976. The limits o f shelf water south o f Cape Cod, 1941-
1972. J. Mar. Res. 34:1-14.



Bottom  Temperatures on the 
Continental Shelf and U pper Slope: 

Means, Standard Deviations, and Anomalies

REED S. ARMSTRONG*

Northeast Fisheries Science Center 
National Marine Fisheries Service, NOAA 

28 Tarzwell Drive 
Narragansett, Rhode Island 02882-1199

Introduction ______________________________

Seasonal and  between-year variations in bottom  water 
tem peratures are frequently cited as im portan t environ­
m ental factors influencing the distribution, abundance, 
and  reproductive success o f  dem ersal and  benthic m arine 
organisms. The approxim ately m onthly collections of sub­
surface tem perature data off southern  New England dur­
ing 1974—83 offer an opportunity  to describe bottom  tem­
peratures and exam ine differing hydrographic regimes 
for bottom - and  near-bottom-dwelling m arine organisms 
across the width o f the continental shelf and  up p er slope.

T h e  work rep o rted  h ere  is the com pletion  o f a m ulti­
year analysis in itia ted  by R obert W. Crist, to whose 
m em ory this volum e is ded icated . T he m ethods used in 
this section were generally  developed  by him , an d  the 
results are m ainly based on  analyses th a t he  began.

Results p resen ted  h ere  rep re sen t ten  years (1974— 
83) o f  expendab le  b a thy therm ograph  (XBT) m easure­
m ents o f  bo ttom  tem peratu res . M onitoring  was con­
duc ted  along a transect on  an d  n e a r 71°W longitude, 
across the shelf and  into the adjacent slope water (Fig. 1). 
I describe the m ean annual cycle over the ten-year 
perio d  an d  variations from  the m ean  fo r each year, 
from  the beach to 200 m dep th . C ook (1985) em ployed 
som e o f these sam e XBT data, from  1977-81, along 
with com plem entary  data from  the New York Bight, to 
describe and  com pare bo ttom  tem pera tu res and  cold 
pool cond itions betw een the two areas. O th e r descrip­
tions o f  bo ttom  w ater tem pera tu res that include sou th ­
e rn  New E ngland  shelf waters have generally  p resen ted  
spatial d istribu tions o f  m onth ly  m ean  values (W alford 
and  W icklund, 1968; C olton an d  S toddard , 1973) o r 
seasonal m ean tem peratu res (Schopf, 1967; Davis, 1979) 
based on  irregularly  spaced da ta  collected  over a wide 
area  o f  the co n tinen ta l shelf.

Data and Methods _________________________

D ata p resen ted  h ere  are  derived from  diagram s o f bo t­
tom  tem p era tu re  co n to u red  o n  a d e p th - tim e  coord i­
nate  p lane an d  pub lished  in annual sum m ary reports 
fo r each  year, 1974-83 (A rm strong, 1986; C ham berlin  
1976, 1978; Crist, 1984; Crist an d  A rm strong, 1985; 
Crist an d  C ham berlin , 1979a, b, 1980,1981, 1983). T he 
m eth o d  used to construct annual bo ttom  tem p era tu re  
d iagram s is described  by C ham berlin  (1976). V ertical 
tem p era tu re  sections were p rep a red  from  XBT data 
o b ta in ed  by ships transiting  along  71°W o r w ithin abou t 
30' on  e ith e r side o f  this m erid ian  (Fig. 1). From  the 
sections, in tersections o f  iso therm s with the  bo ttom  
were tabulated , p lo tted  on  a diagram  o f bo ttom  d ep th  
versus tim e o f year, an d  co n to u red  (Fig. 2). To com ­
plete  the bo ttom  tem p era tu re  d iagram  to the shore (0 
m bo ttom  d e p th ), sea surface tem pera tu res were in­
c luded  from  daily observations a t the NOAA N ational 
O cean  Service tide station a t N ew port, R hode Island, 
an d  from  a reco rd in g  th e rm o g rap h  p laced  on the  bo t­
tom  (20 m d ep th ) by the NMFS N ortheast Fisheries 
C en te r a t the  navigation tower on  B ren to n  R eef in  the 
m o u th  o f  N arragansett Bay (Fig. 1).

D uring  1974—83, an average o f  19 cruises p e r year 
were conducted , rang ing  from  a m in im um  o f 15 in 
1980 to a m axim um  o f 23 in 1983. T h e  tim e betw een 
cruises ranged  from  less than  a week to approxim ately  
two m onths. T he tim ing o f  the passage o f  warm-core 
G ulf Stream  rings across the transect, as de te rm in ed  
from  in te rp re ta tio n s o f  satellite in frared  imagery, was 
d ep ic ted  on  the diagram s in the annual sum m aries.

1 Now retired. Present address: 309 Tom Fripp Rd., St. H elena Is., 
SC 29920.
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Figure 1
Area along 71°00'W south of New England (shaded region) where 
expendable bathytherm ograph (XBT) data were collected for bottom  
tem perature analyses, 1974—83. Also shown are locations of the record­
ing therm ograph for 20-m bottom  tem peratures (Brenton Tower, RI) 
and the NOAA tide station where shore tem peratures were recorded 
(Newport, Rhode Island). Depth contours in meters.

For this rep o rt, the  bo ttom  tem p era tu re  diagram s for 
each o f  the  ten  years were hand-digitized by reco rd ing  
tem pera tu re  for every ten th  day along each 10-m isobath 
from  0 to 200 m. T h e  annual diagram s ex ten d ed  to 400 
m d e p th , b u t because coverage beyond the 200-rn 
isobath was m ore  sporadic, this com pilation  was no t 
ex ten d ed  beyond 200 m. Also, defin ition  o f  the bo ttom  
tem p era tu re  field a t dep ths g rea te r than  200 m was 
considered  questionab le  because o f  the relatively rapid 
change in bo ttom  d ep th  with d istance at those dep ths 
in  re la tion  to XBT station spacing. T he bottom  tem ­
pera tu res  a t 10-day, 10-m -depth intervals were averaged 
a t each g rid  p o in t to p roduce  ten-year m eans, and  
stan d ard  deviations a ro u n d  the m eans were calculated.

In addition , anom alies o f  bo ttom  tem p era tu re  fo r each 
year were calculated  by subtracting  the 10-yr m ean  val­
ues from  the data  fo r individual years a t each d a te -  
d ep th  g rid  point.

T he 10-yr m ean  bottom  tem pera tu res and  standard  
deviations were co n to u red  on  diagram s o f bo ttom  d ep th  
versus tim e o f year to dep ic t the  m ean  ann u al cycle and  
variability abou t the m ean. Also, anom aly values for 
each year were co n to u red  on  diagram s o f bo ttom  d ep th  
versus tim e o f year to reveal pa tterns in d ep artu res  
from  the m ean  th ro u g h  the decade. In fo rm ation  on 
the p resence o f  warm -core G ulf Stream  rings in the 
slope w ater and  on  the transect was taken from  the 
annual sum m ary reports.
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Figure 2
Bottom tem perature (°C) on the continental shelf and slope south of New England during 1982. 
Vertical sections of expendable bathytherm ograph (XBT) data are num bered sequentially across 
the top. Heavy dots mark inshore and offshore limits o f XBT sampling for each section. Horizon­
tal lines at the bottom  indicate duration of warm-core rings south of New England during the year 
(from Crist and Armstrong, 1985).

Results ___________________________ _______

Ten-year-m ean m inim um  annual bo ttom  tem peratu res 
occu rred  earliest an d  were coldest a t the coast; they 
occu rred  progressively la ter and  were w arm er with in­
creasing d ep th  (Fig. 3A). M axim um  annual bottom  
tem peratu res were earliest an d  w arm est at the coast; 
they o ccu rred  progressively la te r and , generally, were 
cooler with increasing  dep th . A secondary m axim um  
occu rred  at m idshelf d ep ths (cen te red  at 70 m bottom

d e p th ). A m plitude o f  the ann u al cycle was greatest at 
the  coast (20.5°C) and  decreased  with increasing depth . 
At the shelf b reak  (100-m isobath) the am plitude was 
abo u t 5°C; on  the u p p e r slope there  was only a weak 
signal o f  an ann u a l cycle, with the  am plitude am oun t­
ing  to less than  1°C at bottom  depths greater than 150 m.

Variability in bo ttom  tem pera tu res a ro u n d  the  ten- 
year m eans (Fig. 3B) was h ighest in w inter, with the 
largest standard deviations in February near the 100-m 
isobath. T he largest d ifference in anom alies fo r the
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Figure 3
A) Ten-year m ean annual cycle of bottom  tem perature (°C), and B) 
annual cycle of standard deviation (°C) from the 10-yr m ean of bottom  
tem peratures on the continental shelf and upper slope south of New 
England, 1974-83.

100 -

1 5 0 -

2 0 0 -L

sam e date  was also a t this d ep th  in  late February, rang ­
ing from  an anom aly o f  -5°C  in 1979, w hen the  bo ttom  
tem p era tu re  was 5°C, to a +5°C anom aly in 1975, when 
the  bo ttom  tem p era tu re  was 15°C (Fig. 4). T hese ex­
trem es in anom aly values co incided  with the occur­
rence  o f  the  largest anom alies in m onthly  air tem pera­
tures d u rin g  the ten  years: January  1975 an d  February 
1979 (W ood, 1998, Fig. 4), exclud ing  February  1981, 
w hen n o  bo ttom  tem p era tu re  data  were available. In 
the  w inters an d  early springs o f  1977, 1978, an d  1979, 
h igh negative anom alies developed a ro u n d  the 100-m 
isobath, an d  bo ttom  waters ten d ed  to rem ain  cooler 
th an  average th ro u g h  sum m er an d  in to  fall over m uch 
o f  the  she lf an d  u p p e r  slope (Fig. 4). T hese events were 
associated with th ree  successive unusual years o f  very 
cold  w in ter air tem p era tu res  (W ood, 1998).

At tim es, large anom alies in bo ttom  tem p era tu re  de­
veloped  with the  passage o f  warm -core rings. For ex­

am ple, in M arch 1982, warm -core ring  82-B ap p ro ach ed  
the shelf off so u th e rn  New E ngland , raising bo ttom  
tem pera tu res n ea r the 80-m isobath from  ab o u t 2.5°C 
in M arch to ab o u t 11°C in April (Fig. 2) with a warm 
w ater in trusion  from  offshore. In  May, with offshore 
flow in the wake o f  the ring, 80-m bo ttom  tem pera tu res 
fell to less th an  7°C (Crist an d  A rm strong, 1985). Asso­
ciated  with the r in g ’s passage, bo ttom  tem p era tu re  
anom alies in excess o f  +5°C developed  in April 1982 on  
the o u te r shelf an d  in fluenced  tem p era tu res  shorew ard 
to ab o u t the  30-m isobath (Fig. 4). By mid-May, in  the 
wake o f the ring, the  p a tte rn  reversed, with negative 
anom alies prevailing over the  o u te r  shelf. T h e  im pact 
on bo ttom  tem pera tu res from  the aperiod ic  passage o f 
warm -core rings is highly variable, d e p en d in g  on  the 
dynam ics an d  s tructu re  o f  the  ring, its d u ra tio n  in the 
area, an d  proxim ity o f  the  ring  to the  co n tinen ta l shelf 
and  slope (C ham berlin , 1982).



Figure 4
Anomalies (°C) in bottom  tem perature for each year, 1974-83, referenced to the 10-yr m ean annual cycle (Fig. 3). Along the bottom  of each graph are indicated 
the times o f vertical sections of expendable bathytherm ograph data (tick marks) and the presence and duration of warm-core Gulf Stream rings in the slope 
water (horizontal bars). Shaded regions are warmer (positive anomaly) than the 10-yr mean.
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Figure 4 (cont.)
Anomaly (°C) in bottom temperatur e.
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Figure 4 (cont.)
Anomaly (°C) in bottom  tem perature.

1982

1983

M inim um  variability in bottom  tem peratures occurred 
d u rin g  M arch-M ay and  A ugust-O ctober in nearshore  
waters (0-30 m ), d u rin g  Ju n e-A u g u st at the shelf break 
(100 m ), and  July-Septem ber at greater depths (Fig. 4). 
T he lowest standard  deviations were in July—S eptem ber 
a t bo ttom  d ep ths o f abou t 150 m and  g reater, w here 
anom alies generally  rem ained  w ithin 1°C o f the m ean 
th ro u g h o u t the  ten years.
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Introduction ______________________________

T h e d ifference betw een the  an n u a l seasonal cycles o f 
bo ttom  and  surface tem p era tu re  is regarded  as an im­
p o rtan t con tro lling  factor in vertical m ixing o f the wa­
te r colum n on  the  co n tin en ta l shelf (Ingham  et al., 
1982). T he a ir-sea  in teractions involved in the  warm ­
ing an d  cooling  o f  the ocean by the a tm osphere, and  
vice versa, have b een  s tu d ie d  by various a u th o rs  
(Bjerknes, 1960; Laevastu, 1960; Laevastu e t al., 1976; 
N iiler and  Kraus, 1977). In the  m id-Atlantic Bight area 
south  o f  New E ngland, tem porary  bu t recu rrin g  fea­
tures such as the “cold p o o l” are largely the result o f 
surface-layer te m p e ra tu re  chan g es (Bigelow, 1933; 
K etchum  an d  Corwin, 1964). C olton (1968) found  tha t 
coastal sea surface tem p era tu re  could  be used as an 
indicator of anom alous w ater-colum n conditions in shelf 
waters offshore o f  New E ngland.

M onthly records o f air tem p era tu re , coastal water 
tem pera tu re , an d  surface and  bo ttom  w ater tem pera­
tures at the m idshelf d ep th  o f 70 m were com piled  to 
rep resen t atm ospheric  and  w ater tem p era tu re  cond i­
tions o ff so u th ern  New E ngland  in 1974-83. T hese data 
were used to display and  com pare m ean  ann u al cycles 
and  betw een-year variability du rin g  the ten-year period.

Data and Methods _________________________

Four tim e series were selected to rep resen t air and  
w ater tem p era tu re  patterns o ff so u th ern  New England 
in 1974-83:

Air T e m p e ra tu re

M onthly averages o f  3-hourly observations by the Na­
tional W eather Service, N ational O ceanic an d  A tm o­

spheric  A dm inistration  (NOAA) at Providence, R hode 
Island (abou t 30 km in land) were ob ta ined  from  Local 
C lim atological D ata (LCD) reports p rep a red  an d  is­
sued by the N ational Climatic Data C enter, NOAA. For 
com parison  with ten-year m eans, we utilized the long­
term , length-of-record (1905-83) m onth ly  m eans fo r 
air tem peratures at the Providence weather station, found  
in LCD reports.

C oasta l Sea S u rface  T e m p e ra tu re

Daily m easurem ents o f  sea w ater tem p era tu re  taken at 
a tide station off New port, R hode Island, were acqu ired  
from  the National O cean Service, NOAA. The tidal ob­
servation station is located in 9 ft o f water about 5.5 km 
in land  from  the m ou th  o f N arragansett Bay. We calcu­
lated  the m ean  sea-surface tem p era tu re  for each m on th  
o f the ten years for which there  was an  adequa te  tem po­
ral d istribu tion  o f observations.

M id sh e lf S u rface  an d  B o ttom  
W ater T e m p e ra tu re s

M onthly m ean  values o f  water tem p era tu re  at the  sur­
face and  on the bo ttom , at a location  approxim ately 
midway across the  co n tinen ta l shelf, were de te rm in ed  
from  expendab le  b a thy therm ograph  (XBT) transects 
m ade at o r  n e a r 71°W lo n g itu d e  d u rin g  1974-83. 
M onthly m ean  values were derived from  XBT data plots 
for w ater tem pera tu res at the  70-m isobath (m idshelf) 
in C ook (1998).

For each o f the four sets o f  m onth ly  data, 10-yr 
m onthly m eans and  standard  deviations about the means 
were calcu lated  and  p lo tted  to display average annual 
cycles and  seasonal pa tte rn s in  air an d  w ater tem pera­
tu re  variability. A nom alies fo r each m o n th  o f  the  ten
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years were calcu lated  by sub tracting  the m onth ly  m eans 
from  the values for individual m onths. A nom aly values 
were p lo tted  to portray  cond itions for the  decade and 
to display associations betw een anom alies for d ifferent 
data  sets. For each year, the tem p era tu re  and  tim e o f 
the coldest and  w arm est m on ths were tabulated .

Results ___________________________________

M inim um  tem pera tu res typically occu rred  in February 
at the coast and  abou t a m o n th  la ter th ro u g h o u t the 
w ater co lum n at m idshelf (Table 1,2; Fig. 1 ,2 ). A nnual 
m inim um  w ater tem p era tu res  were lowest at the  coast 
and  highest at 70-m bottom  d ep tb . At m idshelf, the 
m in im um  usually o ccu rred  a m o n th  later on the bot­
tom  than  at the surface. M inim um  air tem pera tu res 
usually o ccu rred  in the sam e m o n th  as coastal water 
tem pera tu res , bu t were lower.

M axim um  annual air tem pera tu res typically occurred  
in July and  abou t a m o n th  la te r fo r the sea surface a t 
bo th  coast and  m idshelf (Table 2; Fig. 2). M axim um  
tem pera tu res on the bo ttom  did  no t occur un til fall 
an d  were abou t the sam e as those for surface waters, 
which were then  cooling.

In general, the  lowest m in im um  w ater tem pera tu res 
occu rred  in the  years o f  co ldest a tm ospheric  cond i­
tions, an d  the  w arm est w ater m inim um s were associ­
ated  with the  w'armest w inters on  land. However, there  
was little co rre la tion  am ong  the  fo u r data  sets with 
respect to h ig h er an d  lower ann u al m axim um  tem pera­
tures. T he am plitude  o f  th e  annual cycle (d ifference

betw een m axim um  m onthly tem p era tu re  in T able 2 
and  m inim um  m onthly  tem p era tu re  in T able 1) for 
w ater tem pera tu res on the bo ttom  at the 70-m isobath 
was abo u t one-th ird  th a t for air tem p era tu re  an d  one- 
half the am plitude  o f the sea-surface cycle at e ith e r  
m idshelf o r  coastal locations. T h e  length  o f  w arm ing 
an d  cooling seasons in a tm ospheric  records and  in the 
sea-surface tem p era tu re  records were ab o u t the same 
(abou t 6 m o), bu t the season o f  w arm ing on the bo ttom  
at m idshelf was twice as long (8 m o) as the  cooling 
season (4 m o), with ab o u t h a lf  th e  w arm ing  o n  the  
b o tto m  in th e  m o n th s  o f  O c to b e r  a n d  N ovem ber 
(Fig. 1).

As an indication  o f  how representative atm ospheric  
conditions were in 1974-83, the annual cycles o f  m onthly 
m ean air tem p era tu re  at Providence, based on  the 79-yr 
( 1905-83) reco rd  an d  on  data  for 1974-83, are p lo tted  
in Figure 2. T he two curves are w ithin 0.5°C for all 
m onths except Jan u ary  and  O ctober, when the 10-yr 
m eans are abou t 1°C coo ler than  the long-term  values.

Variability a ro u n d  10-yr m onth ly  m eans te n d e d  to be 
g rea te r in land  air tem p era tu re  an d  in bottom -w ater 
tem p era tu re  at the 70-m isobath th an  in sea-surface 
tem p era tu re  (Fig. 3). Land air, coastal sea-surface, and  
70-m bottom  tem peratu res showed g reatest variability 
in  D ecem ber th ro u g h  February (and  in to  M arch for 
bo ttom  tem p era tu res), with the  least variability d u rin g  
spring and  sum m er m onths. Also, the largest m onthly  
tem p era tu re  anom alies generally  o ccu rred  d u rin g  the 
w in ter m on th s (Fig. 4). Sea-surface tem p era tu re  at 
m idshelf d id  n o t exh ib it clear seasonal pa tte rns o f  vari­
ability (Fig. 3c). T h e  high stan d ard  deviation in Ju n e

A n n u a l m in im u m m e a n
Table 1

m o n th ly  te m p e ra tu re  (°C ) a n d  m o n th  o f  o c c u r re n c e  fo r s o u th e rn N ew  E n g la n d , 19 7 4 -8 3 .

W ater

Air Coast 70 m isobath

Providence, RI Surface Surface Bottom

Tem p Month Temp. Month Tem p. M onth Tem p. M onth

1974 -1 .7 Feb 3.3 Jan 5.2 Mar 6.2 Apr
1975 -0 .9 Feb 3.6 Feb 5.3 Feb 5.5 Apr
1976 -4 .7 Jan 2.4 Jan 4.6 Mar 5.6 Apr
1977 -6 .2 Jan 0.0 Jart 2.8 Feb 2.7 Feb
1978 -5.5 Feb 0.6 Feb 2.6 Mar 2.6 Mar
1979 -6.8 Feb 1.1 Feb 2.5 Feb 2.4 Mar
1980 -2.9 Feb 2.6 Feb 3.7 Mar 4.3 Mar
1981 -6.5 Jan 0.9 Feb 3.8 Mar
1982 -5.8 |an 1.7 Jan 2.7 Feb 3.4 Mar
1983 -0.3 Jan 3.3 Feb 5.4 Mar 6.4 Apr
Average -4.1 Jan -Feb 2.0 Feb 3.9 Mar 4.3 M ar-Apr
10-yr m ean -2 .9 Jan 2.2 Feb 4.0 Mar 5.0 Mar
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Annual
Table 2

maximum m ean m onthly tem perature (°C) and m onth  o f occurrence for southern  New England, 1974—83

Air

W ater

Coast 70-m isobath

Providence, RI Surface Surface Bottom

Temp. Month Temp. M onth Tem p. Month Temp. Month

1974 22.6 lui 21.1 Aug 21.3 Aug 13.9 Nov
1975 23.5 Jul 21.1 Jul 20.5 Aug 13.5 Nov
1976 21.1 Jul 20.6 Aug 21.0 Aug 14.1 Oct
1977 23.5 lui 21.7 Aug 22.2 Aug 15.9 Nov
1978 22.1 Jul 21.4 Aug 22.7 Aug 13.7 Nov
1979 23.1 Jul 21.4 Aug 21.6 Jul 14.8 Nov
1980 23.8 lui 21.7 Aug 22.1 Aug 14.7 Oct
1981 24.2 lui 21.1 Jul 21.6 Aug 11.6 Nov
1982 23.1 Jul 20.6 Aug 19.7 Aug 15.3 Nov
1983 24.8 Jul 21.1 Jul 20.4 Aug
Average 23.2 Jul 21.2 Aug 21.3 Aug 14.2 Nov
10-yr m ean 23.2 Jul 21.1 Aug 21.2 Aug 14.0 Nov

o SHORE STATION SURFACE

•  7 0  m BOTTOM

1 I I I I I I I 1 1 I----- i----- 1----- 1
D J  F M A M J J A S O N D J

MONTH

Figure 1
Ten-year (1974-83) m ean annual cycle of water tem perature off southern 
New England for coastal surface waters off Newport, RI (Shore Station 
Surface), surface waters at the m idshelf location of the 70-m isobath (70-m 
surface) and bottom  waters at 70-m depth  at mid-shelf (70-m bottom ).

(>2°C) fo r sea-surface tem p era tu re  
at the  70-m isobath was associated 
with the p resence o f  unusually cold 
water in the  surface layer in Ju n e  
1982 (Cook, 1998), which p roduced  
a tem p era tu re  anom aly o f  abo u t -  
4°C (Fig. 4). This was associated with 
the coldest Ju n e  since 1926 in the 
Providence a ir-tem peratu re  records 
and  unusually low sea-surface tem ­
pera tu res for the  m on th  off m ost o f 
th e  n o r th e a s te rn  U n ite d  S ta tes 
(W ood and  T ang, 1988). If the Ju n e  
1982 value were excluded  from  the 
calculation, the Ju n e  standard  de­
viation w ould be reduced  to 1.3°C, 
m aking it m ore sim ilar to values for 
m idshelf sea-surface tem perature for 
o th e r m onths (Fig. 3c).

M onthly anom alies based on  10- 
yr m eans o f  air tem pera tu res (Fig.
4) were mostly due  to large m onth- 
to -m onth  changes, b u t w ater-tem - 
p e ra tu re  anom alies exh ib ited  m ore 
p ro longed  an d  persisten t patterns.
O n e  p ro m in en t featu re  in the an ­
omaly diagram s is the th ree  consecu­
tive cold w inters o f  1976-77, 1977—
78, an d  1978-79, w hen cold  air tem p era tu res  prevailed 
th ro u g h o u t the no rth easte rn  U nited  States (Ingham , 
1982). D uring  these th ree  years, w inter w ater tem p era­
tures at the surface were generally  lower than  average,

an d  tem pera tu res on  the  bo ttom  a t m idshelf rem ained  
m uch lower than  average m ost o f the time. Most dis­
tinctive o f  these th ree  cold w inters was tha t o f  1976-77, 
w hen air tem p era tu re  was m ore than  3°C cooler than
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average du ring  N ovem ber-January. W ater tem peratures 
d u rin g  these m onths, an d  con tin u in g  in to  early spring, 
were apparen tly  m uch lower than  average at all th ree  
locations. A p ro longed  perio d  o f lower-than-average air

tem p e ra tu re  developed  in A ugust 1981 an d  lasted 
th ro u g h  A ugust 1982, w hen air-tem peratu re  anom alies 
were positive for only two o f the  th irteen  m onths. D ur­
ing this period, cooler-than-average conditions persisted

 10 YR M E A N  /1 9 7 4 -8 3 1
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Figure 2
Mean annual cycle o f air tem perature at Providence, RI from 10-yr (1974-83) 
and long-term (1905-83) m onthly means.
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Figure 3
Variability (standard deviation) around 10-yr (1974-83) monthly means 
of water and air tem perature (Fig. 1 ,2 ). PROV.AIR = air tem perature 
at Providence, RI; NOS TIDE = sea-surface tem perature at Newport, 
RI; 70 M SST = sea-surface tem perature at m idshelf (70-m isobath); 70 
M BOTTOM = bottom  tem perature at m idshelf (70-m isobath).
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Figure 4
Monthly anomalies of air and water temperatures, referenced to the 10-yr monthly 
means for 1974-83 (Fig. 1 ,2). Positive values are warmer than the 10-yr mean 
and negative (shaded) are colder. A blank space represents absence of data for 
the month. PROV.AIR = air temperature at Providence, RI; NOS TIDE = sea- 
surface temperature at Newport, RI; 70 M SST = sea-surface temperature at mid­
shelf (70-m isobath); 70 M BOTTOM = bottom temperature at midshelf (70-m 
isobath).
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for the sea surface at the  coast and  m idshelf. O n the 
bo ttom  at m idshelf th ere  were also negative anom alies 
du rin g  this tim e, bu t the p a tte rn  was in te rru p ted  in 
spring 1982 by the in tru sion  o f warm w ater from  off­
shore associated with the passage o f  a warm -core ring 
(A rm strong, 1998).
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Introduction

A location  at 70 m d ep th , abo u t midway across the 
continental shelf, at 71°W longitude was selected to rep re­
sen t the vertical tem p era tu re  struc tu re  o f shelf waters 
off so u th ern  New E ngland  th rough  the ten years 1974— 
83. T he 70-m isobath is also approxim ately  in the cen­
te r o f  the  cold pool (H oug h to n  e t al., 1982). I exam ­
ined  tem p era tu re  th rough  tim e and  from  the surface to 
the bo ttom  to portray  the annual cycle and  between- 
year variation in m idshelf waters.

Data and Methods _________________________

To portray  the annual w ater-colum n tem p era tu re  struc­
tu re  a t m idshelf off so u th ern  New E ngland, we em ­
ployed a m eth o d  sim ilar to th a t o f  H ughes an d  Cook 
(1984) for New York Bight shelf waters. V ertical profiles 
o f tem p era tu re  a t the 70-m isobath  a t an d  n ea r 71°W 
long itude  were constructed  from  vertical tem p era tu re  
sections o f  expendab le  bathy therm ograph  (XBT) data 
previously constructed  fo r each cruise tha t m ade XBT 
d rops in th a t area. T hese vertical tem p era tu re  sections 
were pub lished  in a series o f annual repo rts  o f bo ttom  
tem pera tu res off so u th ern  New E ngland  (see refer­
ences in A rm strong, 1998).

T em p era tu re  values at the 70-m isobath were p lo tted  
and  co n to u red  on  diagram s o f tim e o f year versus d ep th  
fo r each o f  the ten  years. T he co n to u red  diagram s were 
digitized for each 10 m o f d ep th  from  the surface to the 
bo ttom  (70 m ), an d  for each 20th day th ro u g h  the year. 
T he tem p era tu re  values at each 20-day, 10-m interval 
were averaged over the  ten  years an d  p lo tted , with 
s tandard  deviations, on  a d iagram  o f d ep th  versus tim e 
o f year to show the 10-yr m ean  ann u al cycle. T he 10-yr 
m ean  tem pera tu res for each  d a te /d e p th  grid  p o in t 
were sub trac ted  from  the annual values; the  d ifferences 
betw een the annual an d  10-yr m eans were co n to u red  
on  diagram s o f d ep th  versus tim e o f year to display

annual tem p era tu re  anom alies. In add ition , m in im um  
an d  m axim um  surface and  bottom  tem pera tu res and 
th e ir  dates o f  o ccu rrence  in each year an d  in the 10-yr 
m ean  annual cycle were tabulated.

T he analysis em ployed XBT data  from  1974 th rough  
1983 from  a total o f 179 cruises, on average ab o u t 18 
cruises p e r year, rang ing  from  13 in  1976 to 23 in 1979. 
T h e  interval betw een cruises ranged  from  less than  a 
week to slightly m ore than  two m onths.

Results ___________________________________

T he 10-yr (1974-83) m ean  ann u al cycle o f w ater col­
um n tem p era tu re  on  the so u th e rn  New E ngland  shelf 
(Fig. 1) shows the sam e seasonal p a tte rn  as th a t de­
scribed by K etchum  an d  Corwin (1964) for shelf waters 
off eastern  L ong Island in 1956-59. From  late fall 
th ro u g h  w inter, the waters were vertically alm ost iso­
therm al, an d  cooling p ro ceed ed  steadily un til the  tim e 
o f the  annual m in im um  in M arch. V ertical therm al 
stratification was established in April. W ith rap id  warm­
ing at the  surface, bu t m uch m ore gradual w arm ing in 
d e e p e r waters, the  therm ocline  in tensified  th ro u g h  
spring an d  sum m er. D uring  sum m er the therm ocline 
deep en ed , an d  with vertical m ixing driven by surface 
cooling in fall, con tin u ed  to deep en  until reach ing  the 
bo ttom  in O ctober. B ottom  tem pera tu res rose un til the 
annual m axim um  was reached  in N ovem ber, w hen fall 
overturn was com pleted , and  the water colum n re tu rn ed  
to being  nearly  iso therm al from  surface to bottom .

T h e  ann u a l m in im um  in 10-yr m ean tem p era tu re  at 
m idshelf occu rred  in M arch, with waters 0.7°C coo ler at 
the surface th an  along  the  bo ttom  (Fig. 1, Table 1). 
D uring  the period  o f m axim um  w arm ing at the surface 
(M ay-A ugust), w arm ing rates were abou t 4 °C /m o  there  
b u t only ab o u t l° C /m o  on  the  bottom . D uring  sum m er

1 Present address: O cean and  A tm ospheric Research, NOAA, 8604 
L a jo lla  Shores Dr., L a jo lla , CA 92037.
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the therm ocline  was m ost in tense, with a vertical tem ­
p era tu re  g rad ien t o f  abou t 0 .5°C /m . A nnual m axim um  
tem p era tu re  occu rred  in A ugust at the  surface and  was 
progressively la ter and  lower with increasing dep th , 
such th a t the  ann u al m axim um  at the  bo ttom  was 100

days la ter and  7.5°C coo ler than  at the surface. A m pli­
tude o f the annual cycle o f  tem p era tu re  at the  70-m 
isobath was abou t ha lf as large a long  the bo ttom  as at 
the surface. Mainly because o f  the  la te r annual maxi­
m um  on the bo ttom , the w arm ing season on the bo t­

tom  (abou t 8 m o) was alm ost twice 
tha t at the surface (abou t 5 m o).

Variability betw een years in w ater 
co lum n tem p era tu re  a t the 70-m iso­
bath  is shown in the co n to u red  dia­
gram s o f standard  deviation (Fig. 1) 
and  in the anom aly plots fo r the 10 
years (Fig. 2). H ighest variability was 
d u rin g  sum m er, in a layer cen te red  
at abou t 10 m d ep th  in Ju n e , w hich 
d eep en ed  to ab o u t 25 m  in Septem ­
b er (Fig. 1). This layer nearly co in­
cided  with the cen te r  o f  the  th e r­
m ocline (Fig. 1 ). Because o f the large 
vertical tem p era tu re  g rad ien t in the 
therm ocline, relatively small changes 
in  therm ocline  d ep th  could  p roduce  
large tem p era tu re  anom alies. For ex­
am ple, d u rin g  sum m er an d  early fall 
1977, a lte rna ting  cells o f  large posi­
tive and  negative tem pera tu re  anom a­
lies (Fig. 2) co rresp o n d ed  to short- 
period  changes in therm ocline depth . 
D epartu res o f  therm ocline  d ep th  in 
1977 from  10-yr m ean  positions (us­
ing  15°C as an  in d ica to r  o f  th e r­
m ocline d e p th ) w ere ab o u t 15 m
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Figure 1
Ten-year (1974—83) mean annual cycle of water-column therm al structure 
(°C) at m idshelf (70 m bottom  depth) off southern New England (above) 
and annual cycle o f standard deviation (°C) from the 10-yr m ean (below).

A n n u a l m in im u m  a n d  m a x im u m  su rfa ce  a n d  b o tto m  
b o tto m  d e p th )  o f f  s o u th e rn  N ew  E n g la n d , 1974-83.

Table 1
te m p e ra tu re s  a n d th e i r  d a te s  o f  o c c u r re n c e a t m id s h e lf  (70 m

Annual minim um Annual maximum

Surface Bottom Surface Bottom

Tem p
(°C)

Julian
day

Tem p. Julian  
CC) day

Tem p.
C O

Julian
day

Tem p.
(°C)

Julian
day

1974 4.8 80 4.9 90 21.5 230 15.2 320
1975 4.4 60 5.0 85 21.7 220 14.4 330
1976 4.2 70 5.2 105 21.5 220 14.8 290
1977 2.2 50 2.2 50 23.3 250 17.0 310
1978 2.2 80 2.2 80 24.1 •230 15.5 330
1979 1.8 60 1.8 60 24.1 210 16.4 330
1980 3.4 70 3.6 90 22.8 225 16.3 290
1981 3.6 70 3.9 100 22.5 210 13.8 310
1982 2.0 50 2.4 65 20.2 235 16.0 330
1983 5.3 80 5.6 100 22.1 250
Average 3.4 67 3.7 82 22.4 228 15.5 316
10-yr m ean 3.9 65 4.6 75 21.3 220 13.8 320
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d eep e r than  average in Ju n e  
an d  5 m d e e p e r in A ugust 
(periods o f positive tem p era­
tu re  anom alies) an d  alm ost 
10 m shallow er in July and  
m id-Septem ber th rough  early 
O c to b e r (negative  a n o m a ­
lies). Crist and  C ham berlin  
(1979) th o u g h t th a t these  
variations probably  resu lted  
from  changes in shelf water 
c ircu la tio n  associa ted  w ith 
the passage o f two warm -core 
rings and  possible advecdon 
o f coo ler waters from  sou th ­
ern  G eorges Bank.

A secondary  m axim um  in 
s ta n d a rd  d e v ia tio n  values 
(Fig. 1) o ccu rred  in w inter, 
p a rticu la rly  in th e  d e e p e r  
p o rtion  o f  the w ater colum n. 
H igh variability in w inter bo t­
tom  te m p e ra tu re s  d eriv ed  
from  large betw een-year dif­
ferences in ann u a l m inim um  
w ater tem pera tu res an d  dates 
o f  occu rrence  o f  the m ini­
m um  (Table 1), an d  was as­
sociated with large variability 
in fall-w inter air tem peratures 
(Wood, 1998). A nnual m ini­
m um  bottom  te m p e ra tu res  
(T able 1) in the  relatively 
warm  w inters o f  1976 an d  
1983 o ccu rred  o n e  to alm ost 
two m onths later than  in years 
w hen air and  annual m ini­
m um  bo ttom  tem p era tu res  
w ere co ld es t (1977, 1978, 
1 9 7 9 ,and  1982).

T y p ica lly , G u lf  S tre a m  
warm -core rings in 1974-83 
had  little in fluence on  w ater 
tem p era tu res  as far o n to  the 
sh e lf as th e  70-m isobath . 
However, there  was no tab le  
ring  influence, as discussed 
earlier, from  the passage o f 
two rings d u rin g  the sum m er 
o f 1977. In N ovem ber 1977 
an in tru s io n  o f 17°C G ulf 
Stream waterwas carried on to  
the shelf by a ring  (Crist and  
C ham berlin , 1979) an d  p ro ­
d u c e d  th e  h ig h e s t a n n u a l
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m axim um  bottom  tem p era tu re  o f 
the  decade (Table 1). D uring  the 
co ld  w ater co n d itio n s  p revailing  
d u ring  the w inter and  spring o f  1982 
(Fig. 2), an in trusion  o f slope water 
with a warm -core ring  (Crist an d  
A rm strong, 1985) b ro u g h t anom a­
lously warm w ater o n to  the  bo ttom , 
raising bottom  tem pera tu res from  
a b o u t 3°C in M arch to over 10°C in 
April.

O th e r  significant events in the 
annual anom aly diagram s occu rred  
in the  sum m ers o f  1980, 1982, and  
1983. D uring sum m er the  m erid i­
onal co m p o n en t o f  m ean  m onthly  
wind stress was typically northw ard; 
however, in August 1980 an d  J u n e -  
A ugust 1983, the  m erid ional com ­
p o n e n t was southw ard, resu lting  in 
westward Ekm an transport (Ingham , 
1998). D uring bo th  periods, air tem ­
pera tu res were w arm er than  aver­
age (W ood, 1998), b u t w ater tem ­
p era tu res  w ere coo ler th an  10-yr 
m eans, particularly  in u p p e r layers 
(Fig. 2, 1980 an d  1983). T h e  w ater 
tem pera tu re  anom alies may have de­
rived from wind-driven transport o f 
cooler water from  the east. T he larg­
est water tem perature anomaly (-6°C) 
o f the 10 years occurred in surface 
waters in Ju n e  1982 (Fig. 2), associ­
a ted  with o n e  o f  the co ld estju n es in 
air tem perature o f the century (Wood, 
1998). In August 1982, near-bottom  
waters were m ore than 4°C warmer 
than average as the result o f an in tru­
sion o f slope water from  offshore 
(Crist and  Armstrong, 1985).

In general, during  1974 through 
1983, tem perature anom alies tended  
to be m ore consisten t from  surface 
to  bo ttom  d u rin g  periods w hen the 
w aters were u nstra tified  (late fall 
th ro u g h  w inter). A nom alies fo r wa­
te rs  above a n d  below  th e  th e r ­
m ocline were often  o f opposite  sign 
d u rin g  sp ring  an d  sum m er, w hen 
the w ater colum n was stratified. Also, 
positive o r  negative anom alies tha t 
developed d u rin g  w inter w ere m ore 
likely to persist in to  spring  an d  sum ­
m er in sub-therm ocline waters than  
in surface waters.
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Figure 2 (cont.)
Anomalies (°C) in water colum n tem perature structure.
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Introduction

H erein  I p resen t an  analysis o f m axim um  and  m ini­
m um  bottom  tem pera tu res across the  con tinen ta l shelf 
and  slope south o f New England, from the shore to 200 m 
dep th , for 1974—83. I utilize the  sam e data used by 
A rm strong (1998). C om plem enting  the analyses in Arm ­
strong  (1998), C ook (1998), and  W ood (1998), this 
exam ination  provides an add itional perspective on the 
tem p era tu re  regim e o f the fishing g rounds south  of 
New England. T he significance to fisheries research o f 
tem p era tu re  extrem es, an d  som e exam ples o f  the util­
ity o f this in fo rm ation  in fisheries ecology, are dis­
cussed in C ham berlin  (1998).

Data and Methods _________________________

A nnual M axim um  an d  M inim um  
T e m p e ra tu re s  an d  D ates o f  O ccu rren ce

For each year, 1974-83, m axim um  and  m inim um  w ater 
tem pera tu res on  the bo ttom , and  th e ir dates o f occur­
rence, were d e te rm in ed  fo r each 10-m interval o f bot­
tom  d ep th  from  values derived by A rm strong (1998) 
from  bottom  tem p era tu re  diagram s for each year. T he 
diagram s were based on vertical tem p era tu re  sections 
from  expendab le  bathy therm ograph  drops along and  
n ea r 7 l°W  longitude. A rm strong (1998) in te rpo la ted  
bo ttom  tem pera tu res fo r each 10-day period  an d  each 
10-m in crem en t o f  bo ttom  d ep th  from  the coast (0-m 
bo ttom  dep th ) to the 200-m isobath.

Ten-Y ear M axim um  an d  M inim um  T em p e ra tu re s  
an d  D ates o f  O c cu rre n ce

From  the m ean tem pera tu res at 10-day, 10-m bottom  
d ep th  intervals derived by A rm strong (1998), the 10-yr

m axim um  an d  m inim um  water tem pera tu res and  dates 
o f  o ccu rrence  were d e te rm in ed  fo r each 10-m d ep th  
increm ent.

R ange o f  M axim um  an d  M inim um  T em p e ra tu re s  
an d  L eng ths o f  W arm ing an d  C ooling  S easons

From  the in terp o la ted  values com piled  for each year, 
the 10-yr ranges in annual m axim um  and  m inim um  
an d  the range in days betw een the earliest an d  latest 
occurrences o f  annual m axim um  and  m inim um  were 
calculated  for each 10-m in crem en t o f d ep th  along the 
bottom . For each d ep th  interval, I calculated  differ­
ences betw een the m axim um  an d  m inim um  in the 10- 
yr m ean  annual cycle, an d  betw een the w arm est and  
coldest values th ro u g h o u t the  ten years. In addition , 
the length  o f the w arm ing an d  cooling seasons a t each 
bottom  d ep th  interval was d e te rm in ed  as the n um ber 
o f days betw een the m axim um  and  the m inim um .

M axim um  an d  M inim um  B o tto m  T e m p e ra tu re s

Ten-year ex trem e m axim um  an d  m in im um  tem pera­
tures at each 10-day, 10-m grid  p o in t were determ ined .

Results ___________________________________

T he p a tte rns o f  m axim um  and  m inim um  bo ttom  tem ­
peratures in the 10-yr m ean annual cycle, and  the variabil­
ity in m agnitude o f extrem es and dates o f occurrence 
during the ten years are depicted by graphs (Fig. 1-5) in 
which bottom  conditions are p lo tted  against dep th  from  
the coast (0-m bottom  d ep th ) to the 200-m isobath.

A principal featu re  o f  m axim um  an d  m inim um  m ean 
bottom  tem pera tu res (Fig. 1) is the general decrease in

* Now retired . Present address: 278 Maine St., Brunswick, ME 04011.
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Figure 1
Ten-year (1974-83) maximum and m inim um  bottom  
tem peratures (°C) on the shelf and upper slope south 
of New England. Curves represent the 10-yr mean an­
nual cycle; vertical bars indicate the range of extrem e 
values over the 10 years.

the  m axim um  and  increase in the m in im um  with dep th , 
with a co rrespond ing  decrease in annual range from  
19.5°C at the shore to less than  1°C below 150 m (Fig. 
2). Also p ro m in en t in Figure 1 is the  m arked  contrast 
betw een m axim um  and  m inim um  curves in rate of 
change o f bo ttom  tem p era tu re  with d ep th . A steep 
linear decrease (7.5°C) o f the m axim um  from  the shore 
to  40 m co rresponds with the  d ep th  range over which 
the seasonal therm ocline  intersects bo ttom . T he m ore 
gradual, near-linear rise (1.8°C) in the  m in im um  from  
sho re  to  60 m reflects the mixed-vvater co lum n in the 
cold  season. M axim um s were nearly  constan t from  40 
to abou t 100 m, followed by a gradual and  uniform  
decrease o f  2.2°C from  100 to 200 m. M inim um  bottom  
tem p era tu res  display a gradual an d  nearly  lin ear in­
crease (1.8°C) from  the shore  to 60 m, followed by a 
steep ascent (8.0°C) from  60 to 150 m. At dep ths g rea ter 
th an  150 m , m in im um  bo ttom  tem pera tu res decrease 
with increasing  d ep th , an d  generally  parallel the m axi­
m um  curve.

Beyond m idshelf, the  p a tte rn  o f ranges in ex trem e 
bo ttom  tem pera tu res is increasingly dissim ilar from  the 
p a tte rn  shown by the m ean  ex trem es (Fig. 1). T he 
particularly  high m axim um  (17°C) from  50 to 70 m 
resu lted  from  above-norm al bo ttom  w arm ing d u rin g  
the au tum n overturn  in O ctober 1980 (A rm strong, 1998, 
Fig. 5; Cook, 1998, Fig. 3). This is also reflected  in the 
increased range o f  ex trem e bo ttom  tem p era tu res  at 
50-70 m (Fig. 2). From  100 to 140 m, the large ranges 
in the  m in im um  are largely the resu lt o f the record  
cold w inters o f  1977, 1978, an d  1979, as discussed in 
A rm strong (1998). At dep th s  g rea te r than  150 m, m axi­
m um  an d  m inim um  bo ttom  tem pera tu res are  often  
outside the range o f  ex trem es (Fig. 1). In shallow er 
waters, ex trem es generally  occu r a ro u n d  the tim es o f  
m axim um  and  m inim um  tem pera tu re  in the 10-yr m ean 
annual cycle. However, at dep ths g rea te r than  150 m, 
extrem es are typically associated with short-period events 
(such as the passage o f  warm -core rings) w hich could  
o ccur at alm ost any tim e o f the year. F luctuations in 
bo ttom  tem p era tu re  stem m ing  from  these irregu la r 
events dom inate  the seasonal signal in the  10-yr m eans.

T he times o f year o f  bo th  m axim um  an d  m inim um  
bo ttom  tem p era tu re  on  the shelf ten d  to occur la ter 
with increasing d ep th  (C olton and  S toddard , 1973; Bow­
m an and  W underlich , 1976). T he 10-yr m axim um  oc-
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Figure 2
Ranges of bottom  tem perature extrem es plotted in 
Figure 1. The lower curve represents the 10-yr mean 
annual cycle; the upper curve represents 10-yr extremes.
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curs progressively la ter with increasing dep th  
along the bottom  over the en tire  d ep th  range 
from  0 to 200 m, with the  steepest g rad ien t 
in date o f  o ccu rrence  on the in n e r shelf 
(Fig. 3).

T he tim e lag with d ep th  for 10-yr m ini­
m um  is less regu lar than  for the  m axim um  
(Fig. 3). T h ere  is only a 1-mo lag from  0 to 
70 m, followed by an increase in  rate o f  lag 
betw een 70 and  90 m. Dates for the m ini­
m um  are abou t the sam e from  100 to 150 m, 
but there is a 3-mo lag between 150 and  160 m. 
From  160 to 200 m, there  is a 15-day lag. At 
160 m dep th , th ere  are two dates for the 10- 
yr m inim um : one  in April con tin u in g  the 
progression o f dates in shelf water, and  the 
second in July, associated with the tim e o f 
the m inim um  in slope water.

At 200-m bottom  dep th , the seasons are 
essentially reversed from  coastal conditions. 
T he 10-yr m axim um  occurs in late January , 
abo u t 180 days (5.9 m o) la te r than  at the 
coast, while the m in im um  is in early August, 
abou t 175 days (5.8 m o) la te r than  at the 
coast.

T he seasonal bo ttom  tem p era tu re  cycle at 
170-200 m is o f small range (<1°C) and  is 
overshadow ed by short-term , nonseasonal 
tem p era tu re  variations (Fig. 1). This is re­
flected in the large range in date  o f  annual 
m axim um  an d  m inim um  (Fig. 3).

T h ree  distinct pa tte rn s in the length  o f 
w arm ing an d  cooling seasons along the bo t­
tom  (Fig. 4) reflect the d ifferences betw een 
tim es o f  m axim um  and  m inim um  bottom  
tem peratu res . At the coast, w arm ing and  
cooling seasons were each abou t 6 mo; the 
perio d  o f w arm ing increased with d ep th  to 
m ore  than  8 m o at m idshelf (60-70 m ). T he 
w arm ing season lasted abou t 7.5 m o at 8 0 - 
90 m, increasing  to alm ost 9 m o at 160 m, 
with co rrespond ing  decreases in period  o f 
cooling. In slope w ater a t 160-200 m, the 
w arm ing an d  coo ling  seasons were each 
abou t 6 m o long, as at the  coast. However, 
seasons in the slope w ater were essentially 
reversed from  those at the coast.

T he co n to u r diagram s in Figure 5 p resen t 
ex trem e m axim um  and  m inim um  bottom  
tem peratu res , regardless o f  year o f  occur­
rence, fo r each lO-day/10-m  in c rem en t of 
bo ttom  dep th . T h e  largest d ifferences in 
m axim um  and  m inim um  tem peratu res were 
over the mid- to o u te r  con tinen ta l shelf, at 
bo ttom  d ep ths o f  60 to 110 m, with the ex-
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Figure 4
Length of warming and cooling seasons on the bottom  on the shelf 
and upper slope south of New England. Values are differences in 
date of occurrence o f m inim um  and maximum bottom  tem pera­
tures in the 10-yr mean annual cycle, 1974-83 (Fig. 3).
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Figure 3
Ten-year (1974-83) maximum and minimum bottom temperatures 
on the shelf and upper slope south of New England. The curves 
connect dates of maximum (upper) and minimum (lower) tempera­
tures in the 10-year mean annual cycle. Vertical lines are the ranges of 
dates throughout the ten years. Vertical bars appear when the same 
mean maximum or minimum temperature occurred on multiple dates.
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MAXI MUM

Figure 5
Extreme maximum and minimum bottom  water tem peratures (°C) 
on the shelf and upper slope south o f New England, 1974-83.

M I N I M U M

trem e d ifference o f  m ore than  9°C at 110 m in Febru­
ary. M ajor d ifferences betw een the  ex trem e m axim um  
an d  m inim um  o ccu rred  on the o u te r  shelf and  were 
associated with the con trast betw een cold bo ttom  con­
d itions in w inter 1977 an d  sp rin g -su m m er following 
the  cold w inter o f  1978; an d  warm cond itions on  the 
b o ttom  in the w inters o r early springs o f 1975, 1976, 
an d  1982 (A rm strong, 1998).
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M ean M onthly W ind Stress and 
Ekman Transport C onditions

M E R T O N  C. IN G H A M *

Northeast Fisheries Science Center 
National Marine Fisheries Service, NOAA 

28 Tarzwell Drive 
Narragansett, Rhode Island 02882-1199

I n t r o d u c t io n  _____________________________

T he ocean surface layer is strongly in fluenced  by 
highly variable wind conditions im m ediately above 
the surface. M ixing, evaporation, cooling, and  
transpo rt are  all heavily d e p e n d e n t on the winds. 
I analyzed wind velocity, wind stress, and  Ekm an 
tran sp o rt cond itions for a p o in t represen tative o f 
the  m idshelf (70-m isobath) south o f  New En­
gland, n ea r 70°W.

D a ta  _______________________________________

T h e  P acific  F ish e rie s  E n v iro n m e n ta l G ro u p  
(PFEG) o f the N ational M arine Fisheries Service 
utilizes the  com puters and  databases o f  the  Fleet 
N um erical O ceanography  C en ter in M onterey, 
C alifornia to com pute  wind stress, Ekm an trans­
port, an d  several o th e r param eters from  surface 
atm ospheric  pressure records (see Bakun, 1973, 
fo r m ethods). PFEG issues a m onth ly  list which 
includes m ean wind-stress com ponen ts and  Ek­
m an tran sp o rt com ponen ts on a 3° grid. I utilized 
data  fo r the  g rid  p o in t at 39°N 72°W, located  in 
slope w ater abou t 230 km south  o f M ontauk Point, 
L ong Island. Because the com puta tions o f  wind 
stress and  Ekm an tran sp o rt at a p o in t d ep en d  on 
com puted  pressure-field gradients in the  su rround­
ing area, the stress and  transport values for a point 
are representative o f this area. The area rep resen ted  
by 39°N 72°W ex tends ab o u t 150 km (half the 
d istance to the  nex t grid po in t) in all d irections, 
an d  northw ard  nearly to the 70-m isobath on  the 
shelf off so u th ern  New E ngland  (Fig. 1).

* Now retired . Present address: 11 H awthorne St., South Dennis, MA 
02660.

Figure 1
Ten-year (1974-83) mean monthly wind stress (in IO"3 dyne/ 
cm2) off southern New England. Vectors shown are for stress 
values at 39°N 72°W (triangle) and are representative of the 
area encompassed by the dashed line.
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Figure 2
Ten-year (1974-83) m ean m onthly Ekman transport (in m et­
ric ton/sec • km) off southern New England. Vectors shown are 
for transport values at 39°N 72°W (triangle) and are rep­
resentative o f the area encom passed by dashed line.

Table 1
Ten-year (1974—83) monthly means and standard deviations (SD) of wind stress components at 39°N 72°W ( 10_! dynes/cm 2).

M onth

M eridional
10-yr

m ean
M eridional

SD

Zonal
10-yr
mean

Zonal
SD Month

M eridional
10-yr

m ean
M eridional

SD

Zonal
10-yr

m ean
Zonal

SD

Jan -357.1 285.6 +261.0 230.2 Jul + 47.5 50.5 +158.2 96.6
Feb -404.6 374.7 +206.8 239.8 Aug + 24.4 48.0 + 70.8 46.2
Mar -141.4 205.4 + 176.4 194.4 Sep -2 3 .5 35.7 + 5.9 34.6
Apr -19.9 159.1 +293.5 209.7 Oct -9 3 .1 95.4 + 17.5 71.0
May + 49.8 89.5 + 87.3 93.4 Nov -219.9 227.6 + 188.4 211.7
Ju n + 42.5 56.9 + 110.3 107.5 Dec -235.2 165.2 +222.0 187.6

M ean m onth ly  wind stress, Ekm an transpo rt, and  
w ind velocity vectors for 1974-83 were com puted  and  
p lo tted  (Fig. 1 ,2 ,3 ) to establish general seasonal patterns. 
W ind stress and  Ekm an transport data were taken direcdy 
from  the PFEG lists. W ind velocity was back-calculated 
from  wind stress using relations in Bakun (1973, p. 3).

M onthly m eans an d  s tan d ard  deviations were com ­
p u ted  fo r m erid ional an d  zonal com ponen ts o f  wind

stress for the 10-yr period  (Table 1, Fig. 4, 5). A nom a­
lies from m onthly m eans were com puted  for each m onth  
o f  the  10-yr perio d  (Fig. 6, 7). M onthly anom alies (in 
standard  deviations for each m o n th ) were com puted ; 
those m on ths showing an anom aly m ore  th an  o n e  stan­
d a rd  deviation from  the  m ean  in e ith e r  o r  b o th  com ­
ponen ts are listed in Table 2. M onthly m ean  values 
o f  wind stress co m p o n en ts , w ind stress anom alies,
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Figure 3
Ten-year (1974-83) mean m onthly com puted surface wind 
velocity (in cm /sec) off southern New England. Vectors shown 
are for values at 39°N 72°W (triangle) and are representative 
o f the area encom passed by dashed line.

Table 2
Anomalies greater than one standard deviation from 10-yr monthly mean wind stress com ponents (m eridional o r zonal) at 
39°N 72°W. (Anomaly values are in standard deviations).

Date
(YYMM)

Anomaly
Date

(YYMM)

Anomaly
Date

(YYMM)

Anomaly
Date

(YYMM)

Anomaly

Meridional Zonal M eridional Zonal M eridional Zonal M eridional Zonal

7401 1.02 -0.85 7702 0.97 1.36 7904 0.06 -1.12 8104 2.53 1.38
7406 -2.24 -1.18 7705 -1.01 0.57 7905 1.03 -0.20 8109 -1.69 2.37
7410 -1.10 0.44 7707 -0.56 -1.12 7910 1.32 2.09 8111 -2.31 0.04
7502 1.94 -0.29 7708 0.72 2.06 8001 -1.22 -0.84 8112 -2.44 1.55
7504 -2.59 1.08 7712 1.25 -0.86 8004 0.95 -1.07 8204 -0.13 1.08
7508 -1.05 0.07 7801 1.10 1.36 8006 0.83 1.80 8209 -0.55 -1.12
7512 0.36 -1.02 7802 -1.01 -0.31 8007 2.09 1.84 8210 -1.95 -1.49
7602 1.79 2.03 7805 -0.20 -1.01 8010 -1.10 -1.08 8301 -0.14 -1.25
7605 1.94 1.84 7806 0.99 1.38 8011 -0.43 1.05 8302 -0.69 -1.50
7606 2.28 0.17 7809 -1.44 -1.04 8101 -1.27 0.53 8304 0.48 -1.03
7609 1.16 0.96 7811 0.07 -1.38 8102 1.26 -0.83 8305 1.41 1.48
7701 -1.74 2.52 7812 0.19 1.82 8103 -2.89 2.53 8307 -1.71 1.52
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Figure 4

Ten-year (1974—83) m ean and standard deviation of 
m onthly m eridional wind stress (+ northward) in IO'3 
d yne/cm 2, off southern  New England in the vicinity of 
39°N 72°W.

an d  Ekm an tran sp o rt com ponen ts are  p resen ted  in 
Table 3.

Results ___________________________________

Plots o f  wind stress an d  wind velocity (Fig. 1, 3) show 
the  com m only recognized (e.g., Meserve, 1974; Will­
iams an d  Godshall, 1977; Beardsley an d  B oicourt, 1981) 
seasonal p a tte rn s  off so u th ern  New England: n o rth ­
westerly winds d u rin g  all b u t the  sum m er m onths, w hen 
southw esterly winds prevail. T he Ekm an tran sp o rt vec­
tors (Fig. 2) show a sim ilar seasonal progression bu t 90° 
to the  righ t o f  the wind stress vectors.

Exam ples o f  the  linkage betw een w indfield variation 
an d  w ater co lum n changes can be found  m ost readily 
by exam in ing  the  m ost anom alous w inter w indfield 
conditions. O ne  ra th e r  long (8-mo) period  o f  negative 
anom alies in zonal w ind stress was Sep tem ber 1982- 
April 1983 (Fig. 7, T able 3). T he largest anom alies in 
this p e rio d  o ccu rred  in Jan u ary -F eb ru ary  1983, w hen 
norm al eastw ard wind stresses were rep laced  by strong 
westward co m p o n en ts  (Table 3). B ottom  w ater tem ­
p e ra tu re  anom alies a long  71 °W d u rin g  S ep tem b er- 
M arch (Armstrong, 1998) were positive inshore o f 100 m

d ep th , probably  because o f  the  reduc tion  in seasonal 
w ind-caused cooling.

A n o th er m ulti-m onth  perio d  o f anom alies in zonal 
wind stress o ccu rred  in N ovem ber 1976-M arch 1977, 
w hen th e re  were relatively strong  positive anom alies 
(Fig. 7). In Jan u ary  an d  February 1977, these anom alies 
were 2.52 and  1.36 standard  deviations, respectively, 
from  the m onthly  m eans (Table 2). This p e rio d  o f 
unusually s trong  westerly winds also was n o ted  in  an 
analysis o f  wind stress da ta  from  eleven grid  po in ts in 
the northw estern  A tlantic d u rin g  the  1970’s (Ingham , 
1982). D uring  this tim e period , th ere  were also record  
cold air tem pera tu res in the  m iddle A tlantic states, and  
b o tto m  w ater te m p e ra tu re  an o m alies  a lo n g  71°W 
(Arm strong, 1998) were negative, especially d u rin g jan u - 
ary and  February 1977, w hen they were strongly nega­
tive from  the coast to beyond the  200-m isobath. Simi­
larly, w ater co lum n tem pera tu res at m id-shelf w ere gen­
erally cooler than  average from  surface to bo ttom  (Cook, 
1998). T he low w ater tem pera tu res resu lted  from  the 
cooling effect o f unusually strong, eastward wind stresses 
(cold, westerly an d  northw esterly  w inds).

M ean sum m er wind stresses (Fig. 1) show northw ard  
com ponen ts (southerly  w inds), bu t in A ugust 1980 an d  
Ju n e -A u g u st 1983 the  m erid ional co m p o n en ts  were 
southw ard instead  (Table 3). C o inc iden t with these 
unusual wind stresses, w ater tem pera tu res a t m idshelf, 
especially in the u p p er water colum n, were unusually cool 
(Cook, 1998). T he southward wind stress com ponents 
may have caused a westward transport (Ekman transport) 
o f  cooler water from  N antucket Shoals to 71°W.
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Figure 5

Ten-year (1974-83) m ean and standard deviation of 
m onthly zonal wind stress (+ eastward) in IO-3 d y n e / 
cm 2, off southern  New England in the vicinity of 39°N 
72 °W.
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Monthly anom alies front 10-yr (1974-83) m ean m eridional wind 
stress (+ northward) in IO-3 dyne/cm 2, off southern  New England 
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stress (+ eastward) in IO-3 dyne/cm 2, off southern  New England in 
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Monthly mean computed wind stress components 
computed Ekman transports (x 10 metric tons/sec 
values northward (meridional) or eastward (zonal).

Table 3
(IO-3 dynes/cm2), wind stress anomalies from 10-yr means, and 
km) in the vicinity of 39°N 72°W, south of New England. Positive

Date
(YYMM)

Stress Stress Anomaly Ekman T ransport

M eridional Zonal M eridional Zonal M eridional Zonal

7401 -67 66 290.1 -195.0 -7 -8
7402 -431 179 53.6 -27.8 -20 -47
7403 -53 123 88.4 -53.4 -13 -6
7404 77 491 96.9 197.5 -54 8
7405 0 28 -49.8 -59.3 -3 0
7406 23 -17 -19.5 -127.3 2 2
7407 0 174 -47.5 15.8 -19 0
7408 19 35 -5 .4 -35.8 -4 2
7409 -11 -2 12.5 -7 .9 0 -1
7410 -198 49 -104.9 31.5 -5 -2 2
7411 -392 330 -172.1 141.6 -3 6 -43
7412 -9 7 103 138.2 -119.0 -11 -21
7501 -108 201 249.1 -60.0 -22 -12
7502 -8 4 137 400.6 -69.8 -15 -9
7503 -143 189 -1 .6 12.6 -21 -1 6
7504 -432 521 -412.1 227.5 -5 7 -4 7
7505 4 -3 -45.8 -90.3 0 0
7506 20 11 -22.5 -99.3 -1 2
7507 96 186 48.5 -72.2 -9 10
7508 -2 6 74 -50.4 3.2 -8 -3
7509 0 -2 23.5 -7.9 0 0
7510 -7 8 -1 15.1 -18.5 0 -9
7511 -4 8 119 -28.1 -69.4 -13 -5
7512 -175 31 60.2 -191.0 -3 -19
7601 -177 204 180.1 -57.0 -22 -19
7602 186 694 670.6 487.2 -76 20
7603 -10 113 131.4 -63.4 -12 -1
7604 -87 366 -67.1 72.5 -40 -1 0
7605 223 259 173.2 171.7 -28 24
7606 172 129 129.5 18.7 -14 19
7607 72 216 24.5 57.8 -24 8
7608 21 45 -3.4 -25.8 -5 2
7609 18 39 41.5 33.1 -4 2
7610 -49 16 44.1 -1 .5 -2 -5
7611 -375 630 -155.1 441.6 -69 -41
7612 -324 364 -88.1 142.0 -40 -35
7701 -853 842 -495.9 581.0 -92 -93
7702 -118 534 366.6 327.2 -58 -13
7703 -72 398 69.4 221.6 -44 -8
7704 22 133 41.9 -160.5 -1 5 2
7705 -41 141 -90.8 53.7 -1 5 -4
7706 -1 4 144 -56.5 33.7 -1 6 -2
7707 19 50 -28.5 -108.2 -5 2
7708 143 166 118.6 95.2 -18 16
7709 0 1 23.5 -4 .9 0 0
7710 -23 6 70.1 -11.5 -1 -2
7711 2 -14 221.9 -202.4 2 0
7712 -2 8 61 207.2 -161.0 -7 -3
7801 -44 234 313.1 173.0 -2 6 -5
7802 -863 133 -378.4 -73.8 -14 -9 4
7803 -82 52 59.4 -124.4 -6 -9
7804 -81 117 -61.1 -176.5 -13 -9
7805 32 -7 -17.8 -94.3 1 3

continued
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Table 3 (continued)

Date
(YYMM)

Stress Stress Anomaly Ekman T ransport

M eridional Zonal M eridional Zonal M eridional Zona

7806 99 259 56.5 147.8 -28 11
7807 36 68 -11.5 -90.2 -7 4
7808 66 52 41.6 -18.8 -6 7
7809 -75 -30 -51.5 -35.9 3 -8
7810 -41 9 52.1 -8.5 -1 -5
7811 -203 -104 16.9 -292.4 11 -22
7812 -204 564 31.2 342.0 -62 -22
7901 -164 367 193.1 106.0 -40 -18
7902 -855 248 -370.4 41.2 -27 -93
7903 -6 62 135.4 -114.4 -7 -1
7904 -11 58 8.9 -235.5 -6 -1
7905 142 69 92.2 -18.3 -7 16
7906 0 7 -42.5 -103.3 -1 0
7907 59 90 11.5 -68.2 -10 6
7908 46 67 21.6 -3 .8 -7 5
7909 7 -20 30.5 -25.9 2 1
7910 33 166 126.1 148.5 -1 8 4
7911 -5 40 214.9 -148.4 -4 -1
7912 -273 288 -37.8 66.0 -31 -30
8001 -707 68 -349.9 -193.0 -7 -77
8002 -823 287 -338.4 80.2 -31 -90
8003 -64 93 77.4 -83.4 -10 -7
8004 131 69 150.9 -224.5 -7 14
8005 9 139 -40.8 51.7 -15 1
8006 90 304 47.5 193.7 -33 10
8007 153 336 105.5 177.8 -37 17
8008 -18 128 -42.4 57.2 -14 -2
8009 9 25 32.5 19.1 -3 1
8010 12 94 105.1 76.5 -1 0 -1
8011 -317 410 -97.1 221.6 -45 -35
8012 -347 142 -111.8 -80.0 -15 -38
8101 -720 382 -362.9 121.0 -42 -79
8102 -11 8 473.6 -198.8 -1 -1
8103 -735 669 -593.6 492.6 -7 3 -80
8104 167 583 402.2 289.5 -6 4 18
8105 -31 0 -80.8 -87.3 0 -3
8106 41 193 -1 .5 82.7 -21 4
8107 24 78 -23.5 -80.2 -8 3
8108 -5 2 -29.4 -68.8 0 -1
8109 -84 88 -60.5 82.1 -10 -9
8110 -179 5 -85.9 -12.5 0 -20
8111 -746 196 -526.1 7.6 -21 -81
8112 -639 513 -403.8 291.0 -56 -70
8201 -335 274 22.1 13.0 -30 -37
8202 -302 1 182.6 -205.8 -0 -33
8203 -50 67 91.4 -109.4 -7 -6
8204 -41 519 -21.1 225.5 -57 -4
8205 -16 21 -65.8 -66.3 -2 -2
8206 6 34 -36.5 -76.3 -4 1
8207 55 179 7.5 20.8 -20 6
8208 10 101 -14.4 30.2 -11 1
8209 -43 -3 3 -19.5 -38.9 4 -5
8210 -279 -88 -185.9 -105.5 10 -30
8211 -52 256 167.9 -163.4 -3 -6
8212 -121 57 114.2 -165.0 -6 -13
8301 -396 -28 -38.9 -289.0 3 -43

continued
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Table 3 (continued)

Date
(YYMM)

Stress Stress Anomaly Ekman T ransport

M eridional Zonal M eridional Zonal M eridional Zonal

8302 -745 -151 -260.4 -359.8 17 -81
8303 -199 -2 -57.6 -178.4 0 -2 2
8304 56 78 75.9 -215.5 -8 6
8305 176 226 126.2 138.7 -2 5 19
8306 -12 39 -54.5 -71.3 -4 -1
8307 -39 305 -86.5 146.8 -33 -4
8308 -12 38 -36.4 -32.8 -4 -1
8309 -56 -7 -32.5 -12.9 1 -6
8310 -129 -81 -35.9 -98.5 9 -1 4
8311 -63 252 156.9 63.6 -28 -7
8312 -144 97 91.2 -125.0 -11 -1 6
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Introduction _____________________________

V ariations in the  position  o f  the  shelf-slope fro n t and  
interactions o f anticyclonic, warm-core G ulf Stream  rings 
with shelf waters can in tro d u ce  m ajo r changes in  cu r­
ren ts and  w ater masses over the  o u te r co n tinen ta l shelf 
an d  u p p e r slope (M organ an d  Bishop, 1977; Ingham  et 
al., 1982) an d , a t tim es, th e  m id sh e lf  (C rist an d  
C ham berlin , 1979). Because o f  the  d ifferen t origins 
an d  w ater mass characteristics o f  shelf an d  slope water, 
the fro n t rep resen ts an ecological boundary  fo r living 
m arine resources. Shifts in the f ro n t’s location  may 
expose m arine organism s, particularly  bottom -dw elling 
organism s, to unusual o r stressful environm enta l con­
ditions. Also, since ocean  fron ts are typically regions o f 
convergent flow, the  shelf-slope fro n t may be an  area 
w here d rifting  p lank ton  accum ulate, an d  there fo re  a 
reg ion  w here foraging pelagic fish (Ingham , 1976) and  
m arine m am m als (W aring e t al., 1993) concen tra te .

T he shelf-slope fro n t is the  p e rm an en t boundary  
th a t separates less saline and  usually coo ler shelf water 
from  slope water. O n  the east coast o f  the  U nited  States, 
the fro n t is located  over o r n ea r the o u te r  edge o f the 
co n tinen ta l shelf, is con tinuous from  C ape H atteras, 
N o rth  C aro lina , to  G eorges B ank, a n d  is p re se n t 
th ro u g h o u t the year. It ex tends from  the surface to the 
bo ttom , sloping so th a t the surface expression is lo­
cated  ab o u t 25 to 55 km seaward o f  the  bo ttom  contact 
(Beardsley an d  Flagg, 1976). T h e  horizontal salinity 
g rad ien t across the  fro n t is usually ab o u t 1 to 2 parts 
p e r  thousand; the horizontal tem p era tu re  g rad ien t at 
the bo ttom  is ab o u t 2°-4°C  an d  at the surface is 4°-6°C  
(Bowman an d  W underlich , 1977). W right (1976) ex­
am ined  seasonal variation in the  position  o f  the fro n t 
off so u th ern  New E ngland  an d  fo u n d  th a t the  bo ttom  
con tac t was usually n ea r the 100-m isobath, shifting 
shorew ard in  fall. A t the  surface, the  f ro n t’s position 
was m ore  variable, rang ing  from  52 km seaward o f the 
100-m isobath in w inter to 72 km seaward o f  the isobath

in late sum m er (W right, 1976). Both short-term  an d  
seasonal excursions o f  the fron t o f m ore  th an  100 km at 
the  surface o ff so u th ern  New E ngland have been  re­
p o rted  (e.g., A rm strong, 1985) an d  have been  a ttrib ­
u ted  to a variety o f  oceanograph ic  an d  m eteorologie 
influences. As the fro n t shifts shorew ard, shelf w ater is 
rep laced  by usually w arm er an d  m ore saline slope wa­
ter. W ith seaward shifts in  the fron t, shelf w ater may be 
carried  o ff the co n tinen ta l shelf.

W arm -core rings are large, anticyclonic eddies tha t 
occur in slope water an d  are fo rm ed  from  G ulf Stream  
m eanders tha t develop on  the shorew ard side o f  the 
G ulf Stream . W hen warm -core rings app roach  the  con­
tinen ta l shelf, large volum es o f  shelf w ater may be re­
m oved by en tra in m en t in the  circulation  o f  the  ring  
(Bisagni, 1983), an d  slope w ater an d  m odified  G ulf 
Stream  w ater may be in jected  o n to  the shelf (C ham ­
berlin , 1982), with bo th  processes p ro duc ing  displace­
m ents in the  position  o f  the  shelf-slope front. W arm- 
core rings are abo u t 200 km in d iam eter a t the surface, 
ex ten d  to dep ths o f  at least 2,000 m, an d  include cur­
ren ts as h igh as 140 cm /sec  (Cheney, 1978). Typically, 
the rings d rift westward an d  southw estw ard th ro u g h  
the  slope w ater o ff so u th e rn  New England.

I com piled  da ta  on  the m onth ly  positions o f  the 
shelf-slope fro n t at the  surface an d  along the bo ttom  
an d  on  the p resence o f  warm -core rings in  waters off 
so u th ern  New E ngland  for ten  years, 1974-83, to de­
scribe average ann u a l cycles an d  variability.

Data and Methods _________________________

T he strong  therm al g rad ien ts a t the surface associated 
with the  shelf-slope fro n t and  with warm -core rings, 
and  with in teractions o f  rings with adjacent water masses,

* Now retired . Present address: 309 Tom  Fripp Rd., St. H elena Is., 
SC 29220.
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are  often  ap p a ren t in satellite in fra red  data  an d  im ag­
ery. T h e  presence  o f  warm -core rings off so u th e rn  New 
E ngland  d u rin g  1974—83 was d e te rm in ed  from  annual 
reports  o f  bo ttom  tem p era tu re , as p resen ted  in A rm ­
strong  (1998), based on  in te rp re ta tio n s o f  satellite in ­
frared  data. W arm -core ring  passages were reco rd ed  as 
tim e o f year an d  d u ra tio n  o f  each rin g ’s presence along 
the 7 l°W  m erid ian . To exam ine the possibility o f  a 
seasonal tendency  in the  occu rrence  o f warm -core G ulf 
Stream  rings, the  n u m b er o f  years d u rin g  the 10-yr 
perio d  in which rings were p resen t along 71 °W on a 
given Ju lian  Day were sum m ed and  p lo tted  against tim e 
o f year (Fig. 1).

M onthly m ean  positions o f  the shelf-slope fro n t at 
the  surface (Fig. 1 ) were com p u ted  from  weekly d e te r­
m inations o f the fro n t com piled  in annual sum m ary 
reports, 1974-83 (Ingham , 1976; G unn , 1978, 1979a, b; 
H illand  an d  A rm strong, 1980; H illand, 1981, 1983; 
A rm strong, 1984, 1985, 1986). For the annual reports, 
fro n ta l locations a long  twelve bearings from  Cape 
R om ain, South  C arolina, to eastern  G eorges Bank were 
d e te rm in ed  from  weekly satellite-derived charts. This 
analysis em ployed weekly positions for the bearing  along 
the 120° azim uth  from  M ontauk  Point, because this 
line was n earest the 71°W m erid ian  em ployed in the 
studies o f  warm -core ring  tracks an d  water tem p era­
tu res p re se n te d  in A rm strong  (1998), C ham berlin  
(1998), an d  C ook (1998). T h e  M ontauk P oin t 120° 
bearing  line crosses the 200-m isobath  abou t 20 km west 
o f  71 °W. Because the fro n t is typically located  n ear the 
shelf break, fron tal positions were reco rd ed  as d ep a r­
tures from  the  200-m isobath.

B ottom  locations o f the shelf-slope fro n t were d e te r­
m ined  from  the  vertical cross-sections o f  tem p era tu re  
from  expendab le  b a thy therm ograph  (XBT) transects 
across the co n tin en ta l she lf an d  slope on  o r n ear 71°W 
long itude , as described  in Cook (1998). O n the vertical 
sections, the  in tersec tion  o f  the  cen te r  o f  the (usually 
strong) tem p era tu re  g rad ien t with the bo ttom  was as­
sum ed to rep re sen t the  offshore boundary  o f  shelf wa­
te r an d  was taken  to rep resen t the fron tal location. Sub­
surface salinity observations were rarely m ade on  the 
XBT transects, th ere fo re  how accurately this therm al 
g rad ien t fea tu re  rep resen ts the  shelf-slope fro n t could 
n o t be de te rm in ed . W right (1976) used the in tersec­
tion  o f  the  10°C iso therm  with the bo ttom  to indicate 
the  bo tto m  con tac t o f  the  fron t, but, as he no ted , this is 
n o t always accurate. For each  tem p era tu re  section, the 
bo ttom  d ep th  a t the  fron tal location  was reco rd ed  and 
p lo tted  against tim e o f year. M id-m onth positions, re­
co rd ed  as bo ttom  d ep th , were derived from  these plots.

D erived m onth ly  positions o f  the shelf-slope fron t at 
the  surface an d  a long  the bo ttom  were averaged, by 
m o n th , fo r the  10 yr to d e te rm in e  m ean  ann u al cycles 
an d  estim ates o f  variability (standard deviation) (Fig. 1).
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Figure 1
Ten-year (1974—83) average annual cycle and variabil­
ity o f the position of the shelf-slope fron t at the surface 
and on the bottom  and the presence o f Gulf Stream 
warm-core rings off southern New England. A) Mean 
position of the fron t by m onth. Surface positions are 
horizontal distances, m easured seaward of the 200-m 
isobath, and bottom  contacts are depths of intersection 
of the front with the bottom . B) Standard deviation of 
the frontal position, by month. C) Num ber of years when 
rings were present in slope water at 71 °W longitude: sum 
of periods of duration of rings by Julian Day (Fig. 2).

A nom alies from  the  10-yr m onth ly  m eans were calcu­
lated  fo r each m o n th  o f  the  10-yr perio d  (Fig. 2).

Results

T h e shelf-slope fro n t was generally  fa rth e r  offshore a t 
the surface an d  the bo ttom  con tac t was d eep e r d u rin g  
w inter an d  spring (Fig. 1A). In late sum m er an d  fall, 
the fro n t was fa rth e r shorew ard a t the  surface an d  in 
shallow er bo ttom  waters. At the surface, the fro n t re­
m ained  seaward o f  the  200-m isobath  th ro u g h o u t the 
year and  tended  to be about 50 km offshore o f the 200-m 
isobath from  D ecem ber th rough  May. From  July th rough 
N ovem ber, the  fro n t was located  fa rth e r  shorew ard, 
an d  was ab o u t 25 km seaward o f the  200-m isobath. 
A long the bo ttom , the fro n t was located  n ea r the 95-m 
isobath d u rin g  the sum m er an d  was in d eep est water, 
abo u t 110 m, from  D ecem ber th ro u g h  April. For com ­
parison with the seasonal variation in the  position  o f 
the fro n t at the  surface, the  horizontal distance be-
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Figure 2
Anomalies in the position of the shelf-slope fron t off southern  New England, 1974-83, 
relative to the 10-yr m onthly means in Figure 1: A) at the surface, in horizontal distance, 
and C) along the bottom , by bottom  depth. Blanks represent absence of data. B) Presence 
and duration of Gulf Stream warm-core rings at 71 °W longitude.

tween the 95- an d  110-m isobaths is abo u t 6 km. Aver­
aged fo r all m on ths o f  the ten years, the  fro n t was 
located  41 km seaward o f  the 200-m isobath at the 
surface and  its bo ttom  con tac t was a t 102 m dep th  
(Table 1), i.e., the  fro n t sloped so tha t its location  at the 
surface was ab o u t 65 km offshore from  its bo ttom  posi­
tion. These seasonal pa tterns an d  positions fo r the  sur­
face an d  bottom  contacts o f the fro n t are very sim ilar to 
those d e te rm in ed  fo r 1941-72 (W right, 1976).

Variability in  the position  o f the  shelf-slope front, 
expressed as the standard  deviation o f  average m onthly  
fron tal position  (Fig. IB ), ten d ed  to be least in late 
sum m er and  fall, w hich was w hen the fro n t was m ost 
shorew ard at the surface an d  in  shallowest w ater on  the 
bo ttom  (Fig. 1 A ). However, seasonal pa tterns in frontal 
positions are som ew hat u n ce rta in  since the typical stan­
d a rd  deviations (±35 km  at the  surface an d  ±12 m on 
the bo ttom ) were com parab le  in m agnitude  to seasonal 
shifts in  location  o f  the fron t. T he variation in  annual 
average frontal position during the 10-yr period (Table 1) 
was sim ilar in m agn itude  to the 10-yr m ean  seasonal 
d ifference at the surface, although bottom  positions were 
within 5 m o f the 99-m isobath in all years except 1978.

A total o f  34 warm -core G ulf Stream  rings transited  
the waters off so u th ern  New E ngland d u rin g  1974-83, 
with 3 o f the  rings first ap p ea rin g  n ea r the en d  o f  a year 
an d  persisting  in to  the beg inn ing  o f  the  following year 
(Table 2). D uring  each  year, 3 -4  rings were presen t, 
excep t in  1977, w hen th ere  were 7 rings. T h e  average 
d u ra tio n  fo r each ring  at the  71°W m erid ian  was abou t 
35 days, rang ing  from  abou t one  week fo r a ring  in 1977 
to abou t th ree  m onths for a ring  in  the  first h a lf o f 
1974. W arm -core rings were p resen t o ff so u th ern  New 
E ngland  from  as little as 92 days in 1983 to as long as 
163 days in 1977, averaging 123 days p e r year, o r  abou t 
one-th ird  o f  the  time. N o distinct seasonal p a tte rn  in 
the  presence  o f  warm -core rings was evident, a lthough 
rings ten d ed  to occur less often  d u rin g  late sum m er 
an d  early fall (Fig. 1C), which corresponds to the pe­
riod o f  least variability in fron tal position (Fig. IB). 
They were m ost often  p resen t in late Ju n e , w hen there  
were rings in  six o f  the  ten  years.

A nom alies in  location o f the shelf-slope fro n t at the 
surface and  along the bottom  d uring  1974-83 are shown 
in Figure 2 as d epartu res from  the 10-yr m ean  m onthly  
position. Also dep ic ted  in F igure 2 are the periods
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Table 1
Average location of the shelf-slope front at the surface and on the bottom  off southern New England during m onths when 
warm-core rings were present or absent for each year, 1974-83, and for the decade.

Surface Bottom

Rings present Rings absent Rings present Rings absent

Average No. Location1 No. Location1 Average No. Location2 No. Location2
location1 (km) m onths (km) m onths (km) location2 (m) m onths (m) m onths (m)

1974 25 5 10 6 45 96 5 94 7 104
1975 14 5 1 5 28 102 6 92 6 111
1976 47 4 24 7 60 94 4 81 5 105
1977 15 8 12 1 25 103 9 99 3 114
1978 68 4 28 8 89 111 4 100 8 116
1979 54 4 38 6 64 103 5 96 7 108
1980 37 4 29 8 41 101 4 93 8 104
1981 62 6 26 6 98 104 5 98 6 109
1982 52 5 35 7 61 101 5 92 7 107
1983 37 5 11 7 56 103 5 95 7 109
Average 41 5 21 6 56 102 5 94 6 109

Note: num ber o f m onths o f values may no t sum to 12 in a year because of absence o f data for som e m onths.
1 Surface frontal positions are the horizontal departu re  o f  the fron t from the location o f the  200-m isobath, with positive values to 

seaward.
2 Bottom frontal positions are the bottom  dep th  of intersection o f the front with the bottom .

w hen warm -core G ulf Stream  rings were p resen t in the 
slope water along 71°W. In general, th roughou t the 10 yr, 
excursions o f  the  fro n t at the  surface and  along  the 
bo ttom  parallel one  an o th er. Typically, w hen the fron t 
sh ifted  to offshore o f the 10-yr m ean  m onth ly  position 
at the surface, the  bo ttom  con tac t was in d e e p e r water; 
w hen the fro n t was shorew ard o f  the m ean m onthly 
position  at the  surface, the bo ttom  con tac t was shal­
lower. However, there  were no tab le  exceptions to this 
pa tte rn . For exam ple, from  Jan u ary  th ro u g h  July 1977 
(Fig. 2), the  fro n t was located  shorew ard o f  the  10-yr 
m ean  m onth ly  position  at the surface, b u t was generally  
fa rth e r  offshore an d  in d eep e r w ater than  average, o r 
n ea r the  average position, a long  the bo ttom . At the  
surface, the farthest offshore position o f the front for the 
10 yr was in April 1978 (180 km seaward o f the 200-m 
isobath) and  the farthest shoreward position occurred in 
January  1975 and  O ctober 1982 (20 km shoreward o f the 
200-m isobath). Extremes o f bottom  contact o f the front 
were in February 1977 (deepest contact at 137 m) and  in 
Novem ber and D ecem ber 1976 (shallowest bottom  con­
tact at about the 70-m isobath).

Excursions o f  the  shelf-slope fro n t from  the 10-yr 
m ean  m onth ly  positions at bo th  the  surface an d  along 
the bo ttom  often  ten d ed  to  be associated with the pres­
ence o r  absence o f warm -core G ulf Stream  rings (Fig. 
2). W hen rings were presen t, the fro n t was usually 
located  fa th e r shorew ard at the surface an d  in shal­
lower w ater a long  the bo ttom . In the absence o f  rings, 
the  fro n t ten d ed  to be fa rth e r offshore an d  in d eep e r

Table 2
Frequency and duration of warm-core rings present off 
southern New England by year, 1974-83.

N um ber 
o f rings

Duration
(days)

1974 3 128
1975 4 1 149
1976 3 99
1977 7' 163
1978 3' 105
1979 4 146
1980 3 107
1981 3 139
1982 3 102
1983 4 92
Average 3.7 123

1 Includes one ring present at the end  o f the p receeding year 
that persisted into the beginning o f the no ted  year.

water. H orizontal shifts in fron tal position  in response 
to the passage o f  rings were generally  la rger a t the 
surface than  a long  the  bo ttom , probably  d u e  to  the  fact 
tha t the slant o f the fro n t m akes it m ore  likely to in te r­
act with rings a t the  surface th an  a long  th e  bo ttom .

N ot all o f the  rings had  com parab le  in fluence  on 
fro n t position, w hich was likely d u e  to variations in  the  
size an d  dynam ics o f  the  rings an d  th e ir  p roxim ity  to 
the co n tinen ta l shelf (C ham berlin , 1982). An exam ple
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o f the re la tion  betw een warm -core rings an d  shifts in 
fron tal location can be seen in the sequence o f events 
in 1980 th ro u g h  early 1981 (Fig. 2). D uring  the first 
h a lf o f  1980, th ree  rings were p resen t and  the fro n t was 
well shorew ard an d  shallow er than  average. From  July 
th ro u g h  D ecem ber, n o  rings were rep o rted , an d  the 
fro n t shifted to offshore a t the surface an d  in to  d eep e r 
w ater a t the  bo ttom . From  Jan u ary  th ro u g h  April, the 
fro n t shifted  shorew ard an d  in to  shallow er w ater as two 
m ore rings d rifted  across 71°W longitude.

T h ere  was considerab le  betw een-year variation in  an ­
nual m ean position  o f  the fro n t a t the  surface and  
along the  bo ttom  (Table 1), w hich was n o t clearly re­
la ted  to e ith e r the n u m b er o f  rings p resen t d u rin g  the 
year o r  the total d u ra tio n  o f  rings in the  area  (Table 2), 
n o r were the surface an d  bo ttom  position  shifts be­
tween years typically in  tandem . However, w hen com ­
piled  for m onths w hen rings were p resen t versus ab­
sent, the annual m ean  fron ta l position  was always far­
th e r  shorew ard at the  surface an d  in shallower w ater on 
the bo ttom  w hen rings were p resen t (Table 1).

Shorew ard m ovem ent o f  the fro n t with the  passage 
o f  rings results in red u c tio n  o f  the area  covered by shelf 
water. To estim ate this reduc tion , the  10-yr average 
fron tal positions fo r periods with and  w ithout rings 
(Table 1) were used to  calculate the cross-sectional area  
o f  shelf w ater from  the coast to the  fro n t a long  7l°W  
longitude. Assum ing the fro n t slopes linearly with dep th  
from  the surface to  the  bottom , the cross-sectional area 
was 9.1 km 2 fo r periods with rings an d  11.6 km 2 for 
periods w ithout rings, am o u n tin g  to  a 21% reduction  
in shelf w ater cross-sectional a rea  d u e  to rings.
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