APRIL 1988

RICK CHAPMAN AND DORON NOF

The Sinking of Warm-Core Rings

Rick CHAPMAN AND DORON NOF
Department of Oceanography, Florida State University, Tallahassee, Florida 32306
(Manuscript received 17 April 1987, in final form 26 October 1987)

ABSTRACT

Intense cooling of a warm-core ring or warming of the fluids surrounding a ring can increase the density of
that ring relative to the surrounding fluids. This increase in density can cause the ring to sink under the surrounding
fluids. A simple model of this process in a two and one-half layer (two active and one passive layer) ocean
consisting of an inviscid Boussinesq fluid on an f~plane is presented. The model assumes that the cooling or
heating occurs in such a way as to maintain a uniform density throughout each of the active layers. This special
form of the heat flux allows the results for various relative ring densities to be connected through the conservation
of potential vorticity. Analytic solutions are constructed and their structure helps to establish the physical
processes accompanying the sinking of a ring.

Results show that warm-core rings can sink in a matter of weeks when exposed to typical cold-air outbreaks
of —1000 W m™2 surface heat flux. The model predicts that when the ring sinks it is overwashed completely,
but this overwashing layer is very thin near the center of the ring. It is suggested that the convective mixing
associated with continued cooling will act to suppress any surface signature of the overwashing. Applying the
same model to the process of differential warming of the surrounding layer, leads to similar results, except that
any surface signatures of overwashing will be visible due to the lack of convective mixing. The main difference
between cooling the ring and warming the environmental fluid is that, in the former case, the model breaks
down when the ring is capped whereas, in the latter case, the ring continues to sink as the warming continues.
It is proposed that the above mechanism can lead to the formation of streamers when one portion of the
overwashing fluid has been passively marked with a visible tracer such as temperature or chlorophyll.

It is shown that the fluid that initially overwashes the ring originates under the ring, and not from outside
the ring. When the ring sinks, this fluid is pushed out to the edge of the ring and spun up in the process. The
theory further provides a mechanism for the entrainment of shelf-water organisms that are observed in warm-
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core rings.

" 1. Introduction
a. Background

Warm-core rings are highly energetic structures that
occur in most of the world’s oceans. The structure and
dynamics of warm-core rings have been studied for a
number of years. Still, there are certain observations
for which no satisfactory explanation has been devel-
oped. For example, thin cold-water intrusions, called
streamers, have often been observed from satellite
photographs to spiral in towards the center of warm-
core rings (Fig. 1). The dynamics of these streamers
have yet to be explained. Also, the surface temperature
signature of rings have been observed to disappear for
several days after the passage of a cold air outbreak
(Shay and Gregg, 1986). Again, the dynamics of such
an event have not been explained.

The cooling of warm-core rings has been examined
by a number of researchers from differing perspectives.
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Within recent years an extensive set of measurements
in and around several warm-core rings have been made.
Measurements were made in ring 82B (the second ring
formed during 1982) over an interval of five months
in an effort to understand its temporal evolution. Pa-
pers by Evans et al. (1985), Joyce and Stalcup (1985),
Olson et al. (1985), and Schmitt and Olson (1985) rep-
resent the results of these measurements. Each of these
analyses was restricted to either simple chronological
descriptions of the changes observed in rings, or one-
dimensional models of the convective processes re-
sponsible for the gross ring changes observed. Schmitt
and Olson (1985) did show that lateral entrainment of
shelf water was required to explain the changes ob-
served in ring 82B, but offered no detailed explanation
of how that entrainment might occur.

Later attempts to model ring evolution have been
more sophisticated. Olson (1986) further examined the
lateral entrainment required in 82B. His analysis of
the salinity changes in the upper 50 m of the ring sug-
gested some combination of an advective radial inflow
of fresh surrounding fluid and horizontal diffusivity.
Olson states, “The dynamics behind such an inward
surface flow, however, are not obvious since this de-
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mands flow up the pressure gradient.” Olson’s calcu-
lations show that a purely diffusive mechanism for the
influx would lead to an e-folding time for the surface
salinity anomaly in the ring of just 84 days, but such
fast processes have not been observed. Olson then states
that shear dispersion, as described by Dewar and Flierl
(1985), could reduce the required lateral diffusivity by
increasing the diffusive flux. Flierl and Mied (1985)
examined the effects of secondary circulation in a fric-
tionally-decaying warm-core ring. Their results can ac-
count for the observed mixed-layer shallowing within
a ring (assuming an unusually large vertical mixing
coefficient of 100 m? s!), but they do not generate
sufficiently fast radial velocities to explain streamers.

All of the previously mentioned studies were of sur-
faced warm-core rings. The structure of submerged
rings has been described by Ikeda (1982) using a nu-
merical model. Gill (1981) described the form of a ho-
mogeneous submerged ring that was injected into a
uniformly-stratified, infinitely-deep ocean. For other
aspects of ring dynamics, the reader is referred to the
Warm-Core Rings Collection appearing in the Journal
of Geophysical Research (Vol. 90, No. C5, 1985) and
the Warm-Core Ring issue of Deep-Sea Research (Vol.
33, Nos. 11/12, 1986). These two special issues contain
numerous articles on the physics, chemistry, and bi-
ology of warm-core rings.

The present research is an attempt to link together
the observations by examining the dynamics of a warm-
core ring that becomes denser than the surrounding
fluid. The conjecture is that a cold-air outbreak could
cool a warm-core ring to the point where it would sink
and be overwashed by the surrounding fluid. Alter-
natively, differential vernal warming of the fluids sur-
rounding a warm-core ring could cause those fluids to
become less dense than the ring, again leading to the
overwashing of the ring. It is further speculated that,
in some cases, this sinking can lead to the formation
of streamers through the spiral inward flow of a passive
tracer (e.g., heat or chlorophyll) in the overwashing
fluid. In order to simplify the discussion, the model is
presented in terms of the effects of ring cooling. A dis-
cussion of the alternative of differential warming ap-
pears towards the end of the paper.

b. Model overview

The model in the study consists of three layers under
a rigid lid: a shallow upper layer (hereafter referred to
as the mixed layer), an infinitely deep bottom layer,
and a zero-potential vorticity layer which comprises
the ring itself (Fig. 2). The fluid is assumed to be Bous-
sinesq and the flow to be hydrostatic. Asin Gill (1981),
the ring is modeled as if it were formed through an
injection of fluid into a resting two-layer system. The
ring starts out lighter (but more saline) than the shallow
mixed layer but then is cooled to become heavier than
the mixed layer. Note that this cooling need not be to
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FIG. 2. Conceptual drawing of a warm-core ring (a) before and (b)
after the ring has (due to differential atmospheric cooling) sunk below
the surrounding mixed layer.

a temperature below that of the mixed-layer since
warm-core rings are considerably more saline than the
mixed-layer.

The process of the ring cooling and sinking is shown
schematically in Figs. 2a and 2b. The interfaces in Fig.
2a show the ring to be initially above the mixed layer.
At a later time, after some cooling has occurred, the
ring will sink below the mixed layer and appear as
shown in Fig. 2b. It will be shown analytically that
when the ring is cooled below the density of the sur-
rounding mixed layer, it sinks completely below the
upper layer; partial sinking cannot occur. The mixed-
layer fluid, which was originally below the ring when
the ring was first formed, is initially displaced to the
outer edge of the ring as the ring sinks below the surface.
The mixed-layer fluid then overfloods the ring as the
ring continues to be cooled. The model concentrates
on the flow in the mixed layer during this cooling and
sinking process.

Following Nof (1983) and Adamec and Elsberry
(1985), the cooling is assumed to be tapered in such a
way as to increase the density of the ring uniformly
throughout its entire lifetime. This special form of the
cooling, shown schematically in Fig. 3a, and discussed
in detail in the following section, allows the results for
various ring densities to be connected through the con-
servation of potential vorticity. The cooling is further
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FIG. 3. Conceptual drawing of the heat flux (Q) used in the model.
The top panel, a plot of heat flux vs radial distance from ring center,
shows how the heat flux is tapered over the ring in order to maintain
a uniform ring density. The detailed dependence of Q on r is discussed
in section 2a. The lower panel, plotting heat flux vs time, shows the
periodic cooling structure used in the model. The time scale associated
with these cooling events is on the order of days.

assumed to be intermittent. That is, each cooling period
is followed by a period of at least one day where there
is no heat flux (Fig. 3b). Note that the intermittent
cooling episodes shown in Fig. 3b correspond to a finite
cooling time, but instantaneous cooling episodes of the
kind considered by Stommel and Veronis (1980) are
also applicable to our model. The intermittent nature
of the cooling permits any inertial-gravity waves gen-
erated during the process of cyclo-geostrophic adjust-
ment to propagate away. Thus the model can be solved
analytically in terms of a steady-state solution at each
ring density. All flows are assumed to be steady (at
least at times scales short with respect to the cooling)
and axisymmetric. (It is believed that these adjustment
waves are small if the cooling is slow enough, but a
proof of this conjecture is beyond the scope of this
analysis. In support of this conjecture, the analysis of
Veronis, 1956, suggests that adjustment waves of this
type are small if the forcing occurs over more than
one-half of a pendulum day, here about 17 h.)

The model is divided into two sets of equations, one
representing the case of a surfaced ring and one rep-
resenting the case of a submerged ring. In both cases,
the ring is assumed to have zero-potential vorticity
throughout. This assumption is a convenient one that
has been used in a number of previous studies (e.g.,
Nof, 1981; Killworth, 1983). The mixed layer is as-
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sumed to have a uniform potential vorticity of f/H,
corresponding to an initially resting layer of depth H.
As previously mentioned, the model assumes that the
ring was formed through the injection of the ring ma-
terial at a point on top of the previously resting mixed
layer. This formation process is consistent with the
above assumptions. Although other formation pro-
cesses can be envisioned, it is argued in section 6 that
this particular formation process is the most appro-
priate one to consider.

The remainder of this paper is organized as follows.
The next section discusses the formulation; sections 3
and 4 describe in detail the models and section 5 pre-
sents the results of the study with plots of ring interfaces,
velocities and fluid parcel trajectories. In the final sec-
tion the results are summarized and the limitations
and implications of the study are discussed.

2. Formulation

a. Fundamental equations

Consider the flow of an inviscid fluid in a shallow
upper layer on an f-plane. The origin of the cylindrical
coordinate system is located at the bottom of the layer
with undisturbed depth H and the system rotates uni-
formly about the vertical axis (see Fig. 4). Assuming
that the flow is hydrostatic and the fluid is Boussinesq,
the governing equations are

aV, 6V, Vo aVr ng N 1 6p
6t+V'6r+r66 r SVo==po or
(2.1a)
av, aVy VoV, V.V, i1 0p
— + r_+__ 7 = — 1.—-1 &
a o Ty e vy HIVm e
(2.1b)
ap
3 P8 (2.1¢)
14 1o
;E;(I‘V,h) + ;%(Vgh) =0 (2.1d)
dp op Vydp V,p ardF
— 4+ V=t ——+—=—-——, .
a T Tt G 9z 19

In these equations, V, and V} are radial and azimuthal
velocities, ¢ is time, fthe Coriolis parameter, p the den-
sity, po the mean density, p the pressure, g the gravi-
tational acceleration, /4 the depth of the layer, o the
thermal expansion coefficient for the fluid, ¢, the spe-
cific heat of the fluid, and F is the heat flux density.
It is now assumed that the layer is well mixed so
that its density is depth independent. This is a reason-
able assumption since convection will act quickly to
mix the effects of surface cooling vertically throughout
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the layer. Further assume that there is no heat flux
through the sides or bottom of the layer. Then (2.1e)
can be integrated vertically from the bottom of the
layer at depth 4 to the free surface to obtain

dp dp ar
Loy TP 7P 9T
a et T et hch

2.2)
where Q is the heat flux through the top of the ring.
From (2.2) and the assumption that the density is ini-
tially uniform throughout the layer, it can be seen that
a spatially homogeneous density can be maintained if
the heat flux Q is proportional to the layer depth, 4.
Under these assumptions it can be shown (Chapman,
1987) that the potential vorticity of the fluid layer [(dV,/
or + Va/r — (1/1dV, /36 + f)/h] is conserved.

The key assumption here is that the heat flux applied
to the ring is tapered in such a way as to maintain a
uniform density throughout the ring (Fig. 3, top panel).
If this assumption is not made, then the potential vor-
ticity will no longer be conserved and a different form
of analysis would be required. Although it is doubtful
that this exact type of cooling event would occur in
nature, it is believed that the results of the model retain
many of the dynamic characteristics of more realistic
cooling events (e.g., see the discussion by Nof, 1983).
Dewar (1987), on the other hand, has investigated the
flows resulting from the uniform surface cooling of a
warm-core ring. Dewar’s study suggests that the uni-
form cooling of a ring causes an inward surface flow
and outward deep flow within the ring.

Under the Boussinesq approximation the physical
forcing associated with cooling enters into the mo-
mentum equations through the hydrostatic equation.
Combining the results of integrating (2.1c) over depth
and (2.2) over time yields:

p= —(1 o Qt)pog(H+ -2 Q)
PoCp

where 7 is the free surface displacement and H is the
upper layer undisturbed depth. Substituting (2.4) into
the horizontal momentum equations (2.1a) and (2.1b),

av, v,  VedV, Vi
6t+V'6r+r66 r IVo
ar an
={1- = @
( TS Qt) 5, (259
6V0 an Vo 6 Vg VrVg
— +V,—t+——+——+fV,
at * ar r a9 S
(1= 0\ O (25b)
hp()Cp a9 )

show how the horizontal momentum equations are
forced by surface cooling.
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b. Boundary conditions

The model consists of the previously derived mo-
mentum and conservation equations applied to the
multi-layer geometry of an axisymmetric sinking ring
together with an appropriate set of boundary condi-
tions. The boundary conditions related to the form of
the heat flux at the surface of the ring and the as-
sumption of no heat flux through the ring walls have
already been described. The additional necessary
boundary conditions are discussed below.

The first two additional boundary conditions are

Ver)=0; r=20 (2.6a)
Vi(r) = 0; (2.6b)

which state that all azimuthal velocities within the
model are zero at the ring center and at infinity. The
restriction at ring center (V, = 0 as r = 0) eliminates
singular solutions for the velocity, whereas the restric-
tion at infinity is due to the assumption that any effects
of localized forcing will stay localized.

Two additional constraints placed on the system are
the continuity of pressure and velocity within each
layer. At the edge of the ring (at radius rg), these con-
ditions take on the form:

p(2) = p*(z); (2.7a)
Vi (2) = V' (2); (2.7b)

where the minus superscript indicates the value eval-
uated just inside the ring edge, the plus superscript de-
notes evaluation outside of the ring edge. The conti-
nuity of velocity arises from the conservation of angular
momentum (rV, + fr?/2). The basic argument states
that since the fluid is hydrostatic, ali fluid parcels within
a layer move as columns. Furthermore, the axisym-
metry of the system forces parcel motion to be restricted
to concentric cylinders of fluid. Two thin, concentric
cylinders which are initially adjacent will remain ad-
jacent throughout the process of adjustment forced by
the cooling. Prior to the initial ring injection, the an-
gular momentum is a continuous function of radius
(=/r*/2) and during the adjustment process the parcels
retain their angular momentum. Therefore, the angular
momentum remains continuous during the adjustment
process and so the velocity must also be continuous.
Both of these constraints appear later as boundary
conditions in the matching of separate solutions ob-
tained for the regions adjacent to the ring and outside
of the ring.

The final boundary condition is the geometrical
constraint that the height of the ring, s, goes to zero
at some distance from ring center, ry. This constraint,
expressed by,

r—>

r =rgp,

r = rg,

he(nn=0;, r=rny (2.8)

is required by (2.5a) and (2.5b) as shown by Flierl
(1979). Here the subscript R indicates that the variable
is associated with the ring.
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3. Surfaced ring model
a. Governing equations

The model is based on the momentum and potential
vorticity equations for the axisymmetric flow of a sur-
faced ring in an otherwise two-layer ocean. In our cy-
lindrical coordinate system r is the radial coordinate,
7 the free surface displacement, £z, the displacement
of the lower surface of the ring (as measured from the
level of the undisturbed mixed-layer interface), p the
mixed layer density, p + Apg the ring density (here
Apr < 0), p + App the lower layer density, Vpu, is the
azimuthal velocity in the mixed layer, and Vi is the
azimuthal velocity within the ring. The subscripts R,
M, D, | and u are used to indicate the ring, mixed layer,
deep lower layer, lower interfaces and upper interfaces,
respectively. The lower layer is infinitely deep and es-
sentially passive. The edge of the ring is denoted by r,
and the possible intersection of the ring-mixed layer
interface with the mixed layer-lower layer interface is
denoted by r,. Due to the geometry, the system is nat-
urally divided into three regions,

Region I r<r,
RegionII: ri<r<r,
Region III: 7> ry,

as displayed in the top view in Fig. 4.
The equations that govern this system in the three
different regions are

Region I ,
v, 0
R} (Vp=g2 (3.1a)
r ar
P Apg
= + H @3.1b
A vy P P )
v,
0="Yor Ryf (3.1¢)
r or
Eri = Em (3.1d)
Region II:
5 _
” +fVir=¢8 o (3.2a)
0% — 3_71 Apr R
p + [ Vou = 3 , £, (3.2b)
A A
ne SR H A f) = =P k=0 (320)
So oy Vo Ve
o = ) = =M+ oS (320)
o=K@+a”R+f (3.2¢)
r or
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FIG. 4. Schematic diagram of the surfaced ring model. Throughout
the model, 7 is the free surface displacement, { the internal surface
displacements [measured from the undisturbed mixed layer depth
(H)), and V, is azimuthal velocity. The subscripts M, R and D indicate
the mixed layer, ring and deep layer, respectively. The additional
subscripts / and u are used to indicate the lower and upper ring in-
terfaces. The model is naturally divided into three regions: Region I
is the two-layer region where r < r;, Region II is the three-layer
region outside Region I but inside the ring edge (r, < r < 1), and
Region III is the region outside of the ring edge (r > rp).

Region III: -
Vs dn
p +f V=g ar (3.3a)
v = Aom (3.3b)
S _ Your | Vou
S0+ = M4 S (330)

These equations represent the momentum balance in
the ring and mixed layer [(3.1a), (3.2a), (3.2b), and
(3.3a)], the condition of no flow in the lower layer
[(3.1b), (3.2¢), and (3.3b)], and the conservation of po-
tential vorticity in the ring and mixed layers [(3.1c),
(3.2d), (3.2e), and (3.3¢)]. Equation (3.1d) is the geo-
metric condition for the intersection of the ring-mixed
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layer interface and the mixed layer-lower layer interface
for Region L.

Before proceeding, the method of development of
these equations and their solution is outlined. First,
some simplifications will be made to these equations
by solving for the velocity within the ring and then
substituting this velocity into the remaining equations.
A set of scalings are introduced to nondimensionalize
the remaining equations. The equations can then be
combined to form a single velocity field equation for
each of the three regions. It is shown in Appendix A
that Region I cannot exist, so the problem is further
simplified by only considering Regions II and III. The
solution for the velocity in the mixed layer under the
ring (Region II) will be in terms of a power series. A
perturbation expansion in small Rossby number will
be used to solve the field equation outside the ring (Re-
gion III). The two solutions will then be combined using
appropriate matching conditions.

We begin by solving the potential vorticity equation
for the ring, which immediately yields Vyr = —f7/2.
Then, the rigid-lid approximation is applied (to elim-
inate # from the potential vorticity equation in Region
III) and the following scalings are introduced:

r= R4, where Rjf = 51—;1 Bep
i
A
n= H_“’Bﬁ
0
&= Hgi
Vai =fRd[7m‘ (3.4),

where R, is the internal radius of deformation outside
the ring and the carats indicate the nondimensional
parameters. Finally, the nondimensional ratio of the
density defects can be defined as d = Apgr/App. Drop-
ping the carats, the nondimensionalized governing
equations then become

Region I
o _ _r
o ) (3.5a)
1
S = Tt 1) (3.5b)
Eri= bum (3.5¢)
Region II:
an _ _r
P (3.6a)
V8M2 _ dn O
p + Vopr = 3 +d o (3.6b)
n+tdl +E)— =0 (3.60)
|Z av,
gM—gR,=—:ﬂ+—f‘+1 (3.6d)
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Region III:
VBM2 an
Vorsr = — i
"t Vo = (3.72)
Em=n (3.7b)
Vo | 0Vour
= + 7
fa =+ (3.70)

From (3.6a)—(3.6d) the velocity field equation for the
flow in the mixed layer below the ring (Region II) can
be derived, ‘

Varr | WVom
Pt Vo
1—-d r
+ p Vs + Vo) + - 0. (3.8)

In addition, within Region II, 5, &, and &g can be
expressed in terms of the velocity and its derivative,

r2

Y (3.92)
S PR L0100
Ew=(»1-4d) ‘[c 2 d(r + = )] (3.9b)
2 (Vo | OV,
ER1=(1—d)_l[c-{-d—l—%—(%f"_}_%)}
(3.9¢)

where c¢ is a constant of integration. For convenience,
one additional level of simplification of (3.8) and (3.9)
can be obtained by transforming from r and Vy, to o
and ¥, according to

_ d Foxx
Vor = l—d) ™ 2

where, as before, r; is the radius of the ring. Substitution
of (3.10) into (3.8) and (3.9) yields

and r=rpa (3.10)

8% 89 (1 — dyr*a®
29 VM VM _ _ 2.3 4N
da? ta Ao O — i 4d
(3.11a)
2 2
p=c—2Z G.11b)
8
2.2
£y = (1 — d)“[c +d- —’“8“
&2 (9 OOy
(MM .
(1 —d)(a da )] (3.11e)
2. 2
Eri = (1 —-d)_'[c+ d_roga
d S 30
+ = +=—=}|. G
ro3(1 —d)(a + da )] (.11d)






