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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.
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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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TOPOGRAPHY IN MODEL DOMAIN
DISTANCE (KM) FROM 10.5W

-108 -70 -35

LATITUDE

-11.95 -11.23

0 a5 70 105

DISTANCE (KM) FROM 64.25N

=10.50 -9.77 -9.05 -8.32

LONGITUDE

FI1G. 2. Nondimensional perturbation topography used in some cases for the QG model. The
realistic topography was smoothed, then the mean was removed. Contour interval = 2.0 (multiply
by 62.5 to redimensionalize to meters). Dimensions of the model forecasting domain in kilometers

are also indicated.

b. Validation strategy
1) HYDROCASTS

The validating hydrocast survey (¢e.g., Fig. 3b) is clearly
inadequate for carrying out a statistical validation of QG
forecasts. Furthermore, the initialization survey is not
synoptic, being gathered over a 5-day period, a timescale
comparable to that of the evolving mesoscale eddy field
that we seek to predict. Therefore, we decided to use the
track as a window through which “events” may be iden-
tified in the evolution of the IFF. The objective analysis
procedure yields an error field by which we may define
our “verification window,” the region for which objective
analysis error is less than some chosen value in the val-
idating survey. The time differential from the initialization
survey to the validation track for each event can then be
directly related to a forecast day of a prediction.

Progressing from the beginning of the validation
track to the end, we identified three events that occurred
{marked in Figs. 3b,c), each at a different time interval
from the initial survey time:

F1) Current disappearance. The eastward flowing
current at 64°10'N, 11°00'W that was evident in the
initial survey (21-22 Oct 1992) was not present when

the validation survey crossed that position 3-4 days
later (25 Oct 1992).

F2) Cold tongue intrusion. A cold tongue intruded
into the region 63°70'-64°00’'N, 11°30'-12°00'W
during the validating survey (25 Oct 1992) compared
to four days earlier during the initial survey (21 Oct).

F3) Northward shift of the front. The IFF measured
along 64°20'N, 12°40’'W on 19-20 Oct 1992 shifted
northward by roughly 15 km and broadened after 6-
7 days when resampled on 26 Oct 1992.

These three events form the basis for our hydrocast
feature validation.

Besides these changes, we also note that a cold eddy
was located south of the front (63.7°N, 10.5°W) as ev-
idenced in the initial and validating hydrographic surveys
as well as the satellite images (e.g., see next paragraph)
and drifter tracks (e.g., see Fig. 8a). This cold eddy was
resolved by three adjacent hydrographic measurements
(one XBT, one XCTD, and one CTD) along the 10.5°W
initialization track, and resolved by three other adjacent
measurements of the validation track near 10.25°W (two
XBTs and one XCTD) three days later. (The rounded
shape of the cold eddy contours in Fig. 3 is due to the
objective analysis and is not necessarily representative of
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the true cold eddy.) Since none of the six locations where
this cold eddy was observed overlap both initial and val-
idation surveys, we can only say ( using the hydrographic
data alone) that this cold eddy remained nearly in place
between our two visits (3-day interval ). The satellite im-
ages, on the other hand (see next paragraph), indicate
that this cold eddy moved slightly eastward in a manner
consistent with both initial and validating surveys.
Therefore, our forecasts can be further validated by af-
firming that the cold eddy remains relatively stationary
(with slight eastward migration ) and stays “isolated”™ from
the IFF current over the first several days of the prediction.

2) SATELLITE IMAGES

Satellite SST images? for 16, 19, and 22~-24 October
serve to corroborate the development of the cold tongue
intrusion seen in the validating survey. Although each
SST image is partly obscured by cloud cover, these images
provide supplemental information to the hydrocast sur-
veys and help to ascertain the degree of synopticity of
the initialization survey, especially in the western part of
the model domain where the cold intrusion develops.

On 16 October, three days before the hydrocast sur-
vey commenced, a satellite SST image (Fig. 4a) shows
the IFF possessing a nearly east-west orientation. On
19 October, the day the hydrocast survey began, the
SST image (not shown) was mostly blocked by cloud
cover, although there is an indication of a slight south-
ward displacement of the front along the western edge
of the model domain. On this same day, however,
drifter tracks (see next paragraph and Fig. 8a) clearly
indicate the continued east-west orientation of the
front, similar to the 16 October satellite image and
consistent with the hydrocast survey (Fig. 3a). The
next usable, though partially obscured, SST image (22
Oct) exhibits a curving IFF at the western edge of the
model domain and the image for 23 October shows a
partially developed cold tongue extending south to
64°N. On 24 October, the SST image (Fig. 4b) clearly
shows the developed cold tongue. From 23 to 24 Oc-
tober, the cold tongue pattern migrates eastward about

2 The satellite images considered in this study come from channel
4 of the AVHRR in the |!-um infrared band. They have not been
corrected for atmospheric effects and do not represent absolute SST
fields. For brevity, they are referred to as “SST images” throughout
the text.

FiG. 3. Example objective analyses of dynamic height (cm) at 50
m relative to 400 m for case LV4-1. (a) Initial survey, (b) validation
track (only the region where the relative error is less than 0.6 is con-
toured), and (c) initial survey viewed through the error window defined
in (b). Contour interval = 2 cm. The locations of the validation
features defined in section 3b are indicated by F1, F2, and F3 in (b)
and (c). The objective analysis domain is one grid point (5 km) larger
than the model forecasting domain on each side.
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FiG. 4. Satellite infrared (channel 4 of AVHRR) images for (a) 16 Oct. 1992, 1510 UTC and (b) 24 Oct.
1992, 1514 UTC. Black areas indicate clouds, grey areas cooler water, and white areas warmer water. The
QG forecasting model domain is traced in each image. Part of the coast of Iceland is delineated in the upper-
left corner. The cuspate surface signature of the cold intrusion is ciearly evident in (b).
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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
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The QG shipboard forecasts ( Table 1) all used a 600-
m level of no motion. Our choice of objective analysis
parameters, OAP = (60, 40, 0.3), while onboard ship
resulted in a rather smooth rendering of the IFF (Fig.
5a). The resultant QG current fields were therefore
somewhat sluggish and failed to exhibit the very rapid
growth of the cold intrusion, although in case SB6-f it
did begin to form in the central part of the front by day
6 (Fig. 5b) and moved eastward before breaking off into
an eddy by day 8. The potential for improved forecasts
was indicated by this result and instigated the extensive
OAP study discussed in section Sa.

An interesting result of our shipboard forecasts was
that using the full effects of topography (case SB6-t)
did not result in a forecast significantly different from
the flat bottom QG forecast during the first five or six
days, except for some details in the eastern domain.
As will be more thoroughly discussed in subsequent
sections, the effects of topography did not strongly affect
the mechanism involved in developing the surface eddy
field.

We carried out several other real-time shipboard QG
forecasts and hindcasts. These included a flat bottom
run with slightly weaker Shapiro filter damping (SB6-
s) and a topographic case with partial strength (SB6-
pt). The results did not differ appreciably from the
prototype flat bottom case (SB6-f) during the first week
or so of the predictions.

We tested the effect of changing western boundary
conditions in a hindcast (SB6-int7) at sea that used
some information measured during the validation
track. The western boundary condition was interpo-
lated from day O (initialization survey) to day 7 (val-
idation track) in a hindcast; only the boundary con-
dition has information from the validation track. The
main effect is in the vicinity of the western boundary,
where the IFF front is shifted northward and broad-
ened, as observed. In the region of the developing cold
tongue, the inflow boundary condition has little effect
during the initial week due to the cold tongue devel-
oping too late and farther downstream than observed.
Thus, the guiding influence of the western boundary
specification is manifest in this case, although the overly
smooth objective analysis is still retarding the devel-
oping instability. We therefore proceed with a discus-
sion of some of our sensitivity studies of postcruise
forecasts which use initialization information that
would nevertheless have been available onboard ship.

5. Forecast studies: postcruise

We have carried out an extensive set of postcruise
forecast and hindcast studies. To facilitate discussion
of the important effects of these experiments, we have
grouped them into various categories in a descriptive
fashion. Our goal is to uncover the important features
of initialization or of the forecast model itself, which
need to be included to yield the best dynamical ocean
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FiG. 5. Case SB6-F (a) initial condition and (b) day 6 forecast of
50-m nondimensional streamfunction (CI = 0.5; multiply by 4500

to redimensionalize to m? s™'). This flat-bottom QG forecast was
obtained onboard in real time during the Oct. 92 cruise.

forecast possible, given the simplicity of the QG model
and the limited set of data we have available for this
study. Once this has been accomplished, we can in-
vestigate the physical mechanisms leading to the evo-
lution of the IFF field.

a. Objective analysis parameter variations

We ran a series of forecasts with the 600-m level of
no motion using differing choices of OAP. The range
of OAP (Table 2) results in relatively smoothed ver-
sions of the initial field to rather sharp representations
of the front. As will be shown, the effect of the initial



JUNE 1995

TABLE 2. Objective analysis parameters variations forecast series
(600-m level of no motion, flat bottom).

Case Comments OAP

OA6-1  Cold tongue develops more quickly than (50, 30, 0.1)
SB6-f; flow from NW advects jet S by
day 7

OA6-2  Flow from NW impacts jet by day 4 (40, 25, 0.1)

OA6-3  Jet interacts much too strongly with (30, 20, 0.1)
NW flow by day 4

OA6-4  Similar to OA6-3 until day 6 (30, 20, 0.3)

OA6-5  Jet still interacts too strongly with NW (25, 15,0.3)
flow by day 4

OA6-6  Cold tongue develops by day 4 but (60, 20, 0.1)
downstream and weak; Flow from
NW corrupts jet by day 6

0OA6-7  Cold tongue better developed than (60, 10, 0.1)

0OA6-6; flow from NW corrupts jet by
day 7

boundary condition in the western part of the domain
is very strong. Depending on how the initial stream-
function field intersects the boundary, inflow or outflow
regions are set up in the model domain and these flows
can substantially affect the developing interior flows.

Cases OA6-1, OA6-2, and OA6-3 use increasingly
shorter length scales in their sets of OAP than were
used on the cruise. In both cases OA6-1 and QOA6-2,
the cold tongue intrusion begins to develop by day 4
of the forecasts. However, the developing cold tongue
is disturbed by flow from the northwestern corner of
the basin, established by the initial boundary condition
there, which tends to collide with the IFF current and
deflect it southwards in the western half of the domain.
This effect of the inflow condition in the northwest
becomes even more apparent in case OA6-3, which via
a strong interaction of the IFF current and this NW
inflow results in a substantial northward loop of the
IFF current at the western boundary that merges with
the southeastward flow from the NW corner (Fig. 6).
Clearly, the IFF current is much too vigorously unstable
in this configuration. Even a minor change in the QAP
(case OA6-4) results in some sizable changes in the
details of the flow by day 7. We anticipated that if the
flow impinging on the IFF from the NW corner of the
basins could be muted by a suitable choice of OAP,
then the developing instability in the IFF might be suf-
ficiently energetic to produce the rapid development
of the cold tongue, as was observed.

Decreasing the exponential decay scale (OA6-5) does
not result in a significantly reduced flow from the NW
to alleviate the problem with the inflow boundary con-
dition. By extending the length scale of the zero crossing
of the OAP (case OA6-6), the streamfunction in the
NW corner of the basin has a much smoother structure
and results in a weaker flow into the interior basin.
The forecast for this case indeed has a nicély developed
cold tongue by day 4, though it is still weaker than
observed and too far downstream. A further reduction
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in the e-folding scale of the correlation function (case
OA6-7) results in what we consider to be the best fore-
cast of this series (Fig. 7). Part of the improvement
lies in the fact that the OAP for case QA6-7 resolves a
“kink™ (at 64.1°N, 11°W) in the initial IFF current
that seeds the development of the cold tongue. But the
key point 1s the weaker impact of the flow from the
northwest induced by the initialization of the boundary
conditions.

Our results of this subsection show that it is imper-
ative in this domain to produce relatively smooth
boundary conditions away from the IFF inflow in the
initial objective analysis; significant structure in the
boundary condition can result in inflow/outflow pat-
terns that can potentially interact strongly with the in-

NOWCAST DAY-0 50M PSI CASE OA6-3
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FIG. 6. Case OA6-3 (a) initial condition and (b) day-4 forecast.
Otherwise as in Fig. 5.
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FiG. 7. Case OA6-7 (a) initial condition and (b) day-4 forecast.
Otherwise as in Fig. 5.

877 -8.05 -8.32

terior flow. In reality, that structure may be due to
ambient mesoscale variability not fixed in time and
space and may propagate, radiate, or be advected away
from domain boundaries. Case OA6-7 has a length
scale for the correlation function zero crossing that is
essentially infinite so that the correlation quickly decays
and does not produce false eddies of opposite sign away
from the densely sampled region of the domain (con-
sistent with the objective mapping conclusions of
Warn-Varnas et al, 1993). This results in the relatively
smooth roll-off of the streamfunction near the bound-
aries, particularly in the NW part of the basin where
fortuitously there is little data available in the initial
survey. Keeping these results in mind, we explore next
the consequences of changing the level of no motion.
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b. Choice of the level of no motion

Changing the level of no motion to a shallower level
in the QG model results in weakened currents near the
surface. Although we tested several different levels of
no motion in forecasts, it became clear that 400 m was
the best choice, particularly when comparing the di-
agnosed surface geostrophic currents with estimates of
surface currents from the drifter datasets (Fig. 8a). Peak
speeds in the IFF current were typically observed to be
60 cm s7! by the drifters, very much like the peak
speeds seen in the 400-m objective analyses series listed
in Table 3.

Comparing case LV4-1 with OA6-7 reveals that the
cold tongue develops as strongly for the 400-m level

NOWCAST DAY-0 LV4-1, DRIFT VELS 21,230CT
on.0ey
(a)

6479+

LATITUDE
2
&

63.98

-11.23 -10.50 -9.77 9.06 -8.32
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-11.95

FORECAST DAY-4 50M PSI CASE LV4-1

LATITUDE

-12.68

-11.23

-10.50 .77 9.08 832
| ONGITLIDE
F1G. 8. Case LV4-1 (a) initial condition and (b) day-4 forecast.
Drifter displacement from 21 Oct. and 23 Oct. are superposed in (a).
Arrow length is the distance traveled during the 24-h day (so that an
arrow with length equal to one tick mark in latitude corresponds to
a velocity estimate of 35 cm s7!). Otherwise as in Fig. 5.

-11.85
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TABLE 3. 400-m level of no motion variations forecast series.

OAP/Initial deep

Case Comments layer

LV4-1 Cold tongue well developed, but (60, 10, 0.1)/zero
weaker than observed

LVv4-2 Cold tongue develops late (60, 20, 0.1)/zero
(day 7)

LV4T Topo: jet shifts S by day 7; (60, 10, 0.1)/zero
weak cold tongue

LV4A Cold tongue develops by day 4 (60, 10, 0.1)/active
Strong breakdown of jet by
day 7

LV4AT  Topo; cold tongue pinches off (60, 10, 0.1)/active

by day 4 jet stronger
compared to LV4A

of no motion case (Fig. 8b) but that by day 7 case
LV4-1 has a much more realistic flow. There is little
evidence for strong flow from the NW advecting the
frontal current southward, and the cold tongue has de-
veloped well to the south of the IFF without much
eastward propagation as the observations suggest. Fur-
thermore, the cold eddy that existed south of the IFF
remains persistent in shape and exhibits weak eastward
migration as seen in the satellite SST images.

Since case LV4-1 represents nearly the best case of
our entire analysis, we now outline what improvements
are sought. The cold tongue needs to be increased in
amplitude and in southward penetration, as well as to
develop substantially by the third day of the forecast
rather than the fourth day. Furthermore, the cold
tongue tends to develop slightly farther downstream
than observed; this tendency may be alleviated by either
more rapid development or by suppressing the effects
of horizontal advection by the IFF current. We now
explore other scenarios in the 400-m level of no motion
situation.

Increasing the e-folding length scale (case LV4-2)
weakens the surface currents further and results in the
cold tongue developing even later than in case L.V4-1.
Shortening the e-folding scale results in little change
in the initial conditions, since the measurements were
taken roughly 10 km apart. If the full effect of topog-
raphy is included in the forecast (LV4T), by day 4 the
cold tongue is slightly weakened and by day 7 the entire
IFF has been shifted southward by 50 km.

The previous three cases used a 400-m level of no
motion, but with the 600-m QG level also set equal to
zero as the initial condition. We explored the effect of
“activating” the initial 600-m QG layer in cases LV4A
and LV4AT,; that is, instead of setting the QG stream-
function to zero at 600 m, the dynamic height relative
to 400 m is computed for that layer. In case LV4A,
the cold tongue develops slightly farther upstream, an
improvement over case LV4-1, although the southward
extension of the tongue is slightly weaker (Fig. 9). By
day 5 the cold tongue pinches off into a cold eddy and
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further evolution of the flow field is rather complicated,
resembling a field of eddies rather than a zonal current.
By day 7 the flow near the western boundary is dis-
placed northward (verification event F3), unlike LV4-
1. All in all the results appear to be slightly better for
LV4A than LV4-1. Adding the full effects of topog-
raphy (case LV4AT) results in the cold tongue pinching
off by day 4 and the jet strengthening via the occurrence
of a dipole-like structure on either side of the IFF cur-
rent from day 4 through day 7. The basic features seen
in the first few days of the forecasts are similar to the
flat bottom analog.

We also tested a few cases (not listed) in which we
added or subtracted small fractions of the surface
streamfunction to all the layers as a measure of the
“barotropic mode” in the initial conditions. The results
did not seem to improve the forecasts for either the
600- or 400-m level of no motion scenarios, so we do
not discuss these results any further.

¢. Idealized IFF jets

We have shown that the boundary conditions, which
are normally persisted throughout the forecast, have a
strong effect on the interior flow evolution. We there-
fore explored the effects of smoothing the boundary
conditions by eliminating the ambient mesoscale vari-
ability surrounding the IFF current. These runs are
meant to elucidate the importance of instabilities in
the IFF current acting in isolation from the surrounding
mesoscale and boundary inflow conditions resulting
from the initial objective analysis.

To create a model IFF jet, we computed the average
streamfunction for all values exceeding chosen stream-
function values on either side of the observed jet. For
example, in the top layer for case JM4-1, all grid points

FORECAST DAY-4 50M PSI| CASE LV4A

LATITUDE

T
-10.50 -9.77

-8.05

-1123
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FIG. 9. Case LV4A day-4 forecast. Otherwise as in Fig. 5.
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FIG. 10. Case JM4-4 (a) initial condition and (b) day-4 forecast.
Otherwise as in Fig. 5.
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for which the streamfunction exceeded 0.04 were av-
eraged together (resulting mean = 0.085). All values

for which the streamfunction was less than 0.00 were

TABLE 4. Model IFF jets forecast series [400-m level of no motion/
OAP = (60, 10, 0.1)].

Case Comments et
JM4-1 IFF jet rapidly breaks down into eddies (0.04/0.00)
IM4-2 Cold tongue develops (0.06/0.00)
JM4-2T  Topo; cold tongue pinches off (0.06/0.00)
JM4-3 Initial small eddies north of IFF removed; (0.06/0.00)

similar to JM4-2
JM4-4 Larger amplitude cold tongue (0.06/0.01)
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TABLE 5. Changes in boundary conditions forecast/hindcast series
[OAP = (60, 10, 0.1)].

Level of no motion/initial

Case Comments deep layer

BC4X As in LV4A but pseudodata 400 m/active
in NW domain

BC4X1  Asin BC4X but interpolate 400 m/active
to B.C. by day 7

BC41 As in LV4A but interpolate 400 m/zero
to B.C. by day 7

BC4XI1J Interpolate to model jet 4 400 m/active
by day 7

BC6D-1 West boundary moved in 600 m/na
by 20 km

BC6D-2  West boundary moved in 600 m/na
by 30 km

also averaged together (mean = —0.030). Then, those
values which contributed to the average were set equal
to the average value. This results in a jet (Fig. 10a)
that looks very much like the original objective analysis,
but with most of the field away from the jet (including
the boundaries) equal to one of two constant values.
A similar procedure was done for all the remaining
layers. The other cases in this series use differing choices
for the critical streamfunction values, and/or remove
minor eddies that remained in the “flat” streamfunc-
tion regions. The cold eddy that is initially south of
the IFF in the initial objective analysis is always in-
cluded in these runs. All the runs use a 400-m level of
no motion and an “active” 600-m initial condition as
in case LV4A. Table 4 lists the critical ¢ values used
in the top two layers; the middle layers always use ¥
=(0.03, 0.00), and the bottom layer uses Y = (0.015,
0.005).

For case JM4-1, the chosen critical values of y resulit
in a jet that is too weak to be persistent. The result is
that the jet rapidly breaks down into a series of three
eddies, unlike the observations. For a broader initial
jet, as in case JM4-2, the model jet develops a very
nice cold tongue, although it is still somewhat weaker
and develops farther downstream than observed. When
topography is included (JM4T-2) the cold tongue
pinches off to form a ring by day 4, unlike the obser-
vations but similar to LV4AT, and occurs downstream
of the actual cold tongue. Case JM4-3 is identical to
JMA4-2 except all points north of 64.55°N are included
in the local average of points, thereby eliminating two

TABLE 6. Building domain forecast series [400-m level of no
motion; OAP = (60, 10, 0.1); deep layer active].

Case Comments
BD4X Cold tongue poorly developed
BD4XT Topo; strong IFF current advects cold tongue

downstream
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-12.68 -11.956 -8.77 -8.05 -8.32

-11.23

small eddies, which occur as blips on the flat region.
The result is essentially the same as JM4-2. Case JM4-
4 uses critical values that result in a slightly narrower
jet. The result (Fig. 10b) shows a stronger cold tongue
developing, though again it appears to be advected
downstream compared to observations.

These results show that the development of the cold
tongue is controlled by processes intrinsic to the IFF
current itself. The effects of the boundary conditions
away from the frontal inflow and the effects of the sur-
rounding mesoscale have been removed, yielding a
“pure” growth of the jet. Topography has little im-
portance in the first few days of the pure growth of the
cold tongue in this set of experiments. These results
are consistent with the primitive equation modeling
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results of Maskell et al. (1992), who examined the
growth of perturbations in initially zonal jets over var-
ious topographies including the effects of nearby eddies.

d. Boundary condition variations

To further understand how the boundary conditions
affect the QG forecasts, we ran several sets of differing
types of experiments. The first test was an attempt to
encourage a smoother inflow in the NW corner of the
domain by creating extra data points to “fill in” the
unmeasured line north of 64.5°N, along 12.5°W. These
pseudodata points are simply reproductions of the
analogous measurements® to the east, along 12°W. The
resulting objective analyses with the pseudodata are,
of course, only affected in the region near the false data
and they indeed result in a smoother boundary con-
dition in the NW corner of the basin (Fig. 11a). The
forecasting results of case BC4X (Fig. 11b) are that
the cold tongue is reduced in amplitude but also that
the IFF current tends to arch northward more so than
in case LV4A near the inflow at the western boundary.
Furthermore, by day 7 the frontal current is still intact
in case BC4X rather than having broken down into a
field of eddies. These are a mixture of slight improve-
ments and degradations over case LV4A.

We also ran a set of hindcasts in which the boundary
conditions were linearly interpolated from those of the
initialization survey (day 0) to those of the verification
track (day 7). The day-7 boundary conditions were

3 It was at this point that we noticed the inadvertent inclusion of
abad XCTD at (64.75°N, 12°W) whose salinity offset, when averaged
with a contemporaneous CTD, resulted in a small dome of dynamic
height; recomputations of a selection of previous cases showed little
differences due to the presence of this small erroneous warm eddy.
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FI1G. 12. Case BC4XI day-4 hindcast. Otherwise as in Fig. 5.
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obtained from the objective analysis that included all
data of the verification track and all data of the ini-
tialization survey except those stations south of
64.55°N and west of 11.75°W, that is, the area around
the western boundary where the validation track exists.
These experiments help us to identify the effects of the
changing inflow conditions on the developing interior
field.

Case BC4X], for instance, results in two improve-
ments over the forecasts (Fig. 12). First, the IFF current
near the inflow is broader (as observed) than the per-
sistent boundary condition case BC4X. Also, the cold
tongue that develops is now stronger and pinches off
by day 5 of the hindcast. However, for case BC41, which
does not include the pseudodata in the NW corner of
the basin, the flow is degraded by day 7 due to a strong
flow from the NW interacting strongly with the devel-
oping cold tongue.

In case BC4X1J (a true forecast), we used the model
jet case JM4-4 initial conditions as the day-7 boundary
conditions to which we interpolate the (true) forecast
using the same parameters as case BC4X. However,
compared to case BC4X, this did not result in any sig-
nificant differences in the flow field away from the im-
mediate vicinity of the western boundary.

We also tested the effect of improving the accuracy
of specifying the inflow boundary condition by reduc-
ing the size of the domain by moving the western
boundary of the domain eastward by 20 km (case
BC6D-1) and 30 km (case BC6D-2), each with a 600-
m level of no motion. In both cases, the cold tongue
grows excessively to the extent that by day 7 it had
absorbed the cold eddy south of the IFF current. Ap-
parently, the narrow IFF current held fixed as the west-
ern boundary condition in these two cases results in a
too strong advective effect and, hence, a too energetic
instability.

e. Building the forecasting domain in time

Our final set of forecasts involve a very simple
method of assimilating data into a forecast as it is ac-
quired during a cruise. All the previous forecasts treated
the initialization survey, which was acquired over a 5-
day period, as a synoptic initial state. We therefore
tested a method for expanding, or building, the forecast
domain as data is acquired. Once new data become
available in the new larger domain, it is included in a
pseudonowcast, a combination of forecasted data in
the smaller previous domain plus the new data in the
incrementally larger domain. We desire to see if this
technique can improve the forecasts through a more
accurate representation of the initial conditions. (Much
more sophisticated data assimilation procedures could
be devised, but the simplicity of this method, justified
by the slow timescales of the flow field, gives a fair idea
of the efficacy of the basic technique.)

Our specific exercise is the following. We break the
data up into five subsets. The data acquired on 19-20
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October is located west of 11.75°W in the full domain.
The data is objectively analyzed onto the (full) model
grid (Fig. 13a) and constitutes day 0 (20 Oct) initial
conditions. The model is stepped forward one day to
produce the day 1 (21 Oct) forecast for the area west
of 11.75°W. Next the data acquired on 21 October
(between 11.75° and 10.75°W) is objectively analyzed
together with all the previous data to produce the initial
condition for the area between 11.75° and 10.75°W,
as well as the new boundary condition for the entire
domain. The forecasted data in the domain west of
11.75°W is then smoothly merged into this pseudo-
nowcast for 21 October (Fig. 13b); namely, at the grid
point nearest 11.75°W the forecast and nowcast are
equally weighted while at the adjacent grid points the
fields are weighted in a 3 to 1 ratio. The model is then
stepped forward one day to produce the 22 October
forecast for the area west of 10.75°W. This procedure
is continued for the next three subsets of data, between
10.75° and 9.75°W, between 9.75° and 8.75°W, and
east of 8.75°W (Figs. 13c~e). Note that this makes use
of true forecasts (incrementally ), since it contains no
future information in the initialization of the smaller
domains.

Consider case BD4X, which is the analog of BC4X
(pseudodata in the northwest corner of the basin). Our
model forecast resulits show that the cold tongue begins
to develop during day 4 and day S (24-25 Oct) of the
forecast ( corresponding, respectively, to day 3 and day
4 of case BC4X), but it does not clearly develop into
a tongue (Fig. 13f). There is a clear tendency in this
case for the IFF current to be shifted northward in the
inlet region, as observed. The inclusion of topography
results in a strengthening of the IFF current during the
first few days. This stronger current advects the devel-
oping cold tongue into the center of the domain (too
far downstream) by day 5 (25 Oct). Thus, the forecasts
do not appear to be improved by this simple assimi-
lation scheme for this particular choice of objective
analysis parameters (which were selected based on their
forecasting performance when treating the initially
conditions synoptically ). Although we tried a few other
scenarios (e.g., with differing objective analysis param-
eters) that resulted in only small differences from the
above results, we only superficially explored this as-
similation framework. Within the subset of model
frameworks that we herein examined, allowing the
nonsynoptic initial conditions to develop together re-
sulted in better forecasts.

f. Comparison with surface drifters

The near-surface drifter measurements, though in-
fluenced by other processes than simply geostrophic
currents, provide another view of the validity of the
forecasts. We focus only on the development of the
cold tongue (forecast day 3 through day 6) and examine
one of the best forecasts, Case BC4X. Figure 14 shows
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FIG. 14. Case BC4X day 3 through day 6 forecasts with 1-day drifter displacements from 24 Oct. through 27 Oct. superposed. Arrow
length is the distance traveled during the 24-h day (so that an arrow with length equal to one tick mark in latitude corresponds to a velocity
estimate of 35 cm s7'). Only the drifters in the vicinity of the developing cold tongue (thick arrows) correspond to the proper time of the
forecast (due to the 5-day time interval required to obtain the initial survey). The other drifters (thin arrows) are shown only for potential

interest.

all the l-day drifter trajectory segments (plotted as
vectors) in the domain for 24 through 27 October su-
perimposed on the corresponding forecast days. Note
-that although all the drifters are shown, only the region
surrounding the developing cold tongue corresponds
to the correct forecast time; the other drifter displace-
ments (thin arrows) are shown only for potential in-
terest.

On 24 October (forecast day 3) the southward cur-
rent predicted on the face of the cold tongue is validated
by a southward moving drifter (64.2°N, 11.3°W). On
25 October (forecast day 4), the same drifter proceeds
farther south of 64°N, in agreement with the model

forecast. Also, two drifters near the root of the tongue
(64.15°N, 11°W) pick up speed and progress eastward
in general agreement with the forecast. On 26 October
(forecast day 5), the southernmost drifter in the tongue
has slowed and turned eastward near the tip of the
tongue (63.8°N, 11.5°W), as would be expected by
the forecasted current field. The other two drifters (near
64.2°N, 10.5°W) continue eastward in the IFF current
proper. By 27 October (forecast day 6), the southern-
most drifter in the tongue has turned northward as
predicted and is joined by another nearby drifter
(63.7°N, 12°W) also headed northwards on the eastern
flank of the tongue.
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In general, therefore, the surface drifters in the vi-
cinity of the developing cold tongue corroborate the
model’s predicted surface current field. But we must
emphasize that many other processes can contribute
to the movement of the surface drifters and that not
all the drifters in the model domain behave as would
be expected by geostrophic advection (even in the dense
initial survey as seen in Fig. 8a).

g. Summary of validations

We have found that the best forecasts validated well
against the three events identified in section 3. The key
event (F2) is the rapid, intense development of the
cold tongue by day 3 or 4 of the forecast, which was
indeed seen in some form or another in most of the
forecasts. However, in the forecasts the intensity and
rapid growth were both underpredicted. Although a
weak eastward migration of the entire IFF eddy pattern
is seen in the satellite images from 23 to 24 October,
the model-generated eastward migration of the IFF
eddy pattern is somewhat stronger than observed, as
is evident in the direct comparison of forecast day 4
of case BC4X and the hydrocast observations (Fig. 15).
The near-surface drifter displacements in the vicinity
of the developing cold tongue event further corroborate
the model’s forecasted near-surface velocity field (Fig.
14). The forecasts clearly show that the current dis-
appearance event (F1) is associated with the formation
of the cold tongue (event F2); while the tongue forms,
the IFF current shifts its position. Feature F1 validates
in most of the forecasts as well, though again a bit
farther downstream than observed. The final event
(F3), the northward shift of the IFF at the inlet bound-
ary condition by day 6 or 7, tends to occur in the best
forecasts as well. This feature, though, is strongly in-
fluenced by the persistent boundary condition neces-
sarily employed. The frontal current there must stay
attached to the initial boundary condition and therefore
cannot broaden as much as in the observations, though
it does arch northwards in the best forecasts. The cold
eddy, which was initially south of the IFF, is also fore-
cast in many cases to remain relatively persistent in
shape and to weakly migrate eastward as seen in the
satellite images.

6. Physical processes

We seek to understand what mechanisms control
the development of the cold tongue intrusion, which
grows over a time interval of 3 to 5 days. Pinardi and
Robinson (1986) have developed a procedure of di-
agnosing the energetics of an evolving QG field, and
we adopt this strategy here.

The programs compute, as a function of time, hor-
izontal position, and QG layer, the terms in the QG
kinetic and potential energy equation. We have diag-
nosed several different forecast cases discussed above,
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FI1G. 15. Direct comparison between 50-m streamfunction (a) fore-
cast for day 4 in Case BC4X with (b) the observations for 24/25 Oct.
The area of the observations that should be compared to the day-4
forecast is only in the region surrounding the cold tongue.

but we concentrate here on what we presume to be the
most realistic case (BC4X ) based on skill of the forecast.
We draw upon the set of models considered by Pinardi
and Robinson (viz., a baroclinic Rossby wave, the Eady
baroclinic instability result, a barotropic instability re-
sult, and a OPTIMA-V eddy merger event) for insight
into delimiting the mechanisms for variability in the
IFF. We seek to determine whether the cold tongue
intrusion event (F2) forecast and discussed in the pre-
vious sections was caused by baroclinic instability,
barotropic instability, or perhaps some other, less ob-
vious mechanism.

The quasigeostrophic kinetic and available gravita-
tional potential energy (KE and AGE) equations in
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FIG. 16. Case BC4X terms in the (a) AGE equation at level 3, (b)
KE equation at level 3, and (c) KE equation at level 2, averaged over
the subdomain of Fig. 1b surrounding the developing cold tongue
instability. The symbols for the terms in each equation are defined
in Egs. (1) and (2). The amplitude is nondimensional (following Pi-
nardi and Robinson 1986).
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nondimensionalized form are (see Pinardi and Rob-
inson 1986 for full details)

K =—aV-(uK)
-~ V-(pk X u, + apu-V(k X u) — Bypu)

+ (poT?p,, + pal?ou-Vp,), + dow (1)

= AFx + (AF. + AF% + AF%)
+@f -+ b (1a)
= AFx+ AF, + 8f, — b (1b)
A=—aV-(ud) — dw (2)
=AF,+b, (2a)

where the variables in (1), (2) have their usual physical
oceanographic meanings and the symbols in (la),
(1b), (2a) correspond to the terms in (1), (2) for
ease in subsequent referencing. The nondimensional
parameters are a = toVo/D, I'? = f3D?/N}H?,
o = N3/N*(z) = —Nj/g(dp/dz), and B = BotoD,
where to, D, and H are the characteristic time, depth,
and length scales and f;, 8y, and N, are representative
values of the Coriolis frequency, its meridional deriv-
ative, and the buoyancy frequency.

The symbols representing the terms in (1), (2) are
AFY, the horizontal KE advective working rate; AF,,
the horizontal pressure working rate, which is further
broken up into three terms: AF%, that due to acceler-
ation of the geostrophic velocity, AF¢, that due to ad-
vection of the geostrophic velocity, and AF#, that due
to Coriolis acceleration; df;, the vertical pressure work-
ing rate, which is further separated up into two terms:
of £, the vertical pressure energy flux divergence due
to time changes in density, and 6/ &, the vertical pres-
sure energy flux divergence due to horizontal advection
of density; b, the buoyancy working rate; and AF,,
the horizontal AGE advective working rate.

Before commencing the energetic analysis of the best
forecast, we briefly summarize the basic signatures of
baroclinic and barotropic instability according to the
idealized model results of Pinardi and Robinson
(1986). In their Eady baroclinic instability model (pure
vertical shear), buoyancy work is negative definite in
middepths of the water column, indicating a transfer
of energy from AGE to KE. The source term for the
AGE is the energy of the shear flow, arising through
AF . Besides the forcing through buoyancy coupling
at middepths, the KE equation is driven near the sur-
face through vertical exchange processes, df, in the
baroclinically unstable case. The term §f, drains the
KE at middepth and drives the KE at the vertical
boundaries. In the barotropic instability model (pure
horizontal shear) of Pinardi and Robinson, the AGE
equation is inconsequential. The dominant source term
in the KE equation is AF,, corresponding to a Reynolds
stress effect drawing energy from the mean shear. We
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FIG. 17. Case BC4X subdomain spatial fields of b, AF,, and the zonal and meridional components of AF, from the AGE equation for
level 3 and day 3 of the forecast. Contour interval is 0.5 nondimensional units (following Pinardi and Robinson 1986). Shading scale is
chosen to highlight positive regions that are light for small values then dark for large values, while negative regions are grey for small negative

values then dark for large negative values.

will now show that the cold tongue intrusion event is
clearly associated with baroclinic instability.
Consider only an (80 km)? portion of the total model
domain surrounding the developing cold tongue intru-
sion for case BC4X (Fig. 1b). Figure 16 shows averages
over this subdomain of key terms at selected levels in
the AGE and KE equations. For example, during the
strong growth phase of the cold intrusion (day 2-3),
at middepth (250 m) the buoyancy coupling term in
Fig. 16a is negative, indicating a transfer of energy from

potential to kinetic energy. At that same level in the
KE equation (Fig. 16b), the average vertical pressure
transfer is negative. Since that term is positive in the
two upper layers (e.g., Fig. 16¢), it clearly indicates a
transfer of energy upwards from the buoyancy coupling
source. This entire scenario is clearly similar to the
Eady baroclinic instability case discussed by Pinardi
and Robinson (1986). In contrast, the basic signature
of the barotropic instability case is not evident in these
balances.
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Contour interval is 1.0 nondimensional unit for the energy terms and 0.25 for y. Otherwise, as in Fig. 17.

Since the above averages correspond to a rather large
area surrounding the developing cold tongue, consider
further the spatial plots of the key terms in the energy
equations. Figure 17 shows the buoyancy and advection
terms for the AGE equation for level 3 (250-m depth)
on day 3 of the BC4X forecast. In the vicinity of the
cold tongue intrusion (which is indicated in the
streamfunction plot in Fig. 18), one can see that the
buoyancy coupling term is negative, with maxima on
either side of the developing cold tongue (Fig. 17).
The total advection, in contrast, is positive in the region
of the cold tongue, indicating energy being drawn from

the mean vertical shear of the water column. A similar
pattern occurs at level 4 (400 m).

Figure 18 shows level 3 (250 m) for key terms in the
KE equation. In the region around the developing cold
tongue, the vertical pressure working rate results in a
net extraction of energy. A similar effect occurs in the
warm meander in the north-central part of the sub-
domain. Here F, and F, are relatively unimportant at
this depth. In the top layer (Fig. 19), in contrast, buoy-
ancy work has little effect and the vertical pressure
working rate acts as the primary energy source. The
redistribution of energy due to horizontal KE advection
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FIG. 19. Case BC4X subdomain spatial fields of AF, AF,, b, and §f, from the KE equation for level 2 and day 3 of the forecast.
Otherwise as in Fig. 18.

and horizontal pressure work is a large and complicated
field at this level around the developing instability.
This analysis clearly reveals the importance of the
buoyancy conversion term at middepth, indicative of
a baroclinically unstable flow during the first three days
of the forecast. The structure of the energetic transfers
in the middle and upper water column also point to
baroclinic rather than barotropic instability processes.
We have performed an analogous energy equation
analysis for several other model cases to address the
sensitivity of this result. These included the model jet
case 3 (JM4-4) and the 400-m level of no motion case

with full topography (LV4AT). The results of neither
case deviate significantly from those just discussed.
Furthermore, our results are consistent with the statis-
tical analysis of temperature and velocity fluctuations
in the IFF by Willebrand and Meincke (1980) that
showed strong conversion of available potential energy
to eddy kinetic energy, suggestive of baroclinic insta-
bility (cf., Allen et al. 1994).

Although the establishment of the observed initial
state certainly has been influenced by past effects of
topographic interaction, it is surprising that the effect
of topography is rather minor in the rapid development
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of the cold tongue intrusion. However, since we have
found that the instability process is 1) baroclinic rather
than barotropic and 2) most active in the upper and
middle levels of the model, it is clear why the topo-
graphic effect fails to strongly influence the developing
meanders. A similarly weak influence of the effects of
topography in the first several days of eddy-resolved
numerical experiments on the breakdown of a zonal
jet over IFF-like topographies was found by Maskell
et al. (1992), although after about a week the topog-
raphy had paramount importance in such phenomena
as their simulated bottom-trapped eddies.

7. Summary and discussion

Using data gathered around the Iceland-Faroe Front
during October 1992, we have studied the ability of
quasigeostrophic models to forecast the development
of a cold intrusion, as well as other variability, along
the IFF. A qualitative feature validation strategy was
devised because poor weather conditions precluded the
detailed validating hydrographic survey necessary for
a guantitative skill test. We have found that the QG
model performs rather well for (roughly) 4-day fore-
casts when the initial conditions are specified with a
choice of objective analysis parameters that sharply re-
solves the frontal structure determined from the hy-
drocast dataset using a 400-m level of no motion. Al-
though these initial conditions were gathered over a 5-
day period, they can be treated as synoptic in this case
because the development of the cold intrusion is not
strongly affected by upstream variability. Drifter tracks
and satellite images corroborate the synopticity of the
hydrocast survey in the western part of the domain.

The rapid growth of the cold tongue intrusion ob-
served along the IFF was diagnosed to be clearly due to
a baroclinic instability mechanism. Energy is drawn
from the mean vertical shear at middepth and trans-
ferred to the mid- and upper-level kinetic energy. The
effects of topography are minimized because the insta-
bility mechanism appears to be surface intensified and
occurs very rapidly. This represents the first direct nu-
merical simulation of an observed instability in the IFF.

Due mainly to a lack of verifying datasets, statistical
validations of QG forecasts (e.g., Robinson et al. 1984;
Denbo et al. 1988; Denbo and Robinson 1988a; Rob-
inson et al. 1989; Glenn et al. 1991) are difficult. We
have shown here that a feature validation technique
can be used for model validation in lieu of sufficient
data for a rigorous statistical error analysis. But it must
be noted that, since there are many ways to vary the
model output and only a few matching criteria, it might
be possibie to match the validation features even with
inaccurate dynamics. Nonetheless, the best forecasts
in this study validate against all three features (cold
tongue intrusion, current disappearance, and north-
ward shift of the IFF), and the results of the physical
process study are consistent with previous research
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(Willebrand and Meincke 1980). The best model (e.g.,
cases LV4A and BC4X) can now be implemented in
future IFF QG forecasting expeditions and tested for
quantifiable skill (e.g., Miller et al. 1995).

Our exploration of the effects of initial conditions,
which can be altered simply by choosing differing ob-
jective analysis parameters and/or level of no motion,
shows that it is vital to properly resolve the [FF and to
avoid generating excessive structure in the (persisted)
boundary conditions. The resolution of the IFF is nec-
essary to retain seed perturbations in the IFF that can
eventually grow to become significant mesoscale
anomalies. The boundary conditions, when persisted
from their initial state, should avoid excessive structure
associated with ambient mesoscale variations, since the
inflow /outflow currents implied by such anomalies can
produce flows in the interior of the domain that interact
strongly and corrupt the forecasted fields. In reality,
such mesoscale fields that initially intersect the domain
boundary may propagate, radiate, or be advected away
from the boundary rather than remaining stationary
as the model boundary condition specifies.

A companion study using a primitive equation ocean
forecasting model (H. Arango 1993, personal com-
munication ) shows that the primitive equation model
forecast has many similarities with the QG results in-
itialized with similarly smoothed fields. Taken together
with the energetic diagnosis of this study we suggest
that surface-intensified baroclinic instability processes
dominate over the effects of wind and topography on
the evolving IFF structure during the time interval of
these surveys. [t would be interesting to continue these
studies during other realizations of frontal instabilities
and at other times of year.
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