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Cyclogenesis in the deep ocean beneath the Gulf Stream
2. Dynamics
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Abstract. Strong cyclones in the deep ocean beneath the Gulf Stream have been observed
during the period June 13, 1988, to August 7, 1990, neaW6&87°N in data from the

Synoptic Ocean Prediction (SYNOP) Experiment. These cyclones developed in association
with the evolution of large amplitude, quasi-stationary meander troughs in the Gulf Stream. It

is likely that baroclinic instability is responsible for cyclone spin-up. The dynamical analysis

of these cyclones indicates the process is analogous with atmospheric cyclogenesis from the
perspectives of divergence and conservation of potential vorticity, but not in terms of the
density field evolution. Large positive vertical velocities in the thermocline over developing

low pressure centers at 3500 m are consistent with convergence at depth and divergence in
the upper ocean, and with stretching of the lower water column and shortening of the upper
water column. The stretching of the lower water column accounts for the generation of positive
relative vorticity there. However, the evolution of the density field in the oceanic case does
not resemble the atmospheric case. In the atmosphere, density field adjustments in the air
column above the low pressure center at the Earth’s surface are in the correct sense to account
for decreasing pressure there. In the ocean, density field adjustments in the water column fail
to account for the developing low pressure centers, so sea surface height depressions must be
responsible. These depressions must have an approximate magnituderotlepth over a

250 km horizontal extent (the cyclone’s diameter).

1. Introduction flows observed in the SYNOP Central Array at 3500 m ex-
tended throughout essentially the entire water column, from
Strong coupling between the Gulf Stream and the un_the benthic boundary layer, through the thermocline to the

derlying water column has been observed during the pepceanssurface.

riod June 13, 1988, to August 7, 1990, in the vicinity of Meéteorologists have studied similar flow features in the
68°W, 37°N in data from the Synoptic Ocean Prediction atmosphere for many years. Synoptic scale cyclones and an-
(SYNOP) Experiment Central Array. The most COnSpicu_ticyclones at the Earth’s surface are known to be associated

ous examples of this coupling are several strong cyclones iWith waves in the jet stream in the upper troposphere and
the deep flow that develop in association with the evolutionlower stratosphere. The three-dimensional evolution of these

of steep, large amplitude, quasi-stationary meander troughfgatures is typically attributed to baroclinic instability, and
in the Gulf Stream’s path (Figures 1 and 2). Such well- their kinematics and dynamics are illucidated at length in at-

organized, long-lived, energetic features have not been prél'0SPheric texts and literatur@dimen and Newtqri969;
viously observed in the deep ocean so vividly. While strongBlerknes and Holmbqel944; Pedlosky 1987, Gill, 1982;
velocities in the deep ocean near this location have been ofii0lton, 1979]. A particularly clear exposition of the mech-
served before [e.g.Luyten 1977:Hogg 1981], it was not anlsm'of baroclmlc_ |nstab.|I|.ty f_rom the perspective of. con-
until SYNOP that these flows were clearly seen to be parf€rvation of potential vorticity is given bgushman-Roisin

of well-organized mesoscale cyclones, strongly coupled t¢1994] and for the reader’s convenience is briefly reviewed

the evolution of the Gulf Stream path structure in the uppe’€re- Consider a two-layer fluid on grplane with an inter-

ocean. During the tenure of the SYNOP Central Array moor-1ac€ sloping downward from north to south. Suppose there
is some northward fluid displacement in the upper layer. To

ings, six well-defined instances of meander trough amplifi- : - A .
cation and deep cyclogenesis occurr&hvidge and Bane CONserve potential vorticity, such a displacement would im-
[this issue] provide a description of these energetic eventd!Y shortening of the fluid column as it moved into the re-

The cyclones were characterized by strong swirl speeds (UBiO" of shallower interface depth, requiring the generation
to 0.5 m s') and were long-lived (typically lasting 6-9 of negative relative vorticity, or the depression of the inter-

weeks) frequent occurrences (present 35% of the time duf@ce locally to conserve column depth. Some of each can
ing the 26 month deployment period). The strong cyclonicbe expected to occur. Note that the sense in which the in-

18127



18128 SAVIDGE AND BANE

Composite from
19 to 20 May 18890

0 5 10 15 20 25 30
degrees C

Figure 1. Composite image of satellite advanced very high resolution radiometer sea surface temperature for May 19-20,
1990. The image shows an example of a steep meander trough in the SYNOP Central Array. Also shown are the locations of
the tall current meter moorings in the Central Array (diamonds with crosses) and the area (box) over which the depth of the
12°C isotherm can be optimally interpolated from the inverted echo sounders deployed in the Central Array. This box is the
same area covered by the figures to follow (except Figure 5). (Image prepared by the P. Cornillon group of Univ. of Rhode
Island.)

terface depth is being altered is consistent with lowering thedisplacement pattern leading to amplification for the two-
potential energy of the two layer fluid. The depression oflayer case is consistent with the upper-level pressure field
the interface depth would cause the underlying column ofagging the lower-layer pressure field by a quarter wave-
water to shorten and would likewise require the generatioength [Cushman-Roisin1994]. The lag may be less for
of negative relative vorticity there. The velocities thus gener-the case of continuous stratification. In addition to the off-
ated in each layer could then cause further displacements afet in the pressure field in the vertical, the pressure fields
water in each layer. Displacements originating in the bottontfor the case of continuous stratification are surface intensi-
layer can likewise initiate vorticity and further displacementsfied, consistent with closed low pressure fields at the Earth’s
in both layers. If sinusoidal displacements to the north andsurface and wavelike patterns in the upper troposphere and
south along an east-west axis are assumed in each layer, miower stratosphereCharney 1947; Eady, 1949]. Devel-
tions in each layer can constructively or destructively inter-oping low pressure centers are characterized by convergent
fere with motions in the other layer, such that the sinusoidaflow (see section 4), especially to the east of cyclone centers,
disturbances can propagate, amplify, or decay, depending omhile downstream from upper level trough axes, divergent
the offsets in the disturbances between layers. In the caditow is expected Bjerknes and Holmbqel944]. Develop-
where upper-layer displacements lead lower-layer displaceing low pressure at the surface requires net decreasing den-
ments by a quarter wavelength in the direction of the basicity and net horizontal divergence in the air column above,
flow in the upper layer, the disturbance in both layers will further emphasizing the need for a downstream offset of the
amplify. surface pressure field. Upward vertical motion is thus ex-
Work in the early to middle 20th century on diagnosis Pected above surface lows, between the surface and the level

of atmospheric cyclogenesis utilized the three-dimensiona®f maximum horizontal divergence aloft. Finally, the pres-
pressure fields, and it continues to be useful to understangure fields at all levels evolve in time, as the redistibution
the requirements on those fields during cyclogenesis. Thef the density fields by the three-dimensional velocity field
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Figure 2. Time series of horizontal maps of data from the SYNOP Central Array at 6 day intervals, over an approximately
300 by 300 km area. These maps show the development of a steep meander trough in the Gulf Stream and a strong cyclone at
3500 m. The gray scale field represents the depth of th€ isbtherm. The Gulf Stream jet closely follows the portion of the
thermocline that slopes steeply from 200 to 800 m depth in the middle 1/3 of the array. The 13 current meter moorings of the
Central Array are shown as circles with crosses. Vectors represent measured velocities at 3500 m. The contoured field is the
optimally interpolated perturbation pressure field at 3500 m. Contour inter2aki$0? Pa (.02 dbar); solid lines indicate

negative values.

progresses. As a consequence, the offset between surfamerks the boundary between a region of almost linear tem-
and upper-level low pressure features is expected to decreaperature decrease with height (the troposphere) and a region
over time. of almost uniform temperature (the stratosphere). And fi-
Oceanic cyclogenesis might be expected to be quite Simina”y, the ocean surface is characterized by avery Iarge den-
lar to atmospheric cyclogenesis. The two fluid media behavéity interface, such that very small vertical displacements of
according to very similar sets of governing equations, andhe sea surface can result in very large horizontal pressure
comparisons between the two using relevant nondimension&lradients. No such abrupt interface exists at the top of the
measures indicate dynamic similarity in many systems of inatmosphere, where the density gradually approaches zero.
terest [5ill, 1982;Pedlosky1987]. However, the two media Since baroclinic instability depends on the evolution of the
do differ in their potential density distributions. The ocean density field, the differences in those fields between the two
is characterized by very small potential density variationsmedia suggest some variation in cyclogenesis between the
relative to its average potential density. The atmospheric poocean and the atmosphere is possible.
tential density field varies over its entire magnitude. In the Inorder to initiate a comparison between atmospheric and
ocean, those variations are concentrated over a very shooceanic cyclogenesis, the dynamics of the ocean cyclones
interval in the vertical, namely the permanent thermocline are examined in the following. A variety of dynamical view-
such that the ocean is often considered to be a two-layer sypoints are utilized, including linear momentum, divergence,
tem. The atmosphere’s potential density variability is muchand vorticity balances. While the study of atmospheric cy-
more uniform in the vertical. The tropopause, about whichclogenesis has progressed far beyond the simple diagnoses
the polar jet stream is approximately centered in the verticalperformed below, the early work in that field showed the
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causes of the evolution of the observed fields quite clearly3.1. Estimates of Tendency Terms
It seems appropriate to begin at the beginning with oceanic
cyclogenesis as well, especially considering that the vertical

sparcity of this data set makes the application of modern at-  gyantitative assessments of terms a and ¢ in equation (1)
mospheric techniques impossible. The different component§aye been made using SYNOP data. Estimates of the tem-
of this study paint a consistent story of cyclone spin-up, iNporal change in pressure at 3500 ap{, /dt) were made

most ways analogous to atmospheric cyclogenesis, but witBs first differences in the Ol pressure perturbation fields at

some departures from that analogy. 3500 m. During developing days of the cyclone events,
Op-, /0t was consistently negative (Figure 3a) in the vicin-
2. Data and Data Products ity of cyclone centers. The developing low pressure fea-

Bjres eventually reach values of up to abeut x 10° Pa

The data used here were acquired as part of the SYNO
Experiment. The observational component of this study in-(_o'4 dbar). Note the clear downstream offset between the

cluded four mooring arrays along the Gulf Stream mean patl"i‘XIS of the large amplitude meander trough in thg upper
downstream of Cape Hatteras, several hydrographic cruiseg,cean an_d the_low pressure center at 3500 m. This offset
isopycnal RAFOS float deployment, and the acquisition of'® also eyldent in Figure 2.

satellite measurements of sea surface temperature. This Density values atthe measurement levels were calculated
study uses data from the SYNOP Central Array, located ove"om the measured temperatures as describeayidge

an approximately 300 by 300 km area centered at%V,.5 anq Bandthis |§sue], utilizing the North At!antlc §aI|n|ty al-
67.5W. This array consisted of 12 tall current meter (CM) 9Orithm of Armi and Bray[1982]. The vertically integrated
moorings with velocity (speed and direction converted todensity tendency term was estimated by taking first differ-
Cartesian coordinate componeatandv), temperature®), ences in time of the Ol density f|elds' at each of the four
and pressurep] sensors at target depths of 400, 700, andmeasuremlent'levels and then crudely integrating in the ver-
1000 m, velocity and” sensors at 3500 m, and with bot- tical l.)yiwe|ght|ng each level by the portion of the water cql-
tom pressure sensor and inverted echo sounder (IES) moofMn it is presumed to represent, summing, and multiplying
ings colocated with the 12 CM moorings. An additional ring PY 9. Estimates at the 3500 m level were assumed to hold
of 13 bottom mounted IES moorings encircled the 12 cen-0Ver 2000 m; the remaining three levels hold over 300 m
tral moorings (Figure 1). The complete array was in pIace?aCh- The mtegratgd density tendency was consistently posi-
from May 1988 through August 1990, a period in excess of 2tive during developing days of cyclones near cyclone centers
years. A 13th CM mooring was deployed during the secondFigure 3b). The veracity of the_crqde integration scheme is
half of this period. Details on the processing of the CentralSUPPOrted by the fact that density increases were seen at all

Array data are given bgavidge and Banfhis issue]. measurement levels near cyclone cgnters (not shown). This
leads to the conclusion that the falling pressure at 3500 m

during cyclone spin-up cannot be accounted for by the inte-
grated density tendency term on the right-hand side of equa-
The rapidly deepening low pressure centers observed aion (1): it must be the result of a falling sea surface. This
3500 m with which the large cyclonic velocities are associ-topic will be discussed further in section 3.2.
ated are a primary feature of the deep cyclones. A diagnosis The bull's-eye pattern approximately centered in the de-
of how the pressure falls at a given location was made Usyeloping Gulf Stream trough is consistent with the increas-
ing what will be called the pressure tendency equation, as ifing curvature and southward migration of the Gulf Stream
Bjerknes and HolmboEL944]. This equation is the hydro- n the Central Array, as seen in satellite imagery, and the re-
static equation integrated over depth and differentiated withsy|tant local shoaling of the thermocline as the Gulf Stream

3. Pressure Tendency

respect to time: and its associated thermal structure moved past the moor-
Op. an n(t) ap ings. Since the migration in this case is accompanied by a
(‘)to =195 +g/ Edz (1) large increase in Gulf Stream path curvature, it is sugges-

— =~ U2 , tive of baroclinic instability. That process depends on, in

@ b c fact is defined by, a redistribution of the density field in the

wherep., is the pressure at 3500 m. Leibnitz’ rule must bejet itself. That redistribution is accomplished by the three
used in order to bring the partial with respect to time insidedimensional velocity field in the jet, which varies from the
the integral on the right-hand side, since the upper limit ofmean jet structure, and includes ageostrophic components
integration,n, the sea surface height, is a function of time. that may be large in relation to the translation velocity of the
This results in then/dt term on the right-hand side. For Gulf Stream over the array-Howden 1996]. Therefore the
the atmospheric case, the hydrostatic equation is integrategPmponents of the integrated density tendency term during
upward to infinity, wherep and p both approach zero, so the trough amplification phase could contain interesting in-
no such upper surface variability term exists. The terms oformation about the trough amplification and deep cyclone
equation (1) contributing to the change in pressure at 3500 rifevelopment.

with time (term a) represent vertical movement of the sea The integrated density tendency term can be broken down
surface (term b), and the net effect of changing density innto components, starting with the thermodynamic equation
the water column above 3500 m (term c), to be referred tdifferentiated with respect to time [sé&ill, 1982, section
here as “the integrated density tendency” effect. 3.6]
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(a) measured (b) from integrated density tendency

Day 05/15/89, Contour Interval = 1.0e+3 Pa s—— 0.25m/s

Figure 3. The change in pressure at 3500 m that occurred over the first 15 days of deep cyclone event C. (a) Measured
(term a in equation (1)) and (b) from integrated density tendency (term c in equation (1)). Solid contours represent zero or
positive values; dashed contours are negative. The contour interval is 1?0Pa0.1 dbar). The single bold line crossing

the pressure contours is the 400 m contour of the depth of th@ tkbthermal surface, indicating the approximate path of the

Gulf Stream jet. Vectors are measured velocities at 3500 m.

@ _ @ +V-Vp marily as a result of horizontal advection of density. Vertical
dt ot motions consistent with the variation in horizontal conver-
_ ( @) dp ( op ) dr gence in the vertical can also contribute to alteration of the
B op) rgdt or), s dt density field, primarily through thermodynamic effects.
gp*w In oceanic cyclogenesis, unlike in atmospheric cyclogen-
I + apl'w esis, the evolving density field does not account for the pat-

S

tern of developing pressure fields at 3500 m depth. How-
This can be solved for the local change of density with re-ever, a comparison of horizontal advection patterns in the
spect to time to get ocean with those in the atmosphere will help to make clear
the similarities between the two systems. Horizontal advec-
tion of the density field can be calculated from vertical shear.

op _ V- Vap— LoP 9w +aplw (2)  Thatshear vector is the thermal wind, which blows parallel
ot 0z N to isopycnals, such that if the total velocity turns with height,
a b c d ¢ it flows across isopycnals and advects density horizontally.
_ N Vertical shear was determined from the horizontal density
HereV andV}, are the total and horizontal velocities, = gradient using the thermal wind equation. Estimates of ve-
p/(0p/dp)is the secant bulk modulus,= —1(0p/0T) loci _
, o p,S? ocity 1 m above the measurement lev¥ls; = (uy1,v41)
T = —(gT)/(cpp)(3p/3T), ¢, andc, is the specific heat were calculated by adding shear vectors from thermal wind

of seawater at constapt The terms contributing to the shear estimate¥,, = (%AZ, %AZ) to the optimally in-
change in density through the water column with time (termterpolated velocities at measurement levéls; = (uor,
a) represent horizontal advection of the density field (termyy;). Both Vo; andV,; were converted to magnitudes
b), vertical advection of the density field (term c), the ef- and directions, and differences were taken to calculate turn-
fect of changing pressure on density (term d), and the effedhg due to thermal wind sheaf, That angle in radians
of adiabatic temperature change on density (term e). Thean then be converted to an estimate of horizontal advec-
version of this equation used in the atmosphere has an addiion of density according toV - Vip = —IVozl% x 6
tional right-hand side term representing density changes duBluestein 1992]. The sign of these calculations, and thus
to latent heat release through state changes (precipitation).of the warm/cold advection, is considered robust, since it
The development of the pressure fields in the atmospherdepends primarily on shear estimates calculated from the
consistent with jet stream trough amplification and cyclonedensity field. The shear vecto’,;, are typically oriented
spin-up is clearly shown bifleagle[1948] (or seelPalmen  several tens of degrees from the direction\dh; so that
and Newton 1969, Figure 6.4]). The pressure field at any the errors in the directions of the measured and shear vec-
particular level is determined by the weight of the air col- tors must sum to tens of degrees in order for the sign of the
umn above it, which is determined by changes in the densitystimated turning to be incorrect. Such large errors are not
field in that column. In the case of atmospheric cyclogenesiexpected. Only the signs of these calculations are plotted
through baroclinic instability, that field alteration occurs pri- and discussed in this section.
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Figure 4. Horizontal maps of the sign of horizontal advection integrated over the first 6 days of event A. Estimates are from
thermal wind turning, using optimally interpolated data at the four measurement levels. Crosses indicate cold advection; open
circles indicate warm advection. The bold lines are 400 m depth contours of theid®thermal surface, indicating the
approximate path of the Gulf Stream jet across the array and a warm core ring in the northeastern corner of the array.

The velocities turned clockwise with height downstreamveering, warm advection (uvw) and backing, cold advection,
from Gulf Stream troughs at all four measurement levels.downwelling (abc) sense discussediiyestein[1992] and
This “veering” is associated with the horizontal advection of Lindstrom et al.[1997]. If indeed baroclinic instability is
warm water (warm advection) (Figure 4). This would con- acting and ageostrophic velocities are crossing isopycnals
tribute to decreasing density in the water column above thén the correct sense to decrease mean potential energy, then
low pressure centers at 3500 m, consistent with the develoghey are also consistent with the ageostrophic velocity field
ment of that low but in contrast to the increasing densitiesseen byHowden[1996] in the Gulf Stream jet in amplifying
actually observed. Conversely, the velocities upstream frontroughs and with the residual fields of velocity calculated by
Gulf Stream troughs turned counter-clockwise with heightSavidge and Banighis issue].
downstream from Gulf Stream troughs at all four measure-  Horizontal advection effects are in the wrong sense to ac-
ment levels. This “backing” is associated with the hOfiZOﬂta'Count for the total integrated density tendency during cyclo-
advection of cold water (cold advection) (Figure 4). Magni- genesis, so the effects of the remaining terms in equation (2)
tudes of horizontal density advection at the upper three levelghust dominate. Terms d and e in equation (2) are essentially
typically exceeded those at 3500 m by approximately tenvertical motion effects, as is term ¢ in equation (2), since
fold, consistent with the very small horizontal density gradi- the temperature of a water parcel in the interior of the ocean
ents found in the subthermocline ocean. These thermal Winand the pressure field it experiences are primar”y altered by
calculations are consistent with those made as finite diﬁ:ermoving it Vertica”y_ The total effect of vertical motion on
ence estimates of the vertical shear calculated from the meghe pressure tendency at 3500 m during Cyc|one events can
sured and optimally interpolated velocities at measuremenge anticipated by considering a vertical profile of density in
levels. They are consistent with the sense of the verticahnd below the Gulf Stream (Figure 5a). This density profile
velocities seen upstream (downward) and downstream (Upyas calculated from temperature, salinity, and pressure in-
ward) from trough axes (to be discussed) in the upwelling formation from a conductivity-temperature-depth cast taken
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Figure 5. The effect of vertical motion on the integrated density tendency term during cyclogenesis. (a) A vertical profile of
potential density through the Gulf Stream overlain on potential density contours for ocean water. These values were calculated
using the seawater routinesbrgan[1994] for source water at 4000 m, salinity of 35, and in situ temperatureé-800C

at 5’increments. (b) A vertical velocity profile representative of a location near the Gulf Stream axis, downstream from a
developing meander trough axis. (c) The profile of density difference resulting from advecting the density profile in a by the
vertical velocity profile in b for 1 day.

in the middle of the Gulf Stream at about°¥¥ Savidge magnitude to explore further.

et al. [1993]. Itis superimposed on the adiabatic tempera- | indstrom et al.[1997] have shown large vertical ve-
ture gradient in the ocean, calculated as the potential densiticities in the thermocline during periods of Gulf Stream
of water at 4000 my{ = 4000 dbar,S = 35 practical salin-  trough amplification and deep cyclogenesis. Their calcula-
ity unit, 7' = 0°-30°C) referenced to decreasing depths, Uptions were made using the SYNOP data and the heat equa-
to the sea surface. In the deep ocean the in situ denSity Pré¢ron and were shown to be in good agreement with the verti-
file is very nearly adiabatic, so vertical motion there would ca| velocities indicated by coincident RAFOS floats. They
contribute little to the integrated density tendency. In theshow positive vertical velocities downstream from trough
thermocline, however, the density gradient is not adiabatiCaxeS, with typ|ca| values in the central portion of the devel-
so that vertical motion there could result in a net change inpping cyclones of 2-4 mm <, persisting for~10 days or

the integrated density tendency, since there term c outweighgore. Using their vertical velocities, calculations of the ver-
terms d and e in equation 2. A sample vertical profile of up-tical advection of density were made here. The vertical gra-
welling vertical velocity is shown (Figure 5b), and it was dient in potential temperature at 400 m depth was calculated
used to assess the effect of vertical advection of water O&S a function of thermocline depth according to the meth-
the density indicated (Figure 5a) for 1 day. The density ofods ofHe [1993]. These gradients were converted to density
the water at its new level was calculated and compared tgradients using the in situ temperatures, salinities calculated
the original profile, and a density difference was calculatedaccording to theArmi and Bray[1982] algorithm, as dis-
The resulting profile of the net effect of vertical motion over cussed bysavidge and Banjhis issue], and the equation of

1 day shows very little effect in the deep ocean, but showsstate for seawateMorgan, 1994]. The sense of the result-
large increases in density in the thermocline, where both théhg vertical density advection in the vertical is to increase
vertical velocities and the difference between the adiabati@jensity downstream from trough axes and to decrease den-
and the in situ density gradients are large (Figure 5¢). Asjty upstream from trough axes, as shown in Figure 6b for
simple trapezoidal integration of this density difference overgata integrated over the first 15 days of event A. The effect
depth multiplied byg indicates a net increase in pressure from horizontal advection is also shown (Figure 6c), as is the
beneath the column of nearly 1000 Pa (0.1 dbar) in just Imeasured density increase over these developing days (Fig-
day. Clearly the vertical motion effects can be of sufficientyre 6a). These estimates illustrate that there is a different
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Figure 6. Advective components of the integrated density tendency term at 700 m, integrated over the first 15 days of event
A. (a) Total measured density change, (b) vertical advection component, and (c) horizontal advection component, calculated
from thermal wind shear. The bold lines are 400 m depth contours of fiieis8thermal surface, indicating the approximate

path of the Gulf Stream jet across the array, and a warm core ring in the northeastern corner of the array. Vectors are measured
velocities at 3500 m, shown to indicate the deep cyclone.

balance on the right-hand side of equation (2) for oceani@B.2. Sea Surface Height Term

cyclogenesis than for atmospheric cyclogenesis. In the at-

mosphere, the integrated density tendency in the air column In the mean, sea surface height (SSH) rises by about 1 m
determines the sense of the deve|0ping pressure features REIOSS the Gulf Stream in the offshore direCtion, while ther-
low and is dominated by horizontal advection at all levels. Inmocline depth (Z12) increases by hundreds of meters in the
the ocean, the integrated density tendency term is of the ogs@me direction. The effects of these sloping surfaces on the
posite sign than the pressure tendency term and is dominatddessure field below the thermocline are of approximately
by the vertical advection effect, despite horizontal advectioredual (about0* Pa or 1 dbar across the Gulf Stream) but
that is consistent with the atmospheric case. Therefore th@PPosite magnitudes, such that pressure gradients below the

sea surface must fall to account for the falling pressures obthermocline are typically very small in the absence of strong
served at 3500 m. curvature in the Gulf Stream [see, eSavidge and Bane

this issue, Figure 4.]. Southward migration of a straight Gulf
Stream over the Central Array would presumably result in a
locally falling SSH, locally shoaling 212, and little apparent
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Figure 7. Schematic SSH and Z12 contours for (a) a straight Gulf Stream and (b) a curved Gulf Stream with deep cyclone.
The thin lines represent SSH contours; the thick lines represent Z12 depth contours.
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Figure 8. Depth of 12C isothermal surface (bold lines, contour interval is 100 m) and pressure perturbation field at 400 m
depth (thin lines, contour interval is 1.0 x*Ba (0.1 dbar)), calculated using optimal interpolation from measured velocities

at 400 m assuming geostrophy, for (a) straight Gulf Stream and (b) developing Gulf Stream trough. Vectors are measured
velocities at 3500 m.

local change in pressure below the thermocline. However, irthrough baroclinic instability proceeds through the slight re-
the case of meander trough amplification and deep cyclogearrangement of the density field by the three-dimensional ve-
nesis, the Gulf Stream'’s cross-stream sea surface and thdocity field. This rearrangement occurs in such a way that
mocline topography move southward across the Central Arthe components of the subthermocline pressure fields due to
ray as the result of the development of large curvature in th¢he sea surface and thermocline topographies no longer can-
Gulf Stream itself. As a first approximation, it is likely that cel each other completely, and a large pressure deficit (up to
the evolution of the sea surface topography mirrors that of).4 x 10* Pa or0.4 dbar) develops in the deep layer down-
the thermocline topography (since whatever advects densitgtream from trough axes. The pertinent question is, in what
does so by advecting the water itself), such that the develway does the evolution of the sea surface height topography
opment of large Gulf Stream curvature should be apparemntot mirror that of thermocline depth topography exactly.

in both fields. However, the development of such curvature One possibility is that in addition to an in-phase offshore
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migration of both Z12 and SSH in a developing trough, therewhich is of primary interest here, will be correct to the ex-

is a region downstream from the trough axis where divertent that (1) the signs of thé.indstrom et al. 1997] verti-

gent horizontal flow in and above the thermocline results incal velocities are correct and (2) the first baroclinic mode
a depression in the sea surface that adds to the otherwisssumption is truelindstrom et al[1997] place good con-
cross-stream sloping SSH. The magnitude of this depressidiidence in those signs during cyclogenesis, based on inde-
would need to be large enough to account for the large lowpendent estimates from RAFOS float trajectories. These di-
pressure center observed at 3500 m, or approximately 0.4 wmergence estimates indicate convergence in the deep ocean
depth. A schematic of this scenario is shown in Figure 7. Adownstream from Gulf Stream trough axes (Figure 9a), and
straight Gulf Stream exhibits SSH and Z12 contours that arelivergence in the upper layer during developing days. The
essentially parallel to each other, with both SSH and Z12 inmagnitude of the convergence in the lower layer, O(0/5%
creasing in the offshore direction (Figure 7a). The in-phases more than adequate to spin up the total relative vorticity of
component of the SSH and Z12 trough migration is shown inthe cyclones observed thergdvidge and Banehis issue],

the left side of Figure 7b. The hypothesized sea surface deassuming a two-term balance between the divergence and
pression caused by horizontal divergence in the thermoclin€¢/dt. Divergence of O(5%f)in the upper layer is consis-
downstream from the trough axis is shown in the middle oftent with independent vorticity estimates for a curved Gulf
Figure 7b, and the sum fields are shown in the right side ofStream as given bBower[1989] andRossby and Gottlieb
Figure 7b. Note that the result is an apparent downstrearfil998]. The large vertical velocities in the thermocline are
shift in the SSH trough, relative to the Z12 depth trough.due largely to cross-stream flow along the inclined isother-
This situation can be illustrated using SYNOP data frommal surfaceslindstrom et al, 1997]. This cross-stream flow
the interior of the ocean. If the horizontal structure of theis composed mainly of the barotropic cyclonic velocities ev-
temperature field is represented by Z12 depth and the SSidlent at 3500 m and apparently extending up through the
field is represented by the pressure field at 400 m (as cathermocline Bavidge and Ban¢his issueHowden 1996].
culated using optimal interpolation from velocities at 400 m  The horizontal divergence can also be calculated from
and assuming geostrophy), we find essentially parallel temhorizontal flow field information, as bgill [1982]. The
perature and pressure field contours for a nearly straight Gulfe|ocities in the inviscid equations of motion may be de-
Stream but nonparallel contours with a downstream offset irtomposed into geostrophic and ageostrophic parts and the
the SSH trough axis in the case of an amplifying Gulf Streamequations solved for the ageostrophic parts. The horizon-

meander trough (Figure 8). tal divergence of the ageostrophic velocity field can then be
calculated:
i i 1 /0
4. Horizontal Divergence Vi Va= ¢ (% By + V- VHCg> 3)
0

If the sea surface is to fall locally over the developing
low pressures observed at 3500 m, net divergence is requirgdere v, andV are the ageostrophic and geostrophic parts
in the water column between the sea surface and 3500 npf the horizontal velocity fieldy, is the northward compo-
While geostrophic and steady symmetric gradient wind balment of V,, ¢, is the relative vorticity of the geostrophic
ance flow are identically nondivergent, regions of develop-flow, andf, and/3 are the Coriolis parameter at 37Mband
ing circular cyclonic flow are associated with convergencethe gradient off with northward displacement. In the fol-
[Gill, 1982]. Thus the developing deep ocean cyclones argwing, it is once again the sign that is of primary interest.
expected to be convergent features. However, the uppejhile it would be interesting to examine magnitudes to see
ocean flow is not circular so the flow there will not necessar-f upper level effects dominated lower level effects, any dif-
ily be convergentand may supply the divergence required foference would be small relative to the terms at specific levels
the hypothesized developing sea surface depression. Divesnd quite difficult to calculate or to integrate in the vertical
gence is expected in the atmosphere and the ocean betwegjthe accuracy necessary to make such a net estimate. How-
jettroughs and crest8[erknes and Holmbod 944;Bower,  ever, the signs of these calculations should be correct based
1989]. In the following, the oceanic divergence situation ison the following: For the increasingly cyclonic circular flow
shown to be consistent with the atmospheric case. in the deep ocean associated with cyclone spin-up, conver-

The horizontal divergence is equal to vertical stretching,gence is expected, since the advection of planetary vorticity
—0w/0z, according to continuity. Since vertical veloci- and relative vorticity are expected to be second-order effects
ties near the Gulf Stream show a primarily first baroclinic early in the development of such flow§lton, 1979]. Esti-
mode structureHall, 1986;Rossby1987], vertical stretch- mates of¢ using Ol and SYNOP Ol velocities should have
ing in the deep ocean was calculated from vertical velocitieghe correct sign near cyclone centers, given the robustness of
at 700 m (calculated using the methodlahdstrom et al.  the cyclones’ radial structure seen®avidge and Banjghis
[1997]) divided by the water depth between 700 m and thdssue]. First differences in time @f should similarly have
bottom. The implicit assumption of vanishing vertical ve- the correct sign, given the steady increase in velocities seen
locity at the bottom is validated by potential vorticity esti- at 3500 m and the increasing steepness of the velocity versus
mates (section 5). Vertical stretching can be calculated foradius curve with time over developing days. The signs of
the upper 700 m of the water column from vertical veloci- the calculations in the upper ocean are less certain, given the
ties at 700 m ¢ — 1) divided by 700 m, assuming negligible competing contribution from the advection@ferm. How-
surface vertical velocities. The sign of these calculationsgver, the calculations are consistent with the stretching esti-
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(a) 700 m to bottom layer (b) Surface to 700 m layer

Contour Interval = 10 7 *1/s Contour Interval = 10 ~© *1/s
Solid lines >= 0.0

Figure 9. Divergence from water column stretching over the upper and lower water column integrated over the first 12 days
in Event A. Maps are for layers from (a) 700 m to ocean bottom and (b) sea surface to 700 m. Positive values indicate
convergence and production of positive relative vorticity. Note the difference in contour interval between the two. The bold
lines are 400 m depth contours of the’ C2sothermal surface, indicating the approximate path of the Gulf Stream jet across
the array and a warm core ring in the northeastern corner of the array.

(a) 3500 m level (b) 400 m level

Q)
XC

S

L

Contour Interval =10~ *1/s Contour Interval = 10 ~®*1/s
Solid lines >= 0.0

Figure 10. Maps of the right-hand side divergence sum!{sover the first 13 days of event A. Maps are for (a) 3500 m

and (b) 400 m levels. Positive values indicate convergence and production of positive relative vorticity. Note the difference
in contour interval between the two. The bold lines are 400 m depth contours of{@&sathermal surface, indicating the
approximate path of the Gulf Stream jet across the array and a warm core ring in the northeastern corner of the array.

mates. They are also consistent with Gulf Stream vorticitydency termd(/0t. Advection of relative vorticity can be-
analyses oBower[1989] andRossby and Gottlief1998] come large by the midlife of cyclone events (components not
and with what is expected from atmospheric cyclogenesisshown). At 400 m, convergence and divergence values are
Away from mooring locations, of course, the signs and mag-quite large (note contour interval change from Figures 10a
nitudes of the calculations at both levels are increasingly susto 10b), usually with predominantly divergent areas located
pect. immediately downstream from trough axes during cyclone
Divergence was calculated from the right-hand side ofdevelopment. At this upper level, where the total flow is
equation (3) and SYNOP Ol velocities and relative vortic- Not circular, the magnitude of relative vorticity advection be-
ities. The Ol estimates are constrained to be nondivergerfomes as large or larger than the relative vorticity tendency
and are composed mainly of a geostrophic component, tokcomponents not shown). Advection of planetary vorticity
gether with a Sma”, nondivergent, nongeostrophic Compofemains negligible, asitwas at 3500 m. These divergence es-
nent Howden 1996]. These calculations indicate net con- timates are consistent with those made from vertical stretch-
vergence near and to the east of cyclone centers at 3500 Hd (Figure 9).
(Figure 10a), primarily due to the relative vorticity ten-
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5. Vorticity Balance curvature. Stretching due to bottom vertical velocities was

timportant. These results are consistent with the scenario

- . . n
The vorticity balance during cyclogenesis can be assessesq(jggested by the pressure tendency and divergence equation
by evaluating terms in the potential vorticity equation, for- studies discussed in sections 3 and 4

mulated for a two layer ocean. The equation for the subther- i ) o
Since the production of relative vorticity in the lower

mocline layer is: layer is primarily forced by water column stretching, the up-
¢ fo+w per layer vorticity balance becomes of interest, in order to
ot +V-VQ = —uf+ (hi — hy) (wi —wp) (4) diagnose the water column shortening there that must ac-

company the existence of large positive vertical velocities

Herew represents the time varying part of absolute vorticity, in the thermocline. Downstream from Gulf Stream trough

w = ¢ + By, h; is the depth of the interface between the axes,Howden[1996] found a balance between the advec-

two ocean layers (the Z6 surfacé), is the bottom depth, tion of relative vorticity and stretching of planetary vorticity

w; are vertical velocities at the interface, anglare vertical ~ (in @ negative sense) at the upper measurement levels, espe-

velocities at the ocean bottom, resulting from flow across thecially at 700 and 1000 m. This suggests that the production

bottom or from Ekman pumping. Thdscan be changed by 0f relative vorticity in the lower layer is directly related to

advection of relative vorticity, advection of planetary vortic- the advection of relative vorticity in the upper layer.

ity, or vertical stretching of planetary or relative vorticity.

Vertical stretching of the water column can result from ver-

tical velocities at the upper limit of the lower layer or from

vertical velocities at the ocean bottom. The cyclones observed at 3500 m in the SYNOP Cen-
Layer average horizontal velocitie¥}, relative vorticity  tral Array, and which extend through the entire water col-
(¢), and spatial gradients @f were calculated as weighted umn there, represent one of the fundamental discoveries of
averages of Ol quantities from the four measurement levelgshe SYNOP observational program. The analysis of the
The weighting was similar to that used for the crude inte-SYNOP cyclones from the perspectives of pressure ten-
gration of density in section 3, with the position of the Z6 dency, divergence, and potential vorticity paints a consis-
surface used to determine which portion of the water columnent picture of their dynamics. The cyclones are seen to
should be averaged into the lower layer. kgt the Z6 sur-  be nearly geostrophic features associated with low pres-
face, vertical velocities at 700 m were used, calculated usingure centers located downstream from Gulf Stream meander
the methods offindstrom et al[1997]. The vertical velocity  trough axes. Density field adjustments in the water column
at the bottomw,, = Vy, - Vhy + Eyp,, whereVy, is horizon-  above the low pressure center at 3500 m are in the sense to
tal flow at the bottom, and,, = \/A,/(2f0)(s is Ekman  increase pressure at the water column’s base, so SSH adjust-
pumping (, is the relative vorticity of flow at the bottom). A ments must be responsible. The low pressure center may
ballpark value ofd, = 10=* m? s~! was used for the eddy be caused by a depression in sea surface topography that
viscosity. This generous value is more consistent with thedevelops as part of the trough amplification process. This
early estimates dflunk[1966] than with more modern mi- depression should have an approximate magnitudedai
crostructure values, which are nearerdtp = 107> m? s! depth over a 250 km horizontal extent (the cyclone’s diam-
[Gregg 1987]. Even so, the Ekman pumping velocities wereeter), superimposed on the usual 1 m sea surface rise across
2 orders of magnitude smaller than those resulting from flonthe Gulf Stream in the offshore direction. Such a depres-
along the bottom. The relative vorticitgy) and the horizon-  sion results from net divergence in the water column be-
tal velocity (V) were calculated by extrapolating Ol veloc- tween the low pressure centers observed at 3500 m and the
ities at 3500 m to the ocean bottom assuming thermal windsea surface. Though horizontal convergence is observed in
balance and using density gradients at 3500 m, calculated ahe deep ocean, as expected in association with developing
a uniform grid via Ol. Gradients in bathymetry f;) were  cyclonic flow there, horizontal divergence is observed in the
calculated using centered finite difference approximationsupper ocean downstream from the axes of amplifying mean-
Temporal derivatives were first differences in time, evalu-der troughs. This upper-layer divergence is hypothesized to
ated over 24 hour increments. be of sufficient magnitude to over-compensate for the deep-
The potential for error in these calculations is large, butlayer convergence, resulting in net divergence in the water
a few very general results are evident, based only on siggolumn and a locally falling sea surface above the deep low
and relative order of magnitude of the terms. Estimates oPressure centers. Large positive vertical velocities in the
the left-hand side terms of Equation (4) show that down-thermocline over developing low pressure centers at 3500 m
stream from Gulf Stream trough axes, the production of posare consistent with convergence at depth and divergence in
itive relative vorticity following a fluid parcelp¢/Dt) was ~ the upper ocean. They are also consistent with stretching
primarily due to local changes in relative vorticity, with a Of the lower water column as seen in the potential vorticity
small contribution from the advection term. That contribu- analysis. The stretching of the lower water column accounts
tion increases through the developing days of the cyclonedor the generation of positive relative vorticity there.
Of the terms on the right-hand side of Equation (4), only  Except for the density field evolution seen here, and its
water column stretching of planetary vorticity was apprecia-failure to account for the evolving pressure field, the oceanic
ble. This stretching was due to the large vertical velocitiescase is strikingly similar to the atmospheric case. In fact, the
in the main thermocline accompanying large Gulf Streamanalogy extends even further if the potential density struc-

6. Discussion and Summary
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Figure 11. Vertical cross sections through frontal zones for (left) the Gulf Stream and (right) the atmospheric jet stream.
Solid lines represent lines of constant potential temperat@}g (lashed lines represent isotachs {r)sand the bold solid

lines represent the location of the sea surface for the ocean and the tropopause for the atmosphere. The width of the ocean
section shown is approximately 150 km. The atmospheric cross section extends from Omaha, Nebraska to Charleston, South
Carolina, a distance of approximately 1700 km (Figure 3.20 fvallace and Hobb§l977], with permission of Academic

Press).

ture of the ocean and atmosphere are considered carefullthe Gulf Stream, such as ring generatiBidhardson1983].
The pressure tendency equation for the ocean explicitly conAs mentioned in the introduction t8avidge and Banghis
siders the large density drop across the ocean surface by tlgsue], all of the large amplitude trough and deep cyclone
presence of the sea surface variability term (term b in equaevents were coincident with ring-Stream interactions down-
tion (1)). Changes in the slope of that surface can signifi-stream from the SYNOP Central Array. If ring-Stream in-
cantly alter subsurface horizontal pressure gradients, as diseractions are a necessary ingredient in the formation of
cussed. Though no such interface exists in the atmospherkarge amplitude meander troughs and if the New England
the tropopause is characterized by a very large vertical graSeamount Chain is indeed associated with ring generation,
dient in potential temperature, a good proxy for density (Fig-then their placement immediately downstream from the Cen-
ure 11). If the integrated density tendency term in the atmo4ral Array may enhance the likelihood of trough amplifica-
spheric case were split into an integration through that layetion and cyclogenesis in the location of the SYNOP Central
plus an integration through the rest of the atmosphere, theArray.

the tropopause term would likely play a role in the pressure
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Figure 12. Bathymetry near the SYNOP Central Array. The contour interval is 250 m. Vectors are mean velocities at
3500 m from noncyclone time periods. Mooring locations (crosses) and the area over which thermocline depth was optimally
interpolated from IES data (box) are shown.
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