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ABSTRACT

Using a hydrocast survey of the Iceland-Faroe Front (IFF) from October 1992, quasigeostrophic forecasts
are studied to validate their efficacy and to diagnose the physical processes involved in the rapid growth of a
cold tongue intrusion. Explorations of 1) the choice of initial objective analysis parameters, 2) the depth of the
unknown level of no motion, 3) the effects of surrounding mesoscale activity, 4) variations in the boundary
conditions, and 5) simple assimilation of newly acquired data into the forecasts are carried out.

Using a feature validation technique, which incorporates a 1) validating hydrocast survey, 2) satellite SST
images, and 3) surface drifter observations, most of the forecasts are found to perform well in capturing the key
events of the validation strategy, particularly the development of the cold tongue intrusion (though it tends to
develop somewhat more weakly and slightly farther downstream than observed). Sharp resolution of frontal
structure (to capture seed anomalies in the IFF, which later can grow to large amplitude) and smooth representation
of far-field boundary conditions (to eliminate spurious persistent inflow /outflow at the boundaries, which can
corrupt developing interior flows) are found to be crucial in generating good forecasts.

An analysis of the potential and kinetic energy equations in the region of the developing cold tongue intrusion
reveals a clear signature of baroclinic instability. Topography has little influence on this particular instability

event because it tends to be surface intensified and occurs rapidly over a timescale of 3~5 days.

1. Introduction

The complicated eddy and frontal evolution in the
Iceland-Faroe Frontal (IFF) region has been increas-
ingly documented via observations (e.g., Hansen and
Meincke 1979; Smart 1984; Scott and McDowall 1990;
Hopkins 1991; Niiler et al. 1992; Perkins 1992; Allen
et al. 1994). The region contains a high degree of dy-
namical mesoscale activity exhibited by frontal mean-
ders and warm and cold eddies with typical space scales
of 10-50 km and timescales on the order of a few days.
The small space and time scales present a challenge
for field measurements and interpretations. Because of
the few extensive time series of synoptic observations
(e.g., the XBT surveys discussed by Denbo and Rob-
inson 1988a), the physical processes involved in the
establishment of this frontal eddy field have been dif-
ficult to ascertain. One can turn to numerical models
of the IFF (e.g., Maskell et al. 1992) for indications of
what controls the frontal meanderings and the growth
of mesoscale eddies, but the models are difficult to val-
idate, again because of the paucity of extensive data.
Using a combination of data and models, however,
can provide complementary information for improv-
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ing the interpretation of datasets and model integra-
tions.

During October 1992, a dense hydrographic survey
of the IFF was conducted by SACLANTCEN and
Harvard University, with central goals of using the da-
taset (along with surface drifter and satellite SST im-
ages) for validating IFF dynamical forecasting models
and for diagnosing IFF dynamics. Using this dataset,
we address here two aspects of modeling IFF variability.
To what extent can quasigeostrophic (QG hereafter)
models be useful in modeling and forecasting IFF vari-
ations? What are the dominant physical processes in-
volved in the growth of eddies in the IFF? By initializing
QG forecasting models with data and by verifying fore-
cast fidelity, we herein use the evolving IFF model fields
for diagnostic calculations of eddy dynamics, thereby
addressing both questions.

In the next section, we present the QG model used
in this study. In section 3, we give a more detailed
discussion of the datasets and the initialization and
validation procedures. Section 4 discusses the results
of real-time shipboard forecasting and hindcasting
during October 1992, and section 5 contains the results
of extensive postcruise forecasting trials in which we
explore the effects of initial conditions, boundary con-
ditions, topography, and model framework on the
quality of the forecasts. Using the most realistic of the
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forecasts, in section 6 we diagnose the physical pro-
cesses leading to the dominant frontal instability event
seen in the dataset. Our results are summarized in sec-
tion 7. :

2. Forecasting model

Forecasting' of open-ocean mesoscale eddy fields
over weekly timescales is of considerable interest in a
variety of civilian and military applications (e.g.,
Mooers et al. 1986; Peloquin et al. 1992). Much prog-
ress has been made in the practical application of QG
models to this end (e.g., Robinson 1992), with partic-
ular success in open ocean regions with relatively flat
topography.

In oceanic locations with steep topographic varia-
tions and strong density fronts, such as the IFF, one
might fear that short-term quasigeostrophic forecasting
would fail if topography exerts a strong influence on
the instability processes of mesoscale variability or if
frontal dynamics are severely ageostrophic. Since ship-
board forecasting is facilitated with forecasting models
that are simple (in initialization strategy, computa-
tional demands, and interpretation of results), we seek
to determine in this study the extent of the usefulness
of QG forecasting models in the IFF. Progress in this
direction was made previously by Denbo et al. (1988)
and Denbo and Robinson (1988a,b), who studied QG
forecasts initialized with lower resolution datasets.

The Harvard Open Ocean Quasigeostrophic Model
(Haidvogel et al. 1980; Miller et al. 1981; Robinson
and Walstad 1987; Ozsoy et al. 1992) was used as the
forecasting tool in all the experiments to be described.
The topography of the area varies from less than 300
m in some regions to more than 1000 m in others. We
decided to use 700 m as the representative total depth
of the QG model. Based on an optimum representation
of the vertical modes calculated from a previous (June
1989) CTD dataset in the area (W. Leslie 1992, per-
sonal communication), a five-layer model was con-
structed with layer depths of 100 m, 100 m, 100 m,
200 m, and 200 m. The domain was chosen to contain
the tracks followed by the ship during the cruise (Fig.
1), with the central grid point at (64.25°N, 10.5°W),
a grid of 43 X 37 points, and 5-km resolution. No
external wind forcing was included, so the fundamental
assumption is that internal ocean quasigeostrophic in-
stability processes control the evolution of the flow field.
High wavenumber damping was specified through the
use of a Shapiro filter (see Miller et al. 1981), with
parameters FIL = (4, 2, 1) for the bulk of the experi-
ments discussed below, indicating an eighth-order La-
placian damping applied twice per time step. Although

! In this paper, a “forecast™ refers to a model run that only uses
information (i.e., initial conditions) available up to day 0 of the in-
tegration. “Hindcast” refers to a model run that additionally uses
information (e.g., boundary conditions) observed after day 0.

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 25

the large topographic variations in the domain certainly
could violate the quasigeostrophic approximation, to-
pographic steering can preserve the quasigeostrophic
assumption (Millif and Robinson 1992; Spall and
Robinson 1990). We therefore included the full effect
of a smoothed version of the realistic topography (Fig.
2) in several experiments; the results are at least
suggestive of topography’s effect in more realistic
models. v

3. Datasets: Initialization and validation procedure
a. Initialization survey and validation track

During October 1992, the SACLANTCEN Ap-
plied Oceanography Group and the Harvard Open-
Ocean Forecasting Group surveyed the IFF between
63°30’ and 65°00’N, 12°30’ and 8°30'W (Fig. 1)
over an 8-day period (19-26 Oct.) as described by
Poulain (1992). A 24 km by 9 km resolution hydro-
graphic (CTD/XBT/XCTD) survey (Fig. la), over
the initial 5.5-day period, formed what we consider
to be the initial survey for forecasts. A single ship
track, which subsequently crisscrossed the front over
the final 2.5-day period (Fig. 1b), constitutes our
validating survey. Surface drifter observations
throughout the hydrocast period and satellite SST
images supplement the initialization and validating
hydrocasts.

To use the hydrocast data as initial conditions for
a QG model forecast, the data were processed in
several steps onboard ship in quasi-real time. First,
the data were subjectively analyzed and several
“bad” casts were identified and extricated from the
data. Then, each cast was extended via exponential
extrapolation to a depth greater than 600 m, even
if this meant extending the cast into the bathymetry.
For each cast that did not measure conductivity,
from which salinity can be computed directly, we
computed the salinity with a model using an average
temperature—salinity relation based on the four
nearest CTD measurements from a previous (June
1989) CTD survey. By this means, we arrived at a
density profile for each “good” cast. Dynamic height
was then computed based on selected levels of no
motion, nominally 600 or 400 m in the forecasts
discussed below. These dynamic height profiles were
objectively analyzed (Robinson and Leslie 1985;
Carter and Robinson 1987; Robinson and Walstad
1987) onto the 5 km by 5 km model grid, indepen-
dently for each of the five levels of the QG model.
The choice of objective analysis parameters (OAP
hereafter) for (a, b, err) = (zero crossing, expo-
nential decay, error) for the assumed autocorrela-
tion function R(r) = 1 — (r/a)? exp[—(r/b)?]
controls the smoothness and precision of the computed
objective analysis. Figure 3a shows an example objec-
tive analysis of dynamic height at 50 m relative to 400
m (case LV4-1) for OAP = (60, 10, .1). After scaling
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F1G. 1. (a) Locations of the XBTs, XCTDs, and CTDs during the initialization survey. The
survey was obtained from west to east from 19 Oct 92 to 24 Oct 92. (b) As in (a) but for the
validation track, obtained from east to west from 24 Oct 92 to 26 Oct 92. Topographic contours
(m) are shown as dotted lines. Also shown in (b) is the model forecasting domain (large box) and
the subdomain (small box) surrounding the developing cold tongue used in the energy budget
analysis discussed in section 6.

the dynamic height into streamfunction the fields were  validation survey was transformed into a dynamic
input as initial conditions to the QG models discussed height field on the model grid for plotting and inter-
in the subsequent sections. After the same manner, the comparison purposes.
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10 km. The cold eddy south of the IFF likewise shifts
slightly eastward from 23 to 24 October, though its
surface signature is deformed.

These images clearly reveal a rapidly developing cold
intrusion (event F2), which appears to grow most
strongly after 21 October. During the previous days,
16-20 October, the IFF appears to be oriented in an
east—west direction and is relatively inactive. The sur-
face signature of the cold intrusion (Fig. 4b) is much
sharper (more crescent shaped ) than seen in the lower
resolution validating hydrographic survey (Fig. 3b).
The cold intrusion is part of a much larger-scale pattern
of evolution of the front, which also includes a down-
stream large-scale eddy feature as well as the upstream
northward shift of the front (event F3). The occurrence
of the cold tongue intrusion after only 3-4 days ex-
emplifies how rapidly changing and energetic the IFF
was during the time of our measurements.

3) SURFACE DRIFTERS

Near-surface drifter (drogued to 15-m depth) ob-
servations also are available as additional validation
elements for our study (Poulain and Warn-Varnas
1993). During the initialization survey, the velocities
computed from the 6-hour interpolated drifter posi-
tions provide a good estimate of the magnitude of the
IFF current velocity, which helps to constrain the
choice of level of no motion (e.g., see section 5b) and
substantiate the synopticity of the initial conditions
(e.g., see Fig. 8a) and the presence of the cold eddy
south of the front. However, away from the strong cur-
rents, the drifters do not necessarily corroborate the
geostrophic currents, since the drifter velocities include
other effects such as Ekman currents, inertial oscilla-
tions, tides, etc. Thus, for forecast validation, the ve-
locities computed from drifter tracks can be used only
in regions of strong geostrophic currents. Since these
regions cannot be identified unambiguously, the drift-
ers can only provide qualitative information on the
forecasted surface flows.

c. Caveats

Very poor weather conditions precluded the more
extensive and rapid hydrographic surveys that had been
originally planned for this cruise. Since the initializa-
tion survey required 5.5 days to complete, we must
address the question of whether the survey is sufficiently
synoptic to be treated so in QG forecasts. It appears
that, at least in the western half of the model domain
(for 19-22 Oct), the initialization survey (e.g., Fig. 3a)
indeed captures a synoptic state as corroborated by
supplementary drifter observations (see Fig. 8a) and
available satellite SST images (Fig. 4). Little change is
observed in the eastern part of the domain during the
1-2 days (23-25 Oct) between the initial and validation
surveys.
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The nonsynopticity of the initial conditions can be
a particularly acute problem insofar as upstream vari-
ability affects downstream mesoscale evolution. How-
ever, it appears that the cold tongue (F2), which is the
most interesting feature of our dataset, develops nearly
in place (possibly locked to the large-scale topographic
feature over which it grows). The satellite SST images,
furthermore, support the notion that the western half
of the hydrographic survey adequately represents a
rather placid initial state that existed before the cold
tongue commenced growth after 21 October. Thus,
since the western half of the initial state is relatively
synoptic (for that particular time interval) and since
the developing cold tongue does not propagate strongly
downstream, the initial conditions do seem to be suf-
ficiently synoptic to be treated as such in this study.
Note that we also attempt to account for nonsynopticity
by using a very simple data assimilation procedure, as
described in section Se. Much more sophisticated tech-
niques exist for determining optimal initial conditions
from nonsynoptic data for forecasting applications,
such as the generalized inverse method of Bennett and
Thorburn (1992) and Bennett et al. (1993).

The qualitative three-feature validation technique is
also a serious deficiency of our study, but the unfor-
tunate weather conditions left us with this limited da-
taset. One could compute anomaly correlation coefh-
cient and rms error statistics between forecast and ob-
served fields along the validation track, but so little
data would be involved that the numbers would be of
marginal interest. The forecasting component of this
study, at the very least, can yield a best QG model that
can eventually be tested for quantitative skill in future
cruises.

4. Forecast studies: real time

During the October 1992 cruise, as data became
available, various forecasts were made using several
different forecasting models, among them the QG
model herein discussed and an analogously initialized
primitive equation model. The results of this shipboard
primitive equation forecasting experience will be dis-
cussed elsewhere. Here we desire to mention only a
few key points from the shipboard QG forecasting
study.

TABLE 1. Shipboard QG forecasts [600-m level of no motion,
OAP = (60, 40, 0.3)].

Case Features
SB6-f Basic flat bottom case
SB6-t Full topography
SB6-pt 0.8 X topography
SB6-s Shapiro filter = (4, 2, 2)
SB6-int7 Hindcast; flat bottom; interpolated boundary

conditions to day 7










