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1 Introduction

CLIMODE (CLIvar MOde Water Dynamic Experiment) is focused on a region of
huge ocean to atmosphere annual-mean heat loss (>200 W m ) which occurs over the
separated Gulf Stream in the North Atlantic. The region of most intense wintertime ocean
heat loss corresponds to an area with relatively warm surface waters that are carried there
by the Gulf Stream, Fig.1. Late winter SST’s fall to approximately 18 ‘C as water parcels
move east under this cooling. The associated buoyancy loss from the ocean is believed to
trigger ocean convection on the northern rim of the subtropical gyre to form what is
known as Eighteen Degree Water (EDW) — Worthington (1959; 1976) — the North
Atlantic Subtropical Mode Water. The wedge of weakly stratified water spanning
temperatures between about 17°C and 19°C characteristic of mode water are clearly
evident in the Gulf Stream section shown in Fig.2.

The region of EDW formation is particularly relevant to wider CLIVAR goals
because, first, the annual mean ocean to atmosphere heat flux over the EDW formation
region might be crucial for the maintenance of the Atlantic Storm track (Hoskins and
Valdes, 1990). Second, EDW and the associated Gulf Stream recirculation and thermal
structure is a key region where oceanic timescales can possibly imprint themselves on the
atmosphere. Seasonal to interannual timescales are introduced by the thermal inertia of
the ocean mixed layer/EDW layer system, whose evolution through the annual cycle is
strongly connected to the re-emergence of SST anomalies from winter to winter
(Alexander and Deser, 1995; de Coétlogon and Frankignoul, 2003). On longer timescales
the intensity and path of the Gulf Stream affects air-sea exchange and mode water
formation through interannual variations in low-frequency flow as well as lateral eddy
heat fluxes — Marshall et al (2001), Czaja and Marshall (2001), Dong and Kelly (2004).
How exactly such oceanic influences on climate work is a subject of great importance,
controversy and subtlety. Finally, CLIMODE should also be seen as making an
important contribution to tying down the basin scale air-sea heat budget and, by
implication, quantifying the meridional transport of heat in the Atlantic basin.

CLIMODE is motivated by the fact that there is presently a major disconnect
between the best available estimates of EDW formation rates based on air-sea fluxes and
what we (think we) know about likely dissipation rates. Either our air-sea flux estimates
are grossly in error and/or there is ‘missing physics’ involved in the basic mechanism of
mode water formation, which is not represented in our models. CLIMODE is designed to
get to the bottom of this conundrum. A prime candidate for the missing physics is lateral,
diabatic exchange through the mixed layer by mesoscale eddy processes which, we argue
below, play an order one balance in the buoyancy budget.



Our working hypothesis in CLIMODE is that the onset of late winter convection,
when combined with Gulf Stream heat transport, intensifies the meridional slopes of near
surface isopycnals, resulting in an explosion of baroclinic instability in the ocean. The
northward heat flux so generated is envisioned as balancing much of the heat loss due to
air-sea interaction as sketched in Fig.3 (right). In ocean climate models which do not
resolve the eddies, this process must appear as some sort of eddy advective/diffusive
transport directed laterally through the mixed layer. But it is not yet at all clear how to
parameterize this process.

As the ocean surface is approached, eddy fluxes must develop a diapycnal
component because density is maintained vertically homogeneous by strong surface
boundary layer mixing whilst, as sketched in Fig.3 (left), largescale eddying motions are
constrained to be horizontal by the upper boundary. We call this transition layer between
the mixed layer and the adiabatic interior, in which isopycnals are intermittently in
contact with the turbulent mixed layer, the ‘surface diabatic zone’. We believe that this
zone is likely to play a key role in mode water formation and dissipation. It is a key focus
in CLIMODE.

The evidence that lateral eddy fluxes play an important role in the dynamics of the
upper ocean has only recently come to the attention of the modeling community. It was in
recognition of the importance of near-surface mixing in climate models that the Climate
Process Team EMILIE (EddyMIxed-Layer Interactions—see the Emilie web site
maintained by Raf Ferrari: http://cpt-emilie.org/) was set up to foster our understanding
of the effect of transient eddy motions in the upper ocean and to develop
parameterizations of these effects for [IPCC-class climate models. CLIMODE’s focus on
the role of the surface diabatic zone in the cycle of mode-water formation provides a
specific context in which the general issues of upper-ocean mixing can be addressed.

In this short article we briefly review the science questions that motivate
CLIMODE and the observational and modeling plan designed to tackle it. In section 2 we
return to the central conundrum of reconciling EDW formation and dissipation rates that
is at the heart of our experiment. In section 3, we summarize the observational and
modeling elements that have been brought together to tackle the problem. Contact
information is in Section 4.

2 Reconciling EDW formation and dissipation rates

EDW is formed very close to or within the Gulf Stream where surface heat loss is
large. Based on air-sea flux integrations using Walin’s (1982) framework, Speer and
Tziperman (1992) estimated a formation rate of 15 to 20 Sv of EDW - see Fig.2 (right).
The fundamental problem we are addressing is why this rate is so much larger than the
order 5 Sv inferred from seasonal changes based on profiling floats (e.g. Kwon and Riser,
2005) and implied by thermocline diapycnal mixing rates.

2.1 The Walin framework

Walin considered the volume budget of an isopycnal layer outcropping at the sea surface,
integrated across the ocean from one coast to the other, as sketched in Fig.3 (middle). He
showed that even in a time-dependent, eddying ocean, A, the diapycnal volume flux
across o, could be expressed precisely in terms of the diffusive fluxes, ‘D’, acting across
the surface of the control volume, and air-sea fluxes ‘F’, thus (using Garrett et al’s (1995)



terminology):
A = F — oD/oo ‘transformation’ (1)
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(Fig.3: middle). Here F = j—B where B is the integral of the air-sea buoyancy flux over
o

outcrop windows. The Walin framework has been discussed and applied to water mass
transformation in the recent review by Large and Nurser (2001).

The annual formation rate of EDW (in the density range 26—27c) implied by
climatological air-sea buoyancy fluxes alone (i.e obtained by neglecting mixing in Eq.(1),
thus setting A = F, and computing the difference A7 — Aye) 1s some 15 to 20Sv - see
Fig.2 (right). If the volume of EDW is to remain steady over long timescales this suggests
that some 15Sv or so must be dissipated. However, the mixing-induced EDW loss in the
interior is estimated, using mean values of an accepted diapycnal velocity, to be ~1.5Sv,
an order of magnitude less than the transformation rate inferred from climatological
outcrops and air-sea buoyancy fluxes.

2.2 The hypotheses to be tested in CLIMODE

The most likely possibility for the disconnect between estimates of mode water
formation and dissipation rates described above are we believe: (1) neglect of eddy
processes acting in the mixed layer in and near the Gulf Stream which result in
significant lateral transport and (2) incorrect estimates of air-sea fluxes. We treat these
briefly in turn.

1. Partial balance of air-sea buoyancy loss by lateral eddy processes.

As sketched in Fig.3 (right), in an eddying ocean lateral, diapycnal eddy
buoyancy fluxes due to mesoscale variability, Deqqy, may balance a significant fraction of
the air-sea buoyancy loss. Evidence for the likely role of eddies in EDW formation can be
seen in the remarkable SST maps prepared by Kathie Kelly in Fig.4 (top). As the winter
proceeds the entire region south of the Gulf Stream has eddying fluid in the range 18 — 19
“C encroaching into warmer waters. An estimate of the diapycnal eddy term can be made,
making some assumptions about eddy diffusivity and mixing volumes. Using the Levitus
climatology and integrating over isopycnal areas, Dcqqy 1s 0f the same order as, and of
opposite sign to, the transformation implied by air-sea fluxes. Lateral eddy fluxes thus
emerge as a candidate to abate our dilemma.

2. Uncertainties in evaluation of the formation rate, F.

The statistics of the air-sea buoyancy flux are likely to be highly variable in space
and time, making computations of F based on climatologies somewhat problematical.
Moreover F involves integrating buoyancy fluxes across outcrop windows which are also
time-dependent - see Fig.4 (top). It is thus possible that the total 15-20 Sv formation
number (based on climatologies) is itself not representative of the true formation rate
implied by air-sea fluxes. Indeed, an independent measure of EDW formation rates was
recently given by Kwon and Riser (2005) using WOCE float data by monitoring the
seasonal cycle of low PV waters. From the autumn to spring volume difference, the
implied annual EDW production rate is 7.3 (float) or 3.5 (climatology) Sv, much less
than that implied by air-sea fluxes.




3 The elements of CLIMODE

Of the two likely ameliorating influences, which can remedy the apparent imbalance
between EDW production and dissipation, i.e. (1) lateral eddy fluxes in the mixed layer,
(which have only been subject to rather coarse estimation), and (2) the inaccuracy of the
estimation of transformation air-sea flux using climatological air-sea flux and SST data,
we suspect the former is more important, but CLIMODE is designed to address both
processes.

CLIMODE has been constructed around a two-year period of field measurements
(2006, 2007) with particular emphasis on the late-winter/early-spring periods, times when
EDW ‘formation’ is highest. Observations will be collected at high spatial resolution over
the top 500 m of the ocean to capture the processes associated with mode water formation
in the context of the meandering front. Simultaneously, we will measure the evolving
marine boundary layer above and document the air-sea fluxes that drive the two fluids.
On longer time scales, the subsequent capping and initial injection of the mode water into
the subtropical thermocline will also be observed, as well as its eventual dispersal.

A variety of measurements and modeling activities will be carried out under
CLIMODE. Fig.4 (bottom) and Table 1 provide an overview. For the two-year
observation period, moorings (one surface, two subsurface) will be maintained in the
EDW transformation region surrounded by an array of profiling floats. Continuous
remote sensing of the ocean surface properties (SST, winds, sea level anomalies) will
also be carried out, in conjunction with an array of surface drifting buoys. Extensive
discussion of the observational component of CLIMODE can be found at:
http://www.climode.org/cruises.html.

In parallel with the observational program, modeling and theoretical studies will
be carried out. The modeling component of CLIMODE is directed at testing the
hypotheses that underlie the program discussed above, and, at the same time, will
encourage transfer of understanding to the large-scale models used in climate research. A
combination of regional and process ocean models will be used to address the
phenomenology of EDW formation and dissipation. We are fortunate in having a strong
common interest with the CPT-EMILIE (http://cpt-emilie.org) in upper-ocean mixing. In
conjunction with that program we plan to explore the whole range of scales with a
hierarchy of numerical models of increasing complexity.

4 Contact information and timetable

Terry Joyce (WHOI) and John Marshall (MIT) have overall responsibility for the
CLIMODE program. Terry Joyce is overseeing the observational element; John Marshall
is coordinating the theory and modeling activities and the interaction of CLIMODE with
the CLIVAR Ocean-Mixing CPT. The seagoing element of CLIMODE begins in the
November of 2005, when moorings and floats will be deployed. The intensive winter
observational periods follow in February 2006, 2007. Floats will track dispersal of mode
waters in subsequent years autonomously.

Many more details and latest information can be found from the CLIMODE
website (http://www.climode.org/).
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Table 1. Overview of measurement and modeling activities within CLIMODE

Air-sea fluxes

Eddies and mixing

Subduction, dispersal

CLIMODE F D A
Edson, Weller, Kelly Joyce, Gregg, Toole, Fratantoni, Sloyan,
Lumpkin Straneo, Talley
Observations Direct air-sea fluxes Ocean u-structure profiles | Lagr. & Eul. observations
of stratification and bolus
flux
Moored atmosphere Fine-scale GS frontal EDW volume
boundary layer observations surveys observations
Remote sensing of SST, Lagrangian observations
winds, sea level anomalies of surface, upper ocean
velocity T/S
Models Regional atmospheric model Process/regional ocean Process/regional ocean
Samelson, Skyllingstad model model

Dewer, Ferrari, Marshall

Dewer, Ferrari, Marshall

Figure 1: Wintertime net heat flux (colors in W/m2— COADS), selected SST outcrops
(black lines) and dynamic height field (dotted lines, provided by the ECCO data
assimilation scheme using the MIT ocean model). The black cross marks Bermuda.

Figure 2: (left) Meridional section looking eastward across the Gulf Stream taken in the
summer of 1997 using CTD & LADCEP stations (station locations shown) along 66°W.
Temperature and zonal velocity: contours in cm/s taken from Joyce et al, 2001a are
shown, (middle) salinity and 68 contours. (right) Annual average transformation rate
OF/0c (in Sv) by air-sea fluxes in the 6 = 26 — 27 range (thin); smoothed over 3 years
(thick). From Speer (private communication, 2002).

Figure 3: (Left) Schematic diagram showing the interaction of a mixed layer (low PV)
and the stratified interior (high PV) in a strong frontal region with outcropping isopycnal
surfaces, o, undergoing buoyancy loss, B. Eddies forming along the front play a central
role in controlling horizontal fluxes through the mixed layer and two-way quasi-adiabatic
exchange between the mixed layer and the interior. (Middle) Application of the
formalism due to Walin (1982): lateral diapycnal volume flux, A, whose divergence
drives subduction, is related to ‘diffusive’ fluxes, D, acting across the boundary of the
shaded control volume (which includes small-scale and diapycnal eddy fluxes) and air-
sea buoyancy fluxes acting across the upper surface, F = 0B/0c. (Right) Air-sea
buoyancy loss triggering convection and EDW formation may be largely balanced by
lateral diabatic eddy fluxes associated with mesoscale variability seen in Fig.4 (top). The
sense of the eddy-induced flow in the ocean is also marked.

Figure 4: (top) Wintertime SST from the AMSR-E microwave sensor, courtesy of
Remote Sensing Systems; contour interval 1 degree. Positions of the surface (blue) and
subsurface (white) moorings are indicated. Note the warm core of the Gulf Stream and




the irregular opening of the EDW ventilation window (classically between about 17.5 and
18.5 "C). Bias errors of up to 0.5 "C may be present in these newly available data.
(bottom) Schematic of CLIMODE fieldwork. Shown are nominal beginning and ending
locations for the spar drifts, the SeaSoar and XCTD survey patterns, a subset of
microstructure sampling sites, and two hydrographic section lines. Positions of the
surface and subsurface moorings and two of the sound sources are also indicated.
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