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1721-1806

In 1751 Henry Ellis, the captain of a slave-trading ship, on his
route from Africa to America, stopped at the tropical Atlantic and
made deep water measurements (asked by the English Reverend
Stephen Hales, using wooden bucket equipped with valves to
capture water at selected depths). In his letter, he reported that

“the cold increased regularly, in proportion to the depths, till it
descended to 3900 feet: from whence the mercury in the
thermometer came up at 53 degrees (*11.67°C) ...

The warmth of the water upon the surface, and that of the air , was
at that time by the thermometer 84 degrees (*28.89°C).”

“This experiment, which seem’d at first by mere food for curiosity,
became in the interim very useful to us. By its means we supplied
our cold bath, and cooled our wines or water at pleasure; which is
vastly agreeable to us in the burning climate”

(Ellis, 1751)

[ 2]
in which I cannot perfeitly agree with him, I think
fearce any body is better acquainted with the fubjed
of clediricity than himlf.

XXXIL A Letter to the Rev. Dr. Hales,
F.R.S. from Captain Henry Ellss, F.R.S.
dated Jan. 7, 1750-51, at Cape Monte
Africa, Skip Earl of Hallifax.

SIR,
Rewt ot 13 T MAKE wfe of his

opportuniey of
writing to you, lefs from the vanity [

have of having fuch a coerefpondent, than the defire
of contributing to his fatisfaction, who cfteems it his
greateft happinefs to promote the intereft of mankind.
At yours and Lord }Llhfus recommendation, 1 had

our ventilators fixed on board of my fhip, at Briftol.
;‘h: following is a detail of the experiments, which I
made to prove their utility.

1. I took a wax-candle, of eight to dupauml.
and drew it thro' a mold, to make it of coe thicknefs
from end w0 end: then weighed it exaltly, and
lighted it in the thip's hold ; where I found it wafted
67 grains in 30 minutes ; that place not being venti-
lated during 34 hours: but after fix hours veatilation
it wafted g4+ grains in the fame time.

2. I carried with me into the bold a plate of filver,
well polifhed, and a lantern and candle, all blinded,
except a round hole of about two inches diamter. 1
placed the plate at fix feet diftance from it; md“v‘::

Dda
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in moft fhips is moift, in ours is quite dry. Our

i which are cpe there inql::i he chell,
without wrappers, come oot s bright a5 from a re-
cent polith. * Far is a ventilator from being inconve-
nient aboard of us; on the contrary,

Gile for our flaves, and 8 means of peelervi
cargo and lives.

Jpon the pafage, I made feveral trials, with the
bucket fia-gage, in latitode 25'—13* north; longie
tode 3512’ welt. I charged it, and ket it down
to different depehs, from 360 feet to 5346 fect; when
1 difcovered, by a fmall thermometer of Fahrenheit's,
made by Mr. Bird, which went down in i, that the
cold increafed regularly, in ion to the depehs,
will i -k(smdzd?n 1;0 fmp'm whence the :zr—
cury in the thermomcter came up at §3 degress; and
the' I afierwards fank it to the depeh of £346 feet,
that is a mile and 66 fict, it came up no lower.
The warmth of the water upon the fiarface, and that
of the sir, was at that time by the thermometer 84
degrees. 1 doubt not bat that the water was a de-
gree of two colder, when it enterd the bmcket, at
the greateft depth, but in coming up had acquired
fome waemith s for 1 found, that the water, which
came wp in the bucket, having flood 43 minutes
in the air (the time of winding it up) the mercury
rofe above ¢ degrecs. When the sir had render'd
i equlall'v warm with the water on tho furface, T
tried their weight, by weighing equsl quantities ver
. 13 4L b Uy romes ) foand Fro
et depths the hesvict, and confequently the falieft
weater.

This
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depths, was 2 common houthold pail or backet, with
two heads in it; which heads had each a round hole
in the middle, near four inches diumeter, which were
cover'd with valves which open'd upwards ; and that
they might both open and fhut together, there wasa
fmall iron rod fixed to the upper part of the lower
valve, and at the other end to the under part of the
upper valve: f that, as the bucket defoended with
s finking wcifhr into the fea, both the valves open'd
by the force of the water, which bad by that means
a free paffage thro” the bucket.  But when the bucket
was drawn up, then both the valves were fhut by the
force of the water at the upper part of the bucket :
by which means the backet was bought up full of
the loweft fea-water, to which it had defcended.

When the bucket was drawn up, the hole at the
bottom was flopped with a cork, 1o keep the water
in, when the valves were open'd, to come at the
mercurial thermometer, which being tied to an up-
right flick, could readily be unfaftened, by polling
out a Joofe nail, which went into the upper end of
stick, which was faften'd at its Jower end in the fame
manoer,

But great care muft be taken to make an obéer-
vation of the degree the mercury flands at, before
the lower part of the thermometer is taken out of
the water ; elfe it would immediately be alter'd by
the different temperatuce of the air.

In crder to keep the buckes ia a right pofition,
there are four cords fived to it, which reach about
theee feet below i, to which the finking weight is 1o
be fixed,

Captains
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fuch obliquity, that the rays from the light Mould
fall on its furface at an angle of 45 degrees. I then
fixed a white piper fcreen, at the fame diftance from
the plate, and under the fame angle with the lan-
tern, fo that the refiected rays might fall upoa it alfo,
“This being done, 1 oblerved, that the reflection from
the plate dillindly was but 17 30° with a0 sne
ventilued hold i being, turned the colour of tar-
nifhed leady wheress, when the air wes replaced by
4 hours ventilution, it continued to light, and

in i ncls 4 hours 47 minu

3. ‘s bell, whofe diameter it 14 inches,
I had bro the hold, when ventilazion had
been omitted 12 hours. Having hang ¢ under the

Jower deck, 1 took oat the clapper; and having fuf-
pended it alfo by theead, which, with its own length,
made 44 inches ; the angle, which the rim of the
bell made, with a line let fall perpendicular from the
io, on which the clappes buog, was cqual to
/&% I then held the clapper at the fume angle,
her fide of the line, 1 order that the firokes
different times might be with the fame force ;
g it go, it ftruck the bell. Ia its return
. and counting the vibeations, 1 heard
themn diftinétly bue three times ; whereas, when the
hold was well ventilated, it vibrared five times; buc
its vibeations were not fo quick in the lawer, 13 in
the former cafe. 1 took all podfible peecautions,
that thefe cxperiments might be fairly tricd, o pre-
vent deception ; bat always found them t produce
the fame cffects

We arc at prefent very heslthy, the' oar number
130, 1ot 00 being Gk aboard.  Our hold, which

in
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“This experiment, which feem'd at firft but mere
food for cariofity, became in the interim very ufeful
tous. By its means we fupplied our cold bath, and
cooled our wines or water at pleafire ; which s vaflly
agrezable o us in this buming climate.

1 intend, in our ze to the Weit Indies, to
found a mile decper than 1 have done, having a fuf:
ficient quantity of line. But I cannot atempt your
method to find the depth of the fea, for want of ap.
paratas. My bufineds at prefent affords me very kit~
tle time for fpeculation. However, I cannot omit
cbferving to you a phenomenon, which 1 faw lat
might, and never before, that I remember , and that
was the two arches of the irls, with their colours
diftin@, by moon-light. Having already prefamed
mach on your paticnce, and my leifure,

Tam, &

Hen, Ellis.

A Letter 1o the Prefident, from Stephen
Hales, D.D. & F.R. §.

SIR, Teddington, Joe 8, 1751,
Read Jome 13 HAVE here inclofed, at his defize, a
st copy of a letter from Captaia Ellis,
who publifhcd an account of his voyage to Hudfon's

‘.Yl"hc bucket fes-gage, which he mentions, and
which 1 provided for Bim, o find the difierent de-
grees of cooloess ead faltnefs of the fea, at different

3 depehs,
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Captain Robinfon, who is latcly arrived from India,
fuys, he fonnd fo much beneit by veatilators, that
ke will never go 2 voyage without them ; and that

4t EWo men in two years,
are are many other inftances of the beneiit of
ventilators in fhips, not only to the health and lives,
but alio to the provifions, e,

1am, Sir, with great refpedt,

Your obliged humble fervant,

Stephen Hales.

XXXIL Obfercations e the Roman Colo-
nies and Stations in Chefhire and Lanca-
fhire, by Thomas Percival Efy; commueni-
cated by Hugh Lerd Willoughby ef Par-

". R. §.

ham, F.

Red Jone 13N the fecond iter of Antonine’s Itinerary,
e we find, after feveral other ftations
mentioned Eboracum
Calcariam M. ». Ix.
Camulodunum M. p. xx. Tho' with various
Mamucium . ».xvit.  resdings of the
Condate M. P. X¥IIL pames,
m M, P, XX,
Ttis agreed, that Deva is Chefler, and that Mamucium
ot Miimacla o Gom. is Manchefh the
comman confent of all antiquarians, Bat where ;hl.
te

Ellis, H. 1751. A letter to the Rev. Dr. Hales, F.R.S. from Captain Henry Ellis, F.R.S. dated Jan. 7, 175051, at Cape Monte Africa, Ship Earl of Halifax. Philosophical Transactions of the Royal Society of London 47:211-214.



Based on Ellis’s temperature profile, Count Rumford (Sir Benjamin Thompson), an American-
born British scientist, deduced a scheme of the overturning circulation. In 1800, he wrote:

“It appears to me to be extremely difficult, if not quite impossible, to account for this degree of cold
at the bottom of the sea in the torrid zone, on any other sup- position than that of cold currents from

the poles.”

1753-1814

Rumford further reasoned that this cold current at depth

“must necessarily produce a current at the surface in an opposite direction”
(Rumford, 1800).

Measurements along 20°W during the German Atlantic Meteor Expeditions from 1925-1927, captured plumes of saline
waters from the surface waters of the northern North Atlantic and relatively fresh waters of Antarctic origin (Merz, 1925).
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Rumford, B., Count of. 1800. Essay VII, The propagation of heat in fluids. Pp. 197-386 in Essays, Political, Economical, and Philosophical, A New Edition 2. London.

Merz, A. 1925. Die Deutsche Atlantische Expedition auf dem Vermessungs- und Forschungsschi “Meteor.” Bericht. Sitzungsberichte der Preussischen Akademie der
Wissenschaften, Physikalische-Mathematische Klasse:562—-586.



~ Great Ocean Conveyor Belt

Fig. 1: The great ocean conveyor logo (Broecker, 1987). (Illustration by Joe Le Monnier, Natural History Magazine.)

Broecker, W.S. 1987. The biggest chill. Natural History 97(10):74.




Atlantic Main Water Masses (on salinity section)
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The Water mass formation processes
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CONDITIONS

1. Intense heat and
freshwater losses

2. Relatively weak
stratification

3. Trapping

——

‘A

son, 2w AREAS
3 }:L. )\\z; \ \ e
60 ..:,;‘/ ‘M} é i%/ < ,_,ﬂ;\ *;{r \\ 1. Arctic regions
- s _/ [ e N\ 2. Semi-enclosed seas
s 78 ( WY_’,. D \ \ .
7 T~ T \ 3. Continental shelf
4

. Cyclonic features

|
-




Depth, m

The Mediterranean Sea water masses

geiicaes oo

o0

1987




(i) Shelf convection
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}’

/%__ " f)%ﬂﬁa&“‘

R
Shelf /\X f)
/‘\\ —~ Entraiment
Continental /\‘
slope
Cold Wind from Antarctica
\ aHeat Loss
\\““---‘ L Off—shore draft of sea ice
’ Coastal T S G
Antarctic p01\ nya R
ice sheet .I:EE];ILILI

Cold & Salty A e

S / '.u Water _°C
e

Shelf / \\
/\ ~—  Entraiment

Continental /\\
slope
- é -1°C

Antarctic_
Bottom Water

Shelf water mass formation

*Strong heat loss and/or evaporative rates over
the relatively shallow water column on the
continental shelf can lead to formation of very
dense waters.

*Entrainment on the continental slope changes
dramatically the new water mass temperature
and salinity properties and gives the water mass

its final characteristics.

Arctic/Antarctic shelf water mass formation
*Winds blowing offshore open the ice sheet,
forming a polynya.

*Salt addition to the water column, related to ice
formation increases the water salinity.

*Large heat fluxes (~1000 W m-2) from the
exposed ocean drives bottom water formation.
*Entrainment changes the water mass

properties.



(ii) Open ocean convection 1, Pre-conditioning (order of 100 km)

During preconditioning the gyre-scale cyclonic circulation with its “doming”
isopycnals, brings weakly stratified waters of the interior close to the surface.
Buoyancy loss is preconditioning the “trapped” water.

2. Deep convection (order of 1 km)
Subsequent cooling events may then initiate
deep convection in which a substantial part of
the fluid column overturns in numerous plumes
that distribute the dense surface water in the

O
o ©
g &9

o oplumes

vertical. Bt ) S0 OO
eddies
3. Lateral exchange (order of 10 km) (~10 km)
With the cessation of strong forcing, or if the cooling continues
for many days, the predominantly vertical heat transfer on the
convective scale gives way to horizontal transfer associated
with eddying on geostrophic scales as the mixed patch laterally
exchanges fluid with its surroundings.
R 4. Re-stratification | | | |
=22 S The mixed fluid disperses under the influence of gravity and rotation, spreading
— / Tt out at its neutrally buoyant level and leading, on a timescale of weeks to months,
;/— / to the disintegration of the mixed patch and reoccupation of the convection site by
i 5 Tl the stratified fluid of the periphery.

For details: Marshall, J., and F. Schott, Open-ocean convection: Observations, theory, and models, Rev. Geophys., 37, 1-64, 1999.
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: > > T H (heat loss)
: Turner, 1973
i Heat/salt balances in a uniform mixed layer of
AT depth d at time ¢
Heat loss — Ht = —pc,dAT (1)
1
Salt redistribution — gBAS = §de (2)
- J ; J i Experimental observations show that:
PN aAT = —BAS (3)
{ NI=—gf—
dz__ oH
"""""""""" Buoyancy flux (due to heat flux) can be written as: B = J (4)
PCp
Combining (1),(2),(3) and (4): (1) = d e o
ombining (1),(2),(3) an : = d=— - _ _
pcp At — BAS
C e
oI Pep «Q
5' 19p ermal expansion AN
: =,or coticent _ Hta (_2) Ht2ga 2t [gaH" N 2Bt
6 — 1@ Haline .contraction ' PCp 6 AS pdeN g' dN g‘“‘{OCp N gv
: paS coefficient : - “=RB (4)
E‘ Cp Heat capacity ’- \/Q—Bt
N s = d —
Ns

Turner J.S., 1973: Buoyancy effects in fluids, Cambridge University Press.



An example: | Compare 1-D approach with 3-D results

0 Resolution: H,r=80km
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S.Stefanou, MSc Thesis, Univ. Athens



Vorticity (otpofilionog) reduced gravity form

a—u+uau+vau——g'a—h+fv (1)
ot 0x dy ox Ou 8@ dw -0 3
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0 0 8
v dv v dh RO
—tU—+V—=-g—— fu (2)
ot 0x dy dy
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d(dv du +u8 av_au Jv _ Jdu
at\ dx oy ox\ox dy 8 0x 8y
au(av 8u) Jv
+ —_

(‘9“ a“) _d(ov du

ox\ox dy
ou odv\| d
I LA o gv\(ov_ou
ox dy )| dt -
. ax dy J\ox oy
planetary vorticity
. - v du .
Defining relative vorticity: v =C  (ocean velocity curl)
X 0y

d¢ 8u Ov ou Ov df
dt (93: 83; oxr 0Oy dt

d ou Ov
[+ ==(f+¢) <8$+ )

dy



The pathways of deep waters
in the abyssal

ocean
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Abyssal Circulation (Stommel-Arons Theory)

Potential vorticity Bu — 5’_w
conservation: v = Oz
2Q) cos 6 50) sin g ow
— UV = sinf —
Rearth 0z UJ()R
v = tan 6
O _ H
_w - Wtop Wpyot o @
0z H
Continuity
ou Ov Ow

oe oyt Y

Stommel et al.; Stommel & Arons (1958, 1960)



“Half Ocean solution”

Conservation of volume:

So+T; =T, + Ty /

% (
T, = HvuRcosf dop = woR?sin 6 (P2 — ¢1) \
P1 \

/2 P2
— / / woR? cos O dop df = woR? (1 —sin®) (¢ — (/51
and T, (domain) = wo R* (P2 — 1) = \

T, =So + ’LUQR2 sin 0 (¢2 — ¢1) — w0R2 (1 — sin 9) (¢2 — ¢1) =
= Sy + w()R2 (gbg — ¢1) (Siﬂ@ — 1 + sin (9)

\

|

S

T, = 25psin6




“Whole” basin solution

cold water
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Currents at the surface from drifters Currents at 1000 m from Argo
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Bower, A. S., M. S. Lozier, S. F. Gary, and C. W. Boning (2009), Interior pathways of the North Atlantic meridional overturning circulation, Nature, 459, 243-247.
Lumpkin, R., S. A. Grodsky, L. Centurioni, M.-H. Rio, J. A. Carton, and D. Lee (2013), Removing spurious low-frequency variability in drifter velocities, Journal of
Atmospheric and Oceanic Technology, 30 (2), 353-360.

Ollitrault, M., and A. Colin de Verdiere (2014), The ocean general circulation near 1000-m depth, J. Phys. Oceanogr., 44 (1), 384—409, doi:10.1175/JPO-D-13-030.1.



Tracers

Map of tracer age of the
Labrador Sea Water (LSW)
layer calculated from CFC
concentrations for LSW
younger than 40 years.
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[yea rs] . 23 (2015), Advection of North Atlantic Deep

3 e Water from the Labrador Sea to the southern
hemisphere, Journal of Geophysical
Research: Oceans, 120(4), 2471-2487,
doi:10.1002/2014JC010605.

Rhein, M., D. Kieke, and R. Steinfeldt
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Atmospheric thermohaline forcing:

Intense Oy and £

9 Injection of dense water
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—— to the bottom layer:
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Which
mechanism 1s
tranposrting
vorticity/energy
westwards? (see
large-scale
waves)



The “conveyor belt”
The “overturning circulation”

Intermediate and deep overturning volume transports (Sv)
(Zonally-integrated)
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The thermohaline routes




