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Abstract

D IA P Y C N A L  M IX IN G  A N D  MASS TR A N S F E R  
IN  W E S TE R N  B O U N D A R Y  C URRENTS

Jose Luis Pelegri L lopa rt 
O ld  D om in ion University, 1992 

D irector: Prof. Gabrie l T . Csanady

The d is tr ib u tio n  o f nu trien t f lu x  in  five sections across the G u lf Stream (from  

the F lo rid a  S tra its to  35 °W ) is characterized by  an intense core, centered at the 

depth o f the 26.8 crt isopycnal surface. Th is  ‘N u tr ie n t Stream ’ transports nutrien ts 

o f O (1 0 3 k m o ls - 1 ) o f n itra te  and p roportiona l amounts o f o ther nutrien ts. W ater 

mass and n u tr ie n t balances o f nine isopycnal layers reveal significant diapycnal 

m ix ing  between upper-therm ocline and surface waters in  the sector o f the Stream 

between the F lo rida  S tra its  and the M id -A tla n tic  B igh t. A  two-box model o f 

the nutrient-depleted surface layers [a t <  26.8) and the nu trien t-rich  therm ocline 

layers (26.8 <  crt <  27.5) shows upw ard one-way transfer and two-way exchange, 

bo th  at a rate a t about 1 .6 m 2 s - 1  per u n it length o f the Stream.

We use isopycnic coordinates to  analyze a hydrographic section across the 

G u lf Stream o ff the M id -A tla n tic  B igh t. The analysis shows tha t the N u trien t 

Stream is characterized by low  Richardson numbers, matched by  a signature of 

m ix ing  in  the n u tr ie n t d is tr ib u tio n  on isopycnal layers. Analysis o f the Jacobian, 

J  =  dz /dp  (w ith  2 the depth and p the po ten tia l density), to ta l v o rtic ity  and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



poten tia l v o rtic ity  fields, shows th a t th is region has low  Jacobians associated w ith  

h igh po ten tia l v o rtic ity  values, as required theoretica lly fo r the case o f dom inant 

diapycnal m ixing. The diapycnal ve locity is calculated from  the vertica l gradient 

o f the Reynolds density flux , th is  parameterized as density eddy d iffus iv ity  d ivided 

by  the Jacobian. Regions o f large negative diapycnal gradients o f the diapycnal 

ve locity coincide w ith  the loca tion  o f the low Jacobians, suggesting tha t diapycnal 

m ix ing  is the consequence o f frontogenetically produced anomalies.

Fine-scale details o f the density d is tr ib u tio n  in  the N u trie n t Stream show 

a ‘staircase’ structure. We propose a simple model to  account fo r m ixed-layer 

fo rm ation  in  previously s tra tified  regions, once the Richardson num ber becomes 

subcritica l. O ur tim e scale estimate fo r the du ra tion  o f m ix ing  events is o f on ly  a 

few hours. Such events are possibly triggered by enhanced diapycnal gradients o f 

the horizonta l velocities in  s trong ly  stra tified  regions, du ring  frontogenesis in  G u lf 

Stream meanders. T h is  process appears responsible fo r two-way exchange in  the 

N u trien t Stream.
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Chapter 1. Introduction

I n  my youth I  had hoped that the 
better scrutiny o f the heavens, which 
we need, would be achieved by me.
In  my old age I  despair, but I  s t i l l  
hope that my words w i l l  induce 
someone to carry on the search.

Averroes (1126-1198)

The idea o f a “ cellular”  s tructu re  o f c ircu la tion, where properties are approx­

im ate ly  conserved, goes back to  C arl-G usta f Rossby’s (1936, p. 5) seminal paper. 

On i t  he says:

“ Since the vertica l c ircu la tion does not extend a ll the way down i t  may be argued 
tha t the water, because o f its  s tra tifica tion , has a cellu lar structure, each cell being 
separated through approxim ate ly horizonta l surfaces o f d iscon tinu ity  from  the cells 
above and below. Each boundary surface would then act as a ‘false’ bo ttom  and 
each cell would have a practica lly  independent c ircu la tion .”

Rossby supported these ideas using tem perature-salinity-oxygen correlations 

between the shallow waters on the coastal side o f the G u lf Stream and the deeper 

layers on its  offshore side. A lfred  Redfield (1936) im m ediate ly po inted out the 

im po rtan t ecological consequences o f along-isopycnal water transfer in  the G u lf 

Stream. He indicated tha t such upward and shoreward transfer should take place 

“ along isopycnics, which are known to  slope sharply as they cross the G u lf Stream” . 

He fu rth e r substantiated these results using Seiwell’s (1934) observations on the 

oxygen and phosphate d istribu tions.

However, the father o f isopycnal th ink ing  in oceanography is undoubtedly
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Raymond Montgomery. W ork ing  on his thesis under Rossby’s supervision, he 

w rote firs t a short note (M ontgom ery 1937) in  which he in troduced “ isentropic”  

charts, common in  atmospheric sciences, to  oceanography. In  th is  note he de­

scribed a m ethod to  calculate geostrophic shear in  isopycnic coordinates. He 

(M ontgom ery 1938) and P a rr (1938) were the firs t ones, and apparently the on ly  

ones during five lustra , to  use th is  m ethod. M ontgom ery (1938, p. 5) jus tified  the 

u t i l i ty  o f the isopycnal representation w ith  the fo llow ing  statement:

“ ... there is no poten t mechanism fo r a lte ring  the po ten tia l density o f any water 
element below the layer o f d irect surface influences. Hence there can be no flow  o f 
m a jo r proportions across surfaces o f constant po ten tia l density. For these reasons 
i t  is now generally accepted th a t flow  takes place essentially para lle l to these 
surfaces. I t  follows th a t the m a jo r sources fo r the water on each surface o f constant 
po ten tia l density are to  be found along its  in tersection w ith  the sea surface in  
higher la titudes.”

Surprisingly, M ontgom ery’s app lica tion  o f isopycnic dynam ical analysis was 

not resumed u n t il the m id-sixties, w ith  the works by  K irw a n  (1963), Reid (1965), 

Tsuchiya (1968), and Buscaglia (1971) (fo r a review see Reid 1981). R iley ’s (1951) 

comprehensive analysis o f the c ircu la tion  in  the A tla n tic  was carried out using the 

dynam ic m ethod on horizonta l levels and in te rpo la ting  over selected isopycnal 

surfaces. Perhaps even more s trik ing , M ontgom ery’s idea o f water sources at the 

sea surface intersection o f the isopycnal surfaces, would take more than fo rty  years 

to  develop as a realistic model fo r the therm ocline c ircu la tion . The analytica l 

models o f therm ocline c ircu la tion  due to  Rhines and Young ( 1982a,b) and Luyten 

et al. (1983), have fina lly  provided much needed ins igh t in to  how the in te rio r o f 

subtropical gyres works. However, the dynamics o f the crucia l western end o f these 

gyres remains obscure. The rise o f the therm ocline near the western boundary, 

the separation o f the current from  the coast and its ad justm ent to  the increasing
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plane ta ry vo rtic ity , have not been fu lly  accounted for. A n  understanding o f the 

dissipation mechanisms involved is necessary to produce fu lly  realistic models o f 

the subtropical gyres. A p a rt from  the ir crucial dynam ical role, boundary currents 

transport a vast amount o f heat poleward, as well as a large load o f nu trien ts, two 

im p o rta n t factors in  climate and in  the global biogeochemical cycle.

One o f the possible dissipative mechanisms in  western boundary currents, 

w h ich has received very l i t t le  a tten tion  in  the lite ra tu re , is diapycnal m ixing. 

Henry Stom m el’s early monograph on the G u lf Stream (1965, p. 115) is the only 

reference, to  m y knowledge, where diapycnal m ix ing  is considered as a like ly  phe­

nomenon for the G u lf Stream. Ta lk ing in  terms o f the in te rna l Froude num ber (the 

square o f the inverse bu lk  Richardson num ber), he showed th a t a simple po ten tia l 

v o r tic ity  conserving model allows supercritica l Froude numbers. He suggested tha t 

(S tom m el 1965, p. 116):

“  ... the real G u lf Stream approaches c ritica l in te rna l Froude flow , and i t  is quite 
conceivable th a t as a result there are in te rna l hydrau lic  jum ps and other in teresting 
small-scale phenomena, such as oblique shock fronts, along the left-hand, inshore 
edge o f the Stream.”

Th is  d issertation w ill show th a t Stommel’s physical in tu it io n  was again righ t.

Gregg and Sanford (1980) analyzed several profiles o f tem perature and ve­

lo c ity  shear in  the G u lf Stream and concluded th a t shear-induced m ix ing  was 

possible, although they though t i t  was probab ly less im p o rta n t than  therm ohaline 

intrusions. The poss ib ility  o f m ix ing  in  high-shear regions o f these oceanic baro- 

c lin ic  Streams (th a t could provide M ontgom ery’s “ potent mechanism fo r a ltering 

the po ten tia l density o f any water element below the layer o f d irect surface in flu ­

ences” ), deserves fu rth e r analysis. Such high-shear regions m ay be o f in te rm itte n t 

character, possibly related to  some phase o f the meanders. D iapycnal m ix ing , i f
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intense, may m od ify  the d is tribu tion  o f isopycnal surface height and other dynam i­

cal quantities, such as the isopycnic po ten tia l vo rtic ity . Furtherm ore, when taking 

place in  the upper-therm ocline layers, diapycnal m ix ing  may be responsible for 

the exchange o f nu trien t-rich  therm ocline and nutrient-depleted surface waters.

In  th is  w ork we firs t look a t the supply o f nutrients by the G u lf Stream to  

the N orth  A tla n tic  Ocean. We show th a t th is nu trien t flu x  takes place along the 

upper therm ocline layers, in  what is to  be called the ‘N u trien t Stream’. Then, we 

calculate the along-shore variations in  the water and nu trien t transports, bo th  in 

terms o f to ta l transport and vertica l structure. Analysis o f the balances o f water 

and nu trien t transports perm its us to  estimate the isopycnal in p u t and diapycnal 

m ix ing  th a t occurs along the G u lf Stream, on its  way from  the F lo rida  S traits to 

the northern  N orth  A tla n tic  Ocean.

Isopycnic coordinates, w ith  poten tia l density p used as the vertica l coordinate, 

is the na tu ra l framework for studying diapycnal m ixing. In  th is  framework, we re­

view the kinematics o f d iapycnal m ixing, and the equations o f m otion in  isopycnic 

coordinates in  the presence o f diapycnal m ix ing. The Jacobian o f the transform a­

tion  from  cartesian to  isopycnic coordinates, J  =  dz/dp, is an im portan t parameter 

in  th is analysis. We investigate conditions necessary fo r the m ateria l tendency o f 

the Jacobian, and o f potentia l vo rtic ity , to  be controlled by diapycnal gradients of 

the diapycnal velocity.

The theory is tested w ith  data from  a G u lf Stream hydrographic section o ff 

the M id -A tla n tic  B ight. We examine several pieces o f evidence, such as the d is tr i­

bu tion  o f the Richardson number, ind ica tive  o f shear-m ixing in  the G u lf Stream. 

Next, we look at the d is tribu tion  o f the Jacobian, to ta l v o rtic ity  and potentia l
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v o rtic ity  in  isopycnic coordinates. We show tha t the N u trie n t Stream is the locus 

o f low  Jacobian values responsible fo r associated high values o f po ten tia l vortic ity . 

We argue th a t in  these conditions diapycnal transfer is dom inant, so tha t bo th  

the mass-conservation and po ten tia l v o rtic ity  equations reduce to  simple forms. 

Assum ing th a t diapycnal m ix ing  is the result o f shear-induced small-scale ins tab il­

ities, we then relate diapycnal ve locity to  Richardson num ber and Jacobian. We 

show th a t regions w ith  small Jacobian (large potentia l v o rtic ity )  values im p ly  large 

diapycnal convergence th a t tends to  e lim inate these anomalies. Th is leads us to 

the view th a t diapycnal m ix ing  is the consequence o f anomalies produced during 

frontogenesis in  G u lf Stream meanders. We end by proposing a simple model for 

turbulence and m ix ing  w ith in  the N u trie n t Stream, and by  comparing our results 

w ith  analogous observations in  the upper level atmospheric je t stream.
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Chapter 2. The W estern Edge of the Subtropical Gyre

Thereupon I  began to reflect, whether 
or not that which is concealed from  us 
a p r io r i  by chance, can at least 
become known to us a posteriori, 
by an event observed many times 
in  s im ila r  instances.

Jacob B ernou lli (1654-1705)

In  th is  chapter we present a sum m ary o f how th in k in g  on the therm ocline c ir­

cu la tion  problem , inc lud ing  its  western boundary component, has evolved du ring  

the last decades. W e look w ith  some deta il at the associated n u tr ie n t transport, 

bo th  because o f its  b io logical im plica tions and because o f the clues i t  m ay provide 

as a tracer, pa rticu la rly  on diapycnal m ix ing  in  western boundary currents.

2.1 Thermocline circulation

A num ber o f a ttem pts (fo r an early review see Veronis 1969) were made d u r­

ing several decades, to  tackle the therm ocline c ircu la tion  problem , some o f them  

tak ing  in to  account the re la tion  between therm ocline c ircu la tion  and ven tila tion  

(e.g. W elander 1959). However, i t  was no t u n t il the late 70’s th a t enough was 

known em pirica lly  to  describe the pa tte rn  o f therm ocline  c ircu la tion . W orth ing ­

ton (1976) calculated the geostrophic velocities in  the G u lf Stream system and 

in te rpo la ted  the results to  isopycnal surfaces, w hich allowed h im  to  in fe r charac­

teristics o f “ rec ircu la tion”  in  the N orth  A tla n tic . He reported a m axim um  w ater
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mass transport (re la tive to  the bo ttom ) o f about 140 sverdrups. In  pa rticu la r, he 

found th a t the rec ircu la tion  gyre becomes narrower w ith  depth. S im ila rly , Stom- 

mel et al. (1978) found clear evidence fo r a narrow  baroclin ic rec ircu la tion  in  the 

therm ocline and deep layers, located somewhat to  the south o f the surface ex­

pression o f the G u lf Stream (F ig . 1). T he ir results also po in t at the existence o f 

re lated baro trop ic rec ircu la tion , bo th  near the surface and in  deeper layers. For 

the upper 800 m  they suggested tha t baro trop ic rec ircu la tion  could account for 

about 30 — 50% o f the mass transport imbalance in  upper layers. These values 

m ay be arguable, due to  the seasonal va ria b ility  o f the mass transport through 

the F lo rida  S tra its (N iile r and Richardson 1973).

Stommel et al. (1978) estim ated th a t the baro trop ic rec ircu la tion  in  the ther­

m ocline and deeper layers can account fo r some 50-70 sverdrups. Th is  value is sim ­

ila r  to  the difference between W orth ing ton ’s (1976) geostrophic transports (w ith  

a m axim um  o f 140 sverdrups) and Barre t and Schm itz’s (1971) d irect measure­

ments using floats near 67° W  (w ith  a m axim um  o f 203 sverdrups). I t  appeared 

clear, however, th a t the baro trop ic con tribu tion  is considerably smaller than  the 

baroclin ic  transport. Th is  was supported by  Reid ’s (1981) analysis o f therm ocline 

c ircu la tion  using acceleration potentia ls, which shows good agreement w ith  salin­

ity , oxygen and nu trien t d is tribu tions, and i t  was confirmed by  W unsch’s (1978) 

inverse calculations, which indicate th a t no significant ageostrophic flow  is required 

to  ob ta in  a solution fo r the N orth  A tla n tic  c ircu la tion  west o f 50°W .

Leetma et al. (1977) and Leetma and Bunker (1978) calculated the mean Ek­

man pum ping velocities fo r the N orth  A tla n tic , from  which they estimated the 

geostrophic c ircu la tion  as obtained from  the Sverdrup re la tion  (Sverdrup minus
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Figure 1 . (a) Relative topography o f 100 db re lative to  1500 db (un its  

in  dynam ic m illim eters), (b ) Relative topography of 1500 db re lative 

to 3000 db (un its  in  dynam ic m illim eters - 600). Reproduced from  

Stommel et al. (1978).
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Ekm an transport; F ig. 2). They found rem arkably good agreement between th is  

c ircu la tion  and tha t in fe rred  from  Stommel et a l.’s (1978) dynam ic heights at 

1 0 0  m  re la tive  to  1500 m . In  pa rticu la r, Leetm a and Bunker (1978) concluded 

th a t the no rthw ard  flow  th rough  the F lo rid a  S tra its  appears to  be in  balance w ith  

the southward Sverdrup transpo rt a t 31 ° N .  Th is  was supported by Leetma et 

al. (1977) and Stommel and Schott (1977), whose analyses for the southeastern 

po rtio n  o f the gyre (the  beta  triang le ) im p ly  th a t the dynamics there is Sverdru- 

p ian.

The re la tion  between therm ocline c ircu la tion  and the outcropping o f the 

isopycnal surfaces became clear in  Sarm iento et a l.’s (1982) isopycnic analysis 

o f the N o rth  A tla n tic  sa lin ity , t r i t iu m  and po ten tia l v o r tic ity  d is tr ib u tio n  (F ig. 3). 

The po ten tia l v o rtic ity  d is tr ib u tio n  shows homogenized values in  large recircu­

la tio n  regions in  the upper therm ocline layers, ag =  26.5 to 26.8, smaller at 

ag =  27.1. The sa lin ity  d is tr ib u tio n  in  a ll isopycnals showed a tongue-like m axi­

m um  associated w ith  the outcrop areas, except in  the deepest isopycnal analyzed 

(ag — 27.4) where the association was w ith  the outflow  from  the M editerranean. 

The t r it iu m  d is tr ib u tio n  is in  agreement w ith  the sa lin ity  d is tr ib u tio n , bu t i t  p ro ­

vides add itiona l in fo rm a tion  about m ix ing  processes and the time-scale o f the 

m otions. I t  shows the upper layers (down to  ag =  26.5) w ith  ra the r h igh tr it iu m  

values possibly due to  ve rtica l m ix ing . The upper-therm ocline layers, ag =  26.8 

and 27.1, present large northeast-southwest gradients, w h ich  reflect the in p u t o f 

h igh tr it iu m  concentration waters from  the outcrop regions. The tim e scale sug­

gested by th is  gradient is o f 0 ( 1 0  y rs ) ,  w hich is in  agreement w ith  rec ircu la ting  

velocities o f 0(0.01 m  s_1 ). Sarm iento et al. (1982) also observed large gradients
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F igure 2. (a) A nnua l mean vertica l Ekman pum ping ve locity (posi­

tive  values are upward, un its  in  10~ 7 m  s - 1 ). (b) Contours o f annual 

mean geostrophic water mass transport (un its  in  sverdrups). Repro­

duced from  Leetm a and Bunker (1978).
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Figure 3. P roperty  d is tribu tions  on selected isopycnal surfaces in  

w in te r. Areas shaded indicate no water o f th is density present du ring  

w in te r. U n its  are T U  (1  t r it iu m  atom per 1 0 18 hydrogen atoms) fo r 

t r it iu m , and 1 0 -1 1  m s - 1  fo r po ten tia l vo rtic ity . Reproduced from  

Sarmiento et al. (1982).
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o f tr it iu m  concentration in  the southeastern region o f the subtrop ica l gyre.

The above p ic tu re  is consistent w ith  the re la tion  between the location o f the 

w in te r outcrops fo r several isopycnals, and the regions o f positive  and negative 

Ekm an pum ping velocities (see Fig. 4, reproduced from  Kawase and Sarm iento 

1985; see also F ig. 2). In  the northeastern p o rtion  o f the subtrop ica l gyre, the 

upper therm ocline layers (down to  erg =  27.1) outcrop in  regions o f negative Ekman 

pum ping. Sarmiento (1983), using tr it iu m  as a tracer, showed th a t the downward 

Ekm an pum ping in  these regions was fa r too sm all to  account fo r the w ater flux 

between the surface and the therm ocline layers. He suggested th a t other exchange 

processes at the outcrop regions, such as m ix ing  and convective overturn ing , should 

be dom inant. Jenkins (1987) using tr it iu m  and its  ine rt daughter 3 He, reached 

a s im ila r conclusion fo r the beta triangle. His results showed th a t th is  region 

was indeed ventila ted , w ith  most water coming from  the outcrop regions and the 

along-isopycnal flow  consistent w ith  the geostrophic velocities.

M cDowell et al. (1982) and Keffer (1985) presented add itiona l po ten tia l vor­

t ic ity  maps and sections in  isopycnic coordinates in  agreement w ith  Sarm iento 

et al. (1982) results. Fig. 5 (from  Keffer 1985) shows a section o f po ten tia l vor­

t ic ity , drawn in  isopycnic coordinates, approxim ate ly taken along 40°IF . This 

figure shows the northern  outcropping o f the isopycnals and how, at h igh  la t i­

tudes, the lines o f constant potentia l v o rtic ity  are approxim ate ly para lle l to  the 

isopycnals. However, towards the equator they clearly cross the isopycnals, which 

indicates th a t in  th is region the flow  cannot be m erid ional. N otice also the region 

o f homogenized po ten tia l vo rtic ity  values, centered at erg =  26.8 and 30°1V, which 

corresponds to  the region o f therm ocline recircu la tion. Maps o f nu trien ts  fo r the
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Figure 4. Lines o f w in te rtim e  outcrops fo r selected layers. Hatched 

areas are o f positive (upwards) vertica l Ekman pum ping  velocities. 

Reproduced from  Kawase and Sarmiento (1983).
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Figure 5. Potentia l vo rtic ity  section in  isopycnic coordinates, ob­

tained from  the K N O R R  104 cruise, which approxim ate ly followed 

the 40°W  m eridian. Reproduced from  Keffer (1985).
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therm ocline (see Fig. 6 , reproduced from  Kawase and Sarmiento 1985, fo r n itra te ) 

showed N E-SW  concentration gradients consistent w ith  th is  rec ircu la tion  pattern.

Simultaneous w ith  th is  developing observational p icture, came also a better 

understanding o f the physical mechanisms th a t cause it .  Stommel (1979) was the 

f irs t to  combine Sverdrup dynamics w ith  M ontgom ery’s (1938) isopycnal view o f 

c ircu la tion . He argued th a t co n tin u ity  was satisfied between the Ekm an pum ping 

ve rtica l ve loc ity  at the base o f the Ekm an layer and the along-isopycnal flow  at 

a depth o f about 150 m. Furtherm ore, since the zonal movement o f outcropping 

isopycnals is faster than  the downward water movement, on ly the la te  w in te r water 

at the outcrop can effectively penetrate the therm ocline. I t  was Luyten , Pedlosky 

and Stom m el’s (1983) paper w hich fin a lly  fo rm ula ted the theory o f Sverdrupian 

c ircu la tion  in  the therm ocline. The theory showed three regions: a region “ ven­

tila te d ”  th rough  water in p u t v ia  negative Ekm an-pum ping at the outcrop o f the 

isopycnals; a “ closed” , unventila ted region, in  the western po rtion  o f the ocean; 

and a “ shadow”  region which cannot be reached by the parcel tra jectories, in  the 

southeastern po rtion  o f the gyre. The closed region was anticipated in  Rhines and 

Young (1982a,b) papers, f irs t under conditions o f large forcing o f the therm ocline 

layers th rough fr ic tio n a l coupling w ith  the surface layer, la te r by “ homogenization” 

o f po ten tia l v o rtic ity  th rough sustained rec ircu la tion  and along-isopycnal m ixing.

The above quoted models have provided much ins ight in to  therm ocline c ir­

culation, b u t they are in  various ways overidealized. More recent works based 

on these models have been able to combine some o f the ir features and remove 

some o f th e ir lim ita tions : see Pedlosky and Young (1983), which coupled Rhines 

and Young (1982a,b) and Luyten et al. (1983) theories, also Luyten and Stommel
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Figure 6 . Depth (meters) and n itra te  concentration (fim o l hg~ l ) on 

selected isopycnal layers. Areas stippled indicate no water o f th is 

density present du ring  w in te r. Hatched areas are regions w ith  rela­

tive ly  large error. Reproduced from  Kawase and Sarmiento (1985).
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(1986) and Veronis (1988), which included forcing th rough heat flu x  a t the ocean’s 

surface. Layered numerical models w ith  h igh spatia l resolution, using e ither the 

quasigeostrophic approxim ation (H olland et al. 1984) o r p r im itive  equations (Cox 

1985), have reproduced the m ain features o f the above three regions, illu s tra ting , 

in  pa rticu la r, the im portance o f mesoscale eddies in  diffusing po ten tia l vo rtic ity .

In  the ventila ted therm ocline layers o f the N o rth  A tla n tic , the water proper­

ties m ust reset themselves in  every recirculation. W ater flows along these layers 

in  route to  the western edge o f the gyre, where they are recru ited by the G u lf 

Stream. There they flow  northw ard and upward, to  reach the surface layers o f the 

northern  N orth  A tla n tic . These waters axe yet subducted once again, after having 

reset th e ir properties, inc lud ing  po ten tia l vo rtic ity . One o f our interests in  th is 

w ork is in  appreciating how diapycnal m ix ing  may provide a mechanism fo r these 

recircu la ting  waters to  get up near the surface in  western boundary currents.

Considerations o f th is  type are also im p o rta n t in  closing the nu trien t balance 

fo r the subtropical gyre and the whole N o rth  A tla n tic  Ocean. Brewer and Dyrssen

(1987) obtained gross estimates fo r the n itra te  and phosphate transport across the 

F lo rida  S tra its and suggested th a t the G u lf Stream is a p rinc ipa l source o f nutrien ts 

fo r the N orth  A tlan tic . Here we w ill carry th is analysis fu rth e r to  estimate how 

the transport of nu trien ts  by the G u lf Stream is m odified along its  pa th , and how 

much reaches the northern  N orth  A tla n tic  ocean.

2.2 W estern boundary upwelling

Despite the advances in  the understanding o f the therm ocline problem  the 

western end o f these theories remains unclear. In  pa rticu la r, how is the nu trien t 

transport balance closed in the western boundary regions and w hat characterizes
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along-isopycnal c ircu la tion  there? C ircu la tion  maps fo r the N orth  A tla n tic  (W or­

th ing ton  1976, Stommel et al. 1978) close the water transport balance through 

western boundary currents a t a ll isopycnal surfaces, b u t do not ind icate how this 

takes place. Rossby’s (1936) argum ent on the cause o f western boundary upwelling 

was rejected by  Defant (1937), Ekm an (1939) and Stommel (1965). The physi­

cal processes operating in  western boundary currents rem ain to  be fu lly  explored. 

W ha t is clear is th a t these processes have to  depend on the overall c ircu la tion  

o f the subtrop ica l gyre, and m ust balance the v o rtic ity  and energy in p u t o f the 

w inds to  the subtrop ica l gyre. We are s t i l l  a long way from  a fu l l  understanding 

o f western boundary current dynamics. Recent w ork by Gabriel Csanady (1989) 

has, however, begun to  define the outlines o f a solution.

Csanady’s (1989) theory o f western boundary upwelling is based on the  idea 

th a t energy d issipation in  oceanic gyres is concentrated in  western boundary cur­

rents, and th a t the firs t phase o f dissipation is the release o f po ten tia l energy to  the 

“ p rim a ry ”  eddies and meanders grow ing on the current. The firs t phase involves 

the upw ard movement o f re la tive ly  lig h t flu id  along isopycnals, across the direc­

tion  o f the mean current, in  accordance w ith  the baroclin ic  in s ta b ility  mechanism. 

The eddy energy is eventually transm itted  to  the environm ent and dissipated (for 

example, th rough the rad ia tio n  o f topographic waves). The dissipation makes 

the rise o f the lig h t flu id  permanent. Since current measurements w ith  isopycnal 

floats (Bower and Rossby 19S9) show no significant along-isopycnal mean vertica l 

currents under the G u lf Stream, Csanady proposed th a t western boundary up­

w elling is effected th rough Reynolds mass flu x  (corre la tion between layer depth 

and cross-stream depth).
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From  an analysis o f data on the form ation and disappearance o f the M id - 

A tla n tic  B igh t slopewater pycnostad, Csanady and H am ilton  (1988) have found 

evidence th a t a significant po rtion  o f the along-isopycnal flow  crosses the western 

boundary current and reaches the Slope Sea o f the M id -A tla n tic  B igh t. The lay­

ers involved in  th is  cross-stream exchange correspond to  the upper therm ocline 

(26.8 <  cr$ <  27.3), at depths o f about 800 m  in  the Sargasso Sea and ris ing  some 

600 m  under the G u lf Stream to  occupy the top few hundred meters in  the Slope 

Sea. Csanady and H am ilton  (1988) estimated the average upw elling ra te  fo r these 

layers to  be about 4 m 2s~ 1 per u n it length o f the Stream.

2.3 The nutrien t bearing s tra tu m

R iley (1951) analyzed the d is tr ib u tio n  o f oxygen and nu trien ts  (nonconserva­

tive  properties) in  the A tla n tic  Ocean w ith  the help o f a num erical model. The 

in p u t c ircu la tion  pa tte rn  fo r his model was obtained from  sa lin ity  and tem perature 

data. According to  Reid (1981), i f  i t  had not been th a t R iley ’s analysis came jus t 

a fte r M u n k ’s (1950) w ork on western boundary currents, “ i t  m igh t have stim ulated 

a more thorough investigation, even w ith  those lim ite d  data, o f the va ria tion  o f flow  

patterns w ith  depth th a t m igh t have been carried out concurrently w ith  the stud­

ies o f to ta l transpo rt.”  The fact is th a t th is type o f approach d id  not get restarted 

u n t il last decade, w ith  the works o f B o lin  et al. (1983, 1987), Schiltzer (1988, 1989) 

and Thie le and Sarmiento (1990). One o f the most s trik ing  features arising from  

R ile y ’s (1951) early analysis is the presence o f nu trien t-rich  and oxygen-poor lay­

ers in  the m id-therm ocline, approxim ate ly between the isopycnals ag =  26.8 and 

27.5. These layers correspond to  W orth ing ton ’s (1976) m id-therm ocline  waters, 

and have been called the “ nu trien t bearing s tra tum ”  o f the N orth  A tla n tic  by
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Csanady (1990b).

M odern data reveal the extent and permanence o f the nu trien t bearing stra­

tum . For example, the transa tlan tic  sections in  Roemmich and Wunsch (1985) 

show how th is  s tra tum  extends zonally over the whole N orth  A tla n tic  Ocean w ith  

un ifo rm  concentrations. Its m erid ional extent, as seen in  Kawase and Sarmiento 

(1985) isopycnal maps (F ig. 6 ), is also large. These maps show th a t the therm o­

cline waters o f the subtropical gyre are enriched in  nutrien ts du ring  th e ir southward 

and westward tr ip , supposedly th rough ra in  down and decomposition o f organic 

particles from  above.

In  the Slope Sea and at the edge o f the continental shelf the n u tr ie n t bearing 

s tra tum  approaches the sea surface and m ix ing  is enhanced. As Redfield (1936) 

o rig ina lly  suggested, th is is the source o f nutrien ts fo r the h igh b io logica l produc­

tio n  in  these areas (Yentsch 1974, R iley 1975, Nakao 1977, B row n et al. 1984, 

A tk inson  et al. 1987). If, however, nu trien t-rich  therm ocline waters rise to  the 

surface w ith in  the G u lf Stream, then high p ro d u c tiv ity  w ill not necessarily be 

confined to  shallower regions on the cyclonic side o f the G u lf Stream. In  th is 

case high phytop lankton concentrations m ay occur over the Stream itse lf and, 

p rinc ipa lly , in  the surface waters o f the northern  N o rth  A tla n tic  Ocean fed by 

the N u trie n t Stream. A  clear m anifestation o f th is may be seen in  sa te llite  p ic­

tures showing high chlorophyll p igm ent concentrations during  the occurrence o f 

the N orth  A tla n tic  spring bloom (Esaias et al. 1987, N S F /N A S A  1989).

2.4 Tracer anomalies and diapycnal m ixing in the G u lf S tream

The d is tr ib u tio n  o f nutrients, o r o f chemical tracers such as tr it iu m , in  the 

upwelling layers o f the G u lf Stream m ay be used to provide in fo rm ation  on the
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orig in  and rates o f water in p u t along and across isopycnals. As indicated above, 

Rossby (1936) and Redfield (1936) pioneered the idea o f along-isopycnal water 

in p u t in to  western boundary currents, based in  the con tinu ity  o f oxygen and nu­

tr ie n t d is tribu tions. R ichards and Redfield (1955) studied the evolution o f oxygen 

anomalies, as compared w ith  Sargasso Sea waters, along the course o f the G u lf 

Stream. They reported re la tive ly  large and patchy negative oxygen anomalies, 

m ostly  in  the 26 — 26.5 a t range b u t extending down to  at =  27, which they re­

lated to  the low oxygen content o f water a rriv in g  through the F lo rida  S traits. 

They speculated th a t the patchiness in  the oxygen anomalies m ay be due to  the 

G u lf Stream having several branches.

Stefansson and A tk inson (1971) studied the n u tr ie n t anomalies in  the G u lf 

Stream, again as compared w ith  Sargasso Sea waters (F ig. 7). They observed 

positive n u tr ie n t anomalies in  the 25.0 — 26.6 crt s tra tum , w h ich they ascribed 

to  n u trien t-rich  waters o f Caribbean orig in . T h e ir results, however, also show 

significant negative nu trien t anomalies in  the 27.0 — 27.5 a t s tra tum . These cannot 

be a ttr ib u te d  to  waters o f southern o rig in , because Caribbean therm ocline waters 

have higher nu trien t concentrations (F ig . 6 ; see also the hydrographic sections 

described in  Chapter 3). Densities in  the F lo rida  S tra its  do get a t least as large as 

a t =  27 .3, and one w ould expect th a t these waters w ould carry positive nu trien t 

anomalies in  the thermocline.

R ichards and Redfield (1955) tr ied  to  explain the negative surface oxygen 

anomalies in  the G u lf Stream by arguing th a t the surface s tra tum  (26.0 — 26.5 ct<) 

corresponds to  the swiftest flow ing waters. Th is  idea, i f  true , could provide an 

explanation fo r the positive surface nu trien t anomalies, bu t not so fo r the neg-
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Figure 7. (a) N itra te  and (b) phosphate concentrations as a function  

o f density (cr(). Circles and triangles represent observations taken 

in  the Sargasso Sea and the G u lf Stream, respectively. Reproduced 

from  Stefansson and A tk inson (1971).
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ative upper-therm ocline anomalies. Furtherm ore, R ichards and Redfield d id  not 

consider the n u trien t anomaly flux , w hich should be the im portan t parameter to  

consider. In  pa rticu la r, we w ill show la te r th a t the nu trien t flu x  is centered in  the 

26.8 — 27.1 crt range, w ith  s im ila r values bo th  a t at =  26.5 and 27.3.

A  plausible explanation fo r the patchy nu trien t anomalies, positive in  the 

surface layers and negative in  the upper therm ocline, is in te rm itte n t two-way ex­

change, no tic ing  th a t surface layers in  the Sargasso Sea are much poorer in  n u tr i­

ents than deeper layers. Positive anomalies a t the surface and negative anomalies 

below s im ply means a reduced gradient, consistent w ith  the idea o f diapycnal 

m ixing.

How could d iapycnal m ix ing  arise? Stommel (1965) used a one and a h a lf layer 

po ten tia l v o rtic ity  conserving model, to  sim ulate the G u lf Stream fro n ta l system. 

He po in ted ou t th a t when the upper layer depth, D , becomes shallow enough 

( D /D 0 <  0.38, where Do is the upper layer depth fa r from  the fro n t), the in te rna l 

Froude number exceeds un ity , and the flow  becomes supercritica l. Looking at a 

hydrographic section from  W orth ing ton  (1954), Stommel (1965, p. 115) pointed 

out th a t “ i t  is in teresting to  note th a t th is  is where the po in t o f in flection  in  the 

depth o f the 10°C isotherm  actua lly  occurs” . In  the hydrographic section analyzed 

below (Chapters 7 and 8 ) th is is also the po in t where the shrink ing o f the isopycnal 

layers is a m axim um .

Further support fo r the idea o f diapycnal m ix ing  comes from  the analysis 

o f t r it iu m  d is tribu tions by Jenkins (1980) and Sarmiento et al. (1982). They 

observed large upper therm ocline t r it iu m  concentrations in  the northwest po rtion  

o f the subtropical gyre, which can only be due to  enhanced m ix ing  between the
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surface and upper therm ocline layers.

In  th is  w ork we look at oxygen and nu trien t anomalies in  several sections 

across the G u lf Stream, and use them  to  analyze m ix ing  processes in  western 

boundary currents. We also enlist the help o f a dynam ical tracer, po ten tia l vo r­

tic ity . Recently Haynes and M cIn ty re  (1987, 1990) have thorough ly  explored the 

s im ila rities  and differences between po ten tia l v o rtic ity  and chemical tracers. Here 

we show how po ten tia l v o rtic ity  is m odified w ith in  shrink ing  and stre tch ing isopy­

cnal layers by  diapycnal m ixing.
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C hapter 3. H ydrographic Observations

A ris to tle  taught me to f ix  my 
judgement on that which is grounded 
upon reason, and not on the bare 
authority  o f the master.

G alileo G alile i (1564-1642)

Western boundary currents have been the subject o f m any and diverse studies. 

The G u lf Stream, a sample western boundary current, is probab ly  the best studied 

current in  the w orld  ocean. X B T  and oxygen sections were already available to 

C. G. Rossby and A . C. Redfield in  the 30’s (Seiwell 1934, Rossby 1936, Redfield 

1936). E arly  works on western boundary currents include S tom m el’s (1958, 1965) 

m onograph on the G u lf Stream, von A rx ’s (1962) description o f its  va riab ility , and 

Stommel and Yoshida’s (1972) collection o f papers on the Kurosh io  current. More 

recent review articles on the G u lf Stream are those by Fofonoff (1981) and W a tt 

(1983).

Fuglister (1963) carried out a comprehensive study o f the G u lf Stream in  

1960, which served as the basis fo r much subsequent w ork (e.g. Stommel et al. 1978, 

Bower et al. 1985). Since then, many o ther sections have been taken, such as those 

compiled and analyzed by W orth ing ton  (1976) and Stommel et al. (1978). W ith  

the advent o f autoanalyzer techniques, subsurface nu trie n t data became easier to 

ob ta in  in  the late 60’s (Stefansson and A tk inson 1971). H igh resolution C TD  

sections became standard in  the 70’s. A eria l X B T  surveys were undertaken in
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the late 70’s (Bane et al. 1981, Brooks and Bane 1981, 1983). Spain et al. (1981) 

developed free-falling instrum ents, named PEGASUS, capable o f measuring both 

tem perature and horizonta l currents. H a lk in  and Rossby (1985) and Leaman et 

al. (1989) have employed these in  obta in ing G u lf Stream sections.

Fuglister (1972) and K irw an  et al. (1976) were the firs t to  deploy surface 

lagrangian floats in  the G u lf Stream. Richardson et al. (1981) firs t developed sub­

surface SOFAR drifters, which Shaw and Rossby (1984) used fo r the G u lf Stream 

region. S hortly  after, Rossby et al. (1985) and Levine et al. (1986) developed 

constant-density or isopycnal RAFOS floats, which they used to  study the G u lf 

Stream. Acoustic Doppler Current Profilers (A D C P ) are presently used as stan­

dard  equipment in  many ships sampling the Stream.

The data used in  th is  work come from  tw o  sources. The firs t one is the 

M A S A R  (M id -A tla n tic  B igh t Slope and Rise) experiment, which explored the 

Slope Sea and the inshore edge o f the G u lf Stream during 1984 and 1985. The 

second is a set o f five hydrographic sections covering the entire G u lf Stream system, 

from  the F lo rida  Straits to  the N orth  A tla n tic  current (beyond the G rand Banks), 

taken between 1981 and 1985. B oth  data sets contain h igh qua lity  C TD , X B T  and 

nu trien t data, previously analyzed and used in  several reports and publications. 

These data sets were obtained w ith  standard technology, having the advantage o f 

proven good quality. On the other hand, the ir spatia l resolution was no t as good 

as is possible w ith  more up-to-date techniques.

3.1 M A S A R  data

The M A S A R  experiment was sponsored by the M inerals Management Service 

(M M S ) and it  is carefully described in  B rown et al. (1987); see also Csanady and
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H am ilton  (1988) and Bane et al. (1988). I t  included the deployment o f a num ­

ber o f m ooring arrays w ith  current meters in  tw o sections across the slope and 

rise o f the M id -A tla n tic  B igh t, m ainta ined between February 1984 and December 

1985. D uring  th is  period there were also eight cruises, at intervals o f about three 

months, and du ring  each o f them (except the last one) tw o hydrographic sections 

( “ no rthe rn ”  and “ southern” ) were taken in  the offshore direction. The data col­

lected included C TD  and X B T  profiles, and subsurface w ater samples o f dissolved 

oxygen (D O ), n itra te , phosphate and silicate. They were provided to  us in  pro­

cessed and verified fo rm  b y  P. H am ilton , o f Science A pp lica tions In te rna tiona l 

Corporation.

As pa rt o f the present work we looked at a ll (15) offshore sections. The 

G u lf Stream usually passed outside the range o f these sections. The Stream did 

p a rtia lly  cross the southern section during  cruises 1 (M arch 1984), 5 (February 

1985), 6  (M ay 1985) and 7 (September 1985). O f these, cruise 7 provided the 

most complete p ic tu re  o f the G u lf Stream (hereafter called section 7S). I t  is the 

on ly one th a t we w ill analyze.

Fig. 8  shows the location o f section 7S, together w ith  the simultaneous position 

o f the G u lf Stream, as i t  appeared in  a sate llite  image (courtesy o f Jenifer C lark, 

N O A A , adapted from  B row n et al. 1987). The sate llite  image confirms tha t a 

p o rtion  o f the G u lf Stream went through section 7S. Fig. 9 presents the d is tr ib u tio n  

o f tem perature, salin ity, and density fo r section 7S, w ith  the upwelling isopycnals 

o f the G u lf Stream. Also shown are the d is tribu tions  for the n itra te , phosphate, 

silicate and DO  concentrations.
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Figure 8 . (a) Oceanographic therm al analysis m ap fo r September 

9, 1985 (done by Jenifer C lark, N O A A ) fo r the M A S A R  area, (b) 

Location  o f the M A S A R  sections du ring  cruise 7, made between 

September 6  and 9, 1985 (adapted from  Brown et al. 1987).
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Figure 9. Tem perature, salin ity, density (cr(), and n itra te , phos­

phate, silicate and DO concentrations in  section 7S.
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3.2 Five sections across the G u lf S tream

The tracks o f the five G u lf S tream -North A tla n tic  C urrent hydrographic sec­

tions used in  our study are shown in  F ig. 10. They w ill be iden tified  by the la t i­

tude or longitude approxim ate ly followed during  the cruise: 24°N , 36°JV, 64°W , 

53° W , and 35° W  (hereafter, they w ill be called sections 24N, 36N, 64W , 53W 

and 35W, respectively). The dates o f the sections were September 5, 1981, June 

12-14, 1981, A p r il 23-28, 1985, M ay 14-17, 1983, and Ju ly  28 to  August 9, 1983, 

respectively. A ll sections were taken in  la te  spring to  summer, and tw o consecutive 

section pairs (24N-36N and 53W -35W ) were taken in  the same year, w ith  a tim e 

lapse o f on ly  about two and a ha lf m onths.

The data were made available to  us in  processed and verified fo rm  by  M . M c­

C artney o f Woods Hole Oceanographic Ins titu te . They included readings o f tem­

perature, sa lin ity , n itra te , phosphate, silicate and DO. From  the sa lin ity  and tem­

perature data, we have calculated the a t fie ld. Figs. 1 1  to 15 present these data 

fo r a ll sections. In  a ll o f them the north-westwards upwelling isopycnals signify 

the G u lf Stream. In  our analysis o f a ll five sections we used X B T  as w ell as DO 

and nu trien t data.

3.3 Section 36N

We have examined section 36N in  greater deta il than the others. For th is  anal­

ysis we have used bo th  n u trien t and h igh resolution C TD  data. Th is  section crosses 

the G u lf Stream o ff the M id -A tla n tic  B igh t, and i t  was occupied between June 12 

and June 14, 1981, m oving in  the offshore d irection  (F ig. 16). Fig. 17, adapted 

from  orig inals (courtesy o f Jenifer C lark o f N O A A ), shows tw o G u lf Stream fron ta l 

analysis maps made over the region o f consideration jus t before (June 1 0 , 1981)
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F igure 10. Hydrograph ic and n u tr ie n t sections employed to calculate 

w ater mass and nu trien t transports from  the F lo rid a  S tra its to  the 

N o rth  A tla n tic  Ocean. The dashed lines ind icate the approxim ate 

contours fo r the N u trie n t Stream as defined by the specified nu trien t 

flu x  values.
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Figure 11. Temperature, salin ity, density (cr*), and n itra te , phos­

phate, silicate and DO concentrations in  section 24N.
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Figure 12. Temperature, salin ity, density (cr£), and n itra te , phos­

phate, silicate and DO concentrations in  section 36N.
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Figure 13. Temperature, salin ity, density (crt ), and n itra te , phos­

phate, silicate and DO  concentrations in  section 64W.
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Figure 14. Tem perature, sa lin ity, density (er(), and n itra te , phos­

phate, silicate and DO concentrations in  section 53W.
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Figure 15. Temperature, sa lin ity, density (<r<), and n itra te , phos­

phate, silicate and DO  concentrations in  section 35W.
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Figure 17. F ronta l analysis maps fo r the region o f in terest, du ring  

June 10 and 15, 19S1 (adapted from  orig inals courtesy o f Jenifer 

C lark, N O A A ).
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and after (June 15, 1981) section 36N was taken. The location o f the G u lf Stream 

in  section 36N should be in  between what the two maps in  Fig. 17 indicate.

In  order to  use isopycnic coordinates, the C T D  data, provided to  us as aver­

age values over 2  m  depth intervals, were smoothed w ith  a runn ing -filte r to  16 m 

in te rva l averages. T h is  was the m in im um  smoothing necessary to  remove a ll po­

ten tia l density inversions in  the data. Subsequently, levels o f s igm a-theta surfaces 

separated by 0 .0 1  in terva ls were determ ined by cubic-spline in te rpo la tion . F ig. 18 

shows the 2  m-averaged orig ina l salin ity, temperature and sigm a-theta profiles fo r 

a po rtion  o f sta tion  15 (located w ith in  the G u lf Stream), together w ith  the 16 m- 

smoothed and 0 .0 1  erg-interpolated depth values.

Fig. 19 shows the smoothed crg-distribution w ith  the sea surface as the refer­

ence pressure, in  the cartesian coordinate system, and Fig. 20 presents the derived 

depth d is tribu tion , z, in  isopycnic coordinates. The isopycnic coordinates have not 

been extended above the 26.5 erg-surface because near the sea surface the isopyc- 

nals are closely packed and the in te rpo la tion  procedure loses accuracy. The lower 

l im it  has been chosen to  correspond to  the 27.8 ag-surface, which fo r th is  section 

roughly corresponds to  the 2000 m  level. A fte r Chapter 6 , except where otherwise 

noted, our calculations w ith  section 36N w ill always use the above ‘smoothed’ 

data (smoothed and in terpo la ted depth fie ld). The differences between the crt 

and erg surfaces are, fo r our purposes, insignificant, and the results obtained in  erg 

coordinates may be d irec tly  compared to  those in  a t coordinates.
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Figure IS . Overview o f the tem perature, sa lin ity  and sigma-theta 

profiles, using the unsmoothed data o f s ta tion  15 in  section 36N. 

A lso shown is the smoothed and in terpo la ted  density-depth profile  

(dashed line).
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Figure 19. 16m.-averaged (smoothed) sigma-theta, ag, in  section 

36N.
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C hapter 4. The G u lf S tream  and the N u trie n t S tream

The heart has it3 reasons which reason 
does not know.

Blaise Pascal (1623-1662)

On account o f the im portance o f nu trien t transport to  the global biogeochem­

ical cycle, i t  is clearly desirable to  establish from  observation ju s t what the mass 

balance o f the nu trien t bearing s tra tum  is, and how large a nu trien t transport the 

western boundary current actua lly carries. Brewer and Dyrssen (1987) obtained 

firs t order estimates fo r the nu trien t transport through the F lo rida  S tra its. Here 

we trace th is  transport fu rthe r and show th a t i t  greatly increases as the Stream 

flows along the continental m argin o f N o rth  America.

In  add ition  to  estim ating water mass and nu trien t transports, we also examine 

the questions o f how the transport o f water mass and nutrien ts is d is tribu ted  

over the different isopycnal layers, w hat the downstream increase o f the transport 

im plies fo r the c ircu la tion  o f the nu trien t bearing s tra tum  in the ocean in te rio r, 

and what the changing profile o f nu trien t transport reveals about processes w ith in  

the boundary current itself.

4.1 The N u trien t Stream

From  the density fie ld  we have calculated the geostrophic velocities referred to 

2 0 0 0  m , except fo r section 24N. Below th is depth the isopycnals were fla t enough
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to  guarantee tha t the re lative e rror in  the velocities and transports in  the im ­

po rta n t isopycnal layers is small. The dynam ic heights fo r regions shallower than 

2000 m  have been calculated using the m ethod described in  Csanady (1979), which 

assumes zero bo ttom  along-shore ve locity and uses the density anomaly values at 

the bo ttom . Since n o rth  o f Cape Hatteras the G u lf Stream ra p id ly  separates from  

the slope, any error caused by th is  approxim ation has l i t t le  effect on our con­

clusions. In  section 24N, we used the mean summer ve locity fie ld  o f N iile r and 

R ichardson (1973) fo r a cross-section located about h a lf a degree south o f section 

24N. Th is is made necessary by  the im portance o f baro trop ic flow  in  the F lo rida  

Straits.

N u trie n t flu x  t v, o r nu trien t transport per u n it area, is defined as the product 

o f concentration c and velocity norm al to  the section v:

t v =  cv  ( 1 )

The flu x  was calculated fo r the three nutrien ts named and DO, in  a ll sections. 

The un its  are /im o l / - 1  =  m m ol  m - 3  =  10- 6  k m o lm ~ 3 fo r nu trien t concentration, 

m m o lm ~ 2s~ l =  10- 6  k m o lm ~ 2s - 1  fo r nu trien t flux. The un its  are m l  / - 1  fo r DO 

concentrations, lm ~ 2s~ l fo r DO flux.

F ig . 2 1  shows the velocity, and nu trien t and DO fluxes fo r section 7S. F ig. 22 

shows the velocity, and nu trien t and DO fluxes fo r section 24N. Figs. 23 to  26 

show the density, velocity, n itra te  concentration, and nu trien t and DO fluxes for 

sections 24N, 36N, 64W, 53W  and 35W, down to  2 0 0 0  m. The G u lf Stream has 

a w id th  approxim ate ly ranging between 80 and 2 0 0  km,  w ith  velocities reaching a 

m axim um  near the surface and decreasing w ith  depth u n til the assumed level o f 

no m otion. N u trien t concentrations have very small values in  the surface region
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Figure 21. Velocity, and n itra te , phosphate, silicate and DO  fluxes 

in  section 7S.
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Figure 23. Density (<r(), velocity, n itra te  concentration, and n itra te , 

phosphate, silicate and DO fluxes in  section 36N, down to  2000 m.
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F igure  24. Density (crt ), velocity, n itra te  concentration, and n itra te , 

phosphate, s ilicate and DO  fluxes in  section 64W , down to  2000 m.
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Figure 25. Density (a t ), velocity, n itra te  concentration, and n itra te , 

phosphate, silicate and DO  fluxes in  section 53W , down to  2 0 0 0  m.
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Figure 26. D ensity  (a t ), velocity, n itra te  concentration, and n itra te , 

phosphate, s ilicate and DO fluxes in  section 35W, down to  2000 m.
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and a m axim um  located in  the m id-therm ocline, centered near ct< =  27.3. The 

d is tr ib u tio n  o f DO has a m axim um  in  the surface layers and a m in im um  near the 

26.8 <7 *-isopycnal, after which i t  increases again.

The 27.1 — 27.7 <7<-stratum corresponds to  the nu trien t m axim um  and DO 

m in im um  concentrations in  the m id  and upper therm ocline (R iley 1951), the nu­

tr ie n t bearing s tra tum  o f the N orth  A tla n tic  Ocean (Csanady 1990b). In  a ll cases 

the nu trien t f lu x  contours define a N u trien t Stream, or region o f h igh nu trien t 

flu x  associated w ith  the G u lf Stream system. The core o f the N u trien t Stream is 

located in  the upper po rtion  o f the nu trien t bearing s tra tum  (26.2 <  a t <  27.3), 

centered a t about 500 m  depth, below and s ligh tly  offshore o f the h igh-velocity 

core o f the G u lf Stream. The N u trien t Stream is identifiab le in  a ll sections, al­

though downstream o f section 36N i t  has several branches, and at section 35W 

also reverse transport o f significant magnitude. F lux  in tensity  is greatest in  the 

F lo rida  S tra its and declines m onotonica lly downstream (except fo r DO which has 

s im ila r magnitudes at sections 24N and 36N).

Fig. 1 0  indicates the position o f the N u trien t Stream, estimated from  the five 

sections th a t encompass the whole G u lf Stream. The contours o f the N u trien t 

Stream in  the figure correspond to flanking nu trien t flu x  values o f (2.5,0.2,1) 

m m o l  ( N O 3 , PO.i,  S i 0 2) m 2  s- 1 , which rough ly coincide w ith  velocity contours 

o f 0 .2  m s - 1  and DO flux  contours o f 1 l m ~ 2 s-1 . The irr ig a tio n  o f the N u trien t 

Stream from  the western boundary in to  the N orth  A tla n tic  Ocean suggests tha t i t  

may play a s im ila r role as arteries in  a liv in g  being, i f  one adopts the philosophy 

o f Lovelock (1979).

The con tinu ity  o f properties along isopycnal surfaces is evident in  Figs. 21 to
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26. There is one qualification, however, illus tra ted  in  Figs. 27 and 28: nu trien t 

(n itra te  in  F ig. 27) and DO concentration contours in  a <7 (-distance map show 

significant departures from  the general horizonta l trend at the location o f the N u­

tr ie n t Stream. Up to  at =  27.0, i.e. in  the lower and m id-therm ocline  layers, 

the n u tr ie n t and D O  concentrations are seen to  be almost a function  o f density 

alone. In  ligh te r layers the concentration shows a m axim um  fo r n u tr ie n t and a 

m in im um  fo r DO at stations 15 and 16, ju s t seaward o f the h igh-ve loc ity  core o f 

the G u lf Stream. One possible in te rp re ta tio n  fo r th is  is m ix ing  between the upper 

therm ocline and surface waters, a transfer o f nu trien t-rich  and D O -poor thermo- 

cline waters in to  the nutrient-depleted and D O -rich  surface layers. I t  is im po rtan t 

to  note th a t a considerable num ber o f data points show the n u tr ie n t m axim um  

and DO m in im um  in  the lig h t layers o f the G u lf Stream. However, variations 

shoreward from  th is  m axim um  (e.g., near x  =  150 km)  are m ostly  a rtifac ts  o f the 

contouring scheme and should be ignored.

4.2 Changes in w ater mass and nutrien t transports

We tu rn  now to  calculate to ta l and p a rtia l water and nu trien t transports by 

the G u lf Stream. The area in tegra l o f the ve locity gives the water transport, in 

un its  o f sverdrups. The to ta l water transport by the G u lf Stream, V , is obtained 

by in teg ra ting  over the area o f the whole Stream. The transport th a t takes place 

between tw o isopycnals, V), can be obtained by in tegra ting  over the area o f the 

Stream bounded by these isopycnals. The to ta l transport can also be expressed as 

the sum m ation o f a ll the p a rtia l transports between consecutive isopycnal surfaces, 

w ith  the upper and lower lim its  defined as the sea surface (z =  0 ) and the lowest
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Figure 27. Nitrate concentration, cwo3) in section 36N as a function

of at and cross-stream distance.
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Figure 28. DO concentration, co2, in section 36N as a function of

at and cross-stream distance.
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isopycnal (z =  —h(x)):

V  =  I  v dA  =  I  I  v d x d z
J a  J - h  J  o

N - 1 f L N - 1
=  E /  /  v d x d z  =^2 Vi, (2)

i = l  ' '* •+ !  i = l

where the depths o f the isopycnals are given by z,- =  z(crt ;, x) ,  and N  is the number 

o f isopycnal surfaces used in  p a rtitio n in g  the G u lf Stream. The topm ost surface 

is the sea surface and the lowest isopycnal is the assumed surface o f no m otion.

The cross-stream lim its  x  =  0  and x  =  L  are chosen as to  include a ll significant

ba roc lin ic  transpo rt by the G u lf Stream.

S im ila rly , the area in teg ra l o f the  nu trien t f lu x  gives the nu trien t transport,

Tv, w ith  typ ica l un its  o f k m o l s - 1  (/ s - 1  fo r D O ). Again we can express the nu trien t

transpo rt by the whole N u trie n t Stream as the sum m ation o f a ll p a rtia l transports 

between consecutive isopycnals:

p pO pL
Tv = c v d A =  I I  cvdxdz

J  A J - h  Jo
N - l  fZi r L N - l

= ^ 2  I  I  cvdxdz =  ^2 • (^)
i = i  ^ i + l  i = l

The n u tr ie n t and w ater transports fo r each layer may be related through

T vi =  c iV i ,  (4)

where c j  is a mean, ve loc ity  weighted, concentration fo r the layer. T h is  concen­

tra tio n  may be related to the mean layer concentration, c,', as

_  c v d x  dz

C t f  vdxdz

f “  fnL c d x d z
~   =  c . ( 5 )

f "  fn d x d z
J z i  +1 JO
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w ith  the approxim ation hold ing i f  the layers axe th in  enough and the ve locity is a 

re la tive ly  slow ly vary ing  function  o f depth. In  the lim it  o f a layer w ith  in fin ites im a l 

sm all thickness equation (4) becomes expression ( 1 ) fo r nu trien t flux . For the 

cross-shelf d irection  we can define s im ila r quantities (U , 17,•, Tu, Tu l), w ith  the 

im p o rta n t difference th a t they cannot be d irec tly  calculated bu t instead they have 

to  be inferred.

Brewer and Dyrssen (1987) estimates fo r the n itra te  and phosphate transport 

were obtained using on ly  one sta tion  w ith  nu trien t data, in  com bination w ith  

N iile r and R ichardson (1973) ve loc ity  measurements. T he ir estimates compare 

ra the r w e ll w ith  ours, obtained from  1 1  stations in  section 24N (see Table 1 ). 

O ur values are s ligh tly  larger, the difference being p a rtia lly  due to  the fact tha t 

our estim ate fo r w ater mass transport is larger than the value used by Brewer 

and Dyrssen (1987) (we used N iile r and R ichardson’s summer ve loc ity  fie ld, while 

Brewer and Dyrssen apparently used the ir annual mean velocities).

The w ater mass and nu trie n t transports across section 24N m ay be compared 

w ith  the (p a rtia l)  transports across section 7S, also in  Table 1. I t  is notew orthy 

th a t while  the water transport shows only a 1 2 % increase, the nu trie n t transport 

rough ly increase by a facto r o f two. The increase in  nu trien t transport appears 

even more s tr ik in g  i f  we recall th a t section 7S actua lly recorded the passage o f 

on ly a p o rtio n  o f the G u lf Stream.

Fig. 29 shows the changes in  to ta l water and nu trien t transports by the G u lf 

Stream, fo r the five complete sections. The to ta l nu trien t transport peaks at 

section 36N. To ta l n u tr ie n t transport at th is  section is 863 k m o l s - * fo r N O 3 , 

54.7 7-mo/s- 1  fo r P O 4 , and 508 kmo l  s - 1  fo r SzC>2 . Th is figure shows th a t although
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Section V Tv
n o 3 P 0 4 S i 0 3 DO

FS 29.5 292 16.4 - 109
24N 33.7 309 17.4 187 131
7S 38.2 530 39.7 301 152

Table 1. T o ta l water mass (sverdrups), nu trien t (km o l  s~ l ), and DO 

( I ) transports across the F lo rida  S tra its according to  Brewer

and Dyrssen (1987) and our calculations (FS and 24N, respectively). 

Also shown are the p a rtia l transports going across section 7S.
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Figure 29. V aria tion  o f to ta l w ater mass and nu trien t transports 

w ith  along-stream distance. The three scales in  the r ig h t m arg in  cor­

respond to  n itra te , phosphate, and silicate transport, respectively.
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it  may be conjectured th a t much o f the nu trien t transport recirculates, a large 

fraction  o f i t  undoubtedly reaches the subpolar gyre.

In  add ition  to  the above to ta l transports, we have also calculated the trans­

ports o f water mass, nutrien ts and DO, in  a succession o f overly ing layers, using 

the above expressions for V) and Tv{. The layers chosen axe between the sea surface 

and the at =  25.6 isopycnal surface, and between pairs o f the isopycnals, at =  25.6, 

26.2, 26.5, 26.8, 27.1, 27.3, 27.5, 27.7, and 27.8. The isopycnal at =  27.8 approx­

im ate ly  coincides w ith  the 2000 m  assumed level o f no m otion. The isopycnals 

chosen d iv ide the cross section o f the G u lf Stream in to  strips o f roughly s im ilar 

depth. The top three strips are in  w hat W orth ing ton  (1976) called the warm  wa­

ter, the next tw o upper therm ocline water, the two below th a t m id-therm ocline 

water, and the last tw o lower-therm ocline water. Down to  the m id-therm ocline, 

the layers considered by Sarmiento et al. (1982) were nearly the same as ours, 

a lthough the ir choice was based on equal surface outcropping areas in  w inter.

Table 2 contains Vi and Tri- fo r n itra te , phosphate, silicate and DO, in  a ll 

the isopycnal layers mentioned, for sections 24N and 36N. As is well known, the 

baroclin ic water mass transport o f the G u lf Stream roughly doubles between these 

two sections. N u trien t transport, however, is seen to  treble, and the increase in 

DO  transport is also larger than  th a t fo r the water mass transport. Th is re la tive ly  

large increase in  nu trien t transport is p a rtia lly  due to  along-isopycnal in flow  from  

the Sargasso Sea on the deeper layers (at >  27.5), w hich are not present in  the 

F lo rida  S tra its section. We m ay see in  section 36N th a t these layers have nu trien t 

and DO  concentrations higher than the overall values (see Table 2; fo r example, 

fo r n itra te  the deep layers have a concentration o f 19.25 n m o l / - 1 , while the over-
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Table 2. T o ta l and p a rtia l water mass (sverdrups), nu trien t ( km o l  

s - 1 ) and DO ( lm ~ 2 s~ 1) transports, and nu trien t ( f im o l l - 1 ) and 

DO  (m l  I - 1 ) concentrations in  sections 24N and 36N.
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a ll mean concentration is o f 16.92 fxm o l l- 1 ). Hence, we m ay expect tha t the ir 

con tribu tion  to  the to ta l nu trien t transport w ill be greater than  th e ir con tribu tion  

to  the to ta l w ater mass transport. However, the differences in  these concentrations 

axe less than 20%, and by themselves cannot explain the much larger change in 

n u tr ie n t transport (a factor o f three) when compared w ith  the water transport (a 

fac to r o f tw o). Furtherm ore, they can neither expla in why the increase in  nu trien t 

transport is so different from  the increase in  DO transport.

To find  an answer to  these questions we need to  look at the increase in  water 

mass and n u tr ie n t transport over the shallower (surface and upper-therm ocline) 

layers. As in  the deeper layers, these changes are a ttr ib u te d  to  along-isopycnal 

in flow  from  the Sargasso Sea. Expressed as a fraction  o f the upstream  water 

transport, the increase in  V  in  the various layers range from  0 to  200%, w ith  a 

pronounced broad m axim um  between the <r< =  26.5 and 27.3 isopycnal surfaces 

(F ig . 30). Notice th a t these increases are generally o f the same order as the ‘up­

stream ’ transport a t section 24N, and therefore dw arf any errors in  the transport 

estimates. As may be seen in  F ig. 30, most o f the water mass transpo rt increase 

occurs in  the upper therm ocline layers (26.5 <  cr( <  27.3). Because these are 

the layers cons titu ting  the nu trien t bearing s tra tum , the predominance o f th is 

in flow  helps expla in ing the much greater than proportionate  increase o f nu trien t 

transport in  section 36N. Since th is s tra tum  is poor in  oxygen, th is  also explains 

w hy the increase in  DO transport is not comparable to  the increase in  nu trien t 

transport.
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Figure 30. Relative increase between sections 24N and 36N o f water 

mass transport in  isopycnal layers.
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C hap ter 5. W a te r Mass and N u trie n t Balances

Trifles make perfection, and perfection 
is no tr if le.

Michelangelo B uonarro ti (1475-1564)

The above explanation for the re la tive ly  large increase in  n u tr ie n t over water 

mass transpo rt (as due to  in flow  from  the Sargasso Sea), is borne ou t in  a general 

way by an exam ination  o f the n u tr ie n t transpo rt changes, bu t there are some 

im p o rta n t discrepancies. In  th is chapter we use the nu trien ts  as a tracer in  order 

to  quan tify  the processes tak ing  place between sections 24N and 36N, tha t may 

be responsible fo r these discrepancies. In  order to  do so we require the changes in  

w ater and n u tr ie n t transpo rt to be a t least o f the same order as the in p u t through 

the F lo rid a  S tra its . A  very small change is not s ignificant when compared w ith  the 

tem pora l v a r ia b ility  o f the transports. A n  increase much larger than  the in flow  

th rough  the upstream  section, contains insuffic ient in fo rm a tion  on the upstream 

conditions.

5.1 N u trie n t anomalies

Let an ‘advective’ concentration be defined by

T n 2 — T n\ ( ^

c* =  - m r -  (

where the num eric subscripts 1 and 2 refer to  the upstream  and downstream 

sections, respectively. I f  in flow  took place s tr ic tly  along isopycnals, the advective
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concentration w ould equal some weighted mean o f the concentrations cn\ and c„ 2 

(w hich on ly  d iffe r by about 10%, so tha t c„ 2 is a reasonable approxim ation to  the 

concentration o f the in flow ). As long as the increases in  bo th  mass transport and 

n u tr ie n t transpo rt in  a given layer are o f the order as the upstream transports, any 

m a jo r differences between c„ and c„ 2 are s ignificant and require an explanation. 

A n  advective concentration much larger than the layer concentration implies excess 

n u tr ie n t supply, the opposite difference a deficiency.

E xclud ing the uppermost layer and the tw o  bo ttom  layers from  consideration 

(because the A V /V i  ra tio  is too  small or too large fo r th is  argum ent), significant 

excess n u tr ie n t supply is found in  the layers above the a < =  26.8 isopycnal, defi­

ciency below (see Table 2). Com bining a ll the layers above th is  isopycnal in to  a 

single ‘surface’ s tra tum , and a ll those down to  cr* =  27.5 in to  a ‘ therm ocline ’ s tra­

tum , one finds a weighted average ca about tw ice c„ 2 in  the surface s tra tum , a 15% 

deficiency in  the therm ocline stra tum . Expressed in  terms o f n itra te  transport, the 

increase in  the surface s tra tum  is 160 km ol s - 1 , on ly  h a lf o f which is explained by 

the isopycnal in flow . In  the therm ocline, the increase is 230 km ol s - 1 , in  place o f 

265 km o l  s-1 i f  the in flow  were isopycnal. Table 2 shows s im ila r differences fo r the 

other nutrien ts. As may be expected, the exact amount o f the sm aller discrepancy 

in  the therm ocline scatters more, its  average over the three nu trien ts  being 17%.

For the deep layers the mean and advective concentration fo r the nutrien ts 

and DO  show good agreement, as i t  is expected fo r rec ircu la ting  w ater inpu t tak ing 

place exclusively along the isopycnals. However, the DO  results fo r the topmost 

layer suggest the existence o f an im portan t extra  source o f DO. T h is  source can 

on ly  be the air-sea interface, and causes DO to  be a non-conservative quantity, not
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only due to  biological factors (w hich are reasonably well known, bu t are estimated 

below to  be negligible) bu t also because o f air-sea flux . Hence, DO is not included 

in  the rem aining discussion.

5.2 A  kinem atic model for w ater and nutrient balances

The ‘excess’ nu trien t transport observed in  the surface stra tum , and the con­

centra tion  anomalies over the N u trien t Stream suggest two-way exchange, and 

possibly one-way mass transfer, o f therm ocline waters in to  the surface stra tum . 

A  two-box model o f the G u lf Stream between sections 24N and 36N (F ig. 31) can 

be used to  estimate the rates o f these diapycnal transfer processes. Given the 

large nu trien t transport increases, nu trien t u tiliza tio n  is leg itim ate ly  ignored in 

the mass balances (see discussion below). The large water mass transport, and 

the large increase in  th is  transport, makes i t  realistic to  suppose steady state (ig­

noring ‘storage’ o f water between sections) and to  neglect any exchange w ith  the 

continental m argin. The water mass and nu trien t balances fo r the surface and 

therm ocline s tra ta  are then:

A V S=  Ua + w, (7)

A T , =  csUs +  ct W  +  (c, --  cs)E , (S)

A  V, =  U t - W , (9)

A T , =  ctUt -  ctW  — (c, - - cs)E . (10)

where the A V  are increases in  water mass transport, the A T  increases in  nu trien t 

transport, Ua and Ut are inflows from  the surface and therm ocline stra ta , W  is 

one-way transfer, and E  is two-way exchange. These equations are readily solved 

fo r the four unknowns Us, Ut, W  and E. In  the next chapters we w ill argue tha t
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z

Vt2

t7t =27.5

F igure 31. Schematic representation o f the m ain elements fo r the 

two-box model o f the G u lf Stream between sections 24N and 36N.
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b o th  W  and E  m ay be explained in  terms o f the divergence o f the Reynolds density 

flux .

The neglect o f nu trie n t u tiliza tio n  m ay be read ily  jus tified  by  em pirica l data 

obtained in  the South A tla n tic  B igh t. Yoder et al. (1983) quote new production  

rates a t the  edge o f the continental shelf, im p ly in g  n itra te  u tiliz a tio n  at the rate 

o f 2.3 x  10~6 fcm o/m -2 d-1 , s im ila r to  rates used by  W alsh et al. (1988), 3 — 5 x  

10-6  km o l m ~ 2 d ~ l , in  a num erical model o f p roduction  in  the M id -A tla n tic  B igh t. 

Supposing a u tiliz a tio n  rate o f 3 X  10~6 km o l m ~ 2 d ~ l  over a 100-fcm-wide s trip  

between sections 24N and 36N (1500 km  apart) gives a n itra te  transport loss o f 

5 km o l  s- 1 , or 3% o f the calculated increase in  transpo rt in  the surface layer, which 

is ce rta in ly  at the noise level. To u tilize  hundreds o f k m o ls -1 at the em pirica l 

u tiliz a tio n  rates w ould  take an area the size o f the subtrop ica l gyre. Therefore, 

u tiliz a tio n  is im p o rta n t fo r the balance o f nu trien ts  between whole transoceanic 

sections (as discussed by Brewer and Dyrssen, 1987, fo r such a section at 24°N ) ,  

b u t no t between sections o f an intense N u trie n t Stream.

5.3 R ecirculation and m ixing

Equations (2), (3), (5) and (7) to (10) m ay be applied separately to the 

n itra te , phosphate and silicate transport, y ie ld ing  three sets o f estimates fo r water 

mass in flow  and m ix ing . These are shown in  Table 3. W h ile  the estimates scatter 

somewhat (especially for W ), they a ll show s im ila r in flow  in to  the surface and 

therm ocline  stra ta , upward one-way transfer, and significant two-way exchange. 

Realistic values, w ith  error bars, are as follows (a ll in  sverdrups):
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N utrien t ua ut W E

n o 3 11.53 15.04 2.38 2.17
P 0 4 9.62 16.95 4.29 1.19
SiO  2 13.44 13.12 0.47 3.53

Table 3. Estimates fo r in flow  and m ix ing water mass transports 

(sverdrups) between sections 24N and 36N, obtained from  the two- 

box model.
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U, =  12 ±  1.5,

Ut =  15 ±  1.9,

W  =  2.4 ± 1 .9 ,

£  =  2.4 ± 1 .2 .

The along-stream distance between the tw o sections is about 1500 km, so tha t 

the overall one-way transfer and two-way exchange rates (per u n it length o f the 

Stream) are 1.6 m 2 s~1, w ith  fa ir ly  wide error bars. D is tribu ted  over the SO -km  

w id th  o f the Stream the corresponding m ix ing  coefficients are bo th  about 2 x 

10-5  m s - 1 . A n  upwelling ve locity o f s im ila r m agnitude characterizes equatoria l 

upwelling (W y rtk i 1981). F ig. 32 is a schematic representation o f the overall 

mass transfer rates, o ff the M id -A tla n tic  B igh t, according to the values calculated 

above. Csanady and H am ilton ’s (1988) estimate, fo r the mass transfer rate to  the 

shallower layers in  the continenta l slope, is also included in  th is  figure.

W ater mass and n itra te  transports in  d ifferent s tra ta  o f a ll five sections are 

shown in  Table 4 (w ith  crt <  25.6 included in  the surface s tra tum ). Between 

sections 36N-64W  and 64W -53W  there is l it t le  in flow  or outflow ; from  53W  to 35W 

there is large outflow  from  the surface s tra tum  and in flow  in to  the thermocline. 

A pp lica tion  o f the above box model to  those section pairs cannot be jus tified  

because the A V / V  requirement is not met, and indeed i t  leads to  erratic results.

5 .4  E s t im a te s  o f  m ean  tra n s p o r ts

We fin ish  th is  chapter by obta in ing some gross estimates o f the mean n itra te  

transport (surface to  2000 m )  by the N u trien t Stream, and its  d is tr ib u tio n  among 

the surface, therm ocline and deep s tra tum . S im ila r calculations may be easily
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Figure 32. Schematic illu s tra tio n  o f the overall mass transfer rates 

(in  un its  o f m 2 s~1), o ff the M id -A tla n tic  B igh t.
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Section 24N 36N 64W 53W 35W

V. 25.78 39.69 40.87 43.86 4.48

vt 7.62 20.28 18.54 17.57 21.05

vd 0.25 8.53 6.44 6.18 3.49

Tv, 115.5 273.9 187.8 220.8 17.5

Tvt 187.0 418.5 362.3 314.7 292.6

Tvd 6.3 170.4 128.0 123.5 65.4

Table 4. W ater mass (sverdrups) and n itra te  transports (A m o/s- 1 ) 

in  the surface s {a t <  26.8), therm ocline t  (26.8 <  a t <  27.5), and 

deep s tra ta  d (27.5 <  a t <  27.8) o f sections 24N, 36N, 64W, 53W , 

and 35W.
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extended to  the other nutrients, bu t they w ill not be shown here. Given the 

num ber o f approxim ations used in  obta in ing these values, we are actua lly  more 

interested in  assessing how sensitive along-isopycnal inflow , one-way transfer and 

two-way exchange are to  possible errors in  our along-stream transport estimates. 

We fin d  tha t the mean along-isopycnal in p u t is like ly  to  be considerably larger than 

the previously calculated values, bu t one-way and two-way m ix ing  are presumably 

nearly the same.

N iile r and Richardson (1973) and W orth ing ton  (1976) have studied the water 

mass transport va ria b ility  in  the G u lf Stream across the F lo rida  S tra its and the 

M id -A tla n tic  B igh t, respectively. For the F lo rida  S tra its, N iile r and Richardson 

(1973) estimated a mean water mass transport o f 29.5 sverdrups w ith  a mean an­

nua l va ria b ility  o f 8.2 sverdrups and to ta l va ria b ility  between 19 and 38 sverdrups. 

F rom  W orth ing ton ’s (1976, Table 10) summary o f sections fo r the M id -A tla n tic  

B igh t, we may estimate the mean water mass transport (referred to  the 2000 m 

level) as 77.5 sverdrups, w ith  a standard deviation o f 7.1 sverdrups and m axi­

m um  va ria b ility  between 63 and 90 sverdrups. Both N iile r and Richardson (1973) 

and W orth ing ton ’s (1976) results show large seasonal and interannual variab ility . 

Further, s im ila rly  large transport variations occur w ith in  a season o f a pa rticu la r 

year, presumably due to  mesoscale features. Hence, i t  is not surprising to  observe 

th a t sections 24N and 36N, despite being only two and a h a lf months apart, do 

reflect these differences. O ur calculated values for these sections, 33.7 and 68.5 

sverdrups are 14% larger and 12% smaller than N iile r and Richardson (1973) and 

W o rth in g to n ’s (1976) mean values, respectively, bu t well w ith in  th e ir observed 

va riab ility .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



143

As a firs t approxim ation, we m ay assume th a t the p a rtia l changes in  wa­

te r  transport, as well as the p a rtia l and to ta l changes in  n u tr ie n t transport, are 

p ropo rtion a lly  the same as the changes in the to ta l water transport. U nder th is 

cond ition , and using N iile r and R ichardson’s (1973) value (29.5 sverdrups) fo r the 

mean water transport, we estimate the to ta l n itra te  transport across section 24N 

to  be 270 km o l s - 1 . The p a rtia l contribu tions from  each s tra tum  [surface, ther­

m ocline and deep] fo r th is  section are estimated to  be [22.6, 6.7 and 0.3] sverdrups 

fo r  water mass transport and [100, 163 and 5] k m o ls -1 fo r n itra te  transport.

We may fo llow  a s im ila r procedure for section 36N, now using W orth ing ton ’s 

(1976) mean water mass transport (68.5 sverdrups). In  th is  manner, we estimate 

the to ta l mean n itra te  transport across section 36N to  be 976k m o ls - 1 , and the 

p a rtia l contribu tions from  each s tra tum  [surface, therm ocline and deep] to  be [44.9, 

23.0 and 9.6] sverdrups fo r water mass transport and [310, 473 and 192] k m o ls - 1  

fo r  n itra te  transport.

We can now calculate the values fo r mean advective cross-stream in flow  and 

diapycna l m ix ing , based on the above mean values fo r the surface and therm ocline 

along-stream water mass and n itra te  transports. A pp lica tion  o f the kinem atic 

m odel w ith  these values leads to  cross-stream isopycnal water transports o f 19.2 

and 19.4 sverdrups in  the surface and therm ocline stra ta , respectively, about 50% 

larger than the values obtained in  last section. However, the one-way transfer and 

two-way exchange values rem ain almost unchanged (less than  a 5% change.)
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C h ap ter 6. Equations in Isopycnic Coordinates

The naturalist differs from  the 
mathematician in  that he considers 
things clothed, whereas the 
mathematician considers them as 
bare o f  any visible material.

A ris to tle  (B .C . 384-322)

In  the last tw o  chapters we used isopycnic coordinates in  several ways. F irs t, 

the presence o f n u tr ie n t anomalies in  the distance-u* plane suggested the poss ib ility  

o f exchange between isopycnal layers. Second, the  separation o f the to ta l water 

mass and n u tr ie n t transports in to  p a rtia l transports by a f in ite  num ber o f isopycnal 

layers, allowed us to  examine the orig in  o f the changes in  the s truc tu re  o f the 

transports. F ina lly , a k inem atic  model was b u ilt  based on simple w ater mass and 

n u tr ie n t co n tin u ity  arguments, which gave us an estim ate o f the in tens ity  o f overall 

d iapycnal m ix ing  between the F lo rida  S tra its and the M id -A tla n tic  B igh t.

O ur results in  the last chapter pointed to  the existence o f two processes re­

sponsible fo r exchange o f water between the upper-therm ocline and surface stra ta  

o f the G u lf Stream. The firs t process, one-way transfer ( IF ) ,  is responsible for the 

transfer o f water from  the upper therm ocline in to  the surface s tra tum . The sec­

ond process is two-way exchange (E ) between bo th  strata. The diapycnal velocity, 

w h ich  has to  be responsible for bo th  processes, m ay be expressed as the divergence 

o f the Reynolds density flux . In  the remainder o f th is w ork we w ill explore the
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s itua tion  in  w h ich the Reynolds density f lu x  is caused by sm all scale turbulence 

th a t has its  o rig in  in  hydrodynam ic ins tab ility , and we w ill show how i t  can lead 

to  the second process, tw o-way exchange. In  th is  case an appropria te  parameter 

to  estimate the degree o f turbulence is the gradient Richardson number.

How do local ins tab ilities  and m ix ing  develop? In  th is  chapter we seek an 

answer w ith  the help o f the mass, m om entum  and v o r tic ity  equations in  isopycnic 

coordinates, in  the presence o f d iapycnal m ix ing . In  p a rticu la r, we show th a t large 

enough diapycnal convergence or divergence can contro l the separation between 

isopycnal layers, and drive the po ten tia l v o r tic ity  balance.

6.1 T h e  ‘m ean’ diapycnal velocity

Before review ing the m om entum  and v o rtic ity  equations in  isopycnic coordi­

nates we must define w hat we mean by ‘ tim e-m ean’ density surfaces and what are 

the corresponding d iapycnal and entra inm ent velocities. In  the cartesian (x , y, z) 

system, w ith  ve loc ity  components (u , v , w ), the instantaneous diapycnal velocity, 

w p, is defined as the m ateria l tendency fo r density:

D p  dp dp dp dp

w' = Di= ai + uai + vai + wT*' <n)
where D / D t  =  d /d t  +  u d /d x  +  v d /d y  +  w d /d z  is the m ateria l change operator in  

cartesian coordinates.

The mass conservation equation in  cartesian coordinates is 

dp d(up) d(vp) d(wp)
i  + - k r  + - ^ r + ^ r  = v -M ’ <12)

where M  is the m olecular density flu x  vector. In  an incompressible flu id  and in 

the absence o f d iabatic heating or m olecular d iffusion, th is  equation is equivalent 

to w p =  0.
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I t  is reasonable to  suppose tha t the tim e scale o f instab ilities  developing in  

regions w ith  significant m ix ing  is much shorter than the tim e scale o f significant 

displacements o f the boundary current. Over the la tte r tim e scale, the fast unstable 

m otions may be regarded as turbulence, g iv ing rise to  the conventional Reynolds 

fluxes o f density. In  th is conceptual fram ework, the slow ly changing ‘mean’ density 

fie ld  p is viewed as the stochastic average over a large num ber o f realizations, 

o r more practica lly, a time-mean taken over the long-tim e scale. Fast motions 

d is to rting  a given density isopleth, p, are removed by time-averaging the depths 

taken by tha t isopleth over the long-tim e scale, fo r each x  and y, to  give z — 

z (x ,y ,p  =  p).

W ith  this conceptual model in  m ind, we decompose the density and velocity 

fields in to  fast (prim ed) and slow (tilded) motions: p =  p + p ',  u =  w.+n', v  =  v + v 1, 

w =  w  +  w '. Taking the mean over the long-tim e scale, the mass-conservation 

equation becomes

_  dp _dp „d p  _dp
,i^ d i  + {l-Fx + %  + <i’Tz

=  V M - s - V G ,  (13)

having assumed incompressibility. The vector G  results from  the con tribu tion  of 

the mean molecular (M )  and tu rbu len t (F )  density f lu x  vectors, G  =  F  — M . The 

(mean) tu rbu len t density flu x  vector, or Reynolds density flux , has components

F  =  (F x ,F y , F z) =  (u 'p ' ,v 'p ' , iv 'p '). In  the atmosphere vertica l density flu x  may 

be due bo th  to  diabatic heating (la tent heat release and rad ia tion  flu x  divergence) 

and m ixing, bu t in  the ocean (except in  the uppermost 10 m  or so) the con tribu tion  

from  diabatic heating (or cooling) is negligible.

The diapycnal velocity, iop, defined in  the ( .r ,y ,p ) system, can be fu rthe r
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re lated to  the vertica l velocity, w, in  the vertica l coordinate (x , y , z ) system, as 

follows

dz dz dz dz  ,
w = m + n a - * + v e i  +  w>'Tf i - <14)

In  the long-tim e mean systems z' =  0 and w p =  w p, so an equivalent re la tion 

holds,

T>z dz „ d z  __ dz dz

w = m  =  m + u d i  +  v ^  +  v’ "T f ,
dz _ dz dz , ,

s - d t + w ' T p s - d t + w ‘ ' (15)

where V / V t  =  d /d t  +  u d /d x  +  v d /d y  +  w p d /dp ,  expresses the m ateria l change 

as seen from  the long-tim e mean isopycnic coordinate system. The contribu tions 

to  the mean vertica l ve loc ity  are d z /d t  =  (d /d t  +  u d /d x  +  v d / d y ) z, w h ich is the

result o f the local vertica l m otion o f the mean isopycnals plus the ve rtica l com­

ponent o f m otion along the mean isopycnal surfaces, and w e =  w pJ  =  w p dz /dp ,  

the mean entra inm ent velocity w h ich is d irec tly  related w ith  the mean Reynolds 

density f lu x  divergence through the mean Jacobian.

6.2 Isopycnic equations w ith  diapycnal m ixing

Consider now the mass and m om entum  equations in  isopycnic coordinates, in  

the presence o f diapycnal velocities. For s im plic ity , hereafter we w ill refer to  the 

diapycnal gradients o f the d iapycnal velocity sim ply as d iapycnal divergence (or 

convergence), to  the diapycnal gradients o f the horizonta l ve loc ity  as diapycnal 

ve locity gradients, and to any along-isopycnal gradient as an epipycnal gradient, 

w ith  equivalent no ta tion  for a ll o ther quantities.

To obta in  the dynam ical equations, in  the presence o f a ‘mean’ diapycnal 

ve locity w p, we w rite  down the mass and momentum balances in  a flu id  element
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o f sides dx, dy  and Jdp. Consistency w ith  the previous discussion dictates the use 

o f ‘m ean’ isopycnal surfaces, p. Hereafter, except where indicated, the d iapycnal 

velocities and isopycnal layers w ill always be the above discussed ‘mean’ values. 

Furtherm ore, when referring to  ‘overall’ quantities, a much longer time-average 

(over many long-tim e scales) w ill be im plied. The equations, dropp ing tildes, are 

(D u tto n  1976)

* £ )  8 ( J ^ )  +  a v u v )  +  1 _  =  . ! , «  +  « .(  £ ) ,  +  J A i
a t ox  ay p dp p ox op ox

(16)

^  +  ^  +  ^  +  1 a (£ £ ™ £ ) +  f J x  =  _ i {9 { J p ) +  e  Bz
a t dx  dy p op p dy op dy

(17)

-J- +  p j g  =  0, (18)
dp

d J  | d (J u )  | d {J v )  | 1 d (p J w p) = c  
d t dx dy p dp

A  and B  are the resu ltant horizonta l components o f a ll dissipative forces, inc lud ing  

Reynolds stresses and m olecular fr ic tio n , and C  is the result o f the horizonta l 

Reynolds mass fluxes and m olecular diffusion. In  these equations a ll derivatives 

are taken along isopycnals, i.e. w ith  the density p constant. Equations (16) and 

(17) are the horizonta l m om entum  equations, equation (18) is the hydrostatic 

equation and equation (19) is the mass conservation equation.

D iv id in g  through by  J  and using the mass-conservation equation, the h o ri­

zonta l m om entum  balances can be rew ritten  in  the ir ‘acceleration’ fo rm  as

du du d(j)

-di+w'a-p- fv = ~ai
dv dv d<j>

—  +  - / u  = - — +  A, (20)

—  +  w p—  +  f u =  +  B, (21)
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where cj> =  p /p  +  gz is the M ontgom ery po ten tia l (M ontgom ery 1937). Th is differs 

from  the non-diffusive result (Csanady 1989) in  the presence o f terms containing

w D.p-

The mass conservation equation (19) may be rew ritten  as the m ateria l ten­

dency o f j  =  p J ,

T>j . ( du d v \  .d w p _  .
V t ^ - 3  \ l h  +  l h j )  ~ J ~ d i  +  p '

where V /Z H is the m ateria l derivative in  isopycnic coordinates, as defined in  equa­

tion  (15). Th is  re la tion  shows th a t j , which is p roportiona l to  the separation 

between adjacent isopycnals, changes due to  convergence (o r divergence) o f the 

flow  in  the epipycnal and diapycnal directions. I f  epipycnal convergence and hori­

zonta l Reynolds mass f lu x  can be neglected (see Section 12), equation (12) reduces 

to

1 V j  dwp
j  ZH dp

(23)

6.3 Vorticity balance

The v o rtic ity  equation in  isopycnic coordinates, derived from  the cross-pro­

duct o f the acceleration fo rm  o f the m om entum  equations, m ay be w ritte n  as

ac , 3KC + /)] , a[«(c+/)] _ ,
at ax By ' ’

where (  =  d v /d x  — d u /d y  is the diapycnal component o f the re la tive v o rtic ity  (the 

difference between th is and the ve rtica l component being th a t here the derivatives 

are taken along isopycnals). The source term , 5 , is given by

d (  d v \  d  (  du
Tx\B - w’ a-p) + a i{'"‘’Tp

d w p d u  d w p d v \  ( d B  dA  \  d (
dy dp dx d p )  ^  \  dx  dy )  pdp
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=  Ti +  T0 -  wp , (25)

where T i =  (dw p/d y ) ( d u /d p ) — (dw p/d x ) (d v /d p ) and T0 — d B /d x  — d A /d i j .

Follow ing D u tton  (1976, p. 341), Ti may be interpreted as t i lt in g  o f horizonta l 

v o r tic ity  by w ritin g

dwp du dw p 
dy dp ~  dy

^ 4  =  ^ ( ^ - { ) ,  (26)dx dp dx \  dy J

where 77 and £ are the horizontal components o f re la tive v o r tic ity  in  isopycnic 

coordinates, £ =  dw p/d y  — d v /d p  and 77 =  d u /d p  — dw p/d x .  Hence, T,- can be 

rew ritten  as

, d w pdu  _  d w p d iA  _  /  dwp dwp .
'  1 dy dp dx  dp J V dy ^ dx  ' '  ^  ’

T h is  shows th a t in  the presence o f epipycnal gradients o f the diapycnal velocity, 

the horizonta l re la tive vortic ities, £ and 77, are converted in to  re la tive diapycnal 

vo rtic ity , £.

W ith  th is  p a rtitio n , equations (24) and (25) reveal tha t changes in  the vor­

t ic ity  on an isopycnal are caused by the t i lt in g  o f horizonta l re la tive vo rtic ity , T,-, 

torque by eddy stresses, T0, and advection o f the diapycnal v o rtic ity  gradient, 

w p d ( /d p .  A n  a lte rnative form  o f th is  equation may be obtained by adding this 

last con tribu tion  to  the local change and epipycnal advection terms. Then we 

obta in  a v o rtic ity  tendency equation in  the (x , y , p ) system (Staley, 1960)

z>(C + / )  = _ ( /  + C) ( ^  + M + T . + To, (28)
TH \ d x  dy /

w ith  V / V t  as defined in  equation (15). Th is  tells us th a t the m ateria l change 

o f the absolute v o rtic ity  is due to  horizonta l convergence or divergence, t i lt in g  o f 

horizonta l v o rtic ity  and torque by eddy stresses.
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Equation (24) m ay also be w ritte n  as a f lu x  po ten tia l v o r t ic ity  equation 

d ( jq )  d (u jq )  d (v jq )  dC,

—  + ~ W  + ~ W  -  z  +  T° -  Wfr p ' (29)

w ith  the po ten tia l v o rtic ity  q defined as

q =  • (30)

The im plica tions o f th is  equation, fo r the behavior o f q as a tracer, have been 

discussed by Haynes and M cIn ty re  (1987, 1990). Since the term s on the righ t- 

hand side o f equation (29) m ay be w ritte n  as the epipycnal divergence o f a source 

term  (equation 25), they argued tha t the am ount o f q between adjacent isopycnals, 

or “ po ten tia l v o rtic ity  substance” jq ,  can on ly change through epipycnal transport. 

However, as Haynes and M cIn ty re  po in t out, q itse lf may change due to  d ilu tio n  

o r concentration o f po ten tia l v o rtic ity  substance through diapycnal mass transfer.

For the analysis o f data i t  is convenient to use the po ten tia l v o r tic ity  tendency 

equation. W ith  the help o f equation (19), the v o rtic ity  equation (24) m ay be 

transform ed in to

dq S q d . . .
- ±  =  -  +  ± — ( j w p), 31
dt j  j  dp

or, equivalently, as the m ateria l tendency o f po ten tia l v o rtic ity  in  the  (x , y , p ) 

system

+  5  +  (32)
V t  j  j  dp

In  neither o f these tw o expressions has the righ t-hand side the form  o f an epipy­

cnal divergence, meaning tha t q may indeed change through processes o ther than 

epipycnal transport. In  pa rticu la r, the last equation tells us th a t the po ten tia l 

v o rtic ity  o f a flu id  parcel changes no t on ly due to  t ilt in g  o f horizon ta l v o rtic ity
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and torque by eddy stresses, bu t also due to  d iapycnal transfer associated w ith  

d iapycna l divergence (or convergence). I f  T , / j  and T0/ j  are re la tive ly  small (see 

Chapter 9), equation (32) may be approxim ated by

(33>q V t  dp

Equations (22) and (32) may be related, th rough the de fin ition  o f potentia l 

vo rtic ity , as follows

W q  ^  I V j  1 P(C +  / )
q V t  j V t  (  +  f  V t  K

Th is  equation states tha t the re lative change in  po ten tia l v o r tic ity  is due to con­

tr ib u tio n s  from  re lative changes in  both  j  and C +  / •  I f  d iapycnal m ix ing  is locally 

dom inant then we should be able to use the approxim ations (23) and (33) for 

the le ft-hand side and the firs t term  o f the righ t-hand side, respectively. Hence, 

fo r these approxim ations to  be correct we require the con tribu tion  from  the rela­

tive  change in  absolute v o rtic ity  in  equation (34) to  be sm all compared w ith  the 

con tribu tion  from  the re la tive change in  j .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



153

C hapter 7. D ynam ical Analysis o f Section 36N

The true philosophers, the lovers o f 
the true, should not be irr itated, 
but knowing to have erroneously 
thought, would thank who showed to 
them the very true.

Galileo G alile i (1564-1642)

Here we sta rt to  apply the isopycnic fo rm ula tion , as developed in  the last 

chapter, to  section 36N. We look fo r confirm ation in  the dynamics, o f what the 

kinem atics suggested: large local diapycnal velocities. F irs t, we show tha t the 

R ichardson numbers in  the N u trien t Stream may loca lly reach critica l values, 

w h ich points to  shear-m ixing as the source o f vertica l Reynolds density flux. Then 

we establish th a t anomalies in  the Jacobian and potentia l v o rtic ity  fields overlap, 

as expected i f  diapycnal divergence controls the potentia l v o rtic ity  balance.

7.1 The Jacobian and the Richardson num ber

In  Fig. 33 we present the d is tr ib u tio n  o f j  in  isopycnic coordinates 1 which, 

because o f the small variations o f p, closely resembles tha t o f J , and is an index 

o f separation between adjacent isopycnals. Several d is tinct domains are apparent, 

also recognizable in  Fig. 19. The most extensive domain encompasses Sargasso 

Sea and G u lf Stream therm ocline layers, where j  is re la tive ly  large, about 106 m  

in  the upper therm ocline and s till larger values below. Another extensive domain

1 According to convention, hereafter J  and j-va lues shown are absolute values.
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F igure 33. Separation index, j  =  /?7, in  section 36N.
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represents the near-surface s tra tified  layers w ith in  the Slope Sea and shelf waters, 

w ith  j-va lues o f order 105 m . Just underneath th is  region a band o f large j  values is 

seen, about 1—3 x  106 m , representing the residue o f the w in te r pycnostad. F ina lly , 

a small bu t d is tinc t dom ain, o f re la tive ly  low  j  values, below 3 X  105 m , appears at 

the location o f the N u trie n t Stream. Th is  is the dom ain o f in terest fo r our present 

study. Since the corresponding dom ain is no t easy to  id e n tify  in  Fig. 19, Fig. 34 

shows an enlargement o f the ere d is tr ib u tio n  in  cartesian coordinates fo r the  area o f 

interest. On i t  we have hatched the regions w ith  j  less than  3 x  105 m, fo r oe >  26.5. 

O ur dom ain o f interest is confined to  those areas hatched between stations 13 and 

17. In  these regions the vertica l distance between adjacent isopycnals is re la tive ly  

small, a lthough th is  does no t stand ou t in  a depth versus distance p lo t.

As a next step in  our analysis, we calculated the d is tr ib u tio n  o f the M o n t­

gomery po ten tia l (F ig . 35). The M ontgom ery po ten tia l, <f>, is calculated from  the 

anomaly o f the dynam ic pressure referenced to  the lower surface, a$(z =  zr ) =

clS

<t> =  -  + g z  =  g (D r -  z9) , (35)
p

where p is the pressure and g is the g rav ita tiona l acceleration. The anom aly of 

the dynam ic height, D r , is calculated as D r  =  f~  6 dz. The density anomaly 8  is 

defined as p =  pr ( l  — 6 ), where p r =  p(zr ) is the reference density. I t  is obtained 

as 9 =  (<rr — cr9)/(1000 +  <7r ).

The o rig ina l (M ontgom ery 1937), and most common usage, fo r the M o n t­

gomery po ten tia l requires th a t the reference isopycnal surface coincides w ith  a 

level surface, which is taken as the level o f no m otion. In  practice th is may not 

be the case, fo r which reason we have used the above version fo r the M ontgom ery
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Figure 34. S igma-theta, erg, fo r the top 1000 m  o f the G u lf Stream in  

section 36N. For erg >  26.5, the areas corresponding to  j  <  3 x  105 m  

have been hatched.
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Figure 35. M ontgom ery poten tia l, <f>, referred to  the 27.8 cr^-surface, 

in  section 36N.
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function  (Buscaglia 1971). Th is  version allows us to  use the geostrophic approx i­

m ation  (from  equation 20),

to  calculate the along-stream geostrophic ve loc ity  re la tive to a reference lower 

isopycnal. We chose th is  surface to  be a r  =  27.8, which we also assume as the 

level o f no m otion. The  ve loc ity  fie ld  obta ined in  th is  manner is shown in  F ig. 36. 

The M ontgom ery po ten tia l d is tr ib u tio n  in  our section compares w e ll w ith  Bower 

et a l.’s (1985) results fo r three sections located some 500 km  fu rth e r NE (notice, 

however, th a t there is a difference o f a g facto r in  these defin itions).

From  the depth and geostrophic ve loc ity  d is tribu tions  we estim ate the (gra­

d ien t) R ichardson num ber, R i,  as follows:

A  num ber o f theoretica l investigations have shown the existence o f a c ritica l R i  

value, R ic, below w hich m ix ing  is supposed to  develop. The value o f R ic depends 

on the flow  under consideration b u t ranges from  zero to  0.25, the la tte r value 

apply ing to  unbounded para lle l shear flow  (fo r reviews see M iles 1986, Fernando 

1991). The  firs t equa lity  in  equation (37) defines R i  in  cartesian coordinates, the 

second its  equivalent in  isopycnic coordinates. The second de fin ition  shows th a t 

R i  dim inishes w ith  J  (isopycnals close together) and w ith  increasing diapycnal 

gradients o f the ho rizon ta l velocity. Th is is con tra ry  to  the in tu it iv e  idea th a t R i  

should increase w ith  s ta tic  s ta b ility  (decreasing J ). The key facto r is the ve locity  

gradient: i f  the diapycnal gradient o f the horizon ta l ve loc ity  remains constant then 

the R ichardson num ber decreases w ith  increasing sta tic  s tab ility .
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The R i  d is tribu tion  2 in  section 36N is shown in  Fig. 37, w ith  re la tive ly  large 

R i  values (>  40) everywhere except between stations 13 and 17, the position o f 

the G u lf Stream. The regions w ith  m in im a  R i  values (<  5) are found in  the upper 

therm ocline o f the G u lf Stream, the location o f the N u trien t Stream. Recall tha t 

these values, apparently well above critica l, are obtained w ith  the 16 m-smoothed 

and subsequently in terpolated values. Th is was done in  order to  remove the in ­

versions in  the density fie ld, bu t i t  also has the effect o f reducing the gradients in  

h igh ly  stra tified  regions, increasing J  and presumably R i.  A dd itiona lly , the ne­

glect o f the ageostrophic velocity con tribu tion  is probably another reason why R i,  

as calculated, m ay be an overestimated index o f dynam ical s tab ility . The  results 

nevertheless show tha t shear-instab ility  is most like ly  to  occur in  the N u trien t 

Stream, i f  anywhere. Nakao (1977) also found a layer o f m in im um , b u t supercrit­

ical, R i  values (using data ve rtica lly  separated by 2 0 — 100 m ), which appeared to 

be associated to  the ripper therm ocline layers o f the Kuroshio.

The appearance o f m ixed-regions and inversions in  the po ten tia l density field, 

although d is tu rb ing  to  the isopycnic fo rm ula tion , is a necessary pa rt o f the in ­

s ta b ility  and m ix ing  processes to  which we have referred. I t  is unavoidable tha t 

any m ix ing  reduces s tra tifica tion  (increases J ), and creates well-m ixed regions and 

local inversions in  tim e and space i f  Ke lv in-H elm holtz ins tab ilities  and billows are 

responsibles fo r th is process (Thorpe 1973, 1987). Smoothing and in te rpo la tion  o f 

the data considerably modifies the local z values, the large extent o f th is change be­

ing related to  the s im ila r vertica l sizes o f the well-m ixed regions (~  20 m ) and the 

smoothing in te rva l (16 m ). The substantia l effect o f sm oothing on these regions 

may be appreciated in F ig. 18, where bo th  unsmoothed and smoothed density

2 As usual, throughout th is work we always present absolute R i  values.
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F igure 37. Richardson number, R i,  in  section 36N.
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profiles are shown fo r a po rtion  o f s ta tion  15.

T h a t the  observed m in im um  smoothed R i  values ind icate the existence o f 

loca lly  m uch smaller, near c ritica l R i,  is supported by the fo llow ing argument. 

Equations (35) and (36) y ie ld  the therm a l w ind  equation in  isopycnic coordinates:

.d v  a d z  .
f j r  =  7T -  38dp p dx

S ubstitu tion  in  equation (37) then approxim ates R i  in  isopycnic coordinates by

( f t )

E quation  (39) shows tha t R i  depends d irec tly  on J  and inversely on the 

square o f the horizon ta l depth gradient. V e rtica lly  averaging smoothes the density 

fie ld, and subsequent in te rpo la tion  to  sigm a-theta surfaces produces a smoothed 

depth fie ld  and reduces the m in im a in  J .  F ig. 38 shows the 2 m-averaged orig ina l 

(w h ich we ca ll ‘unsm oothed’ ) j  d is tr ib u tio n  in  ve rtica l coordinates, fo r the region 

o f the G u lf Stream. In  th is  figure we present contour lines on ly  fo r 10° and 103 

un its  (105 and 108 m ), w h ich  correspond to  w e ll-s tra tified  and well-m ixed regions, 

respectively. The large va ria b ility  o f th is  fie ld reflects m a in ly  the existence o f 

numerous well-m ixed th in  layers (o f about 10 — 20 m ). The effect o f sm oothing in  

reducing th is  v a ria b ility  is clear i f  we compare th is  figure w ith  F ig. 33, where we 

presented the j  fie ld  obta ined from  the smoothed data  (in  isopycnic coordinates). 

Th is reduction  in  the range o f the Jacobian is b rought out even more clearly by 

Fig. 39, w hich presents J  =  j / p  as a function  o f density, fo r bo th  the smoothed 

and unsmoothed cases (the data are from  stations 14, 15, and 16, w ith in  the G u lf 

Stream). In  th is figure we m ay also observe how sm oothing elim inates the negative 

Jacobian values and increases the absolute m in im a.
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F igure 38. Separation index, j  =  p J , fo r the top 1000 m o f the G u lf 

Stream, from  the unsmoothed density fie ld in  section 36N. 0 stands 

fo r 10° un its  (105 m ), and 3 fo r 103 units (108 m ).
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Figure 39. J  as a function  o f o$, fo r bo th  the smoothed and un­

smoothed density fields, in  section 36N (the data fo r th is  figure is 

from  stations 14, 15, and 16). (a) Complete range o f values fo r 

the unsmoothed data, w ith  absolute values greater than 105 m Akg~ 1 

being replaced by th is lim it, (b ) D eta il o f the region w ith  Jaco­

bian values between 0 and 104 m Akg~ e a c h  o f the three solid lines 

corresponds to  the smoothed fie ld  fo r a different sta tion, the dots 

correspond to  the unsmoothed values.
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The effect o f smoothing on the diapycnal velocity gradients is like ly  to  be 

smaller in  view o f the therm al w ind equation (38). Th is equation says th a t the 

diapycnal gradient o f the geostrophic velocity is equivalent to the epipycnal cross­

stream gradient o f the depth field. Since there is no clear reason to  antic ipate tha t 

d z /d x  changes rap id ly  w ith  p, we may expect tha t the effect o f sm oothing on th is 

quan tity  is small. A dd itiona l support for th is  idea w ill arise from  the results o f a 

simple model fo r diapycnal m ix ing , presented in  Chapter 9.

The idea o f in s ta b ility  and m ix ing in  the upper therm ocline layers is also 

supported by the nu trien t d is tribu tion  along isopycnals, as already pointed out 

in  Chapter 4. Fig. 40 shows the n itra te  d is tribu tion  fo r section 36N, th is figure 

being essentially the same as F ig. 27 above, bu t w ith  ag replacing a t . The n itra te  

concentration is rough ly constant along isopycnals in  the lower layers, up to  the 

27.0 (70-surface. Above tha t, the concentration isopleths depart from  the horizon­

ta l at the location o f the G u lf Stream, which we interpreted as a signature o f 

m ix ing  and upward entrainm ent. Th is idea is consistent w ith  nu trien t excess and 

deficiency in  the surface and therm ocline layers, respectively, and i t  was confirmed 

by balances o f water mass and nu trien t transports.

S im ila r nu trien t anomalies have been reported earlier by Stefansson and A t­

kinson (1971), fo r several sections across the G u lf Stream o ff the N orth  Carolina 

coast. Fig. 7 reproduced from  th e ir work, shows large positive anomalies in  the 

25.0—26.6 at s tra tum  and smaller, bu t significant, negative anomalies in  the 27.0— 

27.5 ot stra tum . Stefansson and A tk inson suggested tha t the positive anomalies 

are caused by waters o f Caribbean orig in, in  accordance w ith  Richards and Redfield 

(1955) earlier discussion fo r oxygen anomalies. However, th is explanation cannot
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Figure 40. N itra te  concentration, c n o3, in  section 36N, as a function  

o f ae and cross-stream distance.
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ju s tify  the negative nu trien t anomalies. A  complementary explanation, consistent 

w ith  our previous calculations, is tha t the anomalies are caused by m ixing.

7.2 Vorticity anomalies in the Nutrient Stream

Fig. 41 presents the d is tr ib u tio n  o f the absolute vo rtic ity , £ +  / ,  in  isopycnic 

coordinates. The ve rtica l component o f the re la tive v o r tic ity  has been approxi­

mated by  (  =  d v /d x ,  where v is the along-stream geostrophic ve loc ity  (F ig . 36). 

The p lanetary v o rtic ity  fo r th is  section is about 8.7 x  10- 5 s- 1 . The figure reveals 

the cyclonic and anticyclonic sides o f the G u lf Stream, w ith  absolute v o rtic ity  

larger (up  to  about 10 x  10~5 s - 1 ) and smaller (down to  nearly 6 X  10-5  s- 1 ) than 

the p lanetary vo rtic ity . However, the re la tive changes o f absolute v o rtic ity  are 

clearly much smaller than those o f the Jacobian, rough ly one-th ird  versus a factor 

o f five.

F ig. 42 presents the d is tr ib u tio n  o f the isopycnic po ten tia l v o r t ic ity  q, as 

defined by equation (30). 3 T h is  is s im ila r to  the Jacobian d is tr ib u tio n , and shows 

the same domains as described above. In  pa rticu la r, w ith in  the N u tr ie n t Stream 

the po ten tia l v o rtic ity  a tta ins re la tive ly large values, above 3.5 x  10-10 

versus 10-1 ° m -1 s_1 fo r the surrounding waters. The range o f va ria tion  is thus 

about a factor o f three to  five, s ligh tly  less than the range o f the Jacobian.

The figures establish the existence o f an anomalous region o f re la tive ly  small 

j  and large q, w ith  extreme values in  the core o f the N u trie n t Stream (26.65 < 

a# <  26.8). I t  is w o rthy  to  p o in t out tha t th is  same q anom aly may also be seen 

in  the results o f Roemmich and Wunsch (1985), obtained using the same data set. 

They presented the po ten tia l v o rtic ity  on the ag — 26.75 isopycnal (th e ir F ig . 15b,

3 Again, hereafter (/-values shown have dropped the negative sign.
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Figure 41. Absolute vo rtic ity , £ +  in  section 36N. P lanetary vor­

t ic ity  at th is location is about 8.7 x  10- 5 s- 1 .
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Figure 42. Poten tia l vo rtic ity , q, in  section 36N.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



170

not reproduced here), fo r the whole transa tlan tic  section approxim ate ly along 36° 

N, o f which ours is the  western portion . T h e ir results also show a s trik ing  intense 

peak o f po ten tia l v o r tic ity  in  the western end o f the section. The m agnitude of 

th is peak (~  6 x  10-10 is in  good agreement w ith  our estimates, and

shows to  be about five times larger than the background level in  the in te rio r o f the 

subtrop ica l gyre ( ~  1 — 1.5 x  10-10 ). The narrow  confines o f the anomaly

are such th a t i t  qu ick ly  becomes im perceptib le in  any spa tia lly  smoothed map 

(e.g. Roemmich and W unsch 1985, Fig. 14b).

As discussed above (equations 22 to  33), d iapycna l convergence or divergence 

may be d irec tly  re lated to  the m ateria l changes o f j  and q whenever the other 

contribu tions are considerably smaller. The fact th a t the  anomalies are present in 

bo th  the j  and q fie lds, b u t no t in  the absolute v o r t ic ity  fie ld, suggests th a t this 

is indeed the case (equation 34). However, at th is p o in t we cannot te ll whether 

the diapycnal convergence is producing o r removing the observed anomalies. We 

argue below th a t i t  is the in e rtia l, nearly-inviscid, evo lu tion  o f G u lf Stream mean­

ders th a t causes in s ta b ility  (and low R i  numbers), w h ich then leads to  diapycnal 

convergence and m ix ing .

A lso relevant to  th is  discussion are the po ten tia l v o rtic ity  d is tribu tions  calcu­

lated by Bower et al. (1985) and Leaman et al. (1989). Bower et al. (19S5) showed 

these fo r several G u lf Stream sections. In  a ll the ir sections, patches o f anoma­

lously large po ten tia l v o r tic ity  w ith in  the N u tr ie n t Stream are apparent (F ig . 43). 

Leaman et a l.’s (1989) sections do not show such anomalies, presumably because 

they are not in d iv id u a l surveys bu t were calculated by  averaging an ensemble of 

a large num ber o f surveys at the same location.
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Figure 43. M ontgom ery po ten tia l A P  (un its  o f dynam ic meters) ref­

erenced to  ag =  27.85, po ten tia l tem perature 6  ( °C ),  dissolved oxy­

gen O i  (m i l -1 ), and po ten tia l v o rtic ity  P V  =  ( / / p )d p /d z  (10-12 

), fo r fou r sections across the G u lf Stream. The longitudes 

o f the sections are (a) 68°30/W , (b) 64°30 'W , (c) 56°30 'W , and (d) 

5 4 °30W . Reproduced from  Bower et al. (1985).
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Figure 43 (continued)
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Note th a t fo r equation (33) to  be va lid  the absolute value o f j  cannot be too 

sm all. Some physical process is like ly  to  set a lim ita tio n  on the squeezing together 

o f the isopycnals, the reduction o f j .  The appearance o f sm all R i  numbers w ith in  

the  dom ain o f sm all j  (see Figs. 33 and 37) supports the idea th a t the lim ita tio n  

is due to  hydrodynam ic in s ta b ility  and m ix ing, once tw o isopycnal surfaces get 

too  close. As discussed before, the d is tribu tions o f j  and R i  are expected to  be 

rough ly  s im ila r. The d is tr ib u tio n  o f (d v /d p ) 2  (F ig. 44) is an ti-s im ila r. Changes in  

the square o f the d iapycna l ve loc ity  gradient reinforce changes o f j  in  m odify ing 

the R i  d is tr ib u tio n .
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Figure 44. Square o f the diapycnal velocity gradient, (d v /d p )2, in 

section 36N.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 8. Diapycnal Fluxes o f Mass and Potential Vorticity

A l l  our knowledge has Us orig in in  
our perceptions.

Leonardo da V inc i (1452-1519)

A l l  art is but im ita t ion  o f nature.
Seneca (B .C . 4?-A.D . 65)

O ur purpose in  the next tw o chapters is to  fu rthe r explore the causes and 

consequences o f the diapycnal velocities. In  th is  chapter we w ill concentrate on 

exam ining the causes. We s ta rt by  obta in ing an approxim ate expression fo r the 

d iapycnal velocity, from  a simple firs t-o rder closure model. Using published results, 

we express the eddy d iffus iv ity  in  terms o f the Richardson number.

We fin d  th a t anomalous values in  the Jacobian and the po ten tia l vo rtic ­

i ty  fields occur together w ith  the m axim um  values o f d iapycnal convergence (or 

stre tch ing o f t ig h tly  packed isopycnals). Th is is consistent w ith  previously noted 

evidence o f small Richardson numbers, and suggests th a t we are observing the 

results o f m ix ing  triggered by hydrodynam ical ins tab ility . The diapycna l veloc­

ities show a lte rna ting  m axim a and m inim a, suggesting th a t the overall result o f 

in s tab ility -m ix ing  is two-way exchange.
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8.1 E stim ating  the diapycnal velocity

In  connection w ith  surface m ixed-layer deepening, a p le thora  o f models have 

been proposed in  the lite ra tu re  fo r calculating the d iapycnal (entra inm ent) ve locity 

(see reviews by  Z ilitinkev ich  et al. 1979, D eardorff 1983, Gaspar 1988, Fernando 

1991). In  these models the diapycnal ve loc ity  is often calculated from  the buoyancy 

flu x  te rm  in  the turbulence k ine tic  energy equation. The leading term s in  th a t 

equation are tu rbu len t energy p roduction  and dissipation. The buoyancy flu x  te rm  

is typ ica lly  about 3% o f the leading terms. A  re la tive ly  small e rro r in  the pred iction  

o f the leading terms therefore translates in to  a large e rro r fo r the buoyancy flu x , 

and fo r the d iapycnal velocities. Fernando (1991) summarized labo ra to ry  and fie ld 

data on entra inm ent in  s tra tified  shear flows, and showed th a t the observations do 

not support the models.

Here we make estimates o f the d iapycnal ve loc ity  using a firs t-o rde r closure 

model s im ila r to  M unk  and Anderson’s (1948). The Reynolds density flu x  vector, 

F, may be taken to  be perpendicular to  the ‘mean’ isopycnal surfaces and is

approxim ated by its  vertica l component, F .  =  w'  p' (recall th a t we have dropped 

tildes from  a ll mean quantities). F z is parameterized using a spa tia lly  varying 

vertica l density eddy d iffus iv ity , K :

*  =  - K %  =  - f  ■ (40)

Therefore, neglecting the con tribu tion  from  the (mean) m olecular density flu x

vector, M , equation (13) becomes

d F : d ( K \  l d K  T, d 2p 1 d K  K  d J
Wp~  dz ~ d z \ J j ~ J d z ^ ~ ' L dz 2  ~  J 2  dp J 3 dp  ' ( )

The entra inm ent ve locity is related to the diapycnal ve locity by w c =  J w p (equa­

tio n  15).
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Equation (41) shows th a t the diapycnal ve locity may be though t o f as arising 

from  tw o terms: the vertica l va ria tion  o f the eddy d iffus iv ity  and uneven vertica l 

distances between isopycnals equally spaced in  crg-space. The f irs t term  generates 

a diapycnal ve locity in  the d irection  o f decreasing K  (recall th a t J  is negative), 

o r equivalently, an entra inm ent ve locity in  the d irection o f increasing I \  (as dis­

cussed fu rth e r in  Csanady, 1990a). Th is  agrees w ith  the em pirica l findings tha t 

entra inm ent takes place in  the d irection  o f increasing turbulence (Turner 1973). 

The second con tribu tion , w h ich  depends linearly  on K , is due to  con tinu ity  o f 

vertica l mass transfer, and differs from  zero whenever the Jacobian changes w ith  

depth.

Fig. 45 is a representation o f w p fo r tw o idealized cases. In  the firs t case 

(solid line) we consider an isolated h igh ly  s tra tified  layer (s im ila r to  the feature 

centered at a$ ~  26.73 in  F ig. IS ), and assume a constant density eddy d iffus iv ity  

( K  =  2 X  10-4  m 2s- 1 ), from  w hich we calculate F z and w p using equations (40) 

and (41). In  th is case we observe the creation o f tw o peaks in  wp, which cause 

convergent w e. The result is water mass in p u t in to  the tig h tly  packed (s tra tified ) 

isopycnal layers, which w ill tend to  move them  apart (reduce s tra tifica tion ). A 

succession o f such events, w ith  w p irregu la rly  reversing d irection , w ill result in  

overall two-way exchange between adjacent isopycnal layers. Second (do tted  line), 

we consider the case o f constant linear s tra tifica tion , w ith  K  changing linearly  

from  I \ ( z  - 375m ) =  2 X  10-4 m 2 s~ l to K ( z  - 365m )  =  2 x  10- 3 m 2s- 1 , 

crudely sim ulating a source o f turbulence in  the surface layer ju s t above. In  this 

case the result is upward diapycnal one-way transfer. Note tha t the overall one-way 

transfer and two-way exchange coefficients, obtained in  Chapter 5, are in terpreted
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Figure 45. Density, density eddy d iffus iv ity , vertica l Reynolds den­

s ity  flux , and diapycnal velocity, for two idealized situations leading 

to two-way exchange (solid line) and one-way transfer (dotted line).
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as the resu lt o f the time-mean (over m any long-tim e scales) entra inm ent velocity, 

w e =  J w p. Hence, in  order to  prevent confusion, in  th is  work we have avoided 

ca lling  one-way transfer as “ entra inm ent” .

In  general, K  w il l depend bo th  on external sources o f turbu lence and on 

the dynam ica l s ta b ility  o f the flow . To model sm all scale turbulence caused by 

hydrodynam ic in s ta b ility  in  s tra tified  shear flow , the eddy d iffu s iv ity  has to  be 

expressed in  term s o f the R ichardson number. In  the m eteorological lite ra tu re  

there have been m any suggestions o f such a func tiona l fo rm  fo r K .  In  oceanogra­

phy, one early ansatz was M unk and Anderson’s (1948) re la tionsh ip  o f the form  

K  =  /vTo(l +  (3Ri )~3/ 2, w ith  /? =  10/3, and Ko  the density eddy d iffu s iv ity  in  

neu tra l conditions. In  the late 70’s, studies by James (1977, 1978), Boericke and 

Hogan (1977), Kao et al. (1977), H am ilton  and R a ttra y  (1978) and Foo (1981), 

a ll employed th is  k ind  o f param eterization.

G argett (1984) reviewed the various methods employed in  the lite ra tu re  to  es­

tim a te  K  and concluded th a t the most accurate and consistent representation por­

trays K  as a decreasing function  o f the Vaisalafrequency, N  [iV2 =  (g /p ) (dp /dz )  =  

g / j } .  Sarm iento et al. (1976), using Radon profiles near the ocean floor, estim ated 

K  to  be inversely p ropo rtiona l to  N .  Svensson (1980), using budget models w ith  

conservative tracers fo r a w ide varie ty o f estuarine and oceanic s itua tions, esti­

m ated th is  dependence to  be K  oc iV -1,2. A  dependence o f K  on N  alone m ay be 

va lid  fo r oceanic regions w ith  negligible shear. For example, A rm i (1979) examined 

the effects o f epipycnal gradients in  eddy d iffu s iv ity  in  a vertica l advective-diffusive 

equation fo r density. He pointed out th a t the epipycnal gradients in  K  p lay the 

role o f a ho rizon ta l advective velocity, and used the assumptions o f dom inant
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boundary m ix ing  and zero vertica l velocity to  obta in  a dependence o f the form  

K  oc N ~2. T h is  result showed good agreement w ith  observations at m id-depths. 

Note th a t such a re la tionship between K  and N  arises d irec tly  from  equation (41)

fo r zero diapycnal ve loc ity  (no vertica l gradients in  w'p' ) .  Th is  is to  be expected 

at m id-depths in  the ocean, away from  sources or sinks o f turbulence, and fo r 

negligible shear. For th is  case equation (41) becomes

1 d K  1 d J  n
K  dp J  dp ~  ’ ( ^

which results in  A rm i’s dependence,

K ~ c J ~ W '  (43)

where c is a constant o f in tegra tion .

Peters et al. (1988), in  a study o f the equatoria l undercurrent (where the 

shear is strong), found tw o different regimes o f A'-dependence on Ri .  In  the low 

R i  regime (R i  <  0.3), they found a nearly catastrophic decrease o f K  w ith  R i  

{ K  R i ~9). Such a re la tion  is very appealing because i t  conforms to  the theoret­

ical c r itica l R i  crite rion . A t higher R i  the ir K ( R i )  dependence closely resembles 

the M unk-Anderson form ula. The work o f Peters et al. (1988) is a remarkable 

pioneering investigation, b u t the authors warn th a t the ir ind irect m ethod o f flux  

determ ination  undermines the accuracy o f the results.

For s tra tified  flows w ith  strong shear the comprehensive em pirica l study by 

Ueda et al. (1981) seems to  offer the best basis fo r specifying the K ( R i )  re la tion­

ship. Ueda et al. used observations in  the atmospheric boundary layer above the 

surface layer, as well as data  o f Kom ori et al. (1983) fo r s tra tified  open-channel 

flow. Fig. 46, modified from  Ueda et al. (1981), shows the va ria tion  o f the ra tio
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Figure 46. V aria tion  o f the ra tio  K h / K ho w ith  Richardson number. 

D ata  reported by Ueda et al. (1981) fo r the atmospheric boundary 

layer are shown. The dotted line is Ueda et a l.’s (1981) in te rpo la tion  

fo rm u la  fo r labora tory data o f K om ori et al. (1983). The dashed and 

solid lines correspond to  M unk and Anderson’s (1948) expression 

w ith  j3 =  10/3 and 10, respectively.
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K h / K h o  w ith  Ri,  where A 'h  is the heat d iffu s iv ity  and K u o  is the heat d iffus iv­

i t y  in  neu tra l conditions. The data poin ts are from  d irect measurements in  the 

atm ospheric boundary layer, the d ifferent symbols ind ica ting  the distance above 

the surface. The dotted  line  represents an in te rpo la tio n  fo rm u la  derived by Ueda 

et al. (1 9 8 1 ) from  the labora to ry  data  o f K om ori et al. (1 9 8 3 ). The form u la  is a 

m od ifica tion  o f E llison ’s (1957 ) suggestion fo r the re la tion  between vertica l eddy 

d iffu s iv ity  and eddy viscosity. Ueda et al. (1 9 8 1 ) state th a t the ir results are con­

sistent w ith  D ea rdo rff’s (1967 ), taken fa r from  the surface, where d irect boundary 

effects are no t im po rtan t.

Ueda et al. (1 9 8 1 ) suggest th a t fo r large R i  the ra tio  A”// / K h o  decreases 

approx im ate ly  as R i ~ 2. However, we have p lo tted  over th is  figure M unk and 

Anderson’s (1 9 4 8 ) re la tion , bo th  w ith  /? =  1 0 /3  (dashed line), as they suggested, 

and w ith  (3 =  10 (solid line). The /3 =  1 0 /3  value indeed gives too sm all a decrease 

o f the ra tio  K h / K h o  w ith  Ri ,  bu t the value /? =  10 gives an approxim ation  to the 

da ta  w hich is as good as the one proposed by Ueda et al. (1 9 8 1 ). Since considerable 

evidence indicates th a t fo r large R i  the eddy d iffu s iv ity  should decrease as R i ~3/ 2 

(T u rne r 1 986), we have chosen th is  R i  dependence. Hence, assuming th a t the heat 

and salt eddy d iffu s iv ity  are the same and equal to  the density eddy d iffu s iv ity  

K ,  we ob ta in  the fo llow ing  param eterization in  terms o f R i  and the density eddy 

d iffu s iv ity  in  neu tra l conditions A 'c:

K  =  A o ( l  +  1 0 A O - 3 / 2 . (4 4 )

W ith  th is  resu lt, equation (41 ) fo r the d iapycnal ve loc ity  becomes

An

J  2(1 +  10 R i f / 2

10 dRi  1 dJ  
(1 +  10R i )  dp ^  J  dp

(45)
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We now need an estimate fo r K q . In  the ir pioneering study, M unk and A n ­

derson (1948) employed unrea lis tica lly  h igh K q values, as large as 0.1 m 2s-1 . A  

great deal o f varia tion , however, s t il l characterizes K  values recently reported in 

the lite ra tu re . Review papers by  M ourn and Osborn (1986), Eriksen (1987), G ib ­

son (1987) and Gregg (1987) quote K  values ranging from  10-6  to  10~4 m 2 s~ 1. 

Hopfinger (1987), in  another review, has the upper bound as 10-3  m 2 s ~ 1.

Gregg and Sanford (1980) estimated m axim um  K  values consistently below 

10-4  m 2 s ~ 1 fo r the Sargasso Sea, and one order o f m agnitude smaller in  the G u lf 

Stream. Hogg et al. (1982) obtained, fo r the deep ocean, K  ~  3 — 4 X  10~4 m 2 s~ l . 

Lietzke and Lerman (1975) and Smethie (1980), fo r small embayments, found K  ~  

4 x  10-4  m 2 s~l . G argett (1984) summarized a num ber o f studies tha t give values 

as large as 10-3  m 2 s ~ 1 . However, her best estimate was K  ~  2 — 3 x  10-4 m 2 s ~ l , 

fo r the depth range o f 4 — 5 km.

The eddy d iffu s iv ity  at R i-c ritica l conditions has to  be close to  the m axim um  

K  values reported. Accordingly, we have chosen Kq =  2.6 x  10-3  m 2 s~1. Using 

th is  value in  equation (44) we obta in  K ( R i  =  0.25) =  4 x  10-4 m 2s -1 .

8.2 D iapycnal velocities and diapycnal convergence

Equation (45) provides the basis fo r estim ating w p from  the J  and R i  d is tr i­

butions previously calculated. From  w p we can also determ ine w c and dw p/dp.  

For generality, and since the exact value o f K q is unknown, these quantities are 

expressed in  terms o f A'o. We give the results as m ultip les o f K q, as well as actual 

values w ith  our best choice o f K q (2.6 X  10-3 m 2s ~ 1). For s im p lic ity  we om it the 

un its  o f the form er bu t we give the un its  for the la tte r.

F ig. 47 shows a few contours o f the d is tribu tion  o f iop in  section 36N. Solid
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Figure 47. D iapycnal velocity, wp, in  section 36N. Solid and dashed 

lines refer to  positive and negative values, respectively. O n ly the con­

tours w ith  ( ± )  10~7K 0 [ 2 . 6  x  1 0 - 1 0  kg m - 3  s -3 ~  2 . 6  x  1 0 - 1 0  e r g s - 1 ] 

are labeled. A dd itiona l contours, changing by ( ± )  2 x  10-7  A'o [5.2 x  

10-10 k g m ~ 3 s-1 ~  5.2 X  10~10 e r g s - 1 ] ,  are shown.
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and dashed lines refer to positive and negative values, respectively. In  th is figure 

we have labeled on ly  the contours w ith  ( ± )  10-7 A'o [2.6 x  10~ 10k g m ~ 3 s~ i ~

2.6 X  1 O - 1 O 0 - 0 S - 1 ] .  A dd itiona l contours changing by ( ± ) 2  x  10-7 A'o [5.2 x  10~10 

k g m ~ 3 s-1 ~  5.2 x  10-10 o^s-1 ] are also shown, bu t they have not been labeled 

in  order to  avoid overlapping numbers. The m ain purpose o f the figure is to  show 

the to ta l absence o f significant values except in  the upper-therm ocline layers o f 

the G u lf Stream. S im ila r results ho ld  for w e and dw p/d p ,  shown in  Figs. 48 and 

49, respectively.

I t  is im po rtan t at th is po in t to  establish the location o f the N u trie n t Stream in  

section 36N, in  isopycnic coordinates. Th is is done w ith  the help o f F ig . 50, where 

we present the n itra te  flu x  field. In  th is  figure the sm all crosses indicate the loca­

tio n  o f the nu trien t data. These da ta  have been in terpo la ted to  cr^-surfaces sepa­

rated by 0.01 intervals, fo r the offshore positions where the geostrophic ve locity was 

calculated, using a smooth b ivaria te  in terpo lan t. The n itra te  f lu x  is then calculated 

using equation (1). Values greater than 10 m m o l  m -2 s -1 in  th is figure occur in  the

26.6 <  Co <  27.2 range, w ith  m axim um  values close to  15 m m o l  m ~ 2s -1 near the 

og =  26.8 isopycnal. Another sm aller m axim um , located in  the 26.2 <  erg <  26.55 

range (see Fig. 23), on ly exhib its its  deepest po rtion  in  th is  figure. Recall tha t 

the  erg =  26.8 isopycnal surface defined the separation between the anomalous 

n u tr ie n t concentration values, w ith  excess above and deficiency below it .  I t  also 

corresponds to  the location o f the large patchy d iapycnal velocities, as shown in 

the last figures. I t  is na tu ra l then to  propose th a t th is  d is tr ib u tio n  o f diapycnal 

velocities is responsible fo r the n u tr ie n t anomalies, in  agreement w ith  our discus­

sion in  Chapter 5. We show next th a t i t  is also responsible fo r the anomalies in
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F igure  48. En tra inm ent velocity, w e, in  section 36N. Solid and 

dashed lines refer to  positive and negative values, respectively. O nly 

the contours w ith  ( ± ) 5  x  10_5/v 0 [1.3 x  10-7  m s -1 ] are labeled. 

A d d itio n a l contours, changing by ( ± )  5 x  10-5 A'o [1.3 x  10~" m  s -1 ], 

are shown.
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Figure 49. D iapycnal divergence, d w p/dp,  in  section 36N. Solid 

and dashed lines refer to  positive and negative values, respectively. 

O n ly the contours w ith  (± )1 0 _5/ i 0 [2.6 x  10- 8 s-1 ] are labeled. 

A dd itiona l contours, changing by ( ± )  10—5A”o [2.6 x  10- 8 s-1 ], are 

shown.
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F igure 50. N itra te  flu x  in  isopycnic coordinates (compare w ith  

F ig. 23), defin ing the location o f the lower po rtion  o f the N u trie n t 

Stream.
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the Jacobian and the po ten tia l vo rtic ity .

In  Figs. 51 and 52 we enhance the results for the diapycnal velocity, in  the 

region corresponding to  the N u tr ie n t Stream. Fig. 51 contours separately the tw o 

contribu tions to  w p in  equation (45), w hile  F ig. 52 shows the ir combined result. 

The firs t con tribu tion  to  w p ( firs t te rm  on the righ t-hand side o f equations 41 or 

45) depends on the d iapycnal gradient o f Ri;  we denote th is  con tribu tion  by the 

superscript r , w p. The second con tribu tion  depends on the diapycnal gradient 

o f J;  i t  is denoted w ith  the superscript j ,  w Jp. C ontour in tervals are in  un its  o f 

lO -7 /^ )  [about 2.6 X  10-10 ergs-1 ]. Solid and dashed lines refer to  positive and 

negative values, respectively.

A  s tr ik in g  feature in  these figures is the ir patchy character. A  patch o f positive 

values usually alternates w ith  a patch o f negative values, o f s im ila r size, bo th  o f 

about the same magnitude. The diapycnal extension o f the patches varies, bu t 

does not exceed about 0.05 erg. W ith in  the N u trien t Stream the d irections o f w rp 

and wj, agree everywhere. The m axim um  con tribu tion  from  the te rm  depending on 

the R i  va ria tion  is rough ly tw ice th a t from  the te rm  depending on the J  varia tion .

Figs. 53 and 54 present the corresponding w e and d w p/d p  d is tribu tions  for 

the same enhanced region. In  these figures the contours are labeled in  un its  o f 

lO -4 ! ^  [2.6 x  10-7  m s -1 ] and 10-5 A'o [2.6 x  10- 8 s-1 ], respectively. Solid and 

dashed lines refer to  positive and negative values. Again, the patchy nature o f 

the fields is evident. W ith  our best estimate, K q =  2.6 x  10-3  m 2^ - 1 , we find  

absolute m axim um  values fo r w p, w e and divp/dp,  o f about 2.6 x  10-9 cr^s- 1 ,

6.6 X  10-7  m s - 1 , and 1.1 x  10- 7 s- 1 , respectively.

Recall tha t w p (w e) is the actual diapycnal (entra inm ent) velocity, not an
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Figure 51. C on tribu tions  to  the diapycnal ve locity (equation 45), 

and w }p, w ith in  the N u tr ie n t Stream in  section 36N. Solid and 

dashed lines refer to  positive and negative values, respectively.
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Figure 52. Diapycnal velocity, wp, within the Nutrient Stream in

section 36N. Solid and dashed lines refer to positive and negative

values, respectively.
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Figure 53. Entrainment velocity, we, within the Nutrient Stream in

section 36N. Solid and dashed lines refer to positive and negative

values, respectively.
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Figure 54. Diapycnal divergence, dwp/dp,  within the Nutrient Stream

in section 36N. Solid and dashed lines refer to positive (divergence)

and negative (convergence) values, respectively.
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epipycnal con tribu tion  to  the to ta l ve rtica l velocity. The above values are certa in ly  

much smaller than those we obtained in  Chapter 5, by about two orders o f m agni­

tude, b u t th is  is like ly  the result o f smoothing. We showed earlier th a t smoothing 

the depth fie ld, z (in  isopycnic coordinates), has a large effect on the Jacobian, 

and hence on the Richardson number. Equation (45) shows th a t sm oothing also 

must have a large effect on the d iapycnal velocity. Th is  is clear i f  we realize tha t 

th is expression not on ly includes a h igh power o f J  (and Ri) ,  bu t i t  also includes 

dJ  I  dp (and d R i / d p ). Figs. 38 and 39 indeed showed tha t the unsmoothed J-values 

can change very ra p id ly  in  the diapycnal direction.

We m ay now compare the dw p/d p  fie ld  w ith  the d is tr ib u tio n  o f j  and q. In  

view o f equation (23), i f  the calculated dwp/d p  fie ld  is the result o f the observed 

j  d is tribu tion , then any strong signal in  dw p/d p  must be related to  an anomaly 

in  the j  d is tribu tion . In  Fig. 55 we present an enhancement o f the j  fie ld  fo r the 

N u trien t Stream region, w ith  the same spatia l scaling as the previous figures. A 

comparison o f th is figure w ith  Fig. 54 shows tha t the location o f the local negative 

m axim a o f d w p/ d p  (between stations 14 and 16, centered at about =  26.7 and 

26.8; also near oo =  26.55 at s ta tion  14), correspond to  m in im a in  j .  Th is  supports 

the hypothesis tha t large d iapycnal convergence is associated w ith  m ix ing  between 

tig h tly  packed isopycnals. S im ila r agreement exists fo r the q fie ld  (see F ig . 42, its  

enhancement is not shown here).

F ig. 56 shows the d is tr ib u tio n  o f the eddy d iffus iv ity , K ,  as calculated using 

equation (44). M axim um  values o f K ,  o f about 0.005A’o [1.3 X  10-5  m 2s-1 ], are 

found in  the N u trien t Stream. Th is  value is one order o f m agnitude larger than 

those used by O rlanski and Cox (1973) in  a model o f western boundary currents.
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Figure 55. Separation index, j  =  pJ , within the Nutrient Stream in

section 36N.
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Figure 56. D ensity eddy d iffus iv ity , A ', w ith in  the N u trien t Stream

in  section 36N.
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However, i t  is almost ce rta in ly  an underestimate, obtained from  the smoothed 

field.
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C h ap ter 9. T w o-W ay Exchange

Experience never errs; i t  is only your 
judgements that err by promising  
themselves effects such as are not 
caused by your experiments.

Leonardo da V inc i (1452-1519)

In  th is  chapter we tu rn  our a tten tion  to  the consequences o f the diapycnal 

transfer o f mass in  h igh ly  s tra tified , bu t dynam ica lly unstable, regions. The fine 

s truc tu re  o f the density fie ld  exh ib its  numerous ‘staircases’ . O u r fo rm u la  fo r the 

diapycnal ve loc ity  allows us to  construct a simple model to  sim ulate the creation 

o f ‘ treads’ on the staircase (o r m ixed regions) in  previously subcritica l regions. 

The diapycnal velocities arising from  the model are large enough to  support our 

previous estimate fo r the two-way exchange coefficient in  the N u trie n t Stream.

9.1 Frontogenesis and m ixing

I t  is reasonable to  suppose th a t large diapycnal velocities are the manifesta­

tio n  o f in te rm itte n t m ix ing  events, triggered by subcritica l R i  values, associated 

w ith  increased horizonta l and decreased diapycnal depth gradients (increased hor­

izon ta l and vertica l density gradients, in  vertica l coordinates). The generation o f 

such strong gradients, o r frontogenesis, has long been known to  occur in  atm o­

spheric je t stream waves (Newton 1954, Staley 1960, Palmen and Newton 1969, 

Newton 1978). In  the je t stream the density gradients are reduced between a crest
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and the subsequent trough, while they increase after the trough. S im ilarly, we 

m ay antic ipate th a t the separation between adjacent isopycnal layers is like ly  to 

be reduced during  some phase o f the G u lf Stream meanders. D uring  the shrinking 

o f the isopycnal layers, or frontogenetical stage, the Jacobian decreases (and the 

po ten tia l vo rtic ity  increases, corresponding to  the “ dynam ic frontogenesis”  dis­

cussed by Bleck et al., 1988). D u ring  th is  stage the diapycnal velocity gradient 

should also increase (through the therm al-w ind re la tion) and create subcritica l 

R i  regions. This is consistent w ith  the observations o f Bane et al. (1981), in  the 

G u lf Stream o ff the S outh-A tlan tic  B igh t, th a t the intensification o f the horizon­

ta l ve locity in  meanders is accompanied by an increase o f the vertica l ve locity 

gradient.

A n  expanded view o f the density profile  w ith in  the N u trien t Stream helps 

in  the visualization o f regions prone to  m ix ing. Fig. 18 shows the o rig ina l (un­

smoothed) 2m-averaged temperature, sa lin ity  and density data, fo r sta tion 15 

which cuts across the N u trien t Stream. Inversions in  tem perature and sa lin ity  are 

evident. However, the inversions are density-compensating, and the density d is tr i­

bu tion  is staircase-like. In  Fig. 18, well-m ixed layers (treads in  the staircase) are 

found near the a$ 26.60 and 27.15 layers, best defined in  the 26.8 <  oq <  27.0 

range. T h is  figure also shows the smoothed and in terpo la ted density-depth p ro ­

file . The h igh ly  stra tified  region is s till apparent in  th is smoothed representation, 

b u t the small-scale treads disappear (see also Figs. 33 and 38 fo r the separation 

index j ) .  Th is is because the in te rpo la tion  to  (70-surfaces cannot show well-m ixed 

regions.

In  F ig. 57 we show the enhancement o f two contrasting regions. Fig. 57a pre-
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F igure 57. Details o f the tem perature, sa lin ity  and sigm a-theta pro­

files, using the unsmoothed data o f sta tion 15 (see Fig. 18). (a) A  

h igh ly  s tra tified  region centered at ag =  26.73, and (b) the underly­

ing  step-like structure.
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sents the h igh ly  s tra tified  region centered at erg =  26.73, responsible fo r anoma­

lously sm all Jacobians. Fig. 57b shows the step-like s tructu re  im m ediate ly below 

th is  region (on a ve rtica l scale three times larger). The tem perature and sa lin ity  

inversions in  the la tte r figure may be interpreted as signatures o f vertica l over­

tu rn in g  ac tiv ity . The density scale o f the sm all j  regions ( ‘ risers’ in  the staircase) 

is variable, w ith  a m axim um  o f about 0.15 erg. The ve rtica l thickness o f these 

s tra tified  regions is about 20 m , about the same as reported fo r the therm ocline 

(Toole and S chm itt 1987, M arm orino  1987, see also Itsweire et al. 1989). Adjacent 

to  the m in im a in  j  we fin d  well-m ixed regions (treads). T he ir length scale is also 

o f about 20 m.

The step-like density structure  in  the N u trien t Stream resembles those a t­

tr ib u te d  to  double-diffusive intrusions (fo r reviews see Turner 1973, and Gar­

re tt 1982). Gregg and Sanford (1980) reported several meters th ick  temperature 

stepped structures in  the upper therm ocline o f the G u lf Stream (F ig. 58), and 

in terpre ted them  to  be predom inantly caused by salt-fingering. T he ir calculated 

50m-averaged Richardson numbers were supercritica l; however, th is may have 

been caused by ve rtica l averaging, as discussed earlier. O ther studies, however, 

have held in te rm itte n t tu rbu len t shear-m ixing responsible for staircase structures 

(Ku llenberg  et al. 1974, Gregg et al. 1986, M arm orino  1987, Toole and Schm itt 

1987). Gregg et al. (1986) reported step-like density structures in  a d iffusively 

stable therm ocline, which they ascribed to  the breaking o f near-inertia l in terna l 

waves. They found dissipation to vary in  the vertica l, w ith  a lte rna ting  h igh and 

low  values in  adjacent layers. T he ir results suggest th a t the s ta rt and the end o f a 

burst o f h igh d issipation m ay be associated w ith  lOm-averaged subcritica l Rich-
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Figure 58. H igh resolution tem perature and temperature gradient in  

a s ta tion  taken near the m iddle o f the G u lf Stream, a t about 38°N ,  

69° W .  Also shown are the horizonta l velocities (vertica l resolution 

o f about 8 m ) and the 50m-averaged Richardson numbers (adapted 

from  Gregg and Sanford 1980).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A
T

/A
Z

DE
G

RE
ES

 
E-

 
O

EG
/M

ET
E

R
 

u
(m

/s
) 

v(
m

/s
) 

B-
50

 
14

-5
0 

20
-5

0 
26

-5
0 

-0
-2

0 
1-

20
 

O 
1.0 

2.0
 

-0
.5 

0

203

J\ A IkA / L m  j V .  . .
■ "  "  "  " 1 - f -  ......... ................................ J w

U J
Ll )

UU J
U J

in
U J

U J  -  
- J  V)  

N *  CD D  
CNJ Z )U -  
ro o i- □ Q

o o 
in 6

o  oo  o  o  o o o o o o o o o o o oo

nj

5d313N SiJ313N

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



204

ardson num bers (th e ir  Figs. 9a and 11, not reproduced here). K undu  and Beard­

sley (1991), analyzing upwelling on the west coast o f the U n ited  States, found 

near-c ritica l R i  numbers in  the upwelled m ain therm ocline associated w ith  high 

vertica l mean shear. They speculated on the existence o f th in  interface layers w ith  

subcritica l R i  numbers, w hile  mean measured values were above critica l. C ritica lly  

stable regions have been reported in  the equatoria l undercurrent by Chereskin et 

al. (1986), Toole et al. (1987) and Peters et al. (1988), and in  the m ain oceanic 

therm ocline by Eriksen (1978). Eriksen (1987) also reported R i  values in  the sea­

sonal therm ocline to  be frequently subcritica l, at times when diapycnal m ix ing  

appeared to  be intense.

In s ta b ility  and m ix ing  in  the upper-therm ocline layers o f section 36N were firs t 

suggested by  the n u tr ie n t d is tribu tions, confirmed la te r by the dynam ic anoma­

lies and diapycna l velocities calculated from  the smoothed depth field. Further 

evidence is given by the isopycnic d is tr ib u tio n  o f w'p ' =  K / J ,  u>p and dw p/d p  be­

tween stations 15 and 16 o f section 36N, where the la tte r quantities are calculated 

using equation (45) (F ig. 59). In  general, the m axim a in  the vertica l Reynolds 

density f lu x  are associated w ith  the spreading o f the isopycnals, the largest value 

centered at eg — 26.73, the location o f the m in im um  o f j  in  Fig. 33 and 55 (the 

m in im um  o f R i  in  F ig . 37).

Some support fo r the idea o f frontogenesis followed by m ix ing  comes from  work 

by A rnone et al. (1990). Fig. 60, adapted from  the ir paper, shows the tem perature 

d is tr ib u tio n  (dashed lines; solid lines are fo r T  =  15 and 18 °C )  and the regions 

o f enhanced phytop lankton , zooplankton and small anim al concentration (shaded 

regions), fo r tw o  transects across the G u lf Stream. The top illu s tra tio n  is a trans-
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F igure 59. V ertica l Reynolds density flux , diapycnal velocity and its 

d iapycnal gradient, as calculated from  the smoothed data o f stations 

15 and 16, w ith in  the N u trie n t Stream in  section 36N. The dotted 

line is the calculated w'p ' =  K / J  d is tribu tion , and the dashed and 

solid lines are the corresponding w p and dw p/d p  profiles.
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Figure 60. Tem perature d is tr ib u tio n  (dashed lines; solid lines are 

fo r T  =  15 and 18°C) and regions w ith  h igh phytop lankton  con­

centration (shaded areas) fo r two nearby transects across the G u lf 

Stream (adapted from  Arnone et al. 1990). The transect in  (a) was 

approxim ate ly taken across the in flection  po in t between a crest and 

the subsequent trough, the transect in  (b) was taken s ligh tly  before 

the subsequent crest.
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ect s im ila r to  ours in  th a t i t  was taken near the in flection po in t between the crest 

and fo llow ing trough o f a meander. The bo ttom  figure comes from  a transect taken 

s ligh tly  before the crest o f the next meander. Arnone et al. (1990) pointed out 

th a t the downward and upward movements o f phytop lankton  (used as a tracer) 

show shrink ing (convergence) and stretching (divergence) o f the isopycnal layers, 

in  agreement w ith  Bower’s (1989) calculations o f convergence-divergence from  the 

movement o f isopycnal floats. The transects also show the spread o f phytop lankton 

across isotherm al layers, which may be used as an ind ica tive  o f diapycnal m ixing. 

Using the tw o isotherms, T  =  15 and 18 °C ,  fo r guidance, i t  may be noted tha t 

phytop lankton  is somewhat broader in  the transect taken near the inflection po in t.

9.2 A  simple m odel o f diapycnal mass transfer

In  order to  explain some o f the observed features in  the d is tribu tion  o f the 

d iapycna l velocity, we have constructed a simple model o f the vertica l Reynolds

density flux , F~ =  w'p ', w ith in  the N u trien t Stream. We wish to explore the 

effects o f localized subcritica l R i  numbers, associated w ith  small Jacobians and 

large d iapycnal ve loc ity  gradients caused by frontogenesis. The corresponding 

ve rtica l Reynolds density flu x  d is tribu tion  has a m axim um  on some isopycnal o f 

the upper therm ocline, say am =  26.73. We idealize th is by  a hyperbolic secant- 

d is tribu tion :

to' p' — Ssech (CTQ ~  <7m)

Pi
(46)

where 6  =  w 'p 'max, and /3\ is the scale, in  ere un its, o f the m ix ing  region.

The vertica l Reynolds density flux  can be related to the Jacobian w ith  the
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help o f equations (40), (44) and (37),

w'p ' =
/v0(l + 10i?i)-3/2 

J (1 +  10A J)3/ 2J  ’
(47)

where A  is :

(48)

and J  again denotes the absolute value o f the Jacobian.

Since we don’t  have estimates o f d v /d p  fo r the unsmoothed density field

we assume the m in im um  (subcritica l) R i  value to  be R is =  0.2, at the center 

o f the m ix ing  region. We estimate the center J 3  value from  Fig. 27a, as J 3  =  

60 m 4 kg~1. The firs t equality in  equation (47) (w ith  A'o =  2.6 x  10~3 m 2s- 1 ) 

then gives 6  =  8.3 x  10-6  m -3 s- 1 . Equation (48) gives A  =  0.0033 k g m ~A, and

expected from  our discussion in  Chapter 7. As a firs t approxim ation, we assume 

th a t the calculated ve locity gradient is constant, and use equation (48) to  obta in 

the Jacobian corresponding to  R ic =  0.25, Jc =  R i c/ A  =  75 m Akg~ 1.

The value fo r (i\ is estimated (again from  Fig. 57a) to  be 0.025 o^-units.

and dw p /d p , calculated from  wp =  —d (w 'p ') /d z  (equation 41). The m axim a o f w p 

and dw p/d p  are approxim ate ly 5 x  10-6  kg m -3 s-1 and 5 x  10-4 s- 1 , respectively. 

The m axim a fo r w e, estimated as w e =  J cwp, is 4 x  10-4 m s -1 .

The J  d is tr ib u tio n  can now be calculated from  equation (47), w ith  the result 

shown by the solid line in  Fig. 62a. I t  shows a region o f J  <  Jc around the

d v /d p  =  \ . l m Akg 4s 1. Th is last value is not much larger than the m axim um  

value (1 m Akg~ 1 s~1, see F ig. 44) estim ated from  the smoothed density field, as

The ve rtica l Reynolds density flu x  d is tribu tion  given by equation (46) (w ith  the 

previously estimated S and /Si), is shown in  Fig. 61a, together w ith  the values o f w p

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 61. Simple model fo r the vertica l Reynolds density flu x , w'p ', 

at the location o f the N u tr ie n t Stream, bo th  (a) before and (b ) after 

m ix ing. The dotted line  is the hypothe tica l w 'p '  d is tr ib u tio n , the 

dashed and solid lines are the corresponding w p and dw p/d p  profiles.
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Figure 62. (a) Jacobian, J , and (b) depth, z, profiles corresponding 

to  the o rig ina l (before m ixing, solid line) and modified (a fter m ix ing, 

dotted-dashed line) vertica l Reynolds density flu x  w'p'. The dotted 

vertica l line in  the Jacobian d is tribu tion  indicates the value o f Jc.
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m in im um , Ja. F rom  an upper reference level, crg(z =  270m) =  26.58, the J -  

d is tr ib u tio n  can be in tegrated to  give the density-depth varia tion  shown in  F ig . 62b 

(solid line).

The m ost im p o rta n t result o f these calculations is the  large d iapycnal conver­

gence in  the  region o f m axim um  ve rtica l Reynolds density flu x  (see again F ig. 61a). 

The convergence m ust push apart the well packed isopycnal layers, and compress 

the layers a t the edges o f the m ix in g  region. In  the centra l region, convergence 

reduces density fluc tua tions, eventually to  zero once the layer is well-m ixed, so 

th a t the density flu x  also drops to  zero. Large enough convergence may generate 

secondary m ix ing  events at the edges o f the orig ina l m ix ing  region. The m odified 

density f lu x  d is tr ib u tio n , a fter secondary m ix in g  a t the edges, can be modeled by 

sub tracting  a second hyperbo lic  secant from  the orig ina l one, o f nearly the same 

am plitude, 6 ' =  0.999 x  1.1 x  10-5  k g m ^ s - 1 , the factor o f 0.999 ensuring th a t 

no s in g u la rity  develops. The second hyperbolic secant is taken to  be narrower 

(/?2  <  /? i), affecting on ly  the region w ith  J  <  J c. The resu lting  d is tr ib u tio n  is

w 'p ' - - Ssech
(<70 ~  <7m) — S'sech

I

■ 
1 3

t

A J L J
(49)

Th is , together w ith  the corresponding w p and dw p/d p  d is tribu tions , is shown in  

F ig. 61b. Fo llow ing localized m ix ing , add itiona l patches o f positive and negative 

values o f w p and d w p/d p  have been created.

W ith  the m odified w 'p ',  we can again solve for J  to  o b ta in  the results shown by 

the dotted-dashed line in  Fig. 62a. The subcritica l J  values have now disappeared, 

and a large peak in  J  has developed in  th e ir place. As before, we can calculate 

the m odified  density-depth va ria tion  (dotted-dashed line in  Fig. 62b). Th is shows 

the creation o f a well-m ixed region, a step in  the density profile  resembling those
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seen in  Fig. 57b.

Com paring F ig. 61 w ith  Fig. 59 (see also Fig. 18), one sees evidence o f “ p r i­

m ary”  m ix ing  in  the observations. Large m ixed layers (corresponding to  a suc­

cession o f sm aller well-m ixed layers in  the unsmoothed representation) may be 

postu lated to  have developed centered a t about ere =  26.6, 26.9 and 27.3. W ell 

s tra tified  layers, produced th rough in s ta b ility  and diapycnal convergence in  the 

adjacent layers, m ay be postu lated to  be centered at ere =  26.73 and 27.08. In  

these cases the large peaks in  the vertica l Reynolds density flu x , a ttr ibu tab le  to 

in s tab ility -m ix ing , are accompanied by side-lobes o f h igh d iapycna l velocity, and 

opposing peaks o f d iapycnal convergence. The much smaller am plitude o f the 

observed quantities is presum ably due to  the smoothing o f the depth d is tribu tion .

A  rough estimate o f how long m ix ing  episodes may last can be obtained 

from  equation (23) fo r the m ateria l tendency o f j .  For constant dw p/dp ,  along a 

m ate ria l tra jec to ry  th is equation has a solution o f the form

j  ~  j 0exp • (50)

W ith  a value fo r dw p/d p  o f O (10-4 s_1), we find  th a t the anom aly in  j  (a factor 

o f five) w ould disappear in  a few hours. Such a short time-scale poin ts at the 

ephemeral nature  o f any in d iv id u a l dynam ical anomaly in  the N u trien t Stream, 

and is consistent w ith  our earlie r assumption tha t m ix ing  occurs in  periods much 

shorter than the movements o f the boundary current.

We showed earlier (F ig . 51) tha t the two terms in  equation (45), w p and iv3p, 

have the same sign in  th e ir con tribu tion  to  w p. Th is  is because the d irection 

o f decreasing absolute value o f J  (positive w3p) is also the d irection  o f increasing 

diapycnal ve locity gradients and decreasing R i  (positive ivp). The resulting diapy-
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cnal convergence forces the isopycnals apart, increasing J.  As the layers widen, 

the Richardson number goes well above critica l. The result o f th is event is the 

generation o f m ixed, step-like, layers. W ith  local values fo r w c o f O (10-4 m s - 1 ), 

and a tim e scale o f several hours, we may estimate th a t during  each m ix ing  event 

a few meters o f water are transferred in to  the subcritica l (w e ll-s tra tified ) lay­

ers. A fte r many m ix ing  events, occurring at different times and positions o f the 

upper-therm ocline, the aggregate result is two-way exchange between layers o f the 

N u trie n t Stream. To sustain th is process, the isopycnal layers m ust be drained or 

replenished through epipycnal divergence/convergence. One possible mechanism 

fo r th is  is through the correlation o f layer depth and cross-stream velocity, or 

horizonta l Reynolds mass flu x  (the “ pe ris ta ltic  pum ping” suggested by Csanady, 

1989), which is comprised under the C  te rm  in  equation (9). Based on energy 

considerations, Csanady showed tha t th is  flu x  has to  be necessarily convergent 

(negative) in  the upper therm ocline layers o f a western boundary current.

9.3 Estim ates o f tiltin g  and torque term s

To support the va lid ity  o f the above model estimates, i t  is im p o rta n t to  estab­

lish  th a t shear-induced m ix ing, and not t i lt in g  o f horizonta l v o rtic ity  or torque by 

external forces, dominates the v o rtic ity  balance w ith in  the N u trie n t Stream, ie. we 

must show the accuracy o f approxim ations (23) and (33). Table 5 summarizes our 

estimates fo r various quantities in  section 36N w ith in  the N u trie n t Stream, both 

from  the smoothed density data (upper row ) and from  the above simple model o f 

d iapycnal mass transfer (lower row). Let us firs t look at the estimates from  the
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Table 5. Estimates fo r quantities involved in  m axim um  contribu tions 

to  the v o rtic ity  balance, w ith in  the N u trien t Stream. The upper row  

gives the results as calculated from  the smoothed density data. The 

lower row  gives the estimates as obtained from  our sim ple model o f 

d iapycnal mass transfer.
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smoothed density data. The t ilt in g  te rm  in  equation (32) may be estimated as

Ti 1 dwp dv
(51)j q  j q  dx dp

Using the numbers in  the upper row  o f Table 5, we may calculate the m axim um  

absolute value o f the t i lt in g  term  to  be T i / ( jq )  ~  1.1 X  10- 9 s- 1 . S im ilarly, the 

torque term  m ay be estimated as

j q  j q  dx  j q  dx  \ d z 2  J j q  dx \ d x 2  J ’

where A v and Ah are the vertica l and horizonta l eddy viscosity coefficients. Let 

us call the firs t term  on the righ t, depending on A v, Tov/ ( jq ) ,  and the second, 

depending on Ah, T0 h /( jq ) .  The along-stream velocity, cross-stream length and 

depth scales can be set as 1 m s - 1 , 25 km  and 500 m , respectively. Using these 

scales, and assuming A v ~  K  and Ah ^  300 m 2s-1 (Bower et al. 1985, Boudra 

and Chassignet 1988), we obta in Tov/ ( j q ) =  2.1 x 10-11 s-1 and T 0 h/ ( j q )  =  

1.9 X  10-7  s- 1 . Note tha t on ly the firs t value is entered in  the upper row  in  Table 

5, which lists the ve rtica lly  smoothed estimates. The second value, which depends 

solely on epipycnal gradients, is not affected by smoothing, and is entered only in 

the second row , along w ith  the estimates using the unsmoothed data (see below): 

i t  would clearly not be appropriate to  compare i t  w ith  the h igh ly  damped estimates 

o f the firs t row. The m axim um  value o f dw p/d p  fo r the smoothed density field 

is 1.1 x 10-7  s-1 (Fig. 54). This value is much larger than both  t i lt in g  and the 

con tribu tion  o f vertica l eddy diffusion to  the torque.

The second row o f Table 5 lis ts the estimates obtained from  the idealized 

model discussed in  the previous section, w ith  the help o f the above scales. The 

m axim um  t i l t  and torque contributions to the poten tia l v o rtic ity  equation are now
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several orders o f m agnitude larger than  those in  the firs t row. However, they are 

s t il l considerably smaller than our new estimate fo r the diapycnal convergence, 

5 x  10-4  ,s_1. The next te rm  in  size is t i lt in g  o f horizonta l vo rtic ity , tw o orders o f 

m agnitude smaller.

The im portance o f the diapycnal te rm  in  equation (32) m ay be fu rth e r h igh­

ligh ted b y  comparing i t  w ith  the re la tive change o f p lanetary v o rtic ity  due to  ad- 

vection, (v / f ) (d f / d y ). For v =  1 m s-1 th is  te rm  is 2.1 x  10-7  s- 1 , three orders o f 

m agnitude smaller than  the m axim um  diapycnal divergence. Th is indicates tha t, 

w ith in  the N u trie n t Stream, localized stretching or shrink ing can indeed dom inate 

v o rtic ity  changes. The s itua tion  is d ifferent fo r the ve rtica lly  smoothed values, 

however, w ith  bo th  terms being o f sim ilar' magnitude. Th is shows th a t what ap­

pears as li t t le  vertica l averaging (a 16 m  runn ing  filte r), produces a large reduction 

in  the local values o f diapycnal divergence or convergence.

The con tribu tion  o f epipycnal divergence to  the po ten tia l vo rtic ity  balance 

(see equations 22 and 44) was estimated by Bower (1989) from  the in it ia l and 

fina l position  o f R AFO S floats, under the assumption tha t po ten tia l v o rtic ity  is 

conserved along an isopycnal tra jectory. Th is allowed Bower to  calculate the epipy­

cnal divergence from  the re lative change in  absolute vo rtic ity . Here we have shown 

th a t w ith in  the N u trien t Stream th is  assumption is generally incorrect, w ith  Jaco- 

bian anomalies being considerably larger than those o f the absolute vo rtic ity . The 

RAFO S floats are designed for self-adjusting com pressibility (Bower and Rossby, 

1989) and cannot fo llow  diapycnal m ix ing. Nevertheless, Bower’s estimates, ob­

tained from  an ensemble o f tra jectories which presumably average out the local 

effects o f diapycnal m ix ing, are like ly  to  be o f the correct order o f magnitude. The
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mean values she obtained fo r epipycnal divergence are about ( ± )  5 x  10- 7 s_1. 

Again, these epipycnal estimates m ust be compared w ith  those from  our model 

fo r the unsmoothed density fie ld. In  doing so we see th a t the epipycnal divergence 

is three orders o f m agnitude sm aller than the estimated m axim um  con tribu tion  

from  the diapycnal convergence.

F ina lly , the horizonta l Reynolds mass flu x  con tribu tion  to  the po ten tia l vor­

t ic ity  balance m ay be estim ated using Csanady’s (1989) param eterization fo r the 

horizonta l Reynolds mass flu x  in  a western boundary cu rren t. Th is  is based on 

the idea th a t the ve locity  and depth fluctuations m ust be p ropo rtiona l to  the 

characteristic mean ve loc ity  (vm) and layer depth in  the cu rren t, u ' j '  ~  a jv m, 

where a  ~  0.0025. W ith  these values fo r the core o f the N u tr ie n t Stream we ob­

ta in  u ' j '  ~  10- n  s- 2 , and the appropria te te rm  fo r com parison in  equation (32) 

is u 'j 'd q /d x  ~  10- 7 s- 1 . Th is  term  is again much smaller than  the diapycnal 

te rm  fo r the unsmoothed model. Th is result could have been expected in  view 

o f equation (34), w hich shows th a t the horizonta l Reynolds mass flu x  m ust be 

related w ith  the horizonta l Reynolds stresses. Hence, its  co n tr ib u tio n  should not 

be larger than the T0/ ( jq )  te rm  discussed above.
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C hapter 10. The U p p e r Level Atm ospheric Jet S tream  Analogy

What is your language, oh, Sea?
The language o f eternal quest.
What language is your answer, oh, Sky?
The language o f eternal silence.

Rabindranath Tagore (1861-1941)

The s im ila rity  o f tropospheric je t streams to  oceanic currents has long been 

appreciated (Ise lin  1950, Rossby 1951). Newton (1978) compared the dimensions 

and volume transport profiles o f the je t stream to  those o f the G u lf Stream. The 

s im ila r ity  he found in  volume transport profile  is remarkable, where the ra tio  o f 

typ ica l dimensions ranges from  1, fo r shear-related quantities, to  30, fo r horizonta l 

size and velocity. Newton also noted th a t G u lf Stream meanders are dynam ica lly 

s im ila r to  je t stream waves. He suggested th a t isentropic convergence, intensified 

diapycnal ve loc ity  gradients and downwelling at the troughs o f je t stream and 

th e ir counterparts at ridges, should be m irrored in  the G u lf Stream. M any o f 

these features can now indeed be identified, as shown in  recent studies by Bower 

(1989) and Bower and Rossby (1989).

The upper level fron ta l systems have been held responsible fo r m ix ing  of 

tropospheric and stratospheric a ir masses. In  the 50’s and 60’s th is  generated much 

interest in  connection w ith  the fate o f rad ioac tiv ity  released by nuclear testing in 

the stratosphere. Later, a tten tion  turned to the transfer o f chlorofluoromethanes 

from  the troposphere to  the stratosphere. In  the ocean, western boundary currents
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play a s im ila r role in  the exchange o f water masses o f the continental margins w ith  

the ocean in te rio r. The desire to  understand tha t process was in it ia lly  the p rinc ipa l 

m otiva tion  fo r our work.

Among the studies o f the 70’s on the upper level je t stream, those relevant 

to  the present work are Shapiro (1976, 1978) and G idel and Shapiro (1979). A 

review is given in  Keyser and Shapiro (1986), see also Keyser and Rotunno (1990). 

Shapiro (1976) reported poten tia l vo rtic ity  anomalies in  the upper level je t stream 

and, in  order to explain them, postulated an appropria te d is tribu tion  o f vertica l 

Reynolds po ten tia l tem perature flu x  (F ig. 63). Later, in  order to  support his ideas 

Shapiro (1978) showed the d is tribu tions o f R i and q in  the upper level atmospheric 

je t stream (F ig . 64).

A  comparison o f Fig. 64 w ith  Figs. 37 and 42 shows compelling s im ila rity  

between the R i and q anomalies in  the je t stream and the G u lf Stream. The 

m ain difference between the tw o po ten tia l vo rtic ity  d is tribu tions arises because 

the je t stream has shear layers both  above and below the level o f m axim um  w ind, 

w hile  in  western boundary currents the m axim um  velocity usually occurs near 

the water surface. Hence, in  the oceanic case the vertica l Reynolds density flux  

d is tr ib u tio n , w 'p ', is s im ila r to the lower ha lf o f the (negative) vertica l Reynolds 

po ten tia l tem perature flux , —w '8 ', shown in  Fig. 63b. The vertica l density flu x  

is zero at the sea surface i f  air-sea fluxes o f heat and salt vanish, not because the 

ve locity has a m axim um  as in the case o f the je t stream.

Shapiros’s concept o f the mechanism responsible fo r the anomalies differs from  

ours. His approach is based on the fo llow ing approximate relations in  isentropic 

coordinates, w ith  poten tia l tem perature 6 as the vertica l coordinate (Shapiro 1976,
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Figure 63. Shapiro’s (1976) representation o f turbulence in  upper 

level atmospheric je t stream systems, (a) Regions o f clear-air tu r ­

bulence in  the v ic in ity  o f the je t stream are stippled; the solid and 

dashed lines are contours o f po ten tia l tem perature and w ind  speed, 

respectively, (b ) The postulated vertica l Reynolds po ten tia l tem per­

a ture f lu x , w 'Q ', is shown as a func tion  o f height; the crosses indicate 

observed values.
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Figure 64. (a) Richardson num ber and (b ) po ten tia l v o rtic ity  (un its  

o f 10-7  K  s~ 1m b~1), in  isobaric coordinates, fo r a section across the 

upper level atmospheric je t stream system (reproduced from  Shapiro 

1978). The dashed line indicates the flig h t pa th  taken du ring  the 

observations.
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equations 8 and 7):

and

d_
dt (c+flSj

ae
(54 )

where d /d t  is identica l to  V /T H  bu t w ith  0 replacing p. Shapiro suggested that 

h igh po ten tia l v o rtic ity  anomalies are produced at the level o f m axim um  w ind, 

th rough m ix ing  by clear-air-turbulence. He said th a t th is  in h ib its  the vertica l 

spreading o f the isentropes du ring  frontogenesis, required in  a cyclonic shear zone 

by  conservation o f potentia l vo rtic ity .

The last tw o equations, together w ith  the po ten tia l tem perature flu x  d is tr i­

bu tion  postulated by Shapiro (F ig. 63b), indeed suggest th a t a region o f high 

po ten tia l vo rtic ity  may be generated at the level o f m axim um  w ind. 4 However, 

from  the same argument, regions o f low po ten tia l v o rtic ity  should arise at the max­

im a in  vertica l shear, the two m axim a o f —w '8 ' in  Fig. 63b. T h is  is not the case 

in  F ig. 64b, w ith  q being large precisely where, according to  Shapiro’s crite rion , it  

should be small.

Equations (53) and (54) are essentially the same as our equations (33) and

w p ~  —d (w ' p ') /d z  (see equation 41). Equation (33) may be rew ritten  as

JD
V t

(C +  f ) d p ]
dz

(55)
p uz

Note th a t equations (53) and (55) are equivalent, except fo r the density, p, which

(55) retains inside the m ateria l derivative. Th is difference arises from  the defin i­

tions o f po ten tia l v o rtic ity  used by Shapiro and here (the terms between brackets

4 Note again th a t we ta lk  in  terms o f absolute values, actua lly  ((," +  / )  d d /d p  is 

negative and d /dp (d8 /d t.)  is a negative m axim um  at the level o f m axim um  wind.
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in  equations (53) and (55), respectively). Equation (55) can actua lly  be rew ritten  

as (53) w ith  the appearance o f add itiona l terms, which Shapiro assumed to  be 

neglig ib le besides the diapycnal divergence term . Note also tha t equation (53) has 

the derivatives w ith  respect to  pressure, w h ile  equation (55) has them  w ith  respect 

to  depth, w hich compensates fo r 8 and p increasing in  opposite vertica l directions 

( in  p a rticu la r, w '6 ' is negative and w 'p ' positive).

O u r in te rp re ta tio n  is th a t m ix ing  is triggered by  the dense packing o f isopyc- 

nals (regions o f low  J  and h igh q values) du ring  frontogenesis, w hile  the diapycnal 

ve loc ity  gradients are m ainta ined or perhaps even increased. F rom  th is p o in t of 

view the low  J  (and h igh q) values are the results o f frontogenesis, and m ix ing  

th a t reduces the anomalies is the consequence. As we have argued above, a simple 

model as well as observations support th is  po in t o f view. Figs. 54 and 55 show 

th a t anom alously sm all j  (h igh q) values are associated w ith  diapycnal conver­

gence, no t divergence as Shapiro ’s ideas would im p ly . The same po in t o f view 

underlies the analyses by Roach (1970) and B row ning et al. (1970) o f atmospheric 

je t streams, who assumed th a t a c ritica l R i num ber lim its  the vertica l spacing 

between isentropes during  frontogenesis.

One way to  reconcile the q d is tr ib u tio n  in  the G u lf Stream w ith  Shapiro ’s 

observations fo r the  je t stream is to  note th a t in  F ig. 64b there could ac tua lly  be 

tw o d is tin c t m axim a o f q, i f  the single m axim um  were an artifice  o f contouring over 

the re la tive ly  po o rly  sampled level o f m axim um  w ind. Th is w ould then agree w ith  

tw o observed separate m in im a  in  R i (F ig. 64a). In  th is m anner, the s im ila rity  

between one-half o f the upper level fron ta l system and the western boundary 

fro n ta l system w ou ld  be complete.
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C hapter 11. Conclusions

Love is an ocean. Its  waves are troubled 
by the winds. I t  has no port or shore.
The Lover perished on this ocean, 
and w ith h im  his torments perished, 
and the work o f his fu lfillm e n t began.

Ramon L ln ll (1232-1316)

To sum up the work in  th is dissertation, the o rig ina l objective was to  throw  

lig h t on the transport o f nu trien ts  by  a western boundary current. The firs t 

p a rt o f the work, therefore, analyzed the d is tr ib u tio n  o f nu trien t transport among 

different isopycnal layers o f the G u lf Stream, and how th is d is tr ib u tio n  changes 

along the Stream. Solid evidence emerged from  th is  analysis fo r upward one-way 

transfer and two-way exchange between the upper layers o f the therm ocline and 

the surface layer. R ichardson num ber ins tab ility , associated w ith  frontogenesis in  

G u lf Stream meanders, seemed the most like ly  mechanism to  produce m ix ing. A 

theoretical analysis o f the v o rtic ity  balance o f the boundary current, a llow ing for 

d iapycnal mass transfer, yielded clues on the necessary conditions fo r dom inant 

d iapycnal m ix ing. Detailed exam ination o f dynam ical anomalies in  a G u lf Stream 

hydrographic cross section revealed clear signatures o f in s ta b ility  induced m ixing, 

and established the im portance o f diapycnal mass transfer.

The results of the nu trien t transport analysis reinforce and characterize Brewer 

and Dyrssen’s (1987) idea tha t the G u lf Stream is a m ajor source o f nu trien ts  for
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the N orth  A tlan tic . A  N u trien t Stream flows under the G u lf Stream and the N orth  

A tla n tic  Current, carry ing a very large supply o f nu trien ts northeastward (o f the 

order o f 103 k m o ls -1 o f n itra te  and proportiona l amounts o f other nutrien ts). I t  

occupies the upper-therm ocline layers, w ith  its  core centered around the 26.8 a$- 

isopycnal surface, at depths o f about 500 m . O n ly about a th ird  o f the supply 

comes through the F lo rida  S tra its, the rest from  the Sargasso Sea therm ocline, 

a rriv ing  between the Stra its and the M id -A tla n tic  B igh t. The water transport 

from  the subtropical gyre in to  the western boundary is dom inated by in flow  from  

the therm ocline. Because the upper therm ocline is the p rinc ipa l nu trien t bearing 

s tra tum , the in flow  from  there in to  the N u trien t Stream is responsible fo r the large 

increase in  nu trien t transport.

The p ro x im ity  o f the N u trien t Stream to  the surface already suggests the 

like lihood o f nu trien ts reaching the surface layers. Mass and nu trien t balances o f 

ind iv idua l isopycnal layers shows evidence not on ly fo r thermocline-surface mass 

exchange, bu t also net upward (diapycnal) one-way transfer. O ur estimate for 

the overall rate (per u n it length o f the Stream) o f one-way transfer plus two-way 

exchange from  the therm ocline to  the surface layers, 3.2 m 2 s - 1 , is s im ila r to  the 

estimate o f western boundary upwelling, about 4 m 2s~1, obtained by Csanady and 

H am ilton  (1988). The source for these processes must be along-isopycnal in flow  

from  the upper therm ocline, at a rate o f some 10 m 2s~ l .

Isopycnic coordinates are powerful in  the analysis o f anomalies produced by 

diapycnal mass transfer. Anomalies may occur in  the d is tr ib u tio n  o f tracers, such 

as nutrien ts, and in  dynam ical quantities th a t contro l the structure  o f the flow, 

such as the Jacobian or potentia l vo rtic ity . In  a G u lf Stream section o ff the M id -
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A tla n tic  B igh t we find  substantia l anomalies in  a ll these quantities, at the location 

o f the N u trien t Stream. The anomalies coexist w ith  sm all (b u t not subcritica l) 

R ichardson numbers, calculated from  smoothed data. The raw  data show much 

sharper gradients, b u t also density inversions, w h ich have to  be e lim inated in  order 

to  define the isopycnic coordinate system. I t  is reasonable to  suppose, however, 

th a t unsmoothed Richardson numbers are loca lly  and tem pora lly  subcritica l.

We establish theoretica lly th a t coincident anomalies o f small Jacobian and 

large po ten tia l v o rtic ity  im p ly  dom inant d iapycnal convergence (divergence), caus­

ing  th icker (th inne r) isopycnal layers. The diapycnal ve loc ity  is calculated from  

the vertica l gradient o f the Reynolds density flu x , parameterized in  terms o f the 

Jacobian and the Richardson number. Th is model demonstrates th a t diapycnal 

convergence is responsible fo r the observed anomalies in  Jacobian and po ten tia l 

vo rtic ity .

A n  im p o rta n t concept arising from  our analysis is R i-co n tro l o f m ix ing  in  the 

N u trie n t Stream. According to  th is concept, adjacent isopycnal surfaces can on ly 

approach one another to  a certain po in t, at which R i becomes critica l. In s ta b ility  

then creates well-m ixed regions, or steps, in  the density-depth profile. A  simple 

model of diapycnal mass transfer, associated w ith  m ix ing  in  unstable layers, is 

able to  reproduce the observed steps.

H igh and low J  regions are responsible fo r the patchy character o f the d i­

apycnal ve locity fie ld in  the N u trien t Stream. Th is  field, consisting o f a lte rna ting  

positive and negative diapycnal velocities, causes localized diapycnal divergences 

and convergences (w ith  packing and spreading o f the isopycnals). Thus diapycnal 

velocities are no t only a passive result o f the diapycnal d is tr ib u tio n  o f the h o ri­
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zonta l velocities and o f the small-scale structure  o f the layers, bu t are responsible 

fo r m od ify ing  th is  s tructu re  and the d is tr ib u tio n  o f po ten tia l vo rtic ity .

W e hypothesize th a t frontogenesis in  meanders causes a reduction o f the Jaco­

b ian and an increase in  the diapycnal gradients o f the horizonta l velocities, which 

occasionally takes the R ichardson number below its  c ritica l value. Th is  produces 

m ix ing  between adjacent layers o f flu id , ra ising or lowering isopycnal surfaces. 

The (tem pora l and spa tia l) aggregate result is two-way water exchange between 

adjacent layers o f the N u trie n t Stream. O ur crude estimate fo r the m axim um  

entra inm ent ve locity is 4 X  10-4  m s - 1 . Th is is large enough to  account fo r the 

overall two-way exchange coefficient between the upper-therm ocline and the sur­

face layers, calculated from  mass and nu trien t balances (2 X  10-5 m s - 1 ).

D iapycnal divergence and convergence can loca lly  dom inate the po ten tia l vo r­

t ic ity  balance w ith in  the N u trie n t Stream, the relevant te rm  being three orders 

o f m agnitude greater than the con tribu tion  from  the p lanetary v o rtic ity  gradient. 

On the other hand, ve rtica l averaging over even re la tive ly  short distances (16m ) 

ra p id ly  reduces the calculated diapycnal convergence, to  the po in t where its  effect 

on the v o r tic ity  balance is o f the same order as p lanetary vo rtic ity . Its  im portance 

in  the overall po ten tia l v o r tic ity  balance is a question th a t must be le ft open.

The resemblance between the present work and Shapiro’s (1976, 197S) analysis 

o f the upper level atmospheric je t stream (Shapiro 1976, 197S) is noteworthy. 

However, the in te rp re ta tion  o f the tw o sets o f observations is different, h i our 

m odel frontogenesis is the o rig in  o f the anomalies, and m ix ing, once a c ritica l R i 

is a tta ined , is the ir consequence, w hile  according to  Shapiro the anomalies are the 

result o f m ix ing  by clear-air-turbulence.
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We may conclude th a t diapycnal m ix ing  in  the N u trien t Stream is responsible 

fo r water exchange between nu trien t-rich  upper-therm ocline layers and nutrien t- 

depleted surface layers. Th is is like ly  to  be a mechanism o f prim e im portance in 

sustaining p ro d u c tiv ity  in  the G u lf Stream region, and possibly over the northern 

N orth  A tla n tic .
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