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Abstract ~ To measure the exchange between the Atlantic and Mediterranean through the Strait
of Gibraltar, an array of current meter moorings was deployed for a year in the Strait during 1985-
86. A novel aspect of these measurements is the inclusion of conductivity as well as temperature and
pressure sensors on each current meter so that the salinity of the flows could be monitored
continuously. These salinity measurements determine the water mass characteristics of the flows
crossing the sill; they allow definition ofthe 37psu isohaline as the interface between inflowing fresher
Atlantic water and outflowing saltier Mediterranean water; and they enable time series to be developed
for the depth of this interface, for the upper layer inflow, and for the lower layer outflow.

From these measurements, the time-averaged outflow of MediterrXnean water is estimated to be
-0.685v (1Sv =1 x 10°m?s"} and the outflow salinity transport, defined to be the outflow times the
salinity excess above a basic Atlantic water salinity of 36.1psu, isestimated tobe-1.50 x 1(°m’s! (1Sv
x 1psu =1 x 10°m?3s"') equivalent to a net evaporation over the Mediterranean basin of 52cm y'.
Extrapolated measurements of the inflow from current meters generally deployed below 100m depth
yield an estimate for the time-averaged inflow of 0.93Sv, which is believed to be unrealistically high
in view of the better measured outflow and net evaporation, Thus, a more realistic estimate of the
inflow is 0.72Sv, equal to the sum of the outflow and net evaporation as required by the mass budget
for the Mediterranean Sea. Such estimates of the exchange are smaller by almost a factor of 2 than
previous values for the exchange by LacoMsE and RicHez (1982).

The exchange across the Gibraltar sill is found to be due in nearly equal parts to the mean currents
and to the tidal fluctuations. The mean currents are smaller than had been expected reaching a peak
value of only about -60cm s in the deep outflow over the sill. The tidal exchange is due to a strong
correlation over the tidal period between the depth of the interface and the strength of the inflowing
currents. For the M,-tide at the sill, the amplitude of the interface depth is 5 lm and the amplitude of
the tidal currents is 1.2m s*'; furthermore, the inflow and interface depth have similar phases. As a
consequence, the upper layeris deep on the inflowing tide so that a large slug of Atlantic water crosses
the sill into the Mediterranean; on the outflowing tide, the interface is shallow so that a large slug of
Mediterranean water crosses the sill into the Atlantic, Similar processes occur forthe S,, O and K,
tides, though the amplitudes are smaller. In this manner, tidal oscillations lead to a time-averaged
exchange of water masses across the Gibraltar sill,

The inflow and outflow, defined to be the instantaneous transports above and below the 37psu
isohaline interface, exhibit M,-tidal amplitudes of 2.3Sv and 1.3Sv respectively. Thus, the tides are
large enough to reverse the mean upper layer inflow and lower layer outflow. Daily averaged inflow
and outflow transports exhibit low-frequency fluctuations with standard deviations of 0.37Sv and
0.22Sv respectively. Such low frequency fluctuations have been shown previcusly to be associated
with barotropic flows through the Strait of Gibraltar compensating for sea level variations over the
Mediterranean due to atmospheric pressure fluctuations (CANDELA, WINANT and BrYDEN, 1989).
Finally, from these measurements there appear to be little fortnightly or annual period fluctuations
in the exchange through the Strait of Gibraltar.
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1. INTRODUCTION

Observingand modelling the exchange between the Atlantic and Mediterranean basins through
the Strait of Gibraltar stimulated many of the early advances in oceanography (DEACON, 1971).
The perpetual inflowing surface currents through the Strait of Gibraltar combined withriver inputs
and even surface waters flowing through the Bosporus into the Mediterranean basin raised the
mystery of how the water budget could be maintained when evaporation was clearly not large
enough to balance all the inflows. MARSIGLI's (1681) remarkable laboratory experiment
demonstrating the two-layer exchange between two basins of different densities combined with his
field observations in the Bosporus ofa subsurface countercurrent established that the waterbudget
of the Mediterranean must be maintained by a subsurface outflow through the Strait of Gibraltar.
Confirmation of this subsurface outflow awaited nearly two centuries until CARPENTER and
JEFFREYS(1870), as part of Mediterranean field work in preparation for the upcoming Challenger
expedition, established the existence of a deep outflow by deploying a drogue at 300m depth from
asmall boat south of therock of Gibraltar and observing theboat to drift westward against the wind
and the surface currents. This outflow of Mediterranean water over the Gibraltar sill not only
aspirates the deep waters of the Mediterranean basin (STOMMEL, BRYDEN and MANGELSDORF,
1973; KINDER and BRYDEN, 1990} but also provides a source of high salinity waters for the
intermediate and deep water circulation of the North Atlantic (REID, 1979; PRICE and BARINGER,
1994).

Although NIELSEN (1912) is often cited for first determining the inflow and outflow through
the Strait of Gibraltar by applying the Knudsenrelations, BUCHANAN (1877) actually applied mass
and salt conservation statements for the Mediterranean basin to early values for the salinities of the
upper inflow of Atlantic water and of the lower outflow of Mediterranean water derived from
specific gravity determinations in the Strait. Combining the salinity values with estimates of the net
evaporation (evaporation minus precipitation and river runoff, E-P-R) over the Mediterranean
basin, BUCHANAN made surprisingly accurate estimates for the inflow and outflow transports. For
thenext 100 years, a succession of scientists Favemade different estimates of the exchange through
the Strait using ‘improved’ values for the net evaporation and for the salinities of Atlantic and
Mediterranean waters in the Strait of Gibraltar (Table 1).

LACOMBE (1961) summarised early measurements of the currents in the Strait and concluded
that the widely cited inflow transport value of 1.75Sv (1Sv=1X 10°m’s"!) by SCHOTT (1915} had
little basis in measurement. From analysis of historical current measurements over periods shorter
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than a day (particularly an estimate by his colleague Lizeray using measurements in 1910),
LACOMBE suggested that the inflow and outflow transports were likely to be about 1.0Sv. During
a series of cruises in the Straitbeginning in 1958 and extending through the 1960s inaninternational
field programme called Projet Gibraltar, LACOMBE (1971, and foramore accessible summary see
LACOMBE and RICHEZ, 1982) made the first direct current measurements to determine the tidally
averaged inflow of Atlantic water and outflow of Mediterranean water across the Gibraotar sill.
These current measurements consisted primarily of current meter lowerings from an anchored ship
and the major problem was to take a series of measurements at each depth over a tidal period so
that the substantial tidal currents could be averaged out to determine the mean inflow and outflow.
The resulting estimates of about 1.2Sv for both the inflow and outflow have been the standard
values for the exchange between the Atlantic and Mediterranean basin across the Gibraltar sill for
the past 20 years.

TABLE 1. Estimates of net evaporation over the Mediterranean basin, outflow salinity transport,
salinity difference between the inflow and outflow transport.

Outflow Salinity

Net Salinity Difference Outflow
Source Evaporation Transport SpSa Transport
(emy?) (x10°m’s") (psu) (Sv)
BUCHANAN 1877 55 1.61 2.60 .62
NIELSEN 1912 17 3.38 1.91 1.78
ScHoTT 1915 131 3.78 231 1.64
SVERDRUP, JOHNSON and FLEMING 1942 87 2.52 1.51 1.68
WOsT 1952 96 2.76
CARTER 1956 47 1.38 1.50 0.91
TIXERONT 1970 56 1.61
LACOMBE and TCHERNIA 1972 69 2.00 1.71 1.15
BETHOUX 1979 05 2.75 1.72 1.60
LACOMBE and RICHEZ 1982 75 2.01 1.75 1.15
BRYDEN, CANDELA and KINDER (this paper) 52 1.50 2.20 0.68

The values attributed to NEILSON, SCHOTT, SVERDRUP ef af, WOST, CARTER, TIXERONT, and
LAcoMBE and TCHERNIA are adaptations from Table 2 of HoPKINs (1978). The BRYDEN, CANDELA
and KINDER values are those described in this paper from the 1985-86 Gibraltar Experiment
measurements.

In the mid 1980s, a group of oceanographers organised an international field programme in the
Strait of Gibraltar, called the Gibraltar Experiment, with an overall hypothesis that the amount
of exchange between the Atlantic and Mediterranean was determined by the physical configuration
of the Strait of Gibraltar, that is by the width and depth of the Strait (BRYDEN and KINDER, 1986).
The principal goals of the Gibraltar Experiment were to develop realistic models for the exchange
through a strait, to measure the amount of exchange across the Gibraltarssill, and to developalong-
term monitoring strategy to make long time series measurements of the exchange. The field
srogramme and some of the early results of the Gibraltar Experiment are described by KINDER and
BRYDEN (1987, 1988).

During the Gibraltar Experiment field programme, remarkable progress was made in developing
hydraulic control models for two-layer flow through a strait and sill region like Gibraltar (BRYDEN
and KINDER, 1991a). BRYDEN and STOMMEL (1984) put forward an initial model with a single
control point at the sill that stimulated ARMI (1986) to publish the results from his 1975 PhD thesis
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ontwo-layerflow over obstacles which demonstrated there are in fact two control points of critical
flow. ARMI and FARMER (1985) reanalysed the 1960s measurements in the Strait of Gibraltar to
suggest that the two control points appeared to be at the sill section and at the narrowest section.
Then ARMI and FARMER (1986) and FARMER and ARMI (1986) formulated and solved the maximal
exchange problem of steady, two-layer flow through a straitand sill region like Gibraltar fora given
density contrastbetween Mediterranean and Atlantic waters. Furthermore, in analysis of their own
observations in the Strait, ARMI and FARMER (1988) found confirmation of the hydraulic control
concepts during a three-week shipboard survey of the exchange processes. DALZIEL (1990, 1991,
1992) refined the formulation, re-solved the Gibraltar problem, and studied rotational effects as
well as parabolic configurations for the cross-sections of the Strait. BORMANS and GARRETT
(1989a,b) also solved the maximal two-layer Gibraltar exchange and studied rotational and
frictional effects as well as triangular configurations for the cross-sections; but they stressed the
differences between maximal and submaximal exchange solutions and argued that the Gibraltar
exchange switches between maximal and submaximal states over the course of a year (BORMANS,
GARRETT and THOMPSON, 1986; GARRETT, BORMANS and THOMPSON, 1990). Finally, BRYDEN
and KINDER {1991b} solved the steady, two-layer flow using triangular cross-sections, summarised
the othermeodels, and emphasized how the maximal exchange solution determined not only the size
ofthe exchange but also the salinity difference between the Mediterranean and Atlantic waters for
a given net evaporation over the Mediterranean basin. For anet evaporation of 60cm y'!, BRYDEN
and KINDER found that the predicted maximal exchange through the Strait of Gibraltar consists of
0.92Sv Atlantic water inflow, 0.88Sv Mediterranean water outflow with a salinity difference
of 1.98psu.

The second goal of the Gibraltar Experiment to measure the exchange through the Strait was
also carried out through an extensive programme of moored current meter measurements
(PILLSBURY, BARSTOW, BOTTERO, MILLEIRO, MOORE, PITTOCK, ROOT, SIMPKINS, STILL and
BRYDEN (1987). Preliminary estimates of the observed exchange from these current meter
measurements have so far been presented in a series of limited papers at conferences (BRYDEN,
BRADY and PILLSBURY, 1989; BRYDEN and PILLSBURY, 1990; BRYDEN, 1993). The principal
purposes of this present paper are to describe these current measurements at the Gibraltar sill during
1985-86, to present various methods for estimating the mean exchange across the sill and to show
that the different methods yield consistent estimates for the inflow of Atlantic water and outflow
of Mediterranean water through the Strait of Gibraltar, and to investigate the temporal variability
of the exchange over time-scales ranging from semi-diurnal tides to the seasonal cycle.

2. DATA AND METHODS

Anarray of 8 moorings was set in the Strait of Gibraltar during October 1985 (Fig.1a) from the
Spanish naval vessel Tofino as part of the Gibraltar Experiment (BRYDEN and KINDER, 1986). This
array with 3 moorings across the sill section of smallest cross-sectional area (Fig.1b, moorings 1,
2, 3) and with 6 moorings along the central axis of the Strait (Fig.1c, moorings 4, 8, 2, 5, 6, 7) was
scheduled for a 6-month deployment and then for replacement to provide a year-long time series
of the inflow and outflow through the Strait of Gibraltar. To reduce drag in the high current
environment of the Strait, the mooring line was faired above 230m nominal depth and large
buoyancy spheres rather than vertically distributed buoyancy were utilized at the tops of the
moorings. Twonovel techniques were used: new S4 electromagnetic current meters were deployed
atthe tops of moorings 1, 2, 3, 5 for their first operational use; and all of the current meters measured
conductivity as well as current speed and direction, temperature and pressure so that time series
of salinity could be obtained.
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There were several technical problems in this first deployment. First, the S4 currentmeters were
improperly programmed for too high a samplingrate so that the instruments ran out of powerduring
the first 36 hours in the water. Secondly, moorings 2, 4, 5, 6, 7, 8 all broke apart at various times
during the deployment period so that complete 6-month records were not obtained at these sites.
The problem appears to have been that the wire below 230m depth on these moorings was bare,
not covered with fairing because of the lengthy time required for fairing installation during
deployment and not jacketed because of the effort to keep the wire diameter as small as possible
to reduce drag. Although the wire was galvanized, we belicve that the currents caused high
frequency vibration, or strumming, in the mooring wire which gradually flaked offthe galvanizing
material. Once the galvanizing material was gone, a battery action was setup and the wire corroded
rapidly until it parted. Moroccan and Spanish fishermen recovered the upper parts of moorings 2,
4, 7 and 8 and returned the equipment to the Spanish Navy. At the end of the initial 6-month
deployment period, moorings 1 and 3 were recovered intact and the bottom portions of moorings
2 and 5 were also recovered aboard US naval vessel Lynch.

The data from the first deployment then consists of complete 6-month records from moorings
1 and 3 on the northern and southern sides of the sill section, one-month records from mooring 2
on the sill and from mooring 4 at the Spartel sill, a4-month record frommooring 8 in Tangier Basin,
and 5-month records from mooring 7 at the eastemn entrance of the Strait (Fig.2).

1985 1986
ocT NOV DEC JAN FEB MAR APR MAY JUN JUL AUG SEP OCT
Illl]l‘|lllllJl||]‘]lll]ll|lll[llllllll]lllllllllllJlJJllJLJ.ll|l|llllllll'lllll
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.-.C_1
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— v v
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v
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1]0

9
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DATA RETURN FROM GIBRALTAR MOORINGS

Fig.2. Maximum data length for each mooring deployed during the Gibraltar Experiment.
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After the magnitude of the corrosion problem became apparent during the recovery cruise, the
array for the second 6-month deployment was redesigned with thicker, jacketed wire throughout
each mooring. Fairing was not used on the second deployment because it would not fit over the
thicker wire. Because ofthe limited number of recovered current meters fromthe first setting, only
4 moorings wereredeployed in the Strait from Spanish Naval Vessel Malaspina, moorings 2B, 3B,
4B and 9B (Fig.1a). To provide additional measurements, this array was coordinated with the
deployment of two Doppler Acoustic profiling current meter (DAPCM) moorings by Dr Neal
Pettigrew on thenorthern side of the sill section (near thelocation of mooring 1) and onthenorthern
side of the narrowest cross-section (across the Strait from mooring 9). Unfortunately, these 2
DAPCMs did not return any usable data. In mid-October 1986, these moorings were recovered
abc .rd US naval vessel Lynch. Of the 4 moorings during the second deployment, only mooring 3B
parted prematurely after a month, where the tension bar on the uppermost S4 current meter broke.
Eachofthe other 3 moorings, however, suffered extreme vibration sothat some of the current meter
sensors failed during their deployment period.

The data from the second deployment then consists of 5-month records at mooring 2B on the
sill, mooring 4B at the Spartel sill, and mooring 9B on the southern side of the narrowest cross-
section, and one-month records at mooring 3B on the southemn side of the sill (Fig.2).

In all, there are 31 current meter records on 10 moorings in the Strait of Gibraltar during the
period October 1985 to October 1986. The maximum data length for each mooring is shown in
Fig.2 and the time-averaged east and north currents, temperature and salinity and principal axis
direction of the current fluctuations for each record are given in Table 2. Current speed and
direction, pressure, temperature, and conductivity were measured on each instrument at 30-minute
intervals. Presure, temperature and conductivity values are then put into the algorithm given by
FOFONOFF and MILLARD (1983) to determine salinity at 30-minute intervals. The data are more
fully described by PILLSBURY et al (1987).

Because conductivity drifts slowly with time dueto cell contamination, each basic salinity time
series is corrected for any drift by using the fact that Mediterranean water in the Strait has a
maximum salinity of 38.4 to 38.5psu. For each basic salinity time series, the maximum salinity
observed over successive four-day intervals was fitted with a least-squares technique to a second
order polynomial in time. At each point in the salinity series, the difference between this fit and
38.4psu was subtracted from the salinity. The resulting corrected salinity time series then have a
maximum salinity of about 38.4psu which remains relatively constant over the entire data period.
As an example of the correction process, the basic and corrected salinity time series are shown in
Fig.3 for the current meter at 254m depth on mooring 2.

The character of the current meter data is most easily shown by the time series from mooring
2 at the sill during October-November 1985 (Fig.4). Because the Strait of Gibraltar is oriented in
a westsouthwest-eastnortheast direction, the measured currents have beenrotated into a coordinate
system with the along-strait direction 13° north of east and the cross-strait direction 13° west of
north. This rotation was selected by averaging the principal axis directions forall 9 meorings (Table
1) and it is consonant with the general orientation of the Strait. The most striking feature of the
alc 1g-strait currents (Fig.4a) is the large semidiurnal tidal signal. CANDELA, WINANT and RUIZ
(1990) determined that the M, tidal currents have an amplitude of 112c¢m s*! at 123m depth on
mooring 2, decreasing to 79cm s°! at 254m depth and that the S, tidal currents have an amplitude
of40cms! at 123m decreasing to 28cm s! at 254m. The beating of the M, and S, tidal signals can
beseenin the fortnightly cycle of the amplitude of the semidiurnal tidal currents (Fig.4a). The tidal
currents have a similar phase throughout the water column but with a tendency for earlier phase
towards the bottom. In the deeper part of the water column, there is a strong mean outflow (negative
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TABLE 2. Record-length averaged currents, temperature, salinity and pressure for 31 current meters
moored in the Strait of Gibraltar during the period October 1985 to October 1986. Values in
parentheses indicate sensor failure during the deployment period so that the averages are over periods
shorter than the indicated data length. For the exact time periods of individual sensors, refer to
PILLSBURY e! af {1987).

Minimum Data East Northward  Principal
Mooring Pressure Length Current Current Axis Temperature  Salinity Pressure
(dbars) (days) (cms™) (cms™) Direction ¢C) (psu) {dbars)
T)
I 144 194 -12.58 -9.25 98 13.39 37.93 147
158 194 -16.69 -8.51 98 13.26 38.01 166
169 194 -17.70 -10.19 100 13.22 38.03 172
217 194 -11.21 2.36 107 13.14 (38.23) 218
2 124 32 -3.35 -9.27 78 14.29 36.94 127
14 32 -14.06 -8.19 78 13.94 37.18 149
155 32 -22.69 -14.76 75 13.83 37.33 158
192 32 13.34 37.86 196
256 32 -46.35 -27.98 61 13.03 38.26 261
309 32 -26.63 -28.67 49 12.96 3835 312
2B 91 82 -14.03 -1.94 g1 14.43 36.63 102
I3 137 (-1.64) 0.24) 76 13.92 36.95 123
136 137 (-26.56) (-13.37) 74 13.55 3741 151
183 137 (-47.27) (-19.36) 70 13.20 37.91 192
239 137 (-56.94) (-21.25) 64 12.98 38.28 247
302 137 -38.94 -25.51 50 12.95 38.33 306
3 Il 182 8.61 10.26 82 14.83 36.85 113
135 182 -4.66 4.12 80 14,29 37.21 143
181 182 -22.69 -9.68 69 13.56 37.78 182
3B 103 26 13.20 9.54 86 14.54 36.54 106
128 23 9.14 6.73 82 14,15 36.87 133
173 29 -6.55 -2.28 75 13.59 37.52 175
4 68 22 23.96 8.52 73 15.79 36.29 70
4B (~220) 10 -40.70 -10.20 66 13.13
298 7 -85.28 -3441 60 13.06 38.19 301
{(~340) 136 -86.43 -18.18 65
7 54 159 53.86 6.83 79 14.43 3715 (62)
194 159 -19.70 -10.71 64 13.15 38.29 201
8 28 132 3576 8.08 75 16.08 36
9B 58 138 (57.70) (7.87) 76 15.04 36.06 64
160 138 24.80 16.52 75 13.51 37.79 162
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Gibraltar Mooring 2 at 254m
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F1G.3. Salinities measured on mooring 2 at 254m depth during October-November 1985. Note the
bias toward high (unrealistic) salinities and the slow drift toward fresher values. Such bias and drift
are typical for moored conductivity time series. A corrected salinity record was created for each
current meter time series by eliminating the bias and drift based on a maximum salinity of 38.4psu.

along-strait current) of order 40cm ™!, but the tidal oscillations are still large enough to reverse the
mean outflow during a portion of each day, even at 306m depth, only 15m above the bottom. The
cross-strait velocities (Fig.4b) exhibit tidal oscillations of order 10cm s™! and the corrected salinity
time series (Fig.4c) also exhibit strong semidiurnal oscillations!. In the deeper part of the water
column, the variations away from the maximum value of 38.4psu are small, indicating that the
current meter is nearly always in the Mediterranean Water. Higher in the water column, there is
an increasing number of salinity spikes toward lower salinity, that indicate the instrument is
occasionally in Atlantic water. At 123m depth, at the top of the mooring, the spikes appear to be
reversed: toward higher salinity from a base at about 36.1psu. This reversal indicates that the
uppermost instrument spends the majority of its time in Atlantic water, but often is in Mediter-
ranean water.

All salinity time series on each mooring are used to derive time series for the depths of the 37,
37.5and 38psuisohalines, The depthinterval between these isohalines defines the interfacial region
thatseparates Atlantic Water with salinities less than 37psuin theupper water from Mediterranean
Water with salinities greater than 38psu in the deeper water. Ateach 30-minute sampling interval,
the salinities and pressures measured by all instruments on one mooring are interpolated/

'The oscillations in salinity are not due to mooring motion. The uppermost current meter on mooting 2 had a
maximum downward dip of 28m from its minimum pressure of 23m. Such a small dip in such strong currents is
due to the relatively short vertical extent of the mooring. We will show shortly that the interface between Atlantic
and Mediterranean water oscillates vertically by 51m over semidiurnal periods at the sill.
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U Component (rotated 13°) Gibroltcr Mooring 2
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F1G.4. Time series of along-strait (a, above) and cross-strait (b, overleaf) velocities and corrected
salinities (c, overleaf) on mooring 2 during October-November 1985. Along-strait direction is
defined to be 77°T based on the average principal axis orientation of the current fluctuations and on
the physical orientation of the Strait of Gibraltar. Cross-strait direction is then defined to be 347°T.

extrapolated to find the pressures of the 37, 37.5 and 38psu isohalines. If all instruments measure
salinities less than 37psu, so that the interfacial region is deeper than the deepest instrument, or
greater than 38psu, so that the interfacial region is shallower than the shallowest instrument, there
is a gap where no isohaline depths are initially calculated. The time series of the interpolated/
extrapolated depths ofthe 37,37.5 and 38psuisohalines are shown at the sill formooring 2 inFig. 5a.
Because gappy time series are difficult to deal with, the gaps in isohaline depths are filled by
determining the average vertical salinity gradient at the edges of each gap. This vertical salinity
gradient is then used to extrapolate upwards or downwards from the salinity time series on the
current meter closest to the interfacial region during the time period of the gap. [f the pressure of
an isohaline is extrapolated to a value less than Odbar (the sea surface), the isohaline depth is set
to 0. The time series of isohaline depths at the sill onmooring 2 with the gaps filled by this procedure
ts shown in Fig.5b.
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Mooring 2 Depth of Interface (unfilled)
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F1G.5. Depths of the 37, 37.5 and 38psu isohalines on mooring 2 during October-November 1985,

The upper, unfilled time series are the result of interpolating salinity and pressure time series from

the 6 current meters on mooring 2. The lower, filled time series are the result of the combined temporal

interpolation-vertical extrapolation technique designed by Esther Brady to create uniform time
. series,

3. TRANSPORT DEFINITIONS

Traditional estimates of the mean transports through the Strait of Gibraltarhave been expressed
asaverage values of the inflow and outflow atnominal salinity values. Generally, a typical salinity
difference, AS=8 M-S, where Sy, and S 4 are thenominal Mediterranean and Atlantic salinities, of
about 2psu between the outflowing and inflowing waters is assumed and is combined with a value
forthenetevaporation, E, over the Mediterranean basin to yield the outflow and inflow transports,
Qu and Q, of Mediterranean and Atlantic waters:!

"The definition of sign of the outflow can be confusing, While we will call Q,, the outflow, Q,, will generally be
negative as the Mediterranean water typically flows westward.
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Q,=- —2E Q= — E. (1

Such estimates have typically varied between 1 and 2 x 10°m’s’ principally depending on the
estimate of E (Table 1). Of course, the inflow and outflow do not occur at constant salinity, sothat
with measurements of the flow over the Gibraltar sill it is important to define both the inflow and
outflow transports and their associated salinities.

In concept, the quantity that remains constant throughout the Strait of Gibraltar is the outflow
salinity transport, Q,(AS). Rearranging the mass and salt conservation equations for the
Mediterranean basin:

Q,+Q,=E
Q,5,+Q,S5,=0 (2)

we find that the outflow salinity transport is proportional to the product of the net evaporation and
the Atlantic water salinity:

Q,(AS)=-ES,, 3)

which is effectively constant since the Atlantic water salinity varies by only about 1% through the
Strait. Thus, while mixing and entrainment in the Strait may change the salinity differencebetween
the inflowing and outflowing waters and the size of the inflow and outflow transports, the outflow
salinity transportremains constant. Fromthe observations, one needs to definenot only the inflow
and outflow transports but also the outflow salinity transport. In return, the observed outflow
salinity transport provides a direct estimate of the net evaporation over the Mediterranean basin.

To estimate the inflow and outflow transports and the outflow salinity transport, we will use
the measurements on moorings 1, 2, 2B, 3 and 3B deployed across the sill section from Punta
Alboassa in Morocco to Punta Paloma in Spain. This section has the minimum cross-sectional area
(3.16 x 105m?) of any section across the Strait of Gibraltar and its deepest point of 284m is at the
sill of the Strait of Gibraltar. Due to the configuration of the sill section, as described by BRYDEN
and KINDER (1991b) for their hydraulic model analysis, the direction of along-strait currents for
mooring 1 is taken to be 98°T for the transport estimates and the along-strait direction for all other
mooringsis 77°T. Because 17 of the 21 currentrecords from the moorings on the sill section were
deployed below the mean depth of the interface between the Atlantic and Mediterranean waters,
these measurements are best suited for determining the transport of the outflowing Mediterranean
water. Hence, in the following analyses, the estimates of outflow transport are considered to be
generally more reliable than the inflow transport estimates.

There appear to be two reasonable ways to estimate the mean inflow and outflow transports
across the Gibraltar sill. The first is to integrate the time-averaged along-strait velocities for all
current meters vertically from the bottom up to the depth of zero velocity and then laterally across
the sill section to determine the outflow:

2{u=0).

Q. =ldy i Ju(z)dz (4a)

Bottom

and then similarly to integrate vertically from the depth of zero velocity up to the sea surface to
determine the inflow:
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Q,=ldyl’; ,i(2)dz (4b)

The second method is to find the depth of the interface, h(t) between Mediterranean and Atlantic
waters at each instant of time; to integrate the along-strait velocities vertically from the bottom up
to the depth of the interface to determine the instantaneous outflow; and to integrate the velocities
vertically from the interface depth up to the sea surface to determine the instantaneous inflow:

Q) =fdy [F¥ u(zt)dz o (5a)
Q) =ldy R u(zt)dz (5b)

Then themean inflow and outflow transports can be estimated by time-averaging these instantaneous
transports.

We will describe the results of each of these methods for determining the exchange between the
Atlantic and Mediterranean basins across the Gibraltar sill. While the two approaches appear
initially to yield radically different results, careful definition and determination of the outflow
salinity transport for each approach and of the contribution to the exchange by the tidal oscillations
demonstrate that the two approaches yield consistent results for the exchange. Generally, we
conclude that the second approach of determining instantaneous transports provides more insight
into the nature of the exchange across the Gibraltar sill.

4. TRANSPORT ESTIMATES FROM MEAN CURRENTS

The first method for estimating the mean inflow and outflow transports starts with the profile
oftime-averaged currents at each mooring (Fig.6). Because moorings 1,2B and 3 offer the longest
measurement periods at the northern, central and southern mooring sites on the sill cross-section,
we will determine the time-averaged transports from these moorings!. From interpolation or
extrapolation of the mean velocity profiles, we determine that the depth of zero mean inflow-
outflow velocity slopes downward from 84m at mooring 1 on the northem side of the sill-section
to 120m at mooring 2B on the sill to 134m at mooring 3 on the southern side?.

To determine an average outflow, we integrate vertically the interpolated time-averaged
velocity profile at each mooring, T,(z), and then sum the 3 mooring contributions

3

Q, = [I%%(2)L(z)dz = -0.385Sv, (62)
i=1

where L (z) is the effective cross-sectional width at each depth for each moorin g determined from

the digitized cross-section bathymetry described by Brypen and KiNDER (1991 b), to estimate the

averageoutflow to be .3855v. Likewise, to determine an average inflow, we extrapolate the time-

averaged velocity profile at each mooring up to the sea surface, vertically integrate, and sum over
the 3 moorings as before to estimate the average inflow to be

‘Measurements on moorings 1 and 3 extended from October 1985 to April 1986, while the measurements on mooring
2B extended from May to October 1986. It will be argued later that there is no significant difference in mean
transports for these two periods.

?For comparison, the month-long measurements on Mooring 2 and 3B yvield depths of zero mean inflow-outflow
equal to 115m at mooring 2 and 157m at mooring 3B,
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3
Q,-%f

T(2)L (z)dz = +0.505Sv.

(6b)
Such average values for the inflow and outflow are surprisingly low. For example, the outflow

estimate, which should be considered more reliable due to the preponderance of current meters in

the deeper waters, is a factor of 3 smaller than the classic value of 1.2Sv determined by LAcomBE
and RicHEZ (1982) from shipboard measurements during the 1960s.
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FIG.6. Vertical profiles of record-length averaged along-strait currents (u) and salinities (S) for each
of the moorings deployed on the sill section. Also indicated is a schematic of the depth of an interface
defined to be the location where the average along-strait velocity is zero, i.e. it switches from outflow

below to inflow above.
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5. CONTRIBUTION OF THE TIDES TO THE MEAN EXCHANGE

The reason that these estimates of the average inflow and outflow are so small is that they do
not include all of the exchange between the Atlantic and Mediterranean across the Gibraltar sill.
We argued above that the outflow salinity transport must be determined in order to properly
quantify the exchange. To determine the outflow salinity transport fromthe time-averaged statistics
at each mooring, we must calculate:

Outflow _ .
Salinity Z .[Bonom[ﬁi(z) (8,(2) - 36.1psu) + u’S’] L(z)dz = 1.56 x 10°m’s’! (7
Transport =t

wherew’S’ represents an eddy salinity flux dueto the correlation between the fluctuationsin inflow-
outflow velocity and in salinity measured ateach current meter. In this estimate, we have subtracted
abasic Atlantic water salinity value of 36. 1 psu in order to minimize the effect of the small imbalance
between the mean inflow and outflow transports',

Now, the eddy salinity flux dominates the magnitude of the outflow salinity transport. For
example at mooring 2B (Fig.7), the outflow salinity transport due to the mean flow is confined to
the deepregions of the silt below 175m depth. The eddy salinity flux contribution, on the otherhand,
islarge in the depth range where the in*=rface betwen Atlantic and Mediterranean watersnormally
resides. The relative contributions to .he outflow salinity transport by the mean flow and by the
temporal variability are estimated as follows. First, the average salinities of the average outflow and
inflow can be determined to be 37.9psu and 36.7psu respectively from

J:j:;’f_f 1,(2)(5(2) - 36.1psu)L(z)dz
S,,=36.1psu + ' = 37.9psu
i I O (2)L(2)dz

Bonum i

% 2 0B (2@ - 36.1psu)(z)dz

i=1

ff, P 2 @0 a(z)L(z)dz

S,=36.1psu + = 36.7psu

Effectively then, the mean outflow of -0.385Sv occurs at a salinity difference of 1.2psu for an
outflow salinity transport of only -0.46 x 10°m’s'. The eddy salinity flux,

):J ) WS(2)L(z)dz=-1.10x 10°m’s" (8)

on the other hand, contributes more than twice as much outflow salinity transport so that the total
outflow salinity transportis-1.56x 10°m’s’. Dividing this outflow salinity transport by the Atlantic
water salinity of 36.1psu then yields a net average evaporation over the Mediterranean basin of
S54cmy’l.

'"The imbalance of 0.12 x 10°m?>s™’ appears to be too large to represent realistically the net evaporation over the
Mediterranean basin since it would equal a net evaporation of 150cm y™' that is a factor of 3 larger than our final
estimate of the net evaporation determined from the estimate of outflow salinity transport. The imbalance most likely
reflects error in the less reliable estimate of the inflow transport.
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F16.7. Vertical profile of the time-averaged outflow salinity transport on mooring 2B at the sill. The

salinity transport is separated into a contribution due to the mean flow and mean salinity profile,

u(S-36.1),and an average contribution due to temporal (principally tidal) fluctuations in the currents

and salinity,u’S’. The mean flow contribution occurs principally in the deep regions of the sill where

there is a strong outflow of salty Mediterranean water, while the contribution from the fluctuations

is large in the 100 to 150m depth range where the interface oscillates up and down over the tidal
period.

There is a substantial eddy salinity flux at nearly every current meter due to a significant
correlation between high salinity and strong outflow velocity, particularly for those currentmeters
inthe depthrange of the interface between Atlantic and Mediterranean waters. For example, Fig.8a
shows the scatter plot between inflow-outflow velocity and salinity measured for 6 monthsat110m
depth on mooring 3. At every instrument, higher salinity is associated with outflow velocity and
lower salinity with inflow velocity and most of this correlation is due to tidal fluctuations. For
example, for the 110m record on mooring 3 (Fig.8a), the correlation coefficient between inflow
velocity and salinityis -. 79 and theresulting eddy salinity flux,u’S’, is -48.3psucm s'1. Tidal analysis
(Table 3) indicates that the M, tidal fluctuations contribute 29 3psucms’!, or 61%, of this outflow
salinity flux while the S,, O, K, N,, K, and M, tides contribute an additional 22%. Thus, these
tides are responsible for 83% of the eddy salinity flux in this record.
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- F1G.8a. Scatter plot of along-strait (77°T) velocity versus salinity for the six-month current meter
record at 110m depth on mooring 3.
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F1G.8b. Average along-strait velocity for salinity bins of 0.2psu. The salinity where the average

velocity changes from inflow to outflow is used to define the salinity of the interface between

Mediterranean and Atlantic waters. R13 refers to the rotation of currents by 13° counterclockwise
from east.
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TaBLE 3. Tidal amplitudes and phases for six-month record on mooring 3 at 110m depth.

Inflow Velocity - u Salinity - 5 Salinity Flux
Amp Phase Amp Phase uS cos(Ap)2
Tidal Constituent (cms) ©) (10-?psu) © (psucm ")
M,  (12.42 hours) 117 146 76 15 -29.3
S,  (12.00 hours) 39 174 24 46 2.9
O,  (25.82 hours) 29 355 22 185 -3.2
K, (23.93 hours) 26 69 20 252 -2.5
N,  (12.66 hours) 24 129 16 358 1.2
K, (11.97 hours) 12 173 12 46 -0.4
M, (621 hours) 10 216 13 358 -0.5

In terms of the depth of the interface between Mediterranean and Atlantic waters, the eddy
salinity flux can be explained as a correlation between the depth of the interface and the strength
ofthe inflow velocity. When the salinity ataparticular instrumentis high, theinterfaceis atrelatively
shallow depth; when the salinity islow, the interface is relatively deep. Thus, there is strong outflow
when the salinity is high and the interface is shallow, resulting in a strong outflow of a thick layer
of Mediterranean water. And there is strong inflow when the salinity islow and the interfaceisdeep
resulting in a strong inflow of a thick layer of Atlantic water. We can make an estimate of this
effective exchange of Atlantic and Mediterranean waters across the Gibraltar sill by determining
the covariance between the velocity at the interface and the depth of the interface, h, where h. is
the depth of the 37psu isohaline at each mooring:

[ J—
Exchange due to Temporal Fluctuations = 2 uw'h’L(z=h)=0.415v 9

i=1

where L, is the effective width of the cross-section for each mooring at the depth of the mean
interface (Table 4). This exchange is equally both an inflow and an outflow; that is, it effectively
increases theinflowby 0.41Sv foratotal Atlanticlayer inflow of 0.91Sv and itincreases the outflow
by -0.41Sv to a total Mediterranean layer outflow of -0.795v. With reference to these estimates
of the time-averaged exchange due to the combination of the time-averaged currents and the eddy
fluxes, we conclude that the total exchange is due approximately half'to the temporal fluctuations
and half to the time-averaged flow.

From a calculation similar to that for the outflow salinity flux, itis principally the M, semi diurnal
tide that accomplishes the eddy exchange across the Gibraltar sill. LAVIOLETTE and LACOMBE
(1988) had suggested that the M, tide could contribute to the outflow, but they were unable to
quantify the contribution based on their synoptic measurements. Tidal analyses forthe depth of the
interface taken to be the 37psu isohaline and for current at or near the interface depth indicate that
the inflow velocity and interface depth are close to being in phase for the dominant M, tidal
variability. The velocity does peak at each mooring before the interface achieves its greatestdepth
but the phase difference is only 35° at mooring 1, 36° at mooring 2B and 51° at mooring 3. Itis
straightforward to calculate that these M, fluctuations accomplish 0.25Sv, or 62%, of the eddy
exchange (Tabie 5). Thus, we can understand the principal process of eddy exchange across the
sill as follows. On each M, semidiurnal cycle, when the inflowing tide is amaximum, the interface
is deeper than average and a bolus of Atlantic water crosses the sill into the Mediterranean. On the
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outflowingtide, the interface is shallowerthan average and abolus of Mediterranean water crosses
the sill into the Atlantic. Whilethere is no average tidal current at each depth, the tides do transport
water types effectively across the sill. Although the M, fluctuations contribute the bulk of the
exchange dueto the temporal variations, tidal analyses of the interface depth and currents measured
near the interface (Table 5) indicate that the S,, O, and K, tides also contribute .029, .022 and
.019Sv respectively to the exchange across the sill as well. The total exchange accomplished by
these four principal tidal components is 0.32Sv, or nearly half of the total exchange across the sill.

TABLE4. Eddy exchange across the Gibraltar sil!, Moorings |, 2B and 3 were deployed on the north
side, at the sill, and on the south side of the sill section. Variances and covariances for u, the along-
strait velocity, and h,,, the depth of the 37psuisohaline thatmarks the interface between Atlantic and
Mediterranean waters, indicate strong positive correlation coefficients, C, between strong inflow and
deep interface. At mooring 1, u is taken to be the extrapolated velocity at 75m depth; at mooring 2B,
u is the measured velocity at 112m depth; at mooring 3, v is the measured velocity at 110m depth.
The effective cross-sectional width formooring 1 is the distance from the 82m isobath at the northern
boundary of the sill section to a point halfway between moorings I and 2B. The width for mooring
2B is the distance between the points halfway between moorings 1 and 2B and moorings 2B and 3.
The width for mooring 3 is the distance from the point halfway between moorings 2B and 3 and the
123m isobath at the southern boundary of the sill section.

Mooring uw'h’,, u? b2, Cs h,;  Cross-Sectional
@sh  @s) @ P @ widn (o)

| 28.5 1.297 2402 0.51 82 6.7

2B 37.8 0.968 2607 0.75 131 4.3

3 313 0.750 3374 0.62 123 1.8

Welabel the above values ofthe exchange (inflow=0.91Sv, outflow =-0.79Sv, outflow salinity
transport=-1.56 x 103m3s"!) as statistical estimates because they utilise the longest current meter
records atmoorings 1, 2B and 3 without regard to possible seasonal variations in the exchange that
could affectthe combination of October-to-April measurements onmoorings 1 and 3 with the May-
to-August measurements on mooring 2B. In addition, the above statistical estimates of the inflow
and outflow transports do not take into account the slight asymmetry of upward or downward
displacements of the interface on the transports as aresult of the decrease in width of the sill section
with increasing depth. To take into account such hypsometric effects, the interface depth, inflow
and outflow need to be defined continuously in tite, as carried out in the following sections.

6. TEMPORALLY VARYING ESTIMATES OF THE EXCHANGE

The second method for determining the inflow and outflow through the Strait of Gibraltarbased
on Eq.5 includes making time series estimates of the upper layer mass transport (ULT), lower layer
mass transport (LLT), and outflow salinity transport (OST). It requires a definition of the depth
of the interface between inflowing Atlantic water and outflowing Mediterranean water at each
instant of time and then vertical integration of the lower layer flow from the bottom up to the
interface and of the upper layer flow from the interface up to the sea surface according to Eq.5.
Outflow salinity transport (OST following Eq.3) can also be estimated at each instant of time with
a method similar to that used for the mean exchange:
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TABLE 5. Principal tidal contributions to the sill exchange. As in Table 4, u is the along-strait velocity
and b,, is the depth ofthe 37psu isohaline. Tidal analyses for the long records on moorings 1, 2B and
3 yield amplitude and phase for the principal M,, §,, 0, and K, tides. The contribution of each tidal
constituent to the exchange is determined from the cospectrum u’h’;, atthe particular frequency of
the tide. The cospectrum can be compared directly to the covariances, u’h’,;,in Table 4 to determine
the fraction of exchange accounted for by each tidal component.

u by, wh’y,
AMP PH AMP PH 0.5 Uh,, cos (APH)
(ms™) ©) (m) ©) @?s™)

Mooring |

M, 1.09 136 334 171 15.0

S, 41 156 83 210 1.0

0, 28 21 14.1 46 1.8

K, 27 96 15.3 127 1.8
19.6 Total

Mooring 2B

M, 1.24 152 514 188 25.8

S, 63 190 15.7 222 42

0, 25 1 12.0 33 1.4

K, 18 88 10.8 100 1.0
32.4 Total

Mooring 3

M, 1.18 146 61.8 197 23.0

S, 39 174 16.9 228 24

0, 29 354 15.8 22 2.0

K, 26 69 13.6 91 1.6
29.0 Total

OST = Q(S,-S,) =/ dy [% .o (2.0 (S (z.1) - 36.1psu)dz (10)

Definition of the interface at each instant of time, h(t), is a critical step for making time series
estimates of the inflow and outflow.

It is not possible to define the interface based on a depth of zero velocity between inflow and
outflow at each instant of time. The tidal currents are strong and barotropic in character, that isthe
tidal velocities are nearly in phase vertically and they are larger than the mean inflow or outflow
at all depths (Fig.3). Thus, for much of each tidal cycle, the flow throughout the water column is
directed either eastward into the Mediterranean or westward out toward the Atlantic and there 18
no depth where the velocity is zero.

Conceptually, the interface is a water mass boundary between fresher (S = 36.1psu) Atlantic
water and saltier (S = 38.4psu) Mediterranean water. For this reason, we prefer to define the
interface in terms of a particular isohaline marking the water mass boundary. Initially, we found
the depths of the 37, 37.5 and 38 psu isohalines (e.g. Fig.5) at each mooring since these isohalines
determine a transition region between pure Atlantic water and pure Mediterranean water. Inorder
to pick a single isohaline to define the interface, scatter plots of velocity versus salinity are made
for each currentmeter record on the sill section withinthe interfacial region above 140m depth(e.g.



224 H.L. BRYDEN ef al.

Fig.8a); average along-strait velocity is then calculated in salinity bins of 0.2psu(e.g. Fig.8b); and
the salinity where the average along-strait velocity switches from inflow to outflow is identified.
For all current meter records, the salinity of this zero-crossing varies only from 36.6 to 37 4psu.
Thus, the 37psu isohaline is taken to define the interface. Such definition is consistent with the
traditional choice by LACOMBE and RICHEZ (1982).

The depth of the interface, that is the depth of the 37psu isohaline, oscillates vertically at the
sill with a standard deviation value of 47mformooring 2B. The M,-tide is the dominant contributor
to the variability in the Strait (CANDELA, WINANT and RU1Z, 1990} and M ,-tidal fluctuations in the
interface depth have an amplitude of 51m at mooring 2B. On the sill, the interface achieves its
shallowest depth ata phase of 8° with respectto Greenwich, or about 100 minutes before high water
at the sill which has a phase of about 57° (CANDELA, WINANT and RUIZ, 1990). Rather than
compensate for the surface tidal pressure then, these tidal fluctuations in interface depth enhance
the deep pressure signals, though the added baroclinic pressure signal due to the depth variations
of the interface is only about 9 millibars or 16% of the sea level pressure amplitude of 55 millibars
for the M, tide (CANDELA, WINANT and RUIZ, 1990).

With this definition of the depth of the interface, the estimates of upper kayer transport, lower
layer transport and outflow salinity transport are made at 30 minute intervals according to Eqs 5
and 10. The upper layer transport is of Atlantic water and the lower layer transport is of
Mediterranean water since we have defined the interface as a water mass boundary. Itis important
to note that the Atlantic water transport does not have to be positive, i.e. an inflow, at all times,
nor does the Mediterranean water transport have to be an outflow at all times. In fact, there are
times in the tidal cycle when the Atlantic water flows out of the Mediterranean and times when
Mediterranean water flows back into the Mediterranean.

To estimate transports at each 30 minute interval, along-strait velocity is linearly interpolated
or extrapolated vertically at each mooring to values at 5m depth intervals from the bottom to the
sea surface. A filter is put on the extrapolated velocities such that velocities in excess of £400cm
s! are set to £400cm s°!. Salinity is also interpolated or extrapolated vertically at each mooring to
values at Sm depths. For the situation when the interface is above the shallowest instrument on the
mooring, a salinity of 37psu at the depth of the interface is used along with the salinity measurements
on the mooring to extrapolate salinity up to the sea surface. A filteris put on extrapolated salinities
suchthat salinities less than 35.8psu are set equal to 35.8psu and salinities greater than 38.5psu are
setequal to 38.5psu. Examination of CTD data sets during the Gibraltar Experiment (BRAY, 1986;
KINDER, BURNS and BROOME, 1986; KINDER, BURNS and WILCOX, 1987; SHULL and BRAY, 1989)
suggests that 35.8psu and 38.5psu are reasonable extreme values for the Atlantic water and
Mediterranean water salinities on the sill section. We examined the individual profiles on moorings
1,2,2Band 3 for situations when the velocities were£400cm s™! or when the salinities were 35.8psu
and found that nearly all extreme values are in the upper waters above 50m depth where there are
no direct measurements. For thisreason, the estimates of upper layer transport must be considered
to be the most uncertain of the transport estimates and it is essential to subtract areference Atlantic
water salinity in estimating the outflow salinity transport.

The optimal period for estimating the exchange through the Strait of Gibraltar with these
measurements is the 32-day period during October-November 1985 when 16 current meterrecords
on three moorings 1, 2 and 3, across the sill section are available. After mooring 2 parted
prematurely in November 1985, there is a further five-month period through April 1986 when the
7 current meters on moorings 1 and 3 provide reasonable estimates on the temporal variability in
the exchange across the sill. To obtain a longer record of the exchange, the 6 current meters on
mooring 2B are used to estimate the exchange for an additional 3 months from Mayto August 1986.

—
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We estimate upper layer transport, lower layer transport and outflow salinity transport foreach of
these time periods, taking some care to ensure that the estimates of the exchange are con sistent for
the three periods so that the low frequency variability over a 9 month period can be assessed.

7. EXCHANGE DURING OCTOBER-NOVEMBER PERIOD OF BEST SPATIAL
COVERAGE

First, estimates of the exchange are made for the optimal 32-day period when moorings 1,2 and
3 provide measurements of the flow across the sill. We estimate upper layer transport, lower layer
transport and outflow salinity transport at 30-minute intervals (Fig.9) by vertically integrating the
profiles of along-strait velocity, u, and salinity, S, at each mooring us'ng the effective cross-
sectional width at each depth for each mooring, L.(z), defined above:

bt u(z,t)L(z)dz

3
ULT(H= I J
=1

LLT(t) =

o

I;:;Dm u(z,t)L(z)dz (11)

3
OST) = X [0 u(zt(S(zt)-36.1psu)l(z)dz
i=1

From these 32-day time series of transports, the time-averaged upper layer transport of Atlantic
water is 0.93Sv directed into the Mediterranean; the time-averaged lower layer transport of
Mediterranean water is -0.68Sv directed out over the sill into the Atlantic; and the time-averaged
outflow salinity transport is -1.50 x 10°m®s". Such time averages agree reasonably well with the
estimates of the mean exchange based purely on the statistics of the current meter records as
described above'. Such agreement provides some confirmation that the procedures of interface
determination and vertical extrapolation and filtering have not altered the basic character of the
exchange through the Stratt.

These time series estimates of transports through the Strait of Gibraltar exhibit strong
semidiurnal tidal fluctuations: the M,-tidal fluctuations inupper layer tran sporthave anamplitude
of 2.3Sv with a phase of 151° and in lower layer transport have an amplitude of 1.3Sv witha phase
of 144°. Thus, the tidal fluctuztions are indeed large enough to reverse the inflow of Atlantic water
in the upper layer and the outflow of Mediterranean water in the lower layer. To estimate the
uncertainty in the time-averaged inflow of Atlantic water and outflow of Mediterranean water, we
determine the standard error of the upper layer and lower layer transports based on an assumption
of independent estimates of these transports every semidiurnal tidal period. With 61 semidiurnal

IThe data are somewhat different between these estimates and the earlier statistical estimates. Here moorings 1, 2
and 3 are used for the October-November 1985 time period while in the statistical estimates moorings 1 and 3 were
used for their full record length October 1985 to April 1986 and mooring 2B for its full record length May to October
1986.
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F1G.9. Time series of 30-minute values of upper layer mass transport, lower layer mass transport and
outflow salinity transport during October-November 1985 when moorings 1, 2 and 3 were all
measuring the sill exchange. At each instant of time the upper layer mass transport is the integral
of the along-strait velocity from the depth of the 37psu isohaline up to the sea surface and across the
strait. The lower layer transport is similarly the integral of along-strait velocity from the bottom up
to the depth of the 37psu isohaline and across the strait. The outflow salinity transport is the integral
of along-strait velocity times the salinity anomaly above the basic Atlantic water salinity of 36.1psu
from the bottom to the sea surface and across the sill section.

tidal periodsin the 32 day measurement period, the standard errorin the mean Atlantic waterini >w
is £0.27Sv, the standard error in Mediterranean outflow is +0.15Sv, and the standard error in
outflow salinity transport is £0.27 x 103m?s’!.

There may alsobe bias errors in these estimates of the exchange, particularly for the upperlayer
transports since they are based primarily on extrapolations of measurements made below the
interface. Inmaking these estimates, we particularly worried about the reliability of the upper layer
transport of Atlantic wter, and we admit to a certain satisfaction that the time-averaged inflow does
balance the time-averaged outflow within its standard error. On the basis of mass and salt
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conservation requirements for the Mediterranean basin, the inflow and outflow should balance
within about 0.05Sv. Because of the uncertainty in upper layer transport estimates, we do not
attribute the sum of the time-averaged inflow and outflow to be a reliable estimate of the net
evaporation over the Mediterranean basin. Instead, we would argue that this sum is due to the
uncertainty in determination of the upper layer Atlantic water inflow.

Using these Gibraltar measurements, we can estimate of the net evaporation over the
Mediterranean basin from the outflow salinity transport according to Eq.3. By dividing the time-
averaged outflow salinity transport of 1.50 x 103m3s’! by the Atlantic water salinity of 36.1psu, a
direct estimate of 52cm y~! is made for the net evaporation over the Mediterranean basin (surface
area = 2.52 x 10!2m?). Again, the lack of direct measurements in the upper layer casts some
uncertainty on this estimate of outflow salinity transport. To decrease the uncertainty, we had first
subtracted the basic Atlantic water salinity of 36.1psu before carrying out the salinity transport
calculations so that, even if there were an error in upper layer mass transport of 1Sv, it would only
be multiplied by a salinity anomaly of order 0.1psu and the resulting error in outflow salinity
transport would beonly of order0.1 x 10°m?s’!. The second check on the salinity transportinvolves
estimating the outflow salinity transport separately for the lower layer and for theupperlayer. We
expect the lower layer outflow of high salinity Mediterranean water to contribute most of the
salinity flux and it does contribute -1.33 x 10°m?s’! to the total outflow salinity transport of -1.5
x 103m3s"!. The upper layer contributes only -0.17 x 10°m?s’! to the salt transport and we argue
that this is a reasonable contribution given that correlations between strong outflow velocity and
high salinity above the 37psu isohaline surely do add to the outflow salinity transport. We would
estimate, however, that the upper layer contribution to the outflow salinity transport might have
a bias error as large as a factor of 2, so that the total outflow salinity transport could be as large
as -1.67 x 103m3s, equivalent to a net evaporation of 58cm y'.

Overall for the 32-day period of measurements on moorings 1, 2and 3, we estimate the time-
averaged outflow of Mediterranean water over the Gibraltar sill to be -0.6828v +0.15Sv. We
estimate that the time averaged outflow salinity transportis-1.50 x 10°m?®s!, butitmaybe aslarge
as -1.67 x 10°m3s’! due to uncertainty in the upper layer contribution, and the mean value has a
standard error of £0.27 x 103m?s’!. Thus, our estimate for the net evaporation over the
Mediterranean basin based on measurements of the exchange through the Strait of Gibraltar lies
between 52 and 58cm y'!, with a standard error uncertainty of £9cm y™!. Based on this estimate of
th= net evaporation, we would calculate that the mean inflow of Atlantic water should be 0.042
+ 0.01Sv larger than the absolute value of the mean outflow of Mediterranean water, and hence
our best estimate forthe mean inflow is +0.724Sv £0.168v. This ‘best’ estimate ofthemean inflow
isindirect, butit does lie within the uncertainty of the direct estimate of the time-averaged Atlantic
water inflow transport of 0.93 £0.27Sv described above.

These are the first estimates of the Gibraltar exchange that utilize more than one mooring orone
site to measure the inflow and the outflow across the sill. In an attempt to assess the usefulness of
multiple moorings, calculations of the exchange across the Gibraltar sill are made on the basis of
each mooring by itself, assigning the entire cross-sectional width of the sill section to the current
and salinity profiles obtained from the individual moorings 1,2,2B and 3 (Table 6). Current and
salinity profiles on moorings 1 and 3 are extrapolated downward to depths as great as 285m, the
sill depth of the Strait, as well as upward to the sea surface for these calculations. The estimates
of lower layer outflow of Mediterranean water for moorings 1and 3 are substantially smaller than
the estimate based on mooring 2 which is quite close to the mean value of -0.68Sv derived from
all three moorings above. Such a result indicates that it is essential to make direct current
measurements in the deep parts of the sill section below 200m depth for an accurate estimate of
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the outflow of Mediterranean water. Because the deep regions of the sill section are quite confined
(the width between the 200m isobaths on the sill section is only 6.9km), a single mooring at ornear
the sill can provide reasonable measurements of the Mediterranean outflow. Similar results and
implications are found for estimating the outflow salinity transport by comparing the values
obtained for the three moorings: it is essential to make direct current and salinity measurements in
the deep partof the sill section in order to estimate accurately the outflow salinity flux. For theupper
layer transport, the estimates of the inflow of Atlantic water using only mooring 2 or mooring 2B
at the sill are much larger than the mean inflow of 0.92Sv derived from all three moorings above.
Thisresult appears to be due to the facts that the interface depth at mooring 1 and over therelatively
broad region north of mooring 1 is substantially shallower than the interface depth at the sill, so
that there is less area of the upper layer inflow than would be estimated from mooring 2 alone, and
that the currents in the northern part of the Strait are somewhat smaller than those at the sill. The
upper layer transport derived frommooring 3 aloneis quite a good estimate of the inflow of Atlantic
water, but this appears to be fortuitous due to a combination of smaller currents and deeperinterface
than are typical of the sill cross-section. In summary, we conclude that a single mooring at ornear
the sill measuring the currents particularly below 150m depth down to the sill depth of 285m can
provide an accurate estimate of the lower layer outflow of Mediterranean water across the sill but
that severalmoorings across the sill section are needed tomeasure the upper layerinflow of Atlantic
water because of cross-strait variations in the interface depth and in the size of the currents.

TABLE 6. Estimates of Gibraltar exchange from single moorings. Upper and lower layer transports
are defined to be the vertically and horizontally (cross-strait) integrated flows above and below the
37psu isohaline defined by the instantaneous salinity and pressure measurements on the particular
mooring, Velocity measurements on each mooring are linearly interpolated and extrapolated
vertically to the bottom (285m depth) and to the sea surface at each instant of time. The cross-strait
distance at each depth is the distance between the isobaths on the sill cross-section.

Upper Lower Outflow
Layer Mass Layer Mass Salinity
Transport Transport Transport
(Sv) (Sv) (10°m’s") Period

Mooring 1 .69 -40 -.95 Oct-Nov 85
Mooring 2 1.35 -78 -1.68 Oct-Nov 85
Mooring 3 .94 -.61 -1.21 Oct-Nov 85
Mooring 1 52 -45 -.96 Oct 85 - May 86
Mooring 3 1.22 -.65 -1.34 Oct 85 - Apr 86

Mooring 2B~ 1.44 -.80 -1.68 May-Aug 86
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8. NINE-MONTH TIME SERIES OF THE EXCHANGE

To extend the estimates of exchange through the Strait of Gibraltarto as long a time period as
possible, we utilise the measurements on moorings 1 and 3 to estimate the exchange for the period
October 1985 to April 1986 and the measurements on mooring 2B for the period May to August
19086. All 7 currentmeters on moorings 1 and 3 made continuous measurements during theentire
6-month deployment period from October22 1985to April 21 1986. The temporal gap inmoorings
from late April to late May 1986 was planned as part of the Gibraltar Experiment in order to allow
WESSON and GREGG (1994) to carry out an extensive series of tethered microstructure profiles
without fears of snagging a mooring with the tether (BRYDEN and KINDER, 1986). The current
meters on mooring 2B, deployed on May 29, gradually failed over the 5-month lifetime of the
mooring due to vibration so that the current meter at 1 12m depth ceased measuring currents after
31 days, the 18 1minstrument ceased after 41 days, the 90m and 135m instruments ceased after 82
days, and the 233m instrument ceased after 92 days. We judged that reliable transport estimates
could be made only for the first 82 day period from 29 May to 19 August 1986 when at least 4
instruments provided current measurements. The interface time series, however, is continuous for
the entire 137-day deployment period as vibration did not adversely affect the temperature,
conductivity and pressure measurements.

To ensure that upper layer, lower layer and outflow salinity transports are consistently
determined for the three time periods (October-November using moorings 1,2 and 3; November-
Aprilusing moorings 1 and 3; and May-August using mooring 2B), regression for daily-averaged
transport estimates ULT,LLT and OST during the October-November time period are carried out
to derive linear fits of the transports using mooring 1 and 3 (denoted with a subscript 13}and using
mooring 2 (denoted with a subscript 2) to the optimal transports derived from moorings 1,2 and
3 (denoted with a subscript 123):

Trams]23 = A¥Trans, + B
and (12)
Trans,,, = C* Trans, + D

where each set of regressions (12) is carried out 3 times, for Trans = ULT, for Trans = LLT and
for Trans = OST, to determine the coefficients A, B, C and D (Table 7). Then the resulting
regression coefficients are applied to derive scaled transport estimates using moorings 1 and 3 for
the period October to April and using mooring 2B for the period May to August:

TransmScaled = A*Trans,, + B
and (13)
TransmScaled = C*Trans,; + D.

The basis for such scaled transport estimates is CANDELA, WINANT and BRYDEN's (1989)result
that the low-frequency currents vary consistently together primarily as anearly uniform fluctuation
in along-strait current at all depths and locations on the sill section. In their analysis, a single
empirical orthogonal function (EOF) accounted for more than 80% of the low-frequency variance
in along-strait currents in the Strait and the form of this primary EOF was nearly barotropic on the
sill section. Here, we present the low-frequency along-strait currents on mooring 3 (Fig.10a) to
illustrate the pronounced vertical correlation throughout the water column; the along-strait
currents at about 140m depth on moorings 1 and 3 (Fig.10b) to illustrate the pronounced lateral
correlation across the sill section; and along-strait currents on moorings 8, 3 and 7 (Fig.10c) to
illustrate the pronouncedlateral correlation along the axis of the Strait. Correlation coefficients are
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typically 0.8 and higher. Thus, the low-frequency variations observed in any current meter record
onthe sill are indicative of the variations in flow throughout the Strait. The resulting 9-month time
series of scaled transports through the Strait (Fig.11) then should represent consistent estimates
of the Atlantic water inflow, Mediterranean outflow and outflow salinity transport for describing
the low frequency variability in the exchange between the Atlantic and Mediterranean basins.

TABLE7. Consistent transport estimates. Variables ULT, LLT and OST refer toupper layer transport,
lower layer transport, and outflow salinity transport respectively. Regressions for each variable are
carried out on daily-averaged values for the October-November time period. The transports
determined using Moorings 1, 2, 3 are considered to be the standard and the linear regressions are
used to determine how to scale transports using only moorings | and 3 or only mooring 2 to make
them consistent with the transports using all 3 moorings.

Regression: Trans,,, = A x Trans;, +B for October-November time period

using daily averaged values
Trans A B
ULT 1.180 005
LLT 1.033 -.124
OST 1.035 -278
Regression: Trans,, = C xTrans, + D for October-November time period
using daily averaged values
Trans C D
ULT 0.490 282
LLT 0.696 -.136
OST 0.709 -306
Then Trans,, Scaled = AxTrans,+B for October-April time period
Trans,; Scaled = Cx Trans,; +D for May-August time period

Fromthese long time series of consistent transports, the 9-month average Atlantic water inflow
is0.9358v; theaverage Mediterranean wateroutflowis -0.718Sv; and the average outflow salinity
transportis -1.54 x 103m3s™!. Thus, these 9-month averages are similar to the 32-day averages for
the October-November period of best instrument coverage. It is worth noting that the similarity
of the averages cannot be attributed purely to the regression techniques, since the regression
coefficients are based only on October-November measurements. Currents could have been
stronger or weaker in the later periods, so that the transports could have been higher or lower.

Whilethereislittle difference inthe 32-day and 9-month averaged transports, there is substantial
low frequency variability in the daily averaged transports (Fig.11). The daily values of lower layer
transport always represent an outflow of Mediterranean water, but the outflow varies from a
minimum of -0.33Sv to a maximum of -1.62Sv, with a standard deviation of 0.22Sv. On the other
hand, the daily values of upper layer transport actually change sign so that for a short period in late
February the Atlantic water appears to flow back out toward the Atlantic. For the most part, upper
layer transports represent Atlantic water flowing into the Mediterranean with a maximum daily
averaged inflow estimated to be 2.09Sv, a minimum (reverse) flow of -0.60Sv, and a standard
deviation of 0.37Sv. The outflow salinity transport is always of one sign, but it does vary from a
max;'m;m: of -2.90 x 10°m3s’! to a minimum of -0.61 x 103m3s™! with a standard deviation 0of 0.40
x 10°m’s™".
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F1a.10. Spatial structure in along-strait currents. (a) Daily averaged along-strait velocitiesat 110, 140
and 180m depths on moorings 3 exhibit strong vertical correlations. (b) Daily averaged along-strait
velocities at about 140m depth on moorings 1 and 3 on the northern and southern sides of the Strait
exhibit strong cross-strait correlation. (¢, overleaf) Daily averaged along-strait velocities in theupper
waters on moorings 8, 3 and 7 along the axis of the Strait exhibit strong along-strait correlations.
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The temporal variability in transports appears to have a dominant period of about 15 days. In
particular, there are peaks in the autocorrelation function for the outflow transport at lags of 15,
36 and 49 days. Also, autospectra of inflow transport and outflow transport estimates using
mooring 1 and 3 for the period October to April and using mooring 2B for the period May to August
exhibit a band of high energy at periods of 15 to 22 days. Square-integral time scales (integral of
the square of the autocorrelation function) are estimated to be 2.9 days for ULT and 4.8 days for
LLT. With these integral time scales and with the estimated standard deviations in ULT and LLT
over the 259-day period of measurements, the standard error due to the low-frequency temporal
variability in themean inflow is 0.04Sv and the standard error in the mean outflow is 0.03Sv. While
these standard errors are small, it is important to remember that there is larger real uncertainty in
the mean transport estimates due to spatial sampling problems, particularly due to the lack of
adequate instrumentation in the upper layer above 90m depth,
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FiG.11. Time series of daily averaged upper layer mass transport, lower layer mass transport and

outflow salinity transport from October 1985 to August 1986. Transports are defined as for Fig.9.

Transport estimates from mooring 1 and 3 (October 1985 - April 1986) and from mooring 2B (May-

August 1986) are scaled so that they are consonant with the optimal values derived from moorings
1,2 and 3 during October-November 1985 according to the regressions in Table 7.

9. CROSS-STRAIT SLOPE OF THE INTERFACE

In the Strait of Gibraltar, there is a well known cross-strait slope to the interface between the
upper inflowing Atlantic water and the lower outflowing Mediterranean water with the interface
banked up against the European continental slope. These current meter measurements with
accompanying salinity time series provide unprecedented information on the character of the
interface and its fluctuations. Previous measurements of the interface have relied on time series
hydrographic stations over one to two days to resolve the amplitude of the tidal fluctuations (e.g.
LACOMBE and RICHEZ, 1982). The tidal fluctuations in the depth of the interface have already been
described as part of the demonstration on how the correlation between interface depth and inflow
velocity at tidal periods contributes to the exchange across the sill. Here, the time-averaged cross-
strait slope of the interface and its relation to the vertical shear in along-strait currents are described.

The time-averaged depths of the 37psu isohaline during October-November 1985 are 98.7 at
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mooring 1 onthenorthemn side of the sill section, 135matmooring 2 on the silland 134.0 atmooring
3 on the southern side. From these averages and from the bathymetry of the sill cross-section as
described by BRYDEN and KINDER (1991b), we calculate that the upper layer flow above the 37psu
isohaline occupies on average 2.01 x 10m?, or 64% of the total sill cross-sectional area of 3.16
x 10°m?, while the lower layer flow occupies 1.15 x 105m? or 36% of the sill area. Dividing the mean
upper and lower layer transports by these areas yields area-averaged, or ‘typical’, velocities of
36cm s™! for the inflowing Atlantic water and -59cm s! for the outflowing Mediterranean water,

For the longer 6-month period from October to April when moorings 1 and 3 recorded data,
the time-averaged depths of the 37psu isohaline are slightly shallower: 82.3m at mooring 1 and
123.9m at mooring 3. For this longer period, the average cross-strait slope of the interface is 4.6
x 10, ora42mchange in depth across the Skm distance between moorings 1 and 3. Geostrophically,
this cross-strait slope of the interface should be balanced by the vertical shear in the along-strait
currents between inflow above and outflow below. In modelling the flow through the Strait of
Gibraltar as a two-layer exchange (e.g. BORMANS and GARRETT, 1989a), areduced gravity model
is generally used with the geostrophic balance in the form:

gh =f(u,-u,) (14)

where g’ =g (p,-p,)/p,, p is the density, h_isthe cross-strait slope of the interface, fis the Coriolis
parameter, u is the along-strait velocity, 1 denotes the upper layer and 2 denotes the lower layer.
For the observed interface slope and the difference between the ‘typical’ upper and lower layer
velocities, we calculate a g’ equal to 1.77cm s and a density difference of 1.86 x 10°gm cm™
between the upper Atlantic water and lower Mediterranean water. Such a density difference is
similarto the observed density difference between Mediterranean water and Atlantic water asused
in two-layer models (e.g. FARMER and Armi, 1986).

Moredirect geostrophic comparisons can be carried out by comparing the time-averaged cross-
strait density difference between moorings 1 and 3 on the northern and southern sides of the sill
section with the vertical differences in along-strait velocity at moorings 2 and 2B in the central sill
region (Table 8). Density differences are best estimated for the depth interval between 140 and
180m where each of moorings 1 and 3 had three current meters (Table 2). The observed cross-strait
density gradients of 0.4 to 0.8 x 10-°g cm™* imply geostrophically vertical shears in along-strait
velocity of 0.4 to 0.9 x 102s”! (Table 8a). These vertical shears are then integrated using the
trapezoidal rule for the depth intervals between the current meters on moorings 2 and 2B, where
the observed vertical differences in velocity of order 20cms™! overapproximately 30mdepth seem
well matched to the geostrophically predicted velocity differences (Table 8b), While these
comparisons are favourable, there are several cautionary aspects that prevent precise conclusions.
First, the observed vertical shears in velocity atmooring 1 are much smaller than those atmoorings
2,2Band 3, indicating cross-strait variability in the vertical shears. Also, the comparisonsin Table
8 represent point estimates of the vertical shear, but cross-strait averages of the geostrophic shear.
Furthermore, the geostrophic estimates are based on time-averaged density differences over the
period from October to April, while the observed velocity difference at mooring 2 is an average
over the October-November time period and the differences at mooring 2B are averages over the
May-August time period. Hence the observed and predicted velocity differences are for different
time periods. Despite these cautionary notes, there is reasonable agreement between the observed
and geostrophically predicted velocity differences which are each of order 20cm s*! over a 30m
depth interval in the interface region at the Gibraltar sill.

A second type of geostrophic comparison is to correlate the temporal fluctuations in the daily
averaged vertical shear of along-strait current at moorings 1 and 3 and the daily-averaged cross-
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strait difference in interface depth between moorings 1 and 3 for the six-month time period from
October to April. The time series of the vertical shear at mooring 3 and of the difference in depth
ofthe 37.5psuisohaline (Fig.12) are significantly correlated with a correlation coefficient of 0.55.
(The 37.5psuisohaline is chosen here to represent the interface because it is better resolved by the
distribution of instruments on mooring 1.) The vertical shear atmooring 1,however, 1s smallerthan,
and negatively correlated (although not significantly) with, either the shear at mooring 3 or the
interface depth difference time series. It may be that during periods of large interface slope the
Atlantic water inflow becomes effectively separated from the northern boundary so that the shear
atmooring 1 reflects the smaller shear within the Mediterranean waterrather than the stronger shear
between Atlantic and Mediterranean waters. For the central and southern parts of the sill, the
correlation between the observed shear and the slope of the interface on low-frequency time scales
has the sign expected from geostrophic arguments such that larger interface slopes are correlated
with stronger vertical shears in the along-strait currents. The standard deviation of the interface
slopeis 55% aslarge as the mean slope, and the standard deviation of the vertical shear on mooring
31;48% aslarge as the mean shear. Thus the interface slope and vertical shear exhibit low-frequency
fluctuations that are about half as large as the mean slope and mean shear. This low-frequency
variability appears to be dominated by fortnightly fluctuations, as will be shown next.

TABLE 8. Thermal wind shear and geostrophic comparison. (a) The cross-strait density gradient,
dp/dy, determined from temperature, salinity and pressure time series on moorings ! and 3 is
evaluated at 140, 160 and 180dbar and the implied thermal wind shear in along-strait velocity, ow/
dzis estimated. (b) Geostrophic comparisons are carried out between the observed current differences
on moorings 2 and 2B and the geostrophically predicted current differences from the thermal wind
shears in {a) for the specific depth intervals of the instruments.

(a) Cross-strait density gradient and thermal wind shear in inflow-outflow velocity

Mooring 1 Mbooring 3 ﬂi _40,(1-3) xg/p f(=LI1 du
" dy 89%m x107em*g's™)
Pressure S(psu) (10 gem?) S(psu) o107 %gcm™)  (x10%gem™) (xlo3s™)
140dbar 37.906 28.563 37.178 27.802 847 943
160dbar 37.986 28,634 37.457 28.098 596 664
180dbar 38.046 28.747 37.743 28.400 387 431
Cross-Strait Vertical Shear
Density Gradient

(b) Geostrophic comparison

Time-Averaged along-strait velocity difference

Au{cms)
Observed Geostrophically predicted
Mooring 2
127-158 dbar 19.5 26.5
Mooring 2B
123-153 dbar 22.8 275
153-191 dbar 245 20.6

123-191 dbar 473 48.1
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F1G.12. Comparison of the daily-averaged cross-strait difference in depth of the 37.5psu isohaline

between moorings 1 and 3, Ah,, ,, and the observed vertical shears in along-strait currents on

moorings 3 and 1. The thermal wind relation implies that the series should be correlated for

geostrophic fluctuations. There is good correlation of the interface depth difference with vertical
shear on mooring 3 but poor correlation with shear on mooring 1.

10. FORTNIGHTLY VARIATIONS

A common question is whether there are fluctuations in the exchange across a sill at fortnightly
period. Any observed fortnightly signal in the exchange might then be related to the spring-neap
cycle insemidiurnal tidal forcing. For example, GEYER and CANNON (1982) observed a maximum
exchangeacross thesillin Puget Sound nearneap tides and argued thatit was due to less tidal mixing
during theneap period of smaller amplitude tidal currents. Here in the Strait of Gibraltar, the regular
oscillations in outflow transport at about 15-day period (Fig.11) are suggestive of a fortnightly
cycle. Indeed, tidal analyses of the 180-day time series of ULT and LLT derived from moorings
1 and 3 yield fortnightly amplitudes of 0.103Svin the inflow transportand of 0.083Sv in the outflow
transport with phases relative to Greenwich of 257° and 227° respectively. These phases imply that
positive transports (directed eastward toward the Mediterranean) occur in both the upper layerand
lower layer 2 to 3 days after the time when the sun and moon are 90° out of phase. Thus, there is
maximum inflow of Atlantic water but minimum outflow of Mediterranean water just after neap
tides, while there is minimum inflow and maximum outflow just after spring tides.
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These fortnightly variations in transport are associated primarily with fluctuations in along-strait
currents in the central and southern parts of the sill. From the long records above 200m depth on
the sill at mooring 2B and on the southern side of the sill section at mooring 3, the amplitudes of
the fortnightly current signals increase vertically from 5 to 20cm s*! with phases of 220° to 310°
and with larger amplitudes at shallower depths (Table 9). In contrast, at mooring 1 on the northern
side of the sill section the fortnightly current variations are less than Scm s°!. The depth of the
interface between upper layer Atlantic water inflow and lower layer Mediterranean water outflow
similarly exhibits a fortnightly cycle in the central and southemregions buteffectivelyno fortnightly
cycle in the northern part of the sill at mooring 1 (Fig.13). The amplitude of the fortnightly signal
ininterfacedepthis 19.5matmooring 3, 15.3mat mooring 2B, and 1.5matmooring 1, with phases
of 220°, 228° and 233° respectively; that is, the interface is deeper just after neap tides when the
inflowing along-strait currents achieve maximum amplitude. Similar to the analysis of semidiurnal
tidal fluxes presented above, this coherence between maximum inflow and deepest interface over
the fortnightly cycle in the central and southern regions effectively contributes both amean inflow
and a mean outflow to the total exchange across the sill. In contrast to the semidiurnal tidal fluxes,
however, this fortnightly cycle in exchange is small, of order 0.003Sv, due to the combination of
relatively small interface and current signals and the confinement of the fortnightly signals to the
central and southern portions of the sill. The major fortnightly cycle in the Strait is a nearly
unidirectional current fluctuation of order 10cm s'! at all depths that is directed into the
Mediterranean just after neap tides.

TABLE 9. Amplitude and phase of the fortnightly (M, ) cycles in upper layer transport (ULT), lower
layer transport (LLT), interface depths from the long records on moorings 1, 2B and 3, cross-strait
difference in interface depth between moorings | and 3 (h,-h,), and currents for the long records on
moorings 1, 2B and 3.

Amplitude Phase
Transport (5v)
ULT 103 £,065 256° +37°
LLT .083 +.049 227° £34°
Interface Depth (m)
h, 1.5 +4.4 233° £175°
hy 15.3 £3.1 228° +]2°
h, 19.5 +3.5 220° +10°
h,-h, 18.3 £3.1 217° *10°
Current (cms™)
Mooring 1 U, 43 29 7° +39°
U6 43 +2.4 3¢ +33°
U 39 +1.4 13° +30°
U, 2.1 1.2 20° +33°
Mooring 2B U, 15.0 £5.3 234° +20°
Ui, 18.0 3.9 245° +]2°
U5 14.3 £3.3 27¢° +]13°
Ui 9.7 £2.3 306° +]8°
Uy, 7.2 +2.5 353° +]18°
Usgq 5.0 2.7 87° £34°
Mooring3 U, 16.8 £2.9 222° £10°
Uo 11.4 +2.8 223° +14°
Uiso 5.0 +2.1 230° £25°
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F1G.13. Daily averaged depths of the interface defined by the 37psu isohaline on mooring 1 and on
mooring 3. Note the greater depth of the interface on mooring 3 on the southern side of the sill section
and the strong oscillations in mooring 3 interface depth with a period of about 14 days.

Because the fortnightly cycle in interface depth in the central and southern regions of the sill is
not matched by a fortnightly cycle in interface depth in the northern region of the sill, there is a
distinct fortnightly variation in the slope of the interface across the sill section. Since the interface
slopes downward toward the south in the mean, the slope is largest just after neap tides. Tidal
analysis of the difference between the depths of the 37psu isohaline at mooring 3 and at mooring
1 indicates that the fortnightly amplitude of the interface depth difference is 18.3m, nearly all of it
due to the fortnightly cycle of amplitude 19.5m at mooring 3. Since the mean depths of the 37psu
ischaline are 82.3mat mooring 1 and 123.9m at mooring 3, the fortnightly cycle in interface slope
has an amplitude that is 44% of the time-averaged slope. These fortnightly variations in interface
slopeacrossthe sill seciton, which are correlated with the variationsin vertical shear in along-strait
currents (Fig.12), account for about 70% of the total low-frequency variability in interface slope.

It is common to try to relate this fortnightly cycle in interface slope to a fortnightly signal in
exchange, defined to be the difference ULT-LLT or the sum of the inflow and the outflow. In this
vein, stronger interface slopes are often taken to indicate both stronger eastward inflow and
stronger westward outflow leading to larger values of the exchange. Atthe Gibraltarsill, however,
the available current meter records indicate that the increased shear at neap tides is the result of
added eastward or inflow velocity at all depths at neap tides, with the added inflow being larger
at shallower depths. Thus, the observed fortnightly cycle in shear does not appear to relate to
stronger exchange, i.e. stronger inflow and stronger outflow. In fact, the fortnightly signal in the
exchange, ULT-LLT, is only 0.003Sv, much smaller than the fortnightly cycle in either inflow or
outflow. Rather, the observed fortnightly cycle in shear represents stronger inflow in the surface
layer and weaker outflow in the lower layer near neap tides.
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In conclusion, there is a fortnightly cycle in observed along-strait currents with stronger
eastward flow at all depths near neap tides so that the upper layer transport achieves a maximum
eastward inflowand the lower layer transportachieves aminimum westward outflow justafterneap
tides, The amplitudes of the fortnightly cycles in upper layer transport and lower layer transport
are about 12% as large as themean inflow and outflow. Thereis also a fortnightly cycle in the slope
of the interface across the Strait of Gibraltar with stronger slopes occurring near neap tides. The
stronger interface slopes do accompany stronger vertical shears in along-strait currents, but the
current shears are due to larger fortnightly amplitudes in observed currents at shallower depths.
Thus, there appears to be little fortnightly cycle in the size of the exchange across the sill despite
the substantial fortnightly cycle in interface slope.

11, ANNUAL SIGNALS

With data sets that are a little less than a year in duration, it is risky to estimate the size of the
annual cycle for any variable. There is, however, much interest in whether or not the exchange
through the Strait of Gibraltar exhibits changes through the year. The interest principally derives
from work by GARRETT and collaborators who first showed that the sea level difference across
the Strait, and hence by dynamical implication the geostrophic surface inflow, exhibits a seasonal
cycle such that inflow currents are strongest in the spring (BORMANS, GARRETT and THOMPSON,
1986). Further stimulation for determining annual cycles is provided by GARRETT, BORMANS and
THOMPSON’s (1990) argument that the nature of the exchange across the sill switches from maximal
to submaximal during the course of a year. They suggest that the flow is maximal for the period
after February-March when the Mediterranean reservoir of intermediate and deep water has just
refilled due to wintertime water formation, but that the flow switches to 2 submaximal state later
in the year after the supply of newly formed water has drained out over the sill. To provide more
gristfor Garrett’smill, we make the following estimates of the annual cycles in inflow, outflow and
interface depth from the time series measurements on the sill during the period from October 1985
to October 1986.

The scaled upper and lower layer transports for the period October 1985 to August 1986
(Fig.11) and the depth of the interface at mooring 3 for the period October 1985 to April 1986
(Fig.14) are least square fitted to sine and cosine functions, A sin wt+B cos wt where wis theannual
frequency and tis year-day, to determine the coefficients A and B. While the time series for the depth
of the interface could have been extended using the interface depth from mooring 2B, we decided
that, because moorings 3 and 2B were deployed at different locations on the sill section, there could
be a discrete jurp in the mean depth of the interface between the two series. The alternative of
removing the means separately for each of the two pieces would also compromise any estimate of
the annual signal since there would then be zero difference between the 6 month period when
mooring 3 was deployed and for the following 5 month period when mooring 2B was deployed,
thereby suppressing any real annual signal. Hence, we use only the 6-month time series of interface
depth at mooring 3 in fitting the annual cycle. Because of the scaling described above to make the
upper and lower layer transports consistent for the measurement periods of moorings 1 and 3 and
of mooring 2B, the complete transport time series are used. The least squares estimates of A and
B are then transformed into estimates of amplitude and phase for each annual signal.

The upperlayertransportexhibits an annual cycle with an amplitude of 0.12Svand a phase such
that maximum inflow occurs on year-day 261 (18 September). The lower layer transport has an
annual cycle amplitude of 0.03Sv and maximum outflow occurs on year-day 23 (23 January). The
depth ofthe interface has an annual cycle amplitude of 18mand minimum depthis achieved on year-
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day 40 (9 February). With less than a year of data, estimates of error bars on these amplitudes and
phases would be meaningless. Thus, the yearly cycle in outflow appears to be small. The inflow,
which is poorly resolved due to the lack of instruments in the upper layer, has a larger signal but
its maximumis in September, nearly 180° out of phase with the maximum surface currents inferred
by BORMANS, GARRETT and THOMPSON (1986) from long-term sea level measurements. The
annual cycle in interface depth appears to be the most robust of these estimates: one can almost
‘see’ the February minimum above the low-frequency variability in the year-long time series that
includes mooring 2B:(Fig.14); and minimum depth in mid winter corresponds with GARRETT,
BORMANS and THOMPSON's (1990) arguments for a wintertime shallowing of the interface due to
wintertime renewal of the Mediterranean reservoir. In summary, these estimates of annual cycles
in inflow, outflow and interface depth indicate that maximum outflow, minimum inflow and
shallowest interface depth occur in mid to late winter, between 23 January and 18 March. But it
is important to remember that these estimates are based on only one year of measurements and
hence have great uncertainty.

Depth of Interface at Moorings 3 and 2B
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F1G.14. Daily averaged depth of the interface defined by the 37psu isohaline on mooring 3 from
October 1985 to April 1986 and on mooring 2B from May to October 1986.

12. DISCUSSION

Itisdifficultto overernphasize the importance of time series salinity measurements for defining
the exchange across the Gibraltar sill. At the outset of this analysis, we were naive enough to think
that the mean exchange could be determined simply by time-averaging the current meter
measurements and integrating the average currents vertically and horizontally across the strait.
Such a procedure produced our first estimate of the outflow over the sill of only 0.38Sv, a factor
of 3 smaller than LACOMBE and RICHEZ s (1982) standard value of 1.2Sv and a factor of 2 smaller
than the time-averaged outflow of Mediterranean water found here. Without salinity time series,
we would be forced to accept this low value for the outflow. The shock of such a low outflow
transport, however, forced a reconsideration of what is meant by outflow and by exchange; and
the importance of the salinity measurements for defining the water mass characteristics ofthe flow
at every instant of time became clear.
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The salinity measurements allow us to estimate the relative contributions of the mean currents
and of the time-varying (principally tidal) fluctuations in effecting the exchange across the sill in
a statistical sense. In fact, the fluctuations account for half of the total exchange due to the
correlation between strong outflow and high salinity at every instrument. Secondly, the salinity
measurements enable us to determine continuously the depth of various isohalines, to define a
particular isohaline, the 37psu isohaline, as the interface between Atlantic and Mediterranean
waters, and then to understand the mechanism of the time dependent exchange process in which
strong outflow is associated with shallow interface over the tidal cycle so that a large bolus of
Mediterranean water crosses the sill on the outflowing tide while a large bolus of Atlantic water
crosses the sill on the inflowing tide. Thirdly, the definition of the interface as a water massboundary
allows the development of time series for the upper layer transport of Atlantic water and for the
lower layer transport of Mediterranean water so that the tidal and low-frequency fluctuations in
the inflow and outflow can be assessed. Finally, the salinity measurements allow a determination
of the outflow salinity transport which is essentially a direct estimate of the net evaporation over
the Mediterranean basin.

The estimate of net evaporation over the Mediterranean basin of 52cm y! derived from these
measurements at the Gibraltar sill appears to be inherently more accurate than previous estimates
of net evaporation, that have ranged from 47 to 13 1cm y! (Table 1), derived from bulk formula,
rainfall determined from coastal stations, and river runoff. Bulk formula methods arenotorious for
the arguments over theiruncertainties and biases. Rainfall is hopeless tomeasure at sea with all the
spray, and coastal station rainfall measurement is subject to local topographic effects. In contrast,
the measurements of current and salinity at the Gibraltar sill effectively provide a spatial integration
of the air-sea fluxes over the entire Mediterranean basin. BUNKER, CHARNOCK and GOLDSMITH
(1982) were the first to utilise the Gibraltar exchange to constrain traditional bulk formula
parameterizations of air-sea exchange over the Mediterranean basin. GARRETT, OUTERBRIDGE and
THOMPSON {1993) have recently re-examined the bulk formula estimates of air-sea heat and
freshwater exchange in the light of the new direct estimates of netevaporation of 52cmy ! reported
here and of net heat gain of about SWm2 carried out with these same measurements by
MACDONALD, CANDELA and BRYDEN (1994) to identify where traditional parameterizations are
in error. They conclude that the measured exchanges across the Gibraltar sill indicate that bulk
formula estimates of evaporation are accurate sothat the problemin netheat flux frombulk formula
must lie withincoming radiation values thatare too high. HARZALLAH, CADET and CREPON(1993)
have recently used a global atmospheric model to determine the divergence in water vapour flux
over the Mediterranean basin. Their resulting estimate for the freshwater flow through the Strait
of Gibraltar of 30 x 10%m3s’! is equivalent to a net evaporation of only 37cm y™! or to an outflow
salinity transport of only 1.1 x 10°m3s’!, but there may be substantial uncertainties in the
atmospheric freshwater balance due to the coarse resolution of the Mediterranean basin in the
global model. Thus, the measurements of exchange across the Gibraltar sill provide values for the
net air-sea heat exchange and for net evaporation over the Mediterranean basin that are more
accurate than traditional bulk formula estimates or those based on atmospheric flux divergence; and
the heat and freshwater transports across the Gibraltar sill may in fact be useful for diagnosing
problems in the altenative methods.

The observed outflow and inflow transports across the Gibraltar sill reported here of 0.7Sv are
smaller than the values of about 1.2Sv reported by LACOMBE and RICHEZ (1982). We would not
attribute the difference to long-term variability without carefully considering other differences.
LACOMBE and RICHEZ's estimates were based on daily averaged currents measured by lowering
current meters from a ship anchored at station A4, west of the sill, and there were no salinity values
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attached to the currents, West of the sill, the outflowing Mediterranean water quickly loses its high
salinity signature (PRICE, O’NELL-BARINGER, LUECK, JOHNSON, AMBAR, PARRILLA, CANTOS,
KENNELLY and SANFORD (1993) and its transport must increase accordingly so that the outflow
salinity transport remains constant, If the effective salinity contrast between Mediterranean and
Atlantic waters at A4 were only 1.3psu rather than the 2.2psu found here at the sill, the two sets
of transport would be essentially equivalent. In fact, RICHEZ and GASCARD (personal communication)
did estimate the average salinities for the inflow and outflow over 12 tidal cycles during May and
June 1961 to determine that the salinity difference at A4 between the inflow and outflow was
1.56psu (S,,=37.81, S, = 36.25) but this was during a period of strong outflow (Q,, = 1.33Sv)
so that their outflow salinity transport still matched the 2.0 x 10’m’s’! val e in LACOMBE and
RICHEZ (1982). Thus, we would ascribe much of the difference between thenew transports of 0.7Sv
and LACOMBE and RICHEZ’s transports of 1.2Sv as being due to different salinities in the measured
outflows as a result of mixing west of the sill. For future Gibraltar measurement or monitoring
programmes, it is essential to determine not only the outflow but also the effective salinity of the
outflow in order to assess long-term changes in the exchange.

It is useful to compare the observed exchange with the theoretically predicted maximum
exchange from hydraulic control modelling (Table 10). In summarizing the developments of
hydraulic control models applied to the Strait of Gibraltar, BRYDEN and KINDER (1991b) tabulated
the theoretically predicted inflow, outflow and salinity difference as a function of ent evaporation
over the Mediterranean basin. From the above analysis of the Gibraltar measurements, there are
two primary estimates of the observed exchange: the outflow of Mediterranean water of -0.68Sv
and the outflow salinity transport of-1.50 x 10°m3s1, thatis equivalent to anet evaporation of 52cm
y'l. The analysis also provides secondary estimates of the inflow, equal to the outflow plus the
evaporation, of 0.72Sv, and ofthe salinity difference of 2.20psu determined by dividing the outflow
salinity transport by the outflow transport. Interpolation of BRYDEN and KINDER’s (1991b)
tabulated predictions to a net evaporation of 52cm y'! yields a predicted outflow of -0.84Sv, a
predicted inflow of 0.88Sv and apredicte d salinity difference of 1.80psu. Thus, the observed flows
are about 20% smaller than the theoretically predicted maximum exchange through the Strait of
Gibraltar.

At first, agreement between the observed exchange and the theoretically predicted exchange
within 20% may seem reasonably successful. Furthermore, the observed exchange is satisfyingly
less than the predicted maximum exchange, perhaps lending support to GARRETT, BORMANS and
THOMPSON’s (1990) argument that the Gibraltar exchange is sometimes submaximal. There is,
however, a marked difference beween the modes of exchange in the models and in the observations.
In the models, the two-layer flow is steady and it achieves critical composite Froude number of 1
at the sill and at the narrowest section. As noted by FARMER and ARMI (1986), the lower layer
outflow essentially achieves critical Froude number at the sill in the hydraulic control models. In
the observations, only half of the total exchange is carried by the time-averaged flows and the
remaining half is effected by the tidal fluctuations, Froude number calculations reveal that the
Froude number for the ‘typical’ time-averaged flows at the sill is about 0.25, substantially
subcritical. Forthe instantaneous tidal currents, the Froude numberat the sillis generally subcritical
but achieves supercritical values about 10% of the time, mostly on the outflowing tide (Fig.15).
Surprisingly, despite strong outflow velocities on the outflowing tide, the lower layer Froude
number is nearly always less than 1 because the interface rises on the outflowing tide making the
lower layer very thick so that Uf/g’h2 remains less than 1. Surprisingly then, the supercritical
Froude numbers on the outflowing tide are principally due to the thinness of the upper layer flow,
so that U,%/g’h, is greater than 1.
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TABLE 10. Comparison between observed and predicted exchanges. The observed outflow salinity
transport of -1.50 x 10°m3s! divided by the Atlantic water salinity of 36.1psu and by the surface area
of the Mediterranean basin of 2.52 x 10'2m? provides the value for the observed net evaporation of
52cm y'!. The predicted outflow, inflow and salinity difference are derived by interpolation of
BRYDEN and KINDER’s (199 1b) Table 1 for the maximal exchange as a function of net evaporation
1o a value for the net evaporation of 52cm y .

Net Evaporation Outflow Inflow Salinity Difference
e(cmy™") Q,(x10%m*s™) Q,(x10°m?s) AS(psu)
Observed 52 -.68 72 2.20
Predicted fore = 52 -.84 .88 1.80

Such difference in the modes of exchange between the models and observations suggests that
the models must incorporate time-dependent processes in order to properly predict the exchange
across the Gibraltar sill. FARMER and ARMI (1986) modelled the time-dependent problem as a
succession of steady states with varying barotropic net flow to represent the tidal currents. They
argued that steady-state conditions would be valid if the time it takes foran interfacial waveto travel
between the control points at the sill and the narrowest section were less than a quarter tidal period,
a condition notreally valid for the Gibraltar situation where interfacial wavetypically take 6 hours
to travel from the sill to the narrowest section (WATSON and ROBINSON, 1990). Averaging over
the series of steady states, FARMER and ARMI (1986) noted that the exchange always increases due
to the fluctuations and the exchange more than doubles for tidal current amplitudes as large as the
steady maximal exchange flows.

Recently, HELFRICH (1994) has combined theoretical and laboratory models to solve the time
dependent exchange through a straitas a function of the tidal forcing and of the length of the strait.
There are only two nondimensional parameters: the ratio of the tidal flow to the steady maximal
exchange; and the ratio of the period of the tidal forcing to the time it takes an interfacial wave to
propagate between the two control points at the sill and manowest section. He shows that the time
dependent exchange for parameters applicable to the Strait of Gibraltar is substantially less than
the doubling determined by FARMER and ARMI (1986), who effectively assumed the second
parameter to be infinite. For Gibraltar parameters, HELFRICH (1994) suggests that the exchange
predicted ' y the time-dependent model should be approximately 20% more than the steady,
maximal exchange; but he also notes that mixing in the interfacial region between the inflow and
outflow reduces the time-dependent exchange of pure Atlanticand Mediterranean waters by about
20%. Thus, the theoretically predicted exchange for a hydraulic control model including realistic
tidal forcing and interfacial mixing is within 5% of the steady maximal exchange, yielding anoutflow
of Mediterranean water of 0.80Sv which is still about 15% larger than the measured outflow of
0.68Sv. Friction and rotation which are still not included in the model may yet account for the
difference between the measured and predicted exchanges.

In terms of designing an observational strategy for long-term measurements of the exchange
through the Strait of Gibraltar, the above analysis indicates thata singlemooring at the sill with 4
to § current meters combining current, temperature, conductivity and pressure measurements can
monitor the outflow of Mediterranean water and the outflow salinity transport, two basic measures
of the exchange. On the other hand, monitoring the upperlayer inflow is more difficult. With present
current measuring technology, it is not clear how to measure directly the inflow, as surface
moorings are unlikely to survive the high currents and high density shipping and fishing activities
in the Strait and bottom-mounted, upward-looking Doppler current profilers cannot yet measure
remotely the salinity of the flows.
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FiG.15. Froude numbers for the flow on mooring 2 at the Gibraltar sill during October-Navember
1985. The upper and lower layer Froude numbers are defined to be U\%/g’H, and U,%/g"H, where H,
is the depth for the 37psu isohaline, H,=284-H,, U, is the along-strait velocity at depth
=H,+284/2, and g’ is taken to be 2cm s-2. Note that the lower layer Froude number is nearly always
less than the critical value of | and that the upper layer Froude number reaches supercritical values
above I for a short period on nearly every tidal cycle except during neap tides around 5 November.
The total Froude number is the sum of the upper and lower layer Froude numbers. The depth of the
37psu isohaline is shown at the top in order to illustrate that supercritical Froude numbers are
achieved principally when the interface is shallow.
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An added complication is the horizontal variation in the strength of the inflow currents implied
by these measurements across the 30km width of the sill section at the surface. Hence, direct
measurement of the upper layer inflow remains aresearch question thatneeds to be addressed with
a field experiment consisting of several conventional subsurface moorings and several bottom-
mounted Doppler moorings deployed across the sill section in order to use the conventional
moorings to define the interface depth and salinity of the flows and the Doppler instruments to
measure the currents up to the surface. Simultaneous pressure gauge or sea level measurements
on the northern and southern sides of the sill section would provide time series of pressure difference
across the strait that should be related geostrophically to low-frequency variations in the surface
currents. Determining how such pressure difference variations combined with measured interface
depth variations are related to variations in upper layer inflow transport would be an important
result from such an experiment that should allow previous and future pressure difference
measurements to be used to define the long-term variations in the inflow.

Thus, our choice at present for an efficient monitoring strategy for the Straitof Gibraltar would
be to combine the single conventional current meter mooring at the sill measuring outflow, outflow
salinity transport, and depth of the interface with shallow pressure gauges on the northern and
southern sides of the sill section to provide an index on the strength of the inflow. At some time,
a larger experiment should be carried out to define how this index of the inflow is related
quantitatively to the inflow transport.

Eight years after the field work ended, it is worthwhile to state a summary of the progress made
in achieving the three goals of the Gibraltar Experiment (BRYDEN and KINDER, 1986):

(1)}  to understand how the dynamical constraints for flow through a narrow and shallow strait
act to control the amount of exchange between the Atlantic and Mediterranean;

(2) tomeasure the exchange through the Straitand its temporal variations over tidal to seasonal
time scales; and

(3) to define a measurement strategy for long-term monitoring of the exchange.

First, the exciting developments in hydraulic control models of the two-layer flow through the
Strait of Gibraltar by Armi and Farmer, Bormans and Garrett, Dalziel, and Helfrich have clearly
increased understanding on how the physical configuration of the straitand thenonlinear dynamics
of the flows do constrain the maximal exchange possible through a strait and sill region. Progress
is still needed in extending hydraulic control theory to accommodate mixing, friction and rotation
in a fully time dependent model of the exchange through the Strait of Gibraltar. Secondly, while
the year-long measurements of the exchange had multiple technical difficulties, high quality
measurements ofthe exchange across the sill were made for 31 days and consistent analysis allows
a nine-month time series of the exchange to be developed. While these measurements do serve to
quantify how important the tidal fluctuations are to effecting the exchange across the sill, longer
term measurements are still needed to define the seasonal and interannual vanability in the
exchange. Finally, a long-term strategy is put forward to monitor cost-effectively the outflow of
Mediterranean water into the Atlantic and the net evaporation over the Mediterranean basin and
to provide an index for the inflow of Atlantic water into the Mediterranean. Such monitoring is
essential for determining whether the exchange switches between maximal and submaximal on
seasonal orinterannual time scales. Truemonitoring of the inflow must await more extensive field
measurements of the upper layer inflow to define how the variations in the inflow transport are
related to measurements of pressure difference and interface depth. Thus, while there is need for
future work in all three areas, substantial progress has been made on each of the broad goals set
out for the Gibraltar experiment a decade ago.
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Classification of flow variability
though the Strait of Gibraltar.

Type of Flow

Tidal
(hrs. --> day)
O(1m/s)

) r.m.s. transport 2.1 Sv
mainly

barotropic Subinertial

(days --> few months)
0(0.3m/s)

Kr.m.s. transport 0.4 Sv

Long-Term

(Seasonal --> interannual)
baroclinic 0(0.5m/s)

transport O(1 Sv, each way)

Forcing

North Atlantic tide

Meteorological
- specifically the atmospheric
pressure fluctuations over

the Mediterranean Sea.
[Crepon, 1965, Garrett, 1983

& Gacia La Fuente, 1984]

- (E-P) and Mass-Salt balance.
[Nielsen, 1912 & Defant, 1961

- Overmixing in the Mediterranean.
[Bryden and Stommel, 1984]

- Interface depth fluctuations,
deep water formation,
seasonal wind cycle, etc.
[Bormans et al., 1986]

- Hydraulic control and maximal exch'
[Armi and Farmer, 1986, 1987
& 1988]
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Subinertial Principal Axis Currents at the Sill of the Strait of Gibraltar
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Water mass exchange in the Gulf of Cadiz

J. OcHoA*t and N. A. Brayt
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Abstract—Velocities inferred from several closed hydrographic sections in the Gulf of Cadiz are
used to estimate the volume transport and the heat and freshwater fluxes associated with the
exchange of Atlantic and Mediterranean waters through the Strait of Gibraltar. Five different sets
of constraints are imposed to obtain absolute flow fields from the baroclinic shear determined by
the thermal wind equation. The resultant transports and fluxes through a given section are similar
for all five cases. Transports and fluxes from sections near the strait underestimate the actual
exchange. This is attributed to ageostrophic effects associated with the gravity-driven downslope
flow that is characteristic of the deep Mediterranean outflow near the strait. West of 7°W, the
estimated fluxes are larger. comparable to those deduced from climatological observations over
the Mediterranean. In this region, the outflow appears to have no significant downslope com-
ponent, so that transports calculated from closed sections are independent of the orientation
relative to the direction of the outflow.

Exchange between the Atlantic and Mediterranean can be characterized in several ways. A
common measure used is volume transport, usually that of the outflow, observed somewhere near
the sill. This is not an adequate definition of exchange, as transport may be altered by recirculation
or entrainment without changing the net flux of properties. Thus, volume transport is a function of
position; fluxes of freshwater, sait and heat, on the other hand, should be independent of position
in the absence of local sources and sinks. In these observations, the total volume transport
exchanged through each section increases from 1 Sv at 6°30'W to nearly 7 Sv at 8°W, The part of the
total exchange that does not recirculate along density surfaces increases from 0.5 Sv near the strait
to 2.2 Sv through sections at 7°30'W and 8°W. Part of this increase is due to entrainment, and part
to the ageostrophic character of the outflow near the strait. Freshwater flux is estimated to be the
equivalent of 0.53 m y~! of evaporation excess over the Mediterranean. Heat flux was higher in the
autumn of 1986 than in the spring (6.0 W m~2vs 2.2 Wm™?), due to warmer surface temperatures
in the autumn. For comparison with earlier estimates, the observed outflow transport may be
converted to an equivalent transport of “pure” Mediterranean water of 0.7 Sv, assuming salinities
of 38.4 and 35.6 for Mediterranean and Adtlantic waters. This implicit flux, while useful for
comparisons with observations where true fluxes cannot be estimated, involves several approxi-
mations, and should not, in general, be used to characterize the exchange if fluxes can be calculated
directly.

1. INTRODUCTION

CIRCULATION in the Guif of Cadiz is dominated by the exchange of Atlantic and
Mediterranean waters through the Strait of Gibraltar. The exchange is driven by an excess
of evaporation over precipitation and runoff in the Mediterranean Basin, and by an
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accompanying loss of heat to the atmosphere. Atlantic waters flow into the Mediterranean
at the surface, are transformed by air—sea fluxes into colder, saltier and therefore denser
waters, and eventually leave the Mediterranean as a deep current with unique temperature
and salinity characteristics that may be traced far from the source. REip (1979) implicated
Mediterranean Waters in the formation of deep waters of the Norwegian Sea and, through
the circulation of those bottom waters. in the characteristics of the deep waters throughout
the world oecan (REID and LYNN, 1971).

The question addressed here is whether it is possible to make reliable estimates of the
exchange of water masses through the Strait of Gibraltar using only hydrographic
observations that form closed sections in the Gulf of Cadiz (Fig 1). There are several
reasons why such estimates might not be valid. In addition to the usual ambiguity of many
possible absolute flow fields that satisfy the inferred vertical shear, Mediterranean waters
leave the strait as a density current: a bottom-intensified, very dense flow that crosses
isobaths in its progress into the Gulf of Cadiz. Near the strait, it is unlikely that the flow will
be in geostrophic balance, at least in the direction of flow. Other ageostrophic effects such
as friction, mixing through entrainment, and unsteadiness of the flow also may be
important near the strait.

On the other hand, the interface between Atlantic and Mediterranean waters is well-
defined by its salinity structure, and makes a natural choice for a reference level. Far
enough from the strait that the flow is in nearly geostrophic balance, it should be possible
to exploit this structure to determine the absolute flow field with reasonable accuracy and
thereby to make estimates of the heat, salt and freshwater fluxes associated with the
exchange. These estimates will be “snapshots” of the flow, and many realizations would be
needed to average out temporal variability to identify a mean exchange or seasonal and
interannual fluctuations.

Why not simply measure the exchange directly in the strait, where geographic restric-
tions make the region to be observed much smaller? That approach has certain obvious
advantages as well as several subtle disadvantages. In fact, the Gibraltar Experiment, of
which this work was a part, was designed to make just those direct measurements in the
strait, over the period of a year. The experiment was successful in providing lower layer
transport estimates, as well as a description of the behavior of the interface. However, ship
traffic prevented any moored measurements shallower than about 80 m, or the top third of
the water column over the sill. Thus, any estimates of exchange or flux from these
measurements must involve extrapolation through the upper layer (BRYDEN et al., 1989).

The temporal variability of the flow is also much stronger in the strait, due to those same
bathymetric and geographic constraints, and a dynamical correlation between tidal
currents and interface depth requires that interface depth, as well as current, measured in
order to estimate the effective transport in either layer (BRYDEN and PiLLsBURY, 1989).
Intense mixing and entrainment occur on very short scales within the strait. and are
responsible for cross-isopycnal exchange comparable in magnitude to the layer transports
(Bray and LACOMBE, in preparation). Interpretation of the exchange in terms of volume
transport then becomes dependent upon position in the strait.

Until this point in the discussion, exchange has remained a rather vague quantity that
somehow characterizes the interaction between the Mediterranean Sea and the North
Atlantic Ocean. A few definitions are in order. The inter-basin e¢xchange consists of
relatively large transports of fresh, warm surface waters into the Mediterranean, and of
denser waters into the Atlantic. The net transport of mass is small: only that required to
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balance the evaporative loss of moisture over the Mediterranean. The net transport of salt
is presumed to be zero and the net transport of heat is only that required to balance the
small net loss of heat from the surface of the Mediterranean. In this paper, the term
“exchange” will be used to describe the large transports that are nearly equal but opposite
in direction; the term “flux” will refer to the net transports. The adjective “baroclinic”,
rather than geostrophic. is used here to describe flow fields inferred by integration of the
thermal wind equation, simply to emphasize that the total pressure field is not known.

It should be noted that volume transport is an ambiguous measure of exchange. as it
increases with distance from the strait due to entrainment and recirculation. It 1s not
sufficient to say that the exchange is 1 Sv (10° m* s~ "), for instance, either the location or
the characteristics of the flow must also be specified. Fluxes, on the other hand, should be
independent of position, as there are no sources or sinks of heat or salt near the strait.
However, specifying only the flux omits the oceanographically interesting information of
how much volume is involved in the exchange. Both quantities are identified in the present
work.

2. BACKGROUND
2.1. Structure of the Mediterranean outflow

The distribution of Mediterranean water in the Gulf of Cadiz has been the focus of a
number of studies in the past. MADELAIN (1970), using observations from 1958 to 1967,
described the path of the outflow from the strait to Cape St Vincent, the southwestern
corner of the Iberian Peninsula. The topography of the gulf is uneven, with numerous
ridges and canyons tending west and south out of the shallower regions of the strait. As the
outflow exits the strait. it flows across isobaths as a density current, though under the
influence of the earth’s rotation. Within about 50 km west of Tarifa, the outflow makes an
abrupt turn to the north as the result of blockage by a north-south ridge. The outflow then
generally follows the curve of the coastline around to the west, though there are several
branches that flow down smatler canyons. eventually rejoining the main branch about 150
km downstream from the strait. or half-way to Cape St Vincent. The depth of the outflow
increases from about 300 m at the sill in the strait to about 1200 m at Cape St Vincent. Two
distinct Mediterranean water types appear in profiles from the open northeast Atlantic
(ZENK, 1975b). There is also a separate, shallower layer of the outflow apparent west of
about 7°W. This layer is found at 400-600 m depth, is warmer than the deeper outflow, and
maintains its identity in potential temperature vs salinity (8/S) characteristics even after
the outflow turns northward along the west coast of Portugal (AmMBAR and HowE, 1979a;
AMBAR. 1983). It is not clear what causes this vertical separation of the outflow, though
ZENK (1975b) argues that the structure is caused by tidal currents within the strait, rather
than by topographic effects in the Gulf of Cadiz. Howe (1982), in his review of the
Mediterranean water outflow. concurs that some type of mixing in the strait is probably
responsible for creating distinct sub-species of outflow water types.

The behavior of the outflow near the strait, where it appears to act like a density-driven
current under the influence of rotation, is of particular interest in the present work. The
premise of the calculations is that, if the flow is geostrophically balanced and an
appropriate reference level can be found. closed sections will identify the transports,
regardless of the orientation of the flow relative to the section. However, if the flow is still
density-driven, this is not necessarily true, as only the cross-stream component of velocity
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is geostrophic. It is therefore important to identify those regions of the outflow where
ageostrophic effects may be important.
© SmrTH (1975) describes a model of density-driven flow in the presence of rotation, in
which the cross-stream balance is geostrophic except for a curvature term, but the along-
stream balance is not, so long as there is a component of the flow crossing isobaths. One
way to look at the effect of this type of flow on a baroclinic calculation is to consider what
the apparent transport would be if a hypothetical section crossed the flow at an arbitrary
angle. If it is perpendicular to the flow, the correct transport would be resolved. However,
if it crosses at some oblique angle, then a part of the downslope density gradient would
appear in the observed density field. Depending upon the relative orientations of flow,
topography and section, this could result in either an over- or underestimate of the vertical
-shear, and thereby of the transport. The effect disappears when the downslope component
of the flow vanishes, as there is no longer an along-flow density gradient. Combined with
MADELAIN’s (1970) observations of the outflow, Smite’s (1975) model predicts that this
transition to geostrophic balance in the along-stream direction occurs west of about 7°W,
130 km downstream of the source. At this point, entrainment, rather than friction,
dominates the model outflow in the along-stream direction.

Entrainment of Atlantic water modifies the characteristics as well as the volume of the
outflow. Similarly, the inflow is modified through contact with the outflow, increasing the
minimum salinity of Atlantic water from 35.6%o in the Gulf of Cadiz to 36.2%. near the
strait, While entrainment does change the structure of the water masses, it does not alter
the property fluxes. Entrainment increases the observed volume of outflow from about 1
Sv near the strait to about 3 Sv at Cape St Vincent (AmBAR and Howg, 1979b). In addition
to the vertical recirculation implied by entrainment, horizontal recirculations or eddies
also may contribute to the observed exchange. Using neutrally buoyant floats, SwaLLow
(1969) identified an eddy off Cape St Vincent at the depth of the outflow, with recirculating
velocities on the order of 10-20 cm s™! and a diameter of roughly 20 km. The volume
exchange through a section containing an eddy will be augmented by the recirculation of
the eddy. Calculations of the exchange transport should be made in such a way as to
eliminate these recirculations.

2.2, Temporal variability

Large fluctuations of the outflow transport occur within the strait as a result of forcing by .

the tides and by atmospheric fluctuations over the Mediterranean (LacoMBE and LizEray,
1959a,b; CrepoN, 1965; CANDELA ef al., 1989). Smaller, but still possibly significant,
variations occur seasonally and interannually (LACOMBE et al., 1981; BorMANS et al., 1986).
Tidal and atmospheric effects are most pronounced within the strait, though possible
downstream influence has been noted as far as 50 km away (Boyum, 1963, 1967,
GRUNDLINGH, 1981). These fluctuations are nearly barotropic and only contribute to the
exchange because the depth of the interface changes in phase with the velocity. Periods of
westward barotropic flow are associated with a deep lower layer and, conversely, eastward
flow with a deep upper layer, resulting in a net exchange (CANDELA et al., 1989). The
volume exchange, as estimated from time mean current meter observations, is about 0.4
Sv (1 Sv = 10° m® s™') (BryDEN and PILLSBURY, 1989; CANDELA et al., 1989). Super-
imposed on the mean currents, rectification of tidal and atmospherically forced barotropic
currents adds approximately 0.4 Sv to the exchange in the strait (CANDELA ¢t al., 1989).
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Seasonal and interannual fluctuations have not been measured directly in the strait, but
rather have been inferred from examination of tide gauge records along and across the
strait (BormaNS et al., 1986) and from changes in evaporation and surface heat flux over
the Mediterranean (BUNKER, 1972: BETHOUX, 1979; LacoMBE et al., 1981). BorMANS et al.
(1986) suggest a seasonal cycle in the inflow of about 6%, with maximum transport in
spring. They attribute the increase to changes in interface depth and argue that winter
water mass formation processes raise the interface level within the Mediterranean, while
draining of the Levantine Intermediate Water (LIW) reservoir occurs during the rest of
the year, effectively lowering the interface. Evaporation and heat loss from the Mediterra-
nean have seasonal cycles, with maximum loss of both heat and moisture during winter;
heat is actually gained from the atmosphere by the Mediterranean during April-August
(BUNKER, 1972). The effect of seasonal air—sea forcing over the Mediterranean on the
instantaneous transport through the strait, however, may be quite small, as the residence
time involved in the transformation of Atlantic water to Mediterranean water is of the
order of decades (LACOMBE ef al., 1981). It is more likely that seasonal fluctuations of
transport result from dynamic effects local to the strait, or from a mechanism of draining
and filling of the LIW reservoir, as suggested by BorMANS et al. (1986).

At interannual time scales, the formation of Mediterranean water masses may occur
under varying conditions in different years, changing the characteristic temperatures and
salinities (LACOMBE et al., 1985). As a result, different volume transports of outflow in
different years might accomplish the same flux of properties. This is generally thought to
be a small effect, but investigators have noted a wide range in the maximum salinity
observed west of the sill: ScHoTT (1928) found a maximum of 37.25%o over several years of
observations, Boyum (1963) a maximum of 38.2%o, and KINDER and PARRILLA (1987) a
maximum of 38.44, as defined by the 1978 Practical Salinity Scale (PSS) (ForoNoOFF and
MILLARD, 1983). By convention, this salinity has no units, though it is nearly equivalent to
the older salinity designation of parts per thousand (%o). In this paper, historical salinities
will be given the units %o, to distinguish them from the newer PSS values, given without
units.

2.3. Transport

Historically, exchange through the strait has been identified as a volume transport,
occasionally converted to an equivalent flow of “pure” Mediterranean water for compari-
son with other estimates. If pure Mediterranean water has a salinity S, and pure Atlantic a
salinity S,, then the volume of pure Mediterranean water in a two-layer system is given by:

Vi = VS = SIS = Sa) (1)

where V indicates transport and subscript ¢ indicates observed outflow. This provides a
rough measure E' of the actual evaporation excess £:

E=V,-V,
or
E' =V, (Sm — So)fSa (2)

in which integral salt transports have been approximated by the product of pure
Mediterranean water transport and the assumed salinities S, and S,. Table 1 lists some of
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the historical estimates of transport, and estimates of V,, and E'. For consistency, values of
Sm and S, of 38.4%. and 35.6%0 have been used throughout. This follows ZENK (1975a),
though other investigators have used lower values for S, (Boyum, 1963) and higher values
for S, (LAcOMBE et al., 1981; BRYDEN er al., 1989).

2.4. Fluxes

Although there are as yet no direct measurements of heat and freshwater fluxes through
the strait, there have been several investigations of climatological fluxes over the
Mediterranean (T1xEroNnT, 1970; BETHOUX, 1979, 1980; BUNKER et al., 1982), and recent
direct measurements in the strait were used to estimate the outflow transport of sait
(BRYDEN et al., 1989). From the climatological air-sea flux studies, an evaporation excess
rate of about 1 m y ! is expected over the Mediterranean Sea. This implies, for a two-layer
flow, a volume exchange of about 1.5 Sv through the Strait of Gibraltar, depending upon
the salinities chosen to characterize the inflow and outflow. In contrast, the outflow salt
transport estimated by BRYDEN et al. (1989) corresponds to an evaporation excess of 0.55 m
y~! (a freshwater flux of 0.044 Sv), assuming an inflow salinity of 36.2. Their calculation
relied upon extrapolating the structure of the upper 100 m of the inflow layer, which was
not resolved by the instrumentation.

The evaporative loss of moisture from the surface of the Mediterranean is accompanied
by a small net heat loss, based on the colder temperature of the outflow relative to the
inflow. However, BUNKER er a/. (1982) found that their best estimate of sea—air heat flux
components over the Mediterranean resulted in a net heat gain, rather than the loss
implied by outflow colder than inflow, as is observed. They argued that either inadequate
sampling or their computational methods caused the evaporation rate to be too low. Heat
fluxes estimated from advection (heat content difference between inflow and outflow)
would improve the accuracy of the net heat flux estimate.

Table 1. Historical iransport and evaporation estimates

Evaporation excess

(my™")
Volume transport (Sv) Average §
Air-Seat Med Water: of outflow
Inflow  Qutflow V,* E E' S,

NIELSEN (1912) 1.87 1.78 1.34 1.26 1.40 37.75%
ScrotT (1915) 1.75 1.65 1.27 1.40 1.26 37.758
SVERDRUP et al. (1942) 1.75 1.68 1.29 0.98 1.26 37.75%
CartER (1956) 0.96 0.92 0.71 0.56 .70 37.75%
Bovum (1963) 0.96 0.74 0.70 37.75%
TixeroNT (1970) (.70
LacomBe and TcHERNIA (1972) 1.20 1.15 0.94 0.70 (.98 37.90
BRYDEN er al. (1989) 1.04 0.76 0.57 0.55 37.70

*V,, is volume of “pure” Mediterranean water calculated according to equation {1).
TEvaporation excess estimated from meteorological observations over the Mediterranean.
$Evaporation excess estimated from equation (2).

§Value given by SVERDRUP et af. {1942).
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Fluxes calculated from hvdrographic observations were not found in the literature,
although Boyum (1963) used baroclinic calculations to estimate outflow just west of the
strait. Unfortunately, the data he used did not extend into the inflow layer. AMBAR and
HowE (1979b) also made baroclinic estimates of the outflow through several sections west
of the strait, though none were closed sections in the sense of extending from Europe to
Africa. Despite the many intensive studies of the outflow over the period 1958-1967, there
are few synoptic closed sections available. and no flux calculations were published from
those few,

3. OBSERVATIONS

As part of the Gibraltar Experiment. hydrographic sections were occupied in the Gulf of
Cadiz and the Alboran Sea during both spring and autumn of 1986. The station pattern in
the Gulf of Cadiz, shown in Fig. 1. was designed to allow baroclinic calculations of the flow
field through closed, north-south sections, labeled VIto IX (BrAy, 1986; SHULL and BrAY,
1989). In all of these sections, the interface between Mediterranean water and the
overlying Atlantic water is identifiable by a high gradient of salinity separating the salinity
minimum of the Atlantic water and the salinity maximum of the Mediterranean water
(Figs 2 and 3).

All data used were taken with one of two Neil Brown Mark I11 CTDs, calibrated in the
laboratory before and after each cruise. and at sea with water samples and reversing
thermometers. The raw data were processed as described in Bray (1986). Stations were
made to within a few meters of the bottom. to resolve the bottom-intensified outflow, and
the final profiles consisted of 2 decibar bin averages (a decibar is 107" Pa, and is nearly
equivalent to 1 m of water depth). The accuracy of the observations is £0.005°C, £0.005
and +5 db, for temperature. salinity and pressure, respectively.

Data for each section were objectively mapped onto a regular grid, using a procedure
described in Bray (1988) and RoemmicH (1983). Objective mapping is a technique for
optimal estimation of data at a given position, based on the values of neighboring
measurements and on an assumed correlation function of the field. Itis often desirable to
interpolate unevenly spaced data onto a regular grid for calculations of first differences,
integrations and fluxes.

Following RoemmicH (1983). the data are mapped twice, once with large correlation
scales, to represent the background stratification, and again with the large-scale field
removed, using correlation scales appropriate to the variations of properties about the
large-scale field. A further parameter is involved in both calculations: the error variance.
This parameter is an r.m.s. measure of the agreement between the observations and the
estimate values at the observation points. A variance of 0.001, for example, requires that
the data and observations agree to within an average of 3% of the observed values.
Imposing a small error variance. then. prevents the data from being smoothed, even with
large correlation scales. Rather. the correlation scales determine the smoothness of the
interpolation between observations. The error variance imposed for the large-scale ficld
was 0.1, while that for the small-scale field was 0.001.

Two different methods of determining appropriate correlation scales were employed.
The first, and perhaps most appropriate, requires that the resulting vertical sections
appear to the eye as they would if contoured by hand. Alternatively, the observations may
be used to calculate the scales directly as e-folding or zero-crossing lengths of the observed
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Fig. 1. Large-scale survey pattern in the Gulf of Cadiz for cruises in March-April and
September-October 1986. The station marked with an asterisk marks the “southern™ end of all
four L-shaped section (VI-IX). All section maps will have this station as the leftmost station. The
corner of the L is denoted by a vertical dashed line in all contour maps. Section labels are noted at
the northern end on this map. Stations marked with a triangle were occupied in autumn but not in

spring.

correlation function. This latter requires some care, in that the large-scale field will
contribute to enhanced correlation at long lags. Therefore, two steps were used: first the
large-scale field correlations were calculated by removing the arithmetic mean from the
observations, and separate correlation functions derived for vertical and horizontal scales.
The objectively mapped large-scale field was then removed from th~ -* servations, and the
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residual observations were used to calculate the small-scale field correlation scales.
Correlation calculations suggested, for the large-scale field, a horizontal scale greater than
200 km and a vertical scale greater than 200 m. For the smali-scale field (having removed
large-scale correlations of 250 km and 500 m) the correlation scales were about 20 km and
50 m. The scales actually used, though not dissimilar from these, were determined by the
first method (Table 2).

Other parameters used in the objective mapping procedure included the extent of
vertical averaging of the observations before gridding, and the grid sizes (Table 2).
Velocity fields were calculated by simple first difference of the gridded specific volume
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Fig. 2. Salinity, potential temperature, and potential density for section VI in (2) spring and (b)

autumn. Station locations are noted by tick marks along the top of eachi plot. The vertical dashed

line indicates the southwest corner of the section. The zero in distance along track corresponds to
36°N.
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fields. subject to constraints. as described in the following section. The depth of the bottom
was recorded at 5 min intervals while the ship was underway; this corresponds to two to
four measurements per grid in the along-track direction. All calculations involving areas
utilize this high-resolution bottom contour, with the depth at a given grid point taken to be
the average of the depths observed. The distance along-track is adjusted so that the zero
point lies at 36°N, even though the starting point of each section is the same station,
marked by an asterisk in Fig. 1, at the coast of Africa. In all figures, sections run from south
to north, as though the observer were looking toward the Atlantic from the Strait of
Gibraltar.

3. VELOCITY FIELD ESTIMATES
4.1. Formulation

Five baroclinic estimates of the flow field in the Gulf of Cadiz are presented and
compared in this paper. The different estimates will be labeled EO to E4 for convenience of
reference. By flow field we mean the component of the velocity field perpendicular to the
vertical sections labeled VI-IX in Fig. 1. Note that some of the inflow across any of these
sections may be outflowing through the same section without necessarily transiting the
Strait of Gibraltar. Given the density field p = p (y.z) inferred from the measured
temperature and salinity fields (y and z north and upwards) and assuming hydrostatic and
geostrophic balance in the direction perpendicular to the section, the vertical shear of the
east component of the flow u (y,z) is determined. This component can be expressed as

u(y.z) = v (y) + up(y.2). (3)

where v, may vary along a prescribed level defined by z,., = z,.(y) and u, is defined as

9
up(y.z) = —ng .—pdz. (4)
pf}f oy d.y
Therefore,
du _ g dp
dz pnfdy
and
rr(’f(_\‘) = “(}’*zr(’f‘)' ' (5)
Table 2.  Objective mapping parameters
Correlation length v/= Grid size Verticul
Error variance averaging
Large-scale Small-scale v z interval
Section (kmm™Y) (kmm™") Large-scale Small-scale (km) (db) (m)
VI 250/500 16/40 .1 0.001] 4 10 10
VIl 300/500 16/40 (.1 0.00] 4 H) 30
VI 5007500 16/4) .1 0.001 4 10 )
IX 500/500 16/3() 0.1 0.001 4 12 80
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Here fis the Coriolis parameter and g is the gravitational acceleration. Equation (4) is the
integrated version of the thermal wind equation and is the contribution derived directly
from the observations. The lower limit of integration, z,.g, is called the level of no motion
when v, = 0, and, in the more general case, simply the reference level.

All flow estimates satisfy the thermal wind equation and have zero instantaneous salt
flux. It is assumed that there is a large exchange of salt with a negligibly small loss or gain.
The constraint on the salt flux, SF = 0, is an integral constraint on the function v ./because

y=L rz=0 S
SF= J [ pSudzdy =0 (6)
y=0 Jz=—h(y)
with A(y) the bottom contour. The mass flux (MF) is left unconstrained
y=L [(z=0
MF= J J pudzdy. (7
y=0 Jz=—h(y)

Application of the integral constraint of zero net salt transport to the baroclinic or thermal
wind calculation reduces the potentially large error in transport estimates which results
from integrating a small error in the reference velocity over a large area. Sources of errorin
these estimates are discussed in Section 6.

4.2. Flow fields and transports

The problem of deducing the velocity field from hydrographic data has been addressed
in a variety of ways over the past several decades. WusT’s (1961) core method utilized the
assumption that property tongues indicate the direction of low frequency flow. More
recently, estinates by WoRTHINGTON (1976) and by REID (1965) exploited more detailed
water mass and nutrient distributions to deduce flow direction and hence the depth of z,,,
and the magnitude of v, Over the last decade, inverse theory formalism has been used,
imposing extra constraints in order to choose a solution (RoeMmicH, 1980; RINToUL, 1988;
and others). While the techniques used here are inverse calculations, they are dis-
tinguished from more complex inverse problems by the very simple constraints used.

Typically, baroclinic calculations use z,.,as deep a reference level as is possible with a
given set of observations, and assign a zero value to v, Usually, this method results in
near-surface velocities which are reasonable and often in good agreement with actual
measured velocities. The Gulf of Cadiz data extend to the bottom, which would allow us to
use the bottom as the reference level; however, that choice of z,¢r TESUltS in net salt and
mass transports into the Mediterranean Sea (3.5 Sv in section VI).

Another possible choice of reference level, other than the bottom, is the level
corresponding to the interface between Mediterranean and Atlantic waters (Boyum, 1963;
AMBAR and Howe, 1979b). Isolines of specific volume anomaly are used to define z,.
Specific volume anomaly ¢ is defined as [a(S,T,p) — (35,0,p)] X 10°, where a is specific
volume, or 1/p. Because potential density varies differently with pressure than does
specific volume, the relationship between the two is a function of the distribution of
temperature and salinity with depth. In Fig. 4 the relationship between & and o, for the
deepest station from section VI is shown. In Fig. 5, o is plotted as a function of depth for
the deepest station in each section. As an isoline of interest may well intersect the bottom
(or the surface) at some sections, a computational scheme for extending z,.,beyond those
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intersections is needed. The scheme used here simply sets z,.to be the bottom in the first
case and the surface in the second case. In section VI, ¢ = 100 (oy ~ 27.2) defines the
interface of the Mediterranean and Atlantic waters fairly accurately. The first flow field
estimate, EO, is illustrated in Fig. 6, for section VI. The constraint of zero salt transport
may be satisfied readily by choosing a constant value for v,

J{ pSupdzdy

Veef = — —F 7 »
Jf pSdzdy

this holds for arbitrary z,.r(see equations 3 and 6}. Note in Fig. 2 the well-defined bottom
layer of Mediterranean outflow, apparent in all property fields. The structure of the flow is
similar in both cruises, although the second cruise has better spatial resolution in the
region of the outflow. Transports through section V1 are listed in Table 3.

The procedure of defining z,., by 6 guarantees the existence of a z,,s for which zero salt
flux can be satisfied with v,.,= 0, i.e. a level of no motion. For the flow estimate E1, that
level of no motion is found for each section. In Figs 7 and 8 the flow estimates E1-E4
through section VI are illustrated for spring and autumn, respectively. Transports are
listed in Tables 4 and 5. '

For the E2 flow estimate, consider the following definition of mass (ME) and (SE)
exchanges:

(8)

(ME.SE) = ” p(1,8)uH(u)dzdy, (9)

where H(x) = 1ifx > 0and 0if x <0 (i.c. the step function) and the integral limits are the
same as equation (6). ME and SE are the positive contributions of MF and SF,
respectively. MF is very small compared with ME since a nearly equal but negative
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Fig. 4. Observed relationship between specific volume anomaly ¢ and potential density (o, ) for
section V1. Dots correspond to spring cruise data and plus signs to autumn data.
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DENSITY vs DEPTH: SECTIONS VI to IX
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Fig. 5. Variation of g, with depth for the deepest station in all four sections.

contribution is outflowing. The salt flux. S, has been set to zero for all estimates. The
following relationships can be written:

SE = JJ pS(—u)H(~u)dzdy = JJPSWIH(““NZ@ =4 J[pSh:Idzdy.

For each member of the z,,family, v, as defined in equation (8) is chosen, so that SF = 0,
and a corresponding SE£ is calculated. Therefore, v,,cand SE vary as functions of z,,, (Fig.
9}. E1 and E2 correspond to the cases when v,, = 0, and when the minimum of SE are
found, respectively.

The SE minima that define E2 are found with a prescribed set of levels, and do not
necessarily represent the absolute minimum in SE possible within the given salinity and
density structure. The fourth set of estimates, E3, represents the flow field consistent with
equations (3)—(6), subject to the further requirement that SE is the absolute minimum
(Fig. 10). Details of the mathematical procedure used to determine this minimum are
given in Appendix A. Notice that estimates E2 and E3 are very similar (Tables 4 and 5).

Finally, estimates E4 are made subject to minimization of lateral roughness. This type of
estimate is similar to various smoothing schemes used by other authors (RoemmicH, 1980;
ProvosTt, 1986; RiNTOUL, 1988). The roughness measure (RM) is a digital version of

RM = Jj(%)z dydz. (10)
ay

E4 is then the estimate with minimum horizontal recirculation. This minimization was
chosen for its simplicity, as the inversion of a matrix needed to compute the solution can be
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Flow Field EO for Section VI
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Fig. 6. The EO estimate of the flow for section VI. In this estimate, the interface is used as a
reference level and assumed to lie approximately along o = 27.2 (6 = 100 and § = 110 for spring
and autumn, respectively). Cross-hatched areas in all flow maps represent outflowing regions
(westward or southward flow). The vertical dashed line indicates the southwest corner of the

section. The zero in distance along track corresponds to 36°N. Velocity units are cm s

Table 3. Section VI transport esiimates

from flow field EQ
Spring Autumn
Oref 100 110
vref - 1 .6 +0.4
ME 1.2 0.9
MF 0.006 0.002
SE 42 34

MF and ME are the mass analogs to SFand
SE, respectively (equations 6, 7 and 9). The
units of MF and ME are 10° kg s™! (the mass
equivalent of Sverdrups = 10° kg m™ x 10°
m>s™"). Units of v, are cm s~ ! and units of
SE are 10° kg s~' (assuming that salinity is

essentially g of solutes per kg of seawater).
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Flow Fields E1 to E4 for Section VI - Spring
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Fig. 7. Comparison of four flow estimates for section VI, in spring. Cross-hatched areas in all
flow maps represent outflowing regions (westward or southward flow). The vertical dashed line

indicates the southeast corner of the section. The zero in distance along track corresponds to 36°N.

Velocity units are cm 5™,

carried out recursively. It is also a close analog to the minimum kinetic energy, i.e. u
instead of du/dy in equation (10), for a flat bottom, differing only by an arbitrary additive
constant (Ripa, personal communication). The corresponding flow fields are illustrated in
Fig. 11.

4.3. Discussion of flow field estimates

All estimates show the most intense westward flow coinciding with the most saline water
for all sections, as expected for the Mediterranean outflow. The most intense inflow occurs
above the saline outflow. This similarity in structure between different types of estimates is
an indication of the robustness of the system. That is, the different extra constraints used
do not change the result by much, even though, for instance, E3 is a lower bound on the
possible salt exchange. Once the thermal wind equation and the conservation of salt are
satisfied, the extra requirement imposed to choose a solution does not give very different
results.

The constraint of zero salt flux results in a small mass flux (MF) for all estimates. This is
positive in nearly all cases, and agrees in sign and magnitude with the excess of evaporation
over precipitation inside the Mediterranean Sea, as discussed further in Section 5. The
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observed increase in SE and ME away from the strait is consistent with the presence of
both horizontal recirculation and entrainment or vertical recirculation (SMmitH, 1975;
AMBAR and Howe, 1979b). As discussed in Section 2, ageostrophic effects near the strait
may introduce errors in the baroclinically determined transport, and some of the observed
increase in SE and ME will be attributed to that effect. In Section 5, it is argued that the
observed flux of freshwater should not change as a function of distance from the straitif the
outflow transport is accurately resolved. As will be seen, that flux does increase between
sections VI and VIII, suggesting that the baroclinic transports through sections VIand VII
underestimate the actual transport.

A significant difference between estimates E3 and E4 and the other estimates is that they
are independent of the choice of z,,. EO, E1 and E2 depend directly on a pre-established
family of reference levels z,, The inclusion of 2, in the formulation is based on the
concept of a special surface: the level of no motion. The justification for a level of no
motion as the interface between oppositely flowing water masses in EO is fairly evident, but
there is no simple way to establish the reference velocity in regions where the interface of
Mediterranean and Atlantic waters has intersected the bottom of the ocean, and thus does
not exist. The continuation through the bottom or the surface of d isolines to define z,., and
the use of a constant v, is an implicit acceptance of the existence of special levels of
motion. These notions are used in EQ, E1 and E2 but not in E3 or E4.

For these baroclinic calculations, the minimization of SE makes sense only if SFis fixed.
If SF were not constrained to be constant, the minimum SE defined by equation (9) would

Flow Fields E1 to E4 for Section VI - Fall
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Fig. 8. Comparison of four flow estimates for scction V1, in autumn (refer to caption of Fig. 7).
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be zero and would not determine the flow field. The lower bound on SE represented by E3
offers a good reference to compare against other estimates.

5. FLUXES OF MASS, HEAT AND FRESHWATER

The flow fields presented in the previous section provide an estimate of the total
transport in each direction through a given hydrographic section. Heat and freshwater
fluxes may be calculated in integral form from the combination of temperature or salinity
fields and the total velocity fields. The mass or volume transport associated with the
outflow of Mediterranean water, however, is less than the mass exchange through a given
section because of horizontal recirculation and entrainment. Before calculating the
integral fluxes, a brief discussion of recirculation and entrainment is presented.

5.1. Outflow transport, recirculation and entrainment

The outflow transport of Mediterranean water is augmented by entrainment of Atlantic
water into the outflow and by horizontal or along-isopycnal recirculations. In order to
estimate the horizontally non-recirculating part of the total transport, the velocity within a
density layer is integrated across the entire section. Potential density layers are used rather
than depth surfaces because the interface changes depth significantly along a section, but
the density defining the interface does not. The resultant transport is plotted as a function

Table 4. Spring cruise transports

Section
VI VII VIII IX

E1l Orer 106.8 91.2 85.8 93.5
ME 1.04 42 6.3 7.75
MF 0.007 0.009 0.029 0.06
SE 37.5 152 225 278

E2 Oref 112 112.4 103 92
Veer 0.97 0.63 ~0.09 0.62
ME 0.88 3.47 5.06 1.72
MF 0.008 0.020 0.037 0.06
SE 32 125 ]82 277

E3 L* 0.64 0.63 0.62 0.57
ME 0.78 3.13 4.84 6.43
MF 0.009 0.020 0.040 0.046
SE 28 112 174 231

E4 ME 1.52 5.61 7.89 7.43
MF 0.012 —-0.0011 0.023 0.031
SE 54.7 202 283 267

Refer to explanation of Table 3.
* L is the Lagrange multiplier (see Appendix A).
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of layer density in Fig. 12. For comparison with the structure of potential temperature and
salinity, those properties are averaged along density surfaces and plotted in Fig. 13.
Transports in each layer are then summed into negative and positive bins over the water
column, giving estimates of that part of the exchange that does not recirculate along
density surfaces, designated U, (Table 6). The difference between U, and the total
transport U (the volume equivalent to the mass exchange, ME) through each section is a
measure of the horizontally recirculating transport Uy (Table 7). Through the outer
sections VIIl and IX, U, is nearly constant at about 2 Sv, and much smaller than the total
transport U.

That part of the total transport U contributed by entrainment, or cross-isopycnal
recirculation, is more difficult to ascertain. One approach is to convert the observed
outflow volume transport into an equivalent volume of “pure” Mediterranean water. The
difference between the observed and pure outflow transports is then an estimate of the
entrainment that has occurred in the distance from the source. As was done for the
historical estimates, the salinity of Mediterranean waters is taken to be 38.4, and that of
Atlantic water 35.6 for this calculation. The observed outflow transport of salt (4,S5,).
integrated along isopycnals, is converted to a corresponding volume of pure Mediterra-
nean water according to a variation of equation (1),

U — (<u()Sn> - Up X 356)
med (38,4 — 356) s

Table 5. Autumn cruise transporis

Section
Vi VI VIII 1X

El Oyer 106 97 91.6 90.3
ME 0.96 3.0 5.9 6.7
MF 0.001 0.002 0.02 0.004
SE 34.7 106 215 241

E2 Orer 122 108 105 94
Vyef 0.78 0.89 0.95 0.23
ME 0.83 2.8 5.8 6.7
MF 0.002 0.005 0.02 0.005
SE 30.0 100 208 240

E3 L .39 0.62 0.58 0.54
ME 0.75 2.60 5.2 6.0
MF 0.002 0.007 0.03 0.01
SE 27.3 93.2 189 215

E4 ME 1.40 42 7.4 7.25
MF 0.0003 —-0.011 0.008 0.001
SE 32.8 151 266 260

Refer to explanation of Tables 3 and 4.
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Fig. 9. (a) Salt exchange (5E) and (b) reference velocity (V,er) computed as a function of specific
volume anomaly ¢ for section VI, for both cruises. These curves illustrate the choices of reference
level & for estimates E1 and E2, as noted.

where () indicate integration along density surfaces. The equivalent salinity of the
observed outflow is taken to be:

<HOS()>
Seq =02

p

Upea and S, are listed in Table 6. The difference between U, and U, is a measure of
entrainment, U,,,, occurring between the source and a given hydrographic section. The
change in U.,, from one section to the next is a measure of the entrainment occurring
between those two sections (Table 7). In the outer sections, U,,, is fairly constant at
1.4-1.8 Sv, suggesting that most of the entrainment occurs east of section VIII (7°30'W).
U.n: increases substantially between the source, section VI and section VII. For the inner
sections entrainment is comparable to recirculation; for the outer sections recirculation
along isopycnals is larger.

5.2. Evaporation and freshwater fluxes

The freshwater flux through the Strait of Gibraltar is equivalent to the difference in mass
transported into the Mediterranean Sea and that transported out. This net transport of
mass into the Mediterranean occurs in response to a net loss of moisture (water of zero
salinity, hence “freshwater” flux) through evaporation. Freshwater flux may be formu-
lated in terms of the difference between inflow and outflow transports, for a salt-



Water mass exchange in the Gulf of Cadiz S485

conserving flow field, or, equivalently, in terms of salinity difference between inflow and
outflow for a volume-conserving velocity field. To illustrate the equivalence of these two
formulations, consider the integral conservation equations

usdA =0 (11)
1A

and
:

udA = E. (12)

JA

These equations are often expressed in two-layer form as
V,'S,‘ - VOSO = 0

V,‘ - VO - E,

with subscripts i and o representing inflow and outflow, respectively. Let average
quantities & and 5 be defined by

1 E
i=— dA =—
“TA L AT A
1
§=—|sdA.
ST A J
Then u is a salt-conserving flow field, satisfying equation (11), while 4" = u — wis a

volume-conserving field, satisfying [ 4u’dA = 0. Rewriting equation in terms of & and s
[ (T +u)(F+s)YdA=90
A

or

E= —,l_J u's'dA. (13)
5)a
Evaporation excess calculated using equation (12) is designated Ey,r(Table 6}, because
it is actually the value of MF normalized by the area of the Mediterranean, and expressed
in units of my~'. As can be seen in Tables 3-5, all but one of the observed estimates of MF
are positive, and of the right amplitude to reflect the actual excess of evaporation over
precipitation and runoff in the Mediterranean.
Evaporation excess calculated according to equation (13) is designated E and also listed
in Table 6. The horizontally averaged salinity anomaly s’ for each section is plotted as a
function of depth in Fig. 14. New flow fields conserving volume rather than salt were used
to calculate E, though with the same parameters and interface definition as estimate E0.
(The interface is defined by & = 100 for sections VI and VII, and by é = 110 for sections
VIII and 1X.) It should be noted that these calculations utilize the total flow field; no
averaging along isopycnals is involved. The maximum evaporation excess was that of
section VIII during spring: 0.57 m y~'. This value is lower than expected from climatologi-
cal values of evaporation, but consistent with estimates by BRYDEN er al. (1989) using
recent current measurements within the strait over the same time period. The low values of
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Fig. 10. The E3 flow estimate for sections VII, VIII and IX in (a) spring and (b) autumn. No
other flow can satisfy the thermal wind equation, have §F = 0 and have a lower value of SE for the
given salinity and density structure. Cross-hatched areas in all flow maps represent outflowing
regions (westward or southward flow). The vertical dashed line indicates the southwest corner of
the section. The zero in distance along track corresponds to 36°N. Velocity units are cm s,

E from the inner sections VI and VII are consistent with the conclusion that transports
through those sections are underestimated due to ageostrophic effects.

5.3. Heat flux

The heat balance of the Mediterranean interacts with the salt balance through evapor-
ation, which contributes to both. Evaporation causes a heat loss from the surface of the

-

it
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Fig. 10. Continued,

ocean, that may be balanced by other air-sea heat flux terms or by advection in the ocean.
Attempts to infer the advective contribution to the heat balance by examining the residual
of the air-sea fluxes has met with little success (BUNKER et al., 1982) because the errors in
the known flux terms are larger than the net air-sea flux. A direct estimate of advective
flux (which should be equal and opposite to the net air-sea flux) from oceanic obser-
vations, while subject to errors, is still likely to be more accurate than the residual
atmospheric calculation. In much the same way as the freshwater flux is calculated by
integration over the area of each section, heat flux is given by:

Qr= J pCpu'6’'dA.
A
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Fig. 11. The E4 flow estimate for sections VII, VIII and IX in (a) spring and (b} autumn. This
estimate minimizes a measure of the horizontal shear, thereby smoothing the field laterally. Cross-
hatched areas in all flow maps represent outfiowing regions (westward or southward flow). The
vertical dashed line indicates the southwest corner of the section. The zero in distance along track

corresponds to 36°N. Velocity units are cm s ™.

Again, flow fields conserving volume rather than salt were used to calculate heat flux
(Table 6). The average potential temperature anomaly 6’ is plotted in Fig. 14 as a function
of depth, along with the average 6 vs S relationship. Heat fluxes were larger in the autumn
cruise sections than during spring, due primarily to surface warming. Again, fluxes
calculated from the inner sections should be interpreted with caution. The average spring
value for the outer sections was 2.2 W m™2, and for autumn 6.0 W m ™2, These are within
the range expected from climatological values.
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Fig. 11. Continued.

The contributions to volume transport, freshwater flux and heat flux at a given depth are
illustrated in Fig. 15. Here the quantities u, u's’ and «’'6" are averaged along depth surfaces
across the entire section. As expected, outfiow is associated with a negative (out of the
Mediterranean) salt transport and positive heat transport. While there is little contribution
to the freshwater flux near the surface, a significant fraction of the heat flux is associated
with the large temperature anomalies in the upper water column.

6. ERRORS

Errors in transport estimates made from hydrographic data are often difficult to assess,
in good part because of the uncertainty in identifying the main causes of error. Errors in
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Fig. 13. Density-averaged (a) salinity and (b) potential temperature for sections VI-1X. Solid

line is spring cruise. dashed is autumn cruise.

Table 6.  Evaporation. heat flux and outflow transport

E EUF Q U Up Urm'd S(‘q

Season Section (cmy™') {cmy™h) (Wm ™3 (Sv) (Sv) (Sv)

Spring VI 15 11 1.4 1.01 0.67 0.2t 36.537
VI 28 20 —-3.6 3.60 1.37 0.38 36.460
VIII 57 41 30 5.32 2.00 0.62 36.564
IX 48 62 1.5 7.09 2.09 0.70 36.553

Autumn VI -1 2 -0.2 .91 (0.44 0.10 36.466
VII 10 6 9.2 2.78 1.53 0.28 36.129
VIII 39 25 6.3 5.71 2.18 0.55 36.323
IX 21 8 5.7 6.41 2.18 0.32 36.093

Evaporation and heat flux estimates assume an area of 2.5 X 10°km? for the Mediterranean Sca.
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the instantaneous transport may be divided into two categories: those associated with the
actual calculation of velocity from baroclinic shear and those associated with assuming that
geostrophy holds. Whether a given instantaneous transport is representative of a longer
term average is a separate issue, depending upon the natural variability of the system.
Temporal variability is an “error” only if one wishes to claim that the results may be
extended beyond the measurement period, or if significant variability occurs during the
period of observation. Estimates of all three types of errors are presented in this
discussion.

6.1. Errors in converting shear to velocity

The different flow field estimates use different constraints to convert vertical shear to
absolute velocity. One measure of this error is then the variance of the different estimates.
That variance is function of section as well as component of flow: the errors in the total
flow through each section are larger than those for the density-averaged component U,,.
and smaller for the pure Mediterranean water component U,,., (Table 8). For the outer
sections, VIII and IX, the error in the exchange Uis about 0.5 Sv, in U, about 0.25 Sv and
in U,,.4 about .15 Sv.

These errors ignore any barotropic component of the flow. While there are almost
certainly barotropic flows in this region on time scales of a few days (CANDELA er al., 1989).
the mass balance of the Mediterranean Sea requires such flows not to persist for long, and
eventually to reverse sign. Within the strait, correlations between the interface height and
the direction of the barotropic flow result in a net contribution to the exchange. This
interaction is unlikely to occur outside the geographically confined strait, and it is assumed
that barotropic flows in the Gulf of Cadiz do not contribute to the exchange.

Table 7. Entrainment and horizonial recirculaiion ransports

UH Ut'm
(U - Up) (Up — Upped) AUy AUy
Season Section (Sv) (Sv) (5v) (Sv)
Spring A% ! 0.34 0.46
2.20 0.45
VII : 2.56 0.91
0.76 0.47
VIII 3.32 1.38
1.68 0.01
IX 5.00 1.39
Autumn VI 0.47 0.34
0.78 0.91
VII 1.25 1.25
2.28 0.38
VIl 3.53 1.63

0.70 0.23
IX 4.23 1.86
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6.2. Errors from assuming geostrophic balance

In assuming that the velocity field is in geostrophic balance, a number of effects have
been ignored, including friction, mixing and downslope flow. Of these the most significant
is probably the latter, as discussed earlier in the paper.

Appendix B shows what is expected in the idealized model of a stream-tube flowing over
a sloping bottom. Given the characteristics of the tube, including its shape, and the vertical
section involved, the errors introduced for not having the section lie in the cross-stream

Salinity Anomaly Potential Temperature Anomaly (°C)
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Fig. 14. Depth-averaged (a) salinity anomaly (§ — 5). (b) potential temperature am?maly
(6 — B). and (c) # vs S for ull four sections. Solid line corresponds to the spring cruise. dashed line to
the autumn cruise.
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direction can be calculated analytically. These results cannot be applied straightforwardly
to the measurements: if they could, they would become “corrections” rather than
“errors.” This because the model is very limited. Nevertheless, the model explains the
cause and gives a good idea of the amplitude and sign of the error. This error is large in
section VI: the actual values of ME and SE should be between two and four times larger
than the values given in Tables 3 and 4, depending upon the values chosen for model
parameters.

Another indication of the error in assuming geostrophic balance can be found in
comparisons of direct current measurements with baroclinic shear from historical data.
Observations taken in 1967 (MuUseuM, 1970), along 6°20'W and along 8°W, through the
outflow, included hydrographic sections as well as short-term moored current measure-
ments. Neither section was closed, and both were oriented north-south. Using the same
parameters and reference levels as in the recent work, baroclinic velocities were calculated
for these two sections, and compared with the current measurements corresponding to the
time at which the closest station to the mooring was occupied. For the section closer to the
strait, the deepest station was occupied four times during the current meter deployment;
the comparison is the average of the four realizations. Near the strait, the average current
meter velocity at 360 m was 0.80 ms ™!, while the average baroclinic velocity relative to the
interface (6 = 100) was 0.25 m s~!, or an average of 0.55 m s™" low. Far away from the
strait, near the longitude of section IX of the present work, the baroclinic velocity at 850 m
(in the outflow) was 0.10 m s~ while the current meter velocities varied between 0.10 and
0.25 m s~!. Thus, near the strait, baroclinic transports may underestimate actual
transports by something like 0.5 m s~ ! times the area of the outflow, or as much as 1 Sv.
However, observations sufficiently far from the strait indicate that the baroclinic trans-
ports accurately reflect the directly measured transports.

6.3. Temporal variability in the outflow

How representative of the climatological average exchange are these transports from
two seasons of a single year? The temporal variability of the outflow near the strait is large,
with maximum variance at M, tidal frequencies, and significant variance on synoptic

Table 8. Errors in flow fields: standard deviation over all

estimates
1) (U (Unmea)
Season Section (5v) (Sv) {Sv}
Spring Vi 0.29 0.07 0.03
VII 0.98 0.32 0.07
VIIE 1.27 0.70 0.02
X 0.55 0.27 0.02
Autumn VI 0.27 0.09 0.01
VII 0.65 0.30 0.06
VI 0.81 0.65 0.03

IX 0.48 0.23 0.04
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weather time-scales of days to weeks (CANDELA et al., 1989). Little is known about the
seasonal and interannual variability (BorMANS et al., 1986). How much of the high
frequency variability is transmitted downstream into the Gulf of Cadiz is not known,
though GRUNDLINGH (1981) reports tidal and 2—4 day variability in current meter records
east of about 7°W (corresponding to section VII). He found that the tidal variations in
current were smaller than those of isolated events of a few days’ duration, when the current
increased by 20-30 cm s~! in the outflow. The increase in transport implied by these
currents is in the order of 0.2-0.5 Sv, depending on the actual area of the outflow. A
resonable estimate of the uncertainty in transport from a given section is, then, about 0.5
Sv due to temporal variability of the outflow.

6.4 Errors in heat and freshwater fluxes

Flux errors, like those in transport, can be estimated from the standard deviation over
all formulations, including, for freshwater fluxes, all the E ,restimates as well as E. For
sections VI-IX, in spring, the error in evaporation excess is: 7, 12, 12 and 14 cm y_', and
for autumn: 6, 10, 6 and 5 cm y~!. The corresponding errors for heat flux are, for spring:
0.2,2.0,3.5and 1.7 W m ™2, and for autumn: 0.2, 0.5, 2.0 and 1.0 W m ™. These errors are
very small compared to errors in meterological air—sea fluxes, probably unrealistically so.

An upper limit might be better estimated from the expected error in the exchange
through each section multiplied by the observed salinity or temperature difference
between the inflow and outflow. Given an exchange error of 0.5 Sv, a salinity difference of
1%o and temperature differences of 2°C in spring and 4°C in autumn, this error would be 22
cm y~! for evaporation excess, 3 W m™2 for flux in spring and about 6 W m™%in autumn.
These errors are probably more realistic than those estimated from the standard deviation
over all estimates made. If they are correct, then the observed differences in evaporation
and heat flux between the spring and autumn cruises are only marginally resolved.
However, the consistency of heat flux estimates from these observations is encouraging, as
air—sea fluxes derived from meterological data have proven less than satisfactory, even
when calculated with the best available formulae for drag coefficients (BUNKER et al.,
1982). Because of the large uncertainties in air—sea estimates, it was not previously
possible to identify seasonal variations in advective, or residual, heat flux.

7. DISCUSSION

Hydrographic data from four closed, north—south sections in the Gulf of Cadiz were
used to estimate outflow transports from the Mediterranean, as well as advective heat and
freshwater fluxes associated with the exchange of Atlantic and Mediterranean waters
through the Strait of Gibraltar. Because there are an infinite number of absolute velocity
fields that satisfy the thermal wind equation, additional constraints must be imposed in
order to obtain an estimate of the velocity through a given section. Five different estimates
of the flow field, utilizing three classes of constraints, were used to examine the sensitivity
of the solution to the specific constraints chosen. Common to all five estimates are the
thermal wind equation balance and zero salt flux through the section, The classes of
additional constraints used were: (1) reference level chosen to coincide with the interface
between Atlantic and Mediterranean water; (2) reference level chosen corresponding to
observed minima in derived quantities, such as the minimum (in absolute value) of
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uniform velocity required to satisfy the zero salt flux, or the level which results in the
minimum observed one-way salt transport (salt exchange); and (3) generalized integral
minimization of quantities such as (3u/3y)? (lateral roughness) or one-way salt transport,
without specification of reference level. The velocity fields were calculated separately for
each section. While it would be logical to incorporate all the sections into a single, three-
dimensional calculation, the apparently ageostrophic character of the outflow near the
strait argues against that approach.

Despite the physical and computational differences between the five estimates pre-
sented, the resultant flow fields, property fluxes and transports are remarkably similar.
The authors interpret this consistency to mean that the geophysical system of water mass
exchange between the Atlantic and Mediterranean is sufficiently well-defined and has a
strong enough density signal associated with it that estimation of the absolute velocity field
is relatively independent of the constraints imposed, so long as the basic requirements of
geostrophic balance and zero salt flux are met.

This result is very encouraging for calculations of exchange through straits and, by
implication, of air—sea fluxes over semi-enclosed seas from hydrographic observations.
While current meter measurement of the low frequency exchange can be made, logistics
are often difficult, precluding long-term measurements and measurements near the
surface. Furthermore, the tidal frequency modulation of exchange, at least in the Strait of
Gibraltar, is not resolved by direct observation of the current alone: the behavior of the
interface at tidal frequencies must also be measured. Geostrophically determined trans-
ports outside the strait provide an alternate approach to making estimates of exchange and
fluxes. Similarly, net air-sea fluxes deduced from meterological observations have larger
errors than those estimated here for advective fluxes. This suggests that, for many semi-
enclosed regions, the best seasonal or annual estimates of evaporation excess over
precipitation and of net air-sea heat flux would be those made from correctly designed
hydrographic surveys. The sections used must be far enough from the bathymetric
constriction (strait or sill} that the flow is in geostrophic balance, and be occupied
frequently enough to average out expected fluctuations in the observed exchange with
periods of days to weeks.

Variations in transport, heat and freshwater fluxes with distance from the strait and with
season were also examined. Integral property fluxes, as well as transport, increase with
distance from the strait as far west as 7°30’. West of that section, fluxes are constant,
though the total transport exchanged continues to increase. While transport is expected to
increase downstream of the sill due to entrainment and recirculation, fluxes should be
constant, as there are no significant sources or sinks of heat or salt in this region.
Nevertheless, heat and freshwater fluxes from sections near the strait are much lower than
expected from air-sea fluxes over the Mediterranean. Further west, the hydrographic
estimates are comparable to climatological values, though somewhat lower. This apparent
downstream increase in property fluxes is interpreted as resulting from the gradual
adjustment of initially ageostrophic components of the outflow. Adjustment appears to
occur as the outflow reaches its ambient density and begins to separate from the bottom:
somewhere between 120 and 160 km from the strait. Fluxes estimated from sections at 160
and 200 km downstream are comparable, as would be expected if the flow had adjusted
fully at 160 km. Thus, under the criteria outlined above for a well-designed survey to
identify exchange, only the outer two sections would satisty the constraint of geostrophic
balance.
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The non-recirculating transport through the westernmost two sections was the same for
both cruises: 2.2 (£0.2) Sv. The estimated transport of “pure” Mediterranean water was
0.77 (*0.1) Sv in spring and 0.43 (£0.1) in autumn. The errors noted reflect the standard
deviation of different transport estimates for a given realization. Natural variability of the
outflow contributes at least a further 0.5 Sv to the uncertainty of the mean. Evaporation
inferred from freshwater fluxes through those same sections was 0.53 (£0.2) m y~ ! in
spring and 0.30 (£0.2) m y~! in autumn. Heat fluxes, on the other hand, were higher in
autumn 6 (£6)} W m™~2, as opposed to 2.2 (£3) W m~2 in spring, due to summertime
surface warming that increases the temperature difference between inflow and outflow.
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APPENDIX A: DETERMINATION OF THE MINIMUM SALT EXCHANGE

Given the data u,, regardless of the z, ., used, the determination of a function v,.{y) for which the constraint SF =
(0 is imposed has an infinite set of solutions. T find the solution that minimizes

SE = JFL r pSuH(u)dzdy, (A1)
z=h(y)

y=40

where u = v,,r + u;, and

1if (Hh + Vn,f) >0

A2
0if (up + v, =0 (A2)

H(Hb + l"n’_f) = [

is a variational problem (u,, 5, and p are known functions). §F = 0 is an isoperimetric constraint (GELFAND and
Fomin, 1963) and can be dealt with using Lagrange multipliers. In fact, other constraints like zero mass flux can
easily be accommodated in this approach. The problem is formulated se that the functional

SE'=8SE—-L X SF (A3)
of v, has a stationary value, i.e. find a function v,,{y)} such that for any arbitrary but small function dv = dv(y)
ASE' = SE'(v,¢y + 0v) — SE'(v,g) = order(ov?). (A4)

Here L is the Lagrange multiplier. Due to the properties of the functions involved

ASE' =J

ov r=“ [psH(w) — Lps + 0(ov)]dzdy (A5)
R

z=hiy)

where H is evaluated as in equation (A2). The solution is
J

r ,asH(u)dz=LJ1 psdz. (A6)
—h -h

In other words, for 0 <L </, v,,,(y) must accommodate the same fraction (L) of ps with u, + v, positive for all
values of y. As in most variational problems, in order to satisfy SF = 0, the solution is found by an iterative
process. Very few (less than seven) iterations for L were required. This was accomplished by taking into account
previous guesses for L and linearly interpolating the new guess of L (L = O gives SF<0and L = ] gives SF > ()
until the absolute value of SFis less than SE x 10™*, For the first cruise and in sections VI, VII, VIIT and IX, the
corresponding Lagrange multipliers (L) are 0.64. 0.63, 0.62 and 0.57, respectively.
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APPENDIX B: STREAMTUBE MODEL OF THE OUTFLOW

For an inviscid, rotating fluid in turbulent motion but with its mean current such that {pv} = 0 (i.e. zero mean
momentum in the v direction). its mean momentum equation in the x direction reads:

o = = D29 — Gy, (B1)
'y

where the brackets ({}) mean averages and the rest of the notation is standard. This equation is valid independent
of time and length scales. Assuming that the cross-stream momentum equation is in geostrophic balance requires
the neglect of Reynolds stress. Equation (B1) simply points out the strength of the geostrophic approximation for
the cross-stream momentum balance. .

In order to use hydrographic data to infer veolcities, one must either neglect (or maybe model) the Reynolds
stress, as can be done by simplifying the momentum equation (B1} to:

fou=—-2L, (B2)

where the brackets have been removed for simplicity. Assuming the approximation is valid, the cross-stream
direction has to be determined. Application of (B2) in another direction results in errors when the along-stream
momentum equation is not in geostrophic balance.

In this appendix it is shown that for a downsloping “streamtube” current, bounded above by an inert layer and
below by a uniform sloping bottom, the use of equation (B2) underestimates (overestimates) the mass flux when
the vertical section is upslope (downslope) of the appropriate cross-stream section. To begin with, the pressure
gradient above the tube chosen is zero i.e. no “inflow.”

Fig. Bl. Schematic of a sloping “tube” flowing over the bottom with vertical sections crossing in

different directions. The interface of the tube separates slightly heavier water from the surrounding

water. The geostrophic balance is (assumed to be) correct for the horizontal momentum equation

in the direction perpendicular to the horizontal projection of the tube axis. This is the direction

marked by 0°. Velocities and fluxes derived by utilizing the geostrophic relation in other directions

than (° are in error. This error is positive for downslope directions and negative for upstope
directions.
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Fig. B2. The abscissa is the mass flux percentage error (equation B3) for utilizing the geostrophic

relation in a sloping tube as shown in Fig. B1. This figure is for weak bottom slopes, less than 0.05.

There is no error for the appropriate direction marked as 0°. The angle deviation is positive for

upslope vertical sections and negative for downslope. The error is a function of the tube to bottom

slope ratio, as shown by the label of each curve. The topography of the Gulf of Cadiz and the

sections used in this work are consistent with a 45° angle deviation and a tube to bottom slope ratio
between (.4 and 0.6.

Figure Bl shows a schematic of the geometry of a circular tube. The tube is such that its tangent in the
cross-stream direction is horizontal at the shallow intersection with the bottom i.e. u = 0 at the shallow edge.
We compute by using (B2) and the hydrostatic equation the apparent mass flux for any vertical cut as:

ME= |

¥

r—h pudzdy = 852 f [H(y) - h(y)]aidy,
fl ay

=—-H

where z = — H(y) is the bottom, z = —A(y) is the interface and the integral along y covers the whole tube. This
apparent mass flux is different from the actual mass flux if the section is not in the appropriate direction. The
percentage error in the mass flux is independent of the density constrast (Ap), latitude (f) and the actual size of the
tube. This percentage error is a function of the angle deviation from the cross-stream direction. It is also a
function of the bottom slope and, the actual tilt of the tube, which can go from horizontal or minimum (in which
case there is no error no matter what the angle deviation and bottom slope are) to a maximum of the bottom
slope. Figure B2 shows the percentage error in mass flux, explicitly:

ME(6) — ME((°)
ME(0?)

Yeerr = x 100, (B3)

where @ is the angle deviation (positive upslope). For weak (less than 0.05) bottom slopes the percentage error is
essentially a function of the deviation angle and the tube to bottom slope ratio.

The purpose of this calculation is to show that, for sections VI and VII and, according to this simplified model,
the error due to crossing the streamtube at an oblique angle is one of underestimation. For both sections, a
bottom slope in the order of 0.01, an angle deviation in the order of 45°, and a tilt of the tube in the order of 0.006
are assumed. These parameters are taken from examination of MADELAIN’s (1970) map of the outflow and
topography, although accurate parameters are difficult to ascertain. This results in a mass flux error of ~75%, or
ME, .1 = 4 ME_,,, ,u1eq- For a smaller tilt of the streamtube, 0.004, the error would be —43%.
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The model can be extended to include inflow maintaining the same velocity jump across the interface.
Modeling it in such a way as to conserve mass in any column, i.e.

0
[ pudz = ( (for any y)
~H
produces some changes and adds dependency of the percentage error to the actual depths of the bottom and

interface. Qualitatively, there are no changes and these become zero asymptotically as the maximum value of (H
— h) — 0. For typical values of H and # in the Gulf of Cadiz, the changes in Fig. B2 are small.
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The role of the interface in exchange through the
Strait of Gibraltar

N. A. Bray, J. Ochoa, and T. H. Kinder

Abstract. Five cross-strait hydrographic sections repeated several times during the
Gibraltar Experiment in 1985-1986 are used to examine the structure of the interface
layer between the inflowing Atlantic waters and outflowing Mediterranean waters in the
Strait of Gibraltar. The interface is 60-100 m thick, with a strong vertical salinity
gradient identified by fitting individual salinity profiles to a piecewise-linear, three-layer
model. The interface is deeper, thicker, fresher, and colder on the west end of the
strait than in the Narrows, where there is a minimum in thickness and a maximum in
salinity gradient. Farther east, the interface thickens again and continues 1o get saltier,
warmer, and shallower. Property variations in all three layers are also cast in terms of
the three principal water types involved in the exchange. The traditional Knudsen
model of exchange is extended to three layers, assuming that the interface is a
transport-carrying third layer with uniform vertical shear. As much as half of the
inflowing or outflowing transport occurs in the interface layer. Transport converges in
both the upper and lower layers, implying, over the length of the strait, vertical
exchange between layers that is comparable to about half the horizontal exchange. The
richness of structure and complexity of interaction between the interface and the upper

and lower layers argues against the use of two-layer models to characterize exchange

through the Strait of Gibraltar.

1. Introduction

The structure of water mass exchange through the Strait of
Gibraltar (Figure 1) is traditionally characterized as a two-
layer system. Atlantic waters, which are fresh and warm,
flow into the Mediterranean in the upper layer, while a
compensating flow of colder and more saline water exits
through the strait in a lower layer [Lacombe and Richez,
1982]. While this image of the exchange is useful in a
qualitative sense, it ignores aspects of the structure of
velocity and physical properties that are significant to a
quantitative description of the exchange. First, the interface
is of finite thickness, so that forcing the description into a
two-layer model means incorporating the interface structure
artificially into one or both layers. Second, the structure of
the interface and the hydrographic characteristics of the
different layers change with position zlong the strait, in
response to vertical exchange between the tayers. Third, the
vertically sheared velocity within the interface may carry a
significant fraction of the horizontal exchange.

In this paper, recent hydrographic observations in the
strait are used to expand the description of exchange to
include a more realistic structure: one that incorporates an
interface layer of finite thickness, defined by the halocline.
Because there is a seasonal thermocline in the upper layer,
the halocline, rather than the pycnocline, best identifies the
interface between Atlantic and Mediterranean waters (Fig-
ure 2). Using that definition of the interface, variations in the
properties and structure of the three layers are examined
within the strait and, to a limited extent, with time. The
interface is an active layer, in the sense that net horizontal

Copyright 1995 by the American Geophysical Union.
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transport can and does occur there, and it also serves as a
buffer for vertical exchange between the upper and lower
layers.

Equations relating transport through a channel connecting
two basins to the difference in evaporation excess between
the basins were developed by Knudsen [1899] in studies of
fjords. The Knudsen relations, as those equations have come
to be called, provide transport estimates that are indepen-
dent of the geostrophic or thermal wind balance more
commonly used in oceanographic contexts. Knudsen rela-
tions are valid even for unsteady flow, provided that appro-
priate averages can be constructed.

In an evaporative basin like the Mediterranean, the net
salt flux to an adjoining ocean is zero if the salt content in the
Mediterranean basin is assumed to be constant. The evapo-
rative loss is water of zero salinity, so evaporation does not
change the salt content but can change the salinity by
changing the volume of water in the basin. Excess of
evaporation over precipitation and runoff for the basin as a
whole should be balanced by a small net inflow of fresh
water through the strait (hence the term often used: fresh-
water flux). However, since both inflow and outflow have
substantial salinities, a much larger volume must be ex-
changed in order to maintain the balance of salt. The integral
equations describing this system are

e
[ rsoe

where « is the eastward (x direction) component of velocity,
pis the mass density, y is the northward coordinate, and z is

(la)

{1b)
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Figure 1. Bathymetry and location of principal geographic features in the Strait of Gibraltar. Conduc-
tivity-temperature-depth (CTD) sections were occupied repeatedly along the five cross-strait sections
noted as K1 to K5 during the yearlong Gibraltar Experiment. Moorings Ml, M2, and M3 were also part
of the Gibraltar Experiment and are used for comparison with the calculations presented here.

the vertical coordinate, taken to be positive upward, E is
evaporation excess, and § is salinity. The area of integration
corresponds to a cross section of the channel, from the
surface to the bottom. Braces denote a time average, unnec-
essary for steady flow. However, regardless of the steadi-
ness of the flow, the system (1) may always be written in
terms of *‘equivalent’” quantities. Consider, for instance, the
following definitions of mass and salt transports:

7= { [ [ putca o dz] (28
V= —U f puH(—u) dy dz} (2b)
SF‘E{VL, f f puSH(u) dy dz} (2¢)
2 = —{V% f f puSH(—u) dy dz} (2d)

where H{x) = { if x > 0 and H(x) = 0 if x =< 0 is the step
function. Notice that H(x) + H(—x) = 1, so in terms of
these definitions or equivalent quantities, the system (1) can
be rewritten as:

V,~-V,=E (3a)
V.]fl - ‘7252 ={Q. (3b)

These relationships were published by Knudsen [1899,
1900] and have been used frequently to model transports in

the Strait of Gibraltar. An additional equation for the heat
balance can be included in the form:

V]T] - Vz.fz =F. (3¢c)

Here the term *‘heat balance’” is used rather freely 1o mean
that temperature is used as a conservative tracer within the
strait itself, that is, that no gain or loss of heat is expected
from one section to the next. This system of equations {(3a),
(3b), and (3¢)) allows simple calculations to be made. For
example, horizontal transports as a function of section along
the channel may be estimated by rewriting (1a) and (1b} as

Y
5;- 8,
_ S
V2=_ — F

5§ -8

[

Vl=

E (4a)

(4b)

and considering that E cannot change from section to
section.

A three-layer modification of these traditional Knudsen
conservation equations is used in this paper to identify the
transport within each layer and also to examine along-strait
variations in the horizontal transports: by implication, a
measure of the vertical exchange between layers. The first
step in the analysis is to identify, using a simple model, the
three layers within any observed salinity profile in the strait.
This identification is done by a least squares minimization,
fitting each observed salinity profile to a continuous model
profile consisting of three linear sections. Using the fitted
profiles, the depth, thickness, and property characteristics of
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upper or lower layer. Definition of the interface in terms of a
single value of salinity has been common in past work.
Although this might be accurate enough for estimates of
vertical excursions of the interface depth, it is not appropri-
ate for examining exchanges between layers. The mean
shear in the strait should correspond in vertical extent with
the halocline, rather than with any particular salinity, since
the shear results from waters of differing salinities flowing in
opposite directions through the strait. In the instantaneous
flow, shear and halocline do not always, or necessarily,
correspond (see, e.g., Pettigrew and Hyde [1990]). This is
due to the interaction of the internal tide with the mean flow.
The average salinity of the halocline, as well as of the upper
and lower layers, changes with distance along the strait due
to vertical exchange. ‘ '

The finite thickness of the halocline is important, both
kinematically and dynamically. For example, since there is a
salinity change of ~2 psu across the interface, if half of the
interface layer is incorporated into the upper layer, the
salinity contribution from that interface layer constitutes a
major bias in the upper layer average. This reduces the
apparent salinity difference between layers to values like 1.5
psu. The volume and type of water within the halocline
region changes with distance along the strait, as does the
structure (depth, thickness, vertical gradient) of the halo-
cline. The interface is not a passive, if permeable, surface
that separates the inflow from the outflow. Rather, it is an
active third layer with a structure that is determined by the
interaction of strait dynamics and the kinematic structure
imposed by large-scale variations in water mass composi-
tion. For the analysis that follows, the interface is defined in
terms of the halocline. Once the halocline is identified from
a given profile, the interface structure and layer properties
may be determined readily. A quantitative method for divid-
ing any salinity profile into upper, interface (halocline), and
fower layers follows.

Taking an actual salinity profile § = $(z), a mode! salinity
profile § is fitted by least squares. The model salinity profile
has the following four free parameters: the upper interface
boundary height and salinity (Z, and §,) and the lower
interface boundary height and salinity (Z, and §,). The
surface salinity is fixed at the observed value, and the lower
layer is assumed to be homogeneous (Figure 3). This model
profile then consists of the following three linear sections:
the upper layer from the surface to Z,, the interface from Z,
to Z5, and a homogeneous lower layer from Z, to the bottom
or 4M) m, whichever is less. Other mode! possibilities were
explored, including one with a salinity gradient in the lower
layer and one with the number of free parameters increased
to six by allowing the surface and deepest salinities as
parameters. Judging subjectively, in both of those models,
part of the halocline is apparently included in the lower
layer; the simpler four-parameter system avoids that diffi-
culty. To exclude profiles that do not have a definite inter-
face layer, profiles with a salinity minimum >37 psu, a
salinity maximum <37 psu, or an average salinity difference
between upper and lower layers <0.85 psu were rejected
from the analysis. Most of the rejected profiles violated the
salinity maximum criterion, thus did not extend into the
lower layer. These profiles were located near the coast on
either side of the strait (Figure 4). It should be noted that the
fitting procedure introduces some bias into the interface
structure by excluding profiles with only a partial interface
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Figure 3. Comparison of observed with fitted profiles. (a)
Two profiles with the lowest value of fg as defined by (5), or
those best fit, and one with a thick interface. Percentages are
(1 — fq) x 100. (b) Three profiles with the highest values of
fq, or those with the worst fit quality.

(i.e., where the interface has surfaced and the minimum
salinity is >37 psu as a result), which happens principally on
the north side of the strait.

There is a wide variety of vertical structure observed in
the strait, and the fitting procedure approximates the reai
profiles with varying success that is measured quantitatively
by the fit quality fq:

> (s -5? (5)

fa=2(5,-8)*
I t

where the index ¢ labels the equally spaced depths of CTD
processed data, each with salinity §; and modeled salinity
§;, and § is the arithmetic mean of the profile, The quantity
fq is a measure of the amount of variance that is explained
by the model. Variability in the fit quality (Figure 3) indicates
which profiles are well or poorly estimated by the four-
parameter, three-layer modef. Even those profiles most
poorly fit (those without a surface layer) explain at least 80%
of the total variance in the profile. Profiles with the best fit
explain 99% of the t1otal variance.
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Figure 2. Typical profile of temperature (thick solid line), salinity (thin solid line}, and density (dots)
from a station near the Camarinal Sill for (a) spring of 1986, where there is no seasonal thermocline and
the small change in temperature across the halocline is evident, and (b} fall of 1986, where there is a strong

seasonal thermocline in the upper layer.

the interface, upper, and lower layers are described through-
out the strait.

Water mass characteristics at any point in the strait can be
readily described in terms of a mixture of three principal
sources. Relative contributions of Surface Atlantic, North
Atlantic Central, and Mediterranean water types are calcu-
lated in the different layers for sections across the strait at
various positions. Finally, assuming a value for evaporative
loss over the Mediterranean, the vertical structure of the
horizontal exchange is estimated through each section using
a modification of the classical Knudsen relationships that
takes into account the vertical shear through an active
interface. Convergences observed from section to section
within the upper and lower layers, found to be somewhat
larger than the estimated errors in horizontal transport, are
interpreted as vertical exchange between those layers and
the interface.

The analysis presented here does not take explicit account
of tidal variability in exchange through the strait. Most of the
energy for fluctuations in the strait derives from tidal forcing
of currents [Candela et al., 1990: Bray et al., 1930]. This
energy, together with the mean shear, apparently provides
much of the impetus for mixing and cross-halocline ex-
change [Wesson and Gregg, 1988, 1994; Ambar and Howe,
19791,

2. Interface Definition and Property
Distributions Within the Strait

2.1. Observations Used

During the Gibraltar Experiment conducted in 1985 and
1986 [Kinder and Bryden, 19871, over a thousand conductiv-
ity-temperature-depth (CTD) profiles were taken in and near
the strait [Kinder et al., 1986, 1987; Bray, 1986; Shull and
Bray, 1989]. Five cross-strait sections (labeled K1 to K5)
were occupied repeatedly during the experiment (Figure 1).

Observations were made with Neil Brown Instrument Sys-
tems Mark III profilers, calibrated under laboratery condi-
tions for accuracy of temperature and pressure before and
after each cruise; salinity samples taken in situ and cali-
brated against standard seawater were used to correct the
profiles of conductivity and thereby of salinity. The overall
accuracy of the measurements is =0.005 practical salinity
units (psu), £0.005°C, and =5 dbar for salinity, temperature,
and pressure, respectively. Stations were taken to within a
few meters of the bottom, except when excessive velocity
shear prevented lowering of the instrument. Observations
from four cruises are used in this paper: November of 1985,
March of 1986, June of 1986, and October of 1986, although
in June of 1986, dipiomatic clearance difficulties prevented
completion of the easternmost two sections. A total of 416
profiles are contained in the multiple occupations of standard
lines. Of these, 313 were used in this analysis. The remaining
103 had only a partial interface (for the most part, located
near the coast and depth limited to the upper layer) and were
therefore net included.

2.2. Interface Definition

The transition between Atlantic and Mediterranean waters
in the strait is clearly denoted by a sharp halocline, with a
change in salinity of ~2 psu occurring over a depth range of
50 to 100 m. This halocline does not typically coincide with
the primary thermocline, as there is a strong seasonal
thermocline within the Surface Atlantic Water for much of
the year. As a result, density profiles may have two pycno-
clines: one for the seasonal thermocline and one for the
interface, which is principally defined by the halocline {see
Figure 2b). In the following analysis, the halocline will be
used to define the interface, to avoid the confusion engen-
dered by the seasonal thermocline. The thickness and prop-
erty characterization of the halocline varies along the strait,
though it is consistently distinguishable from either the
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Figure 4.
identifiable interface layer.

Interface depth and thickness, averaged across the strait,
vary considerably with distance along the strait (Figure 5 and
Table 1). The interface depth is taken to be (Z; + Z,)/2; its
thickness is (Z3 — Z|). The interface is deepest and thickest
on the west end of the strait, with a minimum between
Camarinal Sill and Tarifa Narrows. There is surprisingly
little seasonal variability evident in either depth or thickness
of the interface from the different cruises. Standard devia-
tions over the four cruises (Table 1) are 5 to 25 m for the depth
and 5 to 21 m for the thickness. The smaller standard deviations
are found on the eastern end. Note that for many of the
calculations presented in this and succeeding sections, two
different estimates are given: the first involves using all of the
data, regardless of cruise, in a single calculation; in the second,
each cruise is calculated separately and the results averaged.
The standard deviation given is from the second calculation. In
general, the two estimates are in good agreement.

In plan view (Figures 6-8) the interface layer is found at an
average depth of 75-100 m throughout the eastern half of the

Station locations in the strait (a) with an identifiable interface layer and (b) without an

strait, deepening rapidly to 250 m on the southwestern side
(Figure 6a). While the interface is, on average, somewhat
deeper on the south side of the strait, the cross-strait
gradient in interface depth is much less apparent than that in
the along-strait direction on the western end. Interface
thickness (Figures 5 and 6¢) has a minimum between Cama-
rinal Sill and Tarifa Narrows and increases from a value of 60
m there to maximum thicknesses of 110 m on either end of
the strait. The average salinity of the interface layer (Figure
6b) increases monotonically eastward along the strait, with a
significant cross-strait gradient present everywhere, except
at the eastern end. Higher interface salinities are found on
the south side of the strait, Interface temperature (Figure 6d)
is relatively uniform in the along-strait direction; the princi-
pal variation is across the strait, with warmer temperatures
{consistent with a shallower depth) on the north side.

The density gradient across the interface may be inter-
preted in terms of a buoyancy frequency N (Figure 7), with
the usual oceanographic definition:
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and where the derivative on the right-hand side has been
approximated by the density difference across the interface
divided by the thickness of the interface. There is a pro-
nounced maximum in N2 on the south side of the strait

Table 1. Interface Structure

between Camarinal Sill and the Tarifa Narrows, correspond-
ing to the minimum interface thickness seen in Figure 6¢.
Throughout most of the strait the difference in average
salinity between the upper and lower layers (i.e., excluding
the interface layer} is between 2 and 2.2 psu (Figure 8). This
is in good agreement with the value inferred from moored
conductivity and velocity measurements during the Gibraltar

Depth, Thickness, Cross-Strait Slope, Geostrophic Knudsen
m m S $a m km ™! Shear, 57! Shear, 57!
Kl
All data 214 89 36.028 37.889 ~6.94 0.018 0.007
Average 229 89 35.970 37.913 —-4.35 0.011 0.008
Standard deviation 26 17 0.125 0.044 2.30 0.006 0.002
K2
All data 168 94 36.160 38.082 -3.7 0.010 0.006
Average 165 88 36,141 38.106 —4.00 0.013 0.007
Standard deviation 13 21 0.066 0.067 2.85 0.009 0.001
K3
All data 83 61 36.227 38.295 0.72 —0.003 0.013
Average 88 64 36.222 38.281 -0.77 0.002 0.013
Standard deviation 14 13 0.035 0.101 n 0.017 0.003
. K4
All data 83 92 36.395 38.330 -3.30 0.010 0.014
Average 86 86 36.244 38.343 -3.26 0.010 0.014
Standard deviation 22 1t 0.070 0.017 3.4 [INH ] 0.004
K5
All data 93 106 36.395 38.318 -2.31 0.006 0.004
Average 91 104 36.370 38.314 -2.57 0.006 0.004
Standard deviation 5 5 0.061 0.020 1.92 0.004 0.001

$'; is salinity at the top of the interface. S; is salinity at the bottom of the interface. Geostrophic shear assumes cross-strait slope is
ba!&}nccd geostrophically. Knudsen shear anticipates the three-layer calculation of section 3.2. **All data” is a calculation using all of the
available profiles in a given section. **Average' and *‘standard deviation’* are statistics over the four cruises, each done as an individual

calculation.
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Figure 6. Interface layer structure, using data from ail cruises, with the origin at Tarifa. (a) Depth of the
midpoint of the interface layer. (b) Salinity averaged vertically over the interface layer. (c) Thickness of
the interface layer. (d) Temperature averaged vertically over the interface layer.

Experiment [Bryden et al., 1989]. The temperature differ-
ence between layers (Figure 9) varies principally with dis-
tance along the strait, from a minimum of 2.25°C on the
western end to a maximum of 4.5°C on the eastern end.

2.3. Average Property Differences Across
the Interface

Another way to look at the results described above is to
consider averages over the five cross-strait sections and the
four cruises. This provides information about variations in
the structure along the strait and with season. Averaged over
all the observations (Table 2), the differences in salinity,

20t

E
=z
E ﬁoeo > \
A0
20 20 ¢ 20 a6
km East
Figure 7. Buoyancy f{requency N? (cycles per hour

squared) across the interface layer. The origin is at Tarifa.

temperature, and density between the upper and lower
layers {excluding the interface layer) are as follows: 1.99
{£0.12) psu, 3.01 (x0.88)°C, and 2.20 (+0.22) g, units,
respectively. The errors are standard deviations over ali four
cruises and five cross-strait sections. The relatively large
temperature error value reflects seasonal changes of ~2° in
upper layer average temperatures, associated with opposing
changes of ~0.1 psu in salinity, resulting in seasonal density
variations of 0.3 o in the upper layer (Figure 10).

Averaged by sections, salinity and density differences are
largest at sections K3 and K4, between Camarinal Sill and
Gibraltar itself (Figure 11). Temperature difference increases
to the east, with the largest value of 3.45°C at the Gibraltar
section. Quantitative differences between a two-layer and a
three-layer description {(Figure 11) are seen in all three
variables: the two-layer salinity difference underestimates
the three-layer value by 0.3 psu throughout the strait, the
temperature difference is underestimated by 0.4 to 0.8°C,
and the density by ~0.4 &,. (The two-layer system is defined
using the middle of the interface layer as the division
between upper and lower layers.)

The agreement between the average salinity difference
from these data and that inferred from moored observations
by Bryden et al. [1989] is in some sense surprising, as the
moored estimate includes effects of correlations between the
velocity and salinity fields in the lower layer. Because the
subsequent agreement between transports of volume, salt,
and heat between the two estimates hinges on the parity of
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Figure 8. Salinity contrast between the upper and lower layers using data from all cruises, with the origin
at Tarifa. (a) Salinity averaged vertically over the upper layer. (b) Salinity averaged vertically over the
lower layer. (c) Salinity difference (lower-upper) between layers. (d) Salinity contribution to N? (cycles

per hour squared) across the interface layer.

the two salinity difference estimates, it is worth discussing
why the two estimates agree. Bryden et al. [1989] estimate
the salinity difference between inflow and outflow as:

hi(r)
<f u(z, N[S{z, 1) — S ]W(2) dz>
h

hilt)
(f ulz, }W(z) dz)
ha

where h,(f) is the (time-dependent) depth of the interface,
h g is the bottom depth, W( z} is the width of the strait, « and
§ are the velocity and salinity of the outflow layer, and $ o
is the salinity of the inflow, taken to be a constant 36.2 psu.
Angle brackets signify a time average. The value of AS given
by Bryden et al. [1989] for the M2 mooring is 2.2 psu (see
Figure 1 for mooring locations). Using the results from CTD
section K3, the salinity difference excluding the interface
layer is 2.1 psu and the upper layer average salinity is 36.25
psu. Since the upper layer salinities are nearly equal in the
two estimates and are taken to be a constant in both, it
becomes apparent that:

AS =

ha

( f "z, DSz, HW(2) dz> ~ SerU,

where

hilt)
U= ([ ufz, NW(z) dz).
hg

In other words, when the interface is defined with precision
in the hydrographic data, the salt transport of the lower layer
is well represented by the product of the average salinity
times the transport. The interface h; used for the moored
data was defined as the 37 psu isoline; while this is a different
definition than that used for the CTD analysis, the crucial
clement in the time series calculation is that the time
dependence of interface depth be incorporated in the trans-
ports. With the CTD analysis it is crucial that the interface
structure be resolved precisely. Note that the moored esti-
mate could be further refined by a more careful definition of
the interface in the moored observations and by measure-
ments of salinity variability in the upper layer from moored
current meters, as the latter were not available from the
Gibraltar Experiment moorings.

Bryden et al. [1989] go on to estimate the evaporation
excess E to be 0.55 m yr™', by applying the Kaudsen
equations to their values of AS and U. Therefore, since AS
agrees between the two entirely different estimates (CTD
and moored observations), if we here use the value of E



BRAY ET AL.: EXCHANGE THROUGH THE STRAIT OF GIBRALTAR

10,763

Upper Layer Temperature Lower Layer Temperature
=
=
(=]
=z
E
a0
Temperature Difference Between Upper and Lower Layers Temperatura Conlribution to N2 Across Interface
20
10
£ o
(=3
Z
E o}
E -0 2
-20

-30 -

40

Figure 9. Temperature contrast between the upper and lower layers using data from all cruises, with the
igi arifa. (a) Temperature averaged vertically over the upper layer. (b) Temperature averaged
vertically over the lower layer. (c) Temperature difference (upper-lower) between layers. (d) Temperature
contribution to N? (cycles per hour squared) across the interface layer.

inferred from the moored AS, we will get the same trans-
ports as did Bryden et al. {1989]. What is surprising, at least
initially, is that the product of the average salinity and the
average transport is a good representation of the average of
the time-dependent product of the two in the lower layer.
One reason that this is true is that the average transport has
been defined carefully in the time series estimate to include
fluctuations in the interface depth. The second reason is that
the salinity in the lower layer, when the interface js ex-
cluded, has relatively little vertical structure, so that it is, in
fact, nearly a constant in the integrand.

2.4, Water Mass Distributions Within the Strait

The relationship between temperature and salinity is a
result of the water mass origin of parcels of water. Through-
out the North Atlantic, North Atlantic Central Water
(NACW) is ubiquitous in the range of ~8 to 19°C., NACW is
a water mass defined to lie along the line in TS space
connecting the points 8°C, 35.1 parts per thousand (ppt) and
13°C, 36.7 ppt [Sverdrup et al., 1942]. In the strait, NACW is
found below the surface during all cruises; near the surface
a modified form of NACW, warmer at the sarne salinity, is
also found. For the purposes of this discussion, the latter will
be referred to as Surface Atlantic Water (SAW). The ob-
served temperature and salinity distributions within the
strait can be described as a mixture of three principal water
types: SAW, NACW, and Mediterranean Water (MW),
SAW is warm and fresh, NACW is colder and fresher than

SAW, and MW is cold and saline. Each of these principal
water types is itself a mixture; MW, for instance, is com-
posed principally of Levantine Intermediate Water and
Western Mediterranean Deep Water (LIW and WMDW)
types [Parrilla et al., 1989; Pettigrew, 1989]. Similarly,
Spanish Shelf Water (SSW) and other constituents influence
the composition of SAW [van Geen and Boyle, 1989]. These
more specific water masses are not included explicitly in the
analysis presented here. In the case of LIW and WMDW,
the contrast is slight, and in the case of SAW, SSW is a
minor contributor.

The TS composition within the different layers with dis-
tance along the strait (Figure 12} indicates that the upper
layer is composed mostly of SAW and NACW on the
western end of the strait; as the upper layer flows eastward,
the lower part of the upper layer, containing NACW., is
eroded away, leaving a layer that is both thinner (Figure 13)
and more saline, due mostly to the loss of fresher NACW
from the layer and not to a gain of saline MW. Within the
interface layer, composition varies rapidly from Atlantic to
Mediterranean over the depth of the layer. Progressively
more SAW influence is found at the top of the interface layer
as NACW disappears. In the lower layer the TS distribution
becomes more diffuse on the Atlantic end of the strait,
although there is some indication of NACW even at the
section farthest east.

The composition of water masses at a particular location
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Table 2. Property Differences Between Upper and Lower
of Three Layers

Salinity, Temperature, Density,
psu *C oy
Kl
All data 1.809 2.585 1.967
Average 1.837 2.415 1.949
Standard deviation 0.102 0.692 0.082
K2
All data 1.988 2.825 2.158
Average 1.995 2.797 2.158
Standard deviation 0.017 0.585 0.138
K3 '
All data 2.109 3.363 2373
Average 2.118 3.264 2.359
Standard deviation 0.049 0.806 0.159
K4
All data 2.022 4.187 2.504
Average 2.074 3.370 2.353
Standard deviation 0.072 1.178 0.219
K5
All data 1.942 3 2.342
Average 1.955 3.404 2.269
Standard deviation 0.029 1.270 0.272
All Sections
All data 1.974 3.346 2.269
Average 1.994 3.013 2.207
Standard deviation 0.118 0.879 0.222

A!l data is a calculation using al! of the available profiles in a given
section. Average and standard deviation are statistics over the four
cruises, each done as an individual calculation.

in the strait can be quantified by a straightforward division
into three components, point values in TS space that are
taken to represent SAW, NACW, and MW (Figure 14).
Seasonal variations in surface temperature change the ap-
parent end point for SAW from one cruise to the next, so
composition triangles are defined individually by cruise. In
order for the decomposition to work sensibly, the point
considered must lie within the triangle defined by the end
points. Although more than three sources can be used in the
analysis [e.g., van Geen and Boyle, 1989], limiting the
number to three assures that the solution is unique.

Points representing SAW near the surface, NACW at
the salipity minimum, and MW are used to define the
triangle, where MW is taken to be an average of the differ-
ent sources of Mediterraneéan water masscs found in the
strait. A triangle is formed for each cruise (Figure 14 and

Table 3), with the requirement that it is the triangle of
minimum area (in units of degrees Celsius and practical
salinity units) containing the four extreme TS points in all
individual profiles considered from a given cruise. These
four extreme points correspond to the maximum and
minimum temperatures (with associated salinities) and max-
imum and minimum salinities (with associated temperatures)
(Table 4).

Within each of the three layers, temperature and salinity
are averaged over eachrcross-strait section (Figure 14). The
progression of TS characterization from one section to the
next in each layer indicates changes in composition as a
function of distance along the strait. Averaged over all
cruises and all sections (Figure 15a), the upper layer is
roughly half SAW, less than half NACW, and ~10% MW,
The interface layer is half MW, a third NACW, and a fifth
SAW. The lower layer is mostly MW, with minor contribu-
tions from SAW (2%) and NACW (7%).

As a function of distance along the strait (Figures 15b and
15c), there is actually an increase, from the westernmost to
the easternmost section, of 12% in the percentage of SAW in
the upper layer, accompanied by a decrease in NACW of
20%. MW in the upper layer also increases, from 5% to 10%,
from west to east. Along-strait changes in the interface layer
are similar to those in the upper layer. MW in the lower layer
decreases from 95% to §3%, going from east to west, while
SAW and NACW increase from 1% und 4% 10 4% and 13%,
respectively. The actual transport, as opposed to fractional
composition, of water types within the different layers is
discussed in section 3.2.

Variations in water mass composition in the upper layer
between cruises are as large as those from one end of
the strait to the other (Figures 15d and 15e). SAW in the
upper layer was a maximum of 73% during the fall 1985
cruise and a minimum of 39% in spring of 1986. Some of
that difference is made up by an increase in MW (8% versus
2% in fall 1985), though most is compensated by an in-
crease in NACW (52% from 26%). Similar differences are
seen in the interface layer between those iwo cruises,
although there is little variation in MW. No significant
differences occur in the lower layer compositions between
the two cruises.

3. Horizontal Transports
3.1. Two-Layer Calculation of Horizontal Transports

Using the simplified Knudsen relations of (4a) and {4b), an
estimate of the transport through any section can be made by

‘ L] T T T L T
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months from 1 January 1986

Figure 10. Seasonal changes in property differences between the upper and lower layers of the

three-layer system.
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Figure 11. Along-strait variations in property differences between the upper and lower layers: comparison between two-
and three-layer systems, showing (a) salinity, (b) temperature, and (c) density. Error bars represent standard deviations over
the four cruises for the three-tayer system.
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Figure 12. Temperature versus salinity structure as a function of distance along the strait. (a) Upper
layer TS characteristics for all occupations of each standard cross-strait section. (b) Same as in Figure 12a,
but for the interface layer. (c) Same as in Figure 12a, but for the lower layer.
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Figure 13. Salinity structure as a function of depth and distance along the strait. (a) Upper layer. (b}

Interface layer. (c) Lower layer.

simply dividing the interface layer at its middepth and
incorporating the upper part of the interface into the upper
layer and the lower part into the lower layer. The values of
S and T are determined from the observations: §, and T,
the respective averages from Z to the surface; and §, and
T,, the averages from Z to the bottom, where Z is the
midpoint of the interface, defined by (Z, + Z,)/2. The
evaporation excess is taken to be 0.55 m yr~!, on average,
over the entire Mediterranean Sea, equivalent to a transport
of 0.08 Sv [Bryden and Kinder. 1991}. This estimate is based
on recent moored observations, though it is comparable to
historical estimates (Bethoux [1979] gives a value of | m
yr™!). The objective here is to examine along-strait varia-
tions in horizontal transport, not to determine the actual
transport or evaporation values {see Ochoa and Bray {1991]
for a discussion of those quantities). Since transports are
directly proportional to E ((4a) and (4b)), a value of 1 m yr !
is convenient for estimating the transport associated with
any value of E. The horizontal transports that result from
this simple, two-layer calculation are instructive for compar-
ison with the three-layer, active interface calculation that
follows. Note that the two-layer transports exhibit substan-

tial variation along the channel (Figure 16). If it is assumed
that those transport estimates are correct, then vertical
exchanges between the layers are required in order to
balance mass within each layer. Errors in the horizontal
transports are examined in section 4.

3.2. Horizontal Exchange With Three Active Layers

A more realistic estimate of horizontal exchange in the
strait incorporates an interface layer of finite thickness and
vertical salinity gradient and with vertical shear through the
layer as a transition between the inflowing upper and out-
flowing lower layers (Figure 17). In order to identify that
vertical shear, it is further necessary to take into account the
actual cross-sectional areas of each layer for each section.
The areas are determined from the average position of the
halocline and the local bathymetry in each section, from the
profiles collected during the cruises (Table 5). Then, (1a) and
{1b) are solved, subject to the requirement that the velocity
through the interface is a linear function of depth and
matches the upper and lower layer velocities at the top and
bottom of the interface layer.

The formulas for the horizontal velocities in the upper and
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Figure 14. Water mass composition triangles for each cruise. The apexes of each triangle are taken to be
the values of Surface Atlantic Water (SAW) (top), North Atlantic Central Water (NACW) (left), and
Mediterranean Water (MW) (right). Solid triangles denote upper layer; circles, the interface layer; and
squares, the lower layer. Each symbol denotes the average for a given section, with section K1 on the
western end of the strait. ‘

- . . . t linit
Table 3. Composition Triangle Apex Points Table 4. Extreme Values of Temperature and Salinity

Salinit t
Salinity, Temperature, Temperature Extrema inity Extrema
psu °C T A s s z T
iﬁ_ﬂw i?‘é?‘é fg-;?g 12.788 208. 35.961 35.799 176. 12.997
. : . . . 4 86. 13.070
MW 15 537 12 526 15.936 28 36.349 38.464 386
Spring 1986 Spring 1986
pring 12.743 224. 35.801 35.747 218. 12.769
SAW 36.330 15.962 4 8.455 82 13.050
NACW 35.758 12.766 22.726 18. 36.480 ) :
MW 38.473 13.057 Summer 1986 .
Summer 1986 12.845 213. 38.424 35.815 202. 13.314
u . . . 470 3l. 13.067
SAW 36.201 20.624 20.536 4 36.404 38 3
NACW 35.751 12.835 Fail 1986
MW 38.437 12.999 12.836 203. 35.770 35.755 199, 12.897
20.624 4. 36.201 38.437 377. 12.999
Fall 1986
SAW 36.480 22.726 All Cruises
NACW 35.745 12.738 12.743 224. 35.801 35.747 218. 12.769
MW 38.471 12.974 22.726 18. 36.480 38.470 331, 13.067

SAW is Surface Atlantic Water, NACW is North Atlantic Central T is temperature (in degrees Celsius), Z is midpoint of the
Water, and MW is Mediterranean Water. interface, and § is salinity {in practical salinity units).
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Upper Intertace Lower
layer layer layer
SAW S1
Average
(all cruises,
all sections)
a)
NACW 42
SAW 44
West end
of strait
{all cruises)
b) '
NACW &1
SAW 57
East end
of strait

(all cruises)

c)
NACW 23
SAW 72
Fall 1985
(all sections) MW 2
d} NACW 26

SAW 3¢

Spring 1986

NACW §
AC 3 50

Figure 15. Water mass compositions of the three layers. (a) Average over all sections and cruises. (b)
Average over all cruises for section 1 at the western end of the strait. (¢) Average over all cruises for

section § at the eastern end of the strait. (d} Average over all sections for the fall 1985 cruise. (e} Average
over all sections for the spring 1986 cruise.

lower layers, in agreement with the equations of system (1)} layers, respectively, and s, and 5, are salinity values at the

and the model drawn schematically in Figure 17 are top and bottom of the interface. As with the two-layer

system, these formulas are applied to each section along the

Ain| Ain strait. Convergences in horizontal transports between sec-
U|A1+_"U2A2+_=E . . K A

2 -2 tions are interpreted in terms of vertical exchange between

layers, including the interface layer. The calculated vertical
shear from this Knudsen formulation is compared to the
geostrophic shear associated with the interface cross-strait

slope in Table 1. While the shear magnitudes are comparable in
where v, is the horizontal velocity (not transport) in the the two calculations on the east and west ends of the strait, the
upper layer, uniform throughout the upper layer of area Ay, geostrophic shears for the midstrait sections K3 and K4 are
vy is the horizontal velocity in the lower layer of cross- smaller than expected and highly variable (even of the opposite
sectional area A,. A;, is the area of the interface layer. S, sign at times). Instantaneous velocity profiles [e.g., Pettigrew,
and §, are the average salinities in the upper and lower  1989] show that not only does the flow in both layers reverse,

(2Zs| + 52)A;,
6

'U|[.ST]A|+ 6

_ (Sl+252)Ain
+ v, SZAZ + —_
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Figure 16. Two-layer horizontal transport as a function of distance along the strait, for the four different
cruises, with the origin at Tarifa. Evaporation excess is assumed to be 0.55 m yr ™! for the purposes of this

calculation.

but also, even the vertical shear reverses direction with the
tides in The Narrows.

The Knudsen-derived transports through each layer in
each cross-strait section, using all of the profiles available
(Tables 6-8 and Figure 18), exhibit several interesting
characteristics. First, a substantial fraction of the total
trznsport, more than half in the eastern sections, occurs in
tt interface layer. On the western end of the strait the
interface transport is to the west (in the same direction as
the high-speed lower layer), and on the eastern end the
interface transport is to the east (in the same direction as
the high-speed upper layer). There are also significant con-
vergences in horizontal transports in the upper and lower
layers along the strait. The implied vertical exchanges
(Table 9) into and out of the interface layer are roughly 20%
of the horizontal transport between K1, K2, K3, and K4
and are into the interface layer from both the upper and
lower layers. Overall, there is no vertical exchange implied
between K4 and K5. The statistical confidence of the implied

s, - ]

Interface
Layer

L

Figure 17.
change.

Schematic of the three-layer model of ex-

vertical exchange transports can be estimated in two differ-
ent ways. First, the error is estimated simply as a standard
deviation over all cruises {Table 9). Alternatively, since
the vertical exchange is calculated as a convergence of
horizontal transports, the errors in those transports may
be used. During one of the four cruises, 16 occupations of
the K4 section were made; those repeated realizations are
used in section 3.4 to estimate sampling errors in the
horizontal transports. As it turns out, those errors are
about the same as the standard deviations given in Table 9.
Thus the implied vertical exchanges between sections
(0.07 to 0.19 Sv) are somewhat larger than the errors (0.03 10
0.08 Sv). Taken over the length of the strait, from K1 to K35,
the vertical exchange is surprisingly large, 0.5 Sv out of
the upper layer into the interface and 0.45 Sv out of the lower
layer.

Given the horizontal volume transports in each layer, it
is possible to estimate the transports of the different water
types (SAW, NACW, MW) that are involved in the
exchange (Figure 19), since the composition is known.
Within the upper layer (Figure 19, top row) the eastward
transport of NACW decreases markedly toward the east
end of the strait, reflecting the erosion of the upper layer
into the interface and the decrease of upper layer volume
transport as more and more of that transport is incor-
porated into the interface layer. Correspondingly, the east-
ward transport of NACW in the interface layer increases
toward the east (Figure 19, second row, middle panel).
Similarly, the eastward transport of MW increases toward
the east end of the strait within the interface layer, again
reflecting the increased eastward volume transport in that
layer. To compensate for the eastward flow of MW in
the interface layer, the westward transport of MW in the
lower layer is largest on the east end, nearly twice the
amplitude found in the lower layer on the west end
(Figure 19, third row, right panel). On the west end of the
strait the transport of all three water types is westward, as
expecled. Without errors in the determination of water
types, the total water type transports (Figure 19. bottom
row} should be independent of position in the strait; the
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Table 5. Cross-Sectional Areas

Upper Lower Interface/
Total Layer Interface Layer Total
K!
All data 9,24 5.22 272 £.30 0.29
Average 5.66 2.48 1.10 0.27
Standard deviation 0.69 0.57 0.24
K2
All data 7.34 2.94 1.90 2.50 0.26
Average 2.92 1.75 267 0.24
Standard deviation 0.12 0.33 0.40
K3
All data 6.73 0.96 1.00 4,78 0.15
Average 1.02 1.07 4.64 0.16
Standard deviation 0.21 0.23 0.33
K4
All data 7.81 0.42 1.07 6.32 0.14
Average 0.49 1.01 6.32 0.13
Standard deviation 0.20 0.11 0.27
K5
All data 22.33 1.42 397 16.94 0.18
Average 1.30 3.77 17.27 0.17
Standard deviation 0.30 0.32 0.61

All values are in square kilometers. All data is a single calculation using all available profiles for each
section. Average and standard deviation are statistics over the four cruises, each done as an individual

calculation.

small deviations from a constant value are indicative of
relatively small errors in the water type determinations
from the available observations.

3.3. Comparison With Moored Velocity and Density

As part of the Gibraltar Experiment, several long-term
moorings were deployed in the strait [Candela e al., 1989,
1990]. The only comprehensive cross-strait array was com-

posed of three moorings, M1, M2, and M3, ocated roughly
halfway between K2 and K3 (see Figure 1). The vertical
extent of the moorings was limited by navigational con-
straints, so the shallowest instrument was located deeper
than 100 m (thereby not consistently in the upper layer).
However, the instruments measured temperature and salin-
ity, as well as current, so it is possible to determine, for
instance, the average relationship between velocity and

Table 6. Property and Transport Statistics (Upper Layer)

Temperature, Salinity, Density, Velocity, Transport,
*C psu oy ms” Sv
Kl
All data 15.941 36.154 26.681 0.18 0.96
Average 15.668 36.166 26.720 0.17 0.92
Standard deviation 0.750 0.054 0.136 0.02 0.06
K2
All data 16.017 36.215 26.679 0.26 0.77
Average 15.975 36.211 26.685 0.26 0.77
Standard deviation 0.570 0.024 D.118 (.01 0.01
K3
All data 16.402 36.248 26.616 0.64 0.62
Average 16.285 36.242 26.636 0.61 0.61
Standard deviation 0.790 0.039 0.153 0.10 0.03
' K4
All data 17.261 36.336 26.478 1.11 0.47
Average 16.422 36.279 26.631 1.07 0.48
Standard deviation 1.175 0.068 0.222 0.25 0.08
K5
All data 16.822 36.421 26.649 (.33 0.47
Avcrage 16.446 36,407 26.723 0.36 0.45
Standard deviation 1.231 0.030 0.264 0.05 0.04

All data is a single calculation using all available
deviation are statistics over the four cruises, each d

profiles for each section. Average and standard
one as an individual calculation.
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Table 7. Property and Transport Statistics {Interface Layer)

Temperature, Salinity, Density, Velocity, Transport,
°C psu o ms™! Sv
K1
All data 13.957 317.000 27.744 -0.13 -0.34
Average 13.655 36.968 27.783 -0.17 -0.39
Standard deviation 0.397 0.060 0.059 0.05 0.05
K2
All data 14.300 37.186 27.814 ~0.01 -0.02
Average 14.040 37.170 27.857 -0.01 -0.01
Standard deviation 0.368 0.039 0.066 0.02 0.03
K3
All data 14,293 37.279 27.887 0.24 0.24
Average 14.213 37.259 27.889 .. 0.22 0.23
Standard deviation 0.259 0.054 0.061 0.05 0.06
K4
All data 14.542 37326 27.869 0.48 0.52
Average 14.240 37.307 27.920 0.46 0.46
Standard deviation 0.335 0.020 0.058 0.13 0.10
K3
All data 14.331 37.386 27.962 0.14 0.54
Average 14.277 37.359 27.952 0.15 0.56
Standard deviation 0.304 0.034 0.064 0.03 0.05

All data is a single calculation using all available profiles for each section. Average and standard
deviation are statistics over the four cruises, each done as an individual calculation.

density across the mooring array, for comparison with the instruments on the three moorings. By including the tidal
averages calculated here using only property information frequencies, correlations between tidal currents and inter-
and an assumed value of evaporative loss. Density is usedas  face depth that are important to the total property transport
the property variable because it is monotonic with depth; [Bryden et al., 1989] are resolved. Velocity at a given density
water mass characteristics in the upper layer include a local compares surprisingly well between the two calculations,
minimum of salinity along some sections, implying a poten- certainly within the errors of either calculation. Note that the
tial ambiguity in the « versus § relationship. Unfiltered time  velocity from the modified Knudsen calculation is an aver-
series (including the tidal signal) were used to construct the age over the entire layer in each case, whereas the velocity
average u versus density relationship (Figure 20) for all derived from the moorings is not. An average over the

Table 8. Property and Transport Statistics (Lower Layer)

Temperature, Salinity, Density, Velocity, Transport,
°C psu o ms! Sv
K!
All data 13.355 38.002 28.648 -0.43 -0.57
Average 13.252 38.003 28.670 -0.50 -0.54
Standard deviation ¢.153 0.075 0.059 0.09 0.08
K2
All data 13.192 38.202 28.837 —0.28 -0.70
Average 13.178 38.207 28.843 -0.27 -0.72
Standard deviation 0.046 0.027 0.026 0.03 0.03
K3
All data 13.039 38.357 2B.989 -0.17 —0.81
Average 13.021 38.360 28.995 -0.17 -0.80
Standard deviation 0.038 0.023 0.024 0.02 0.03
K4
All data 13.074 38.358 28.983 —0.15 —0.94
Average 13.052 38.353 28.983 -0.14 —-0.90
Standard deviation 0.033 0.013 0.004 0.01 0.04
K5
All data 13.050 38.363 28.992 -0.06 —0.97
Average 13.042 38.361 28.992 -0.06 -0.97
Standard deviation 0.047 0.602 0.009 0.00 .01

All data is a single calculation using all available profiles for each section. Average and standard
deviation are statistics over the four cruises, each done as an individual calculation.
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Figure 18. Horizontal transports in three active layers as a function of distance along the strait.
Evaporation excess is assumed to be 0.55 m yr ™' for the purposes of this calculation.

moored velocities would result in a lower total transport than
that implied by the Knudsen calculation, as expected from
the difference in evaporation excess between the two calcu-
lations. This is done explicitly in section 3.4,

3.4. Estimation of Transport Errors

Errors in horizontal transports calculated by the methods
of the previous sections may result from at least two
sources: insufficient sampling of the fields and the assump-
tion of equivalence between velocity-weighted salinities and
spatially averaged quantities. The cross-strait section K4
near Point Cires was repeated 16 times during the November
1985 cruise. That collection of sections is used to estimate
the errors due to sampling variability. To examine the
validity of assuming that spatial averages may replace ve-

locity-weighted averages, a comparison of the present cal-
culation and that of Bryden et al. [1989] for the outflow salt
transport from moored observations is made.

To estimate the sampling error associated with a singie
realization of the section at K4, horizontal transport is calcu-
lated from each of the 16 occupations. Since it is the same
vertical section in each calculation, sampling without errors
would result in identical values of horizontal transport. Stan-
dard deviations in the horizontal transports of the upper and
lower layers are 0.09 and 0.08 Sv, respectively (Table 10),
comparable to the standard deviations over the four cruises
(Tables 6 and 8). In the interface layer the standard deviation
for this error calculation is somewhat larger, 0.17 Sv, than that
over the cruises (0.10 Sv) or the upper and lower layers.
Presumably, this larger sampling error in the interface layer

Table 9. Implied Vertical Exchange Between Sections

KI1-K2 K2-K3 K3-K4 K4-KS5 KI1-KS$
Upper Layer Into Interface Layer
Fall 1985 0.19 0.19 0.12 -0.03 0.47
Spring 1986 0.13 0.12 0.23 0.01 0.50
Summer 1986 0.19 0.14
" Fall 1986 0.29 0.18 0.01 0.12 0.59
All data 0.19 0.15 0.15 -0.01 0.48
- Average 0.20 0.16 0.12 0.03 0.51
Standard deviation 0.06 0.03 0.1 0.08 0.06
Lower Layer Into Interface Layer
Fall 1985 0.07 0.16 0.12 0.02 0.36
Spring 1986 0.28 0.04 0.13 0.09 0.54
Summer 1986 0.1% 0.07 TR
Fall 1986 0.16 0.07 0.06 0.12 .40
All data 0.14 0.10 0.13 0.03 0.40
Average 0.17 0.09 0.10 0.07 0.42
Standard deviation 0.08 0.04 0.03 0.05 0.09

All values are in sverdrups. All data is a single calculation using all available profiles for each
section. Average and standard deviation are statistics over the four cruises, each done as an individual

calculation.
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Figure 19. Variations in water type transports along the strait, based on the three-layer horizontal
transports of Figure 18 and the water type compositions described in text (section 2.4). Evaporation
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Table 10. Transports and Errors From Repeated K4 Sections

Temperature, Salinity, Density, Velocity, Transport,
°C psu oy ms” Sv
Upper Layer
All data 17.261 36.336 26.487 1.11 0.47
Average 17.462 36.366 26.451 1.13 0.45
Standard deviation 0.548 0.070 0.106 0.35 0.09
Interface Layer
All data 14,542 37.326 27.869 0.48 0.52
Average 14.542 37.329 27.870 0.51 0.55
Standard deviation 0.413 0.043 0.073 0.17 0.17
Lower Layer
All data 13.074 38.358 28983 -0.15 -0.94
Average 13.075 38.355 15.980 —0.28 —0.96
Standard deviation 0.029 0.030 0.029 0.02 0.08

All data is a calculation using all available profiles from section K4, 16 repetitions during fall 1985,
Average and standard deviation are statistics from the 16 individual occupations of section K4, each

calculated separately.

results from real variability in the interface structure due to
tides and 1o interfacial tida! bores found preferentiaily in this
section of the strait [Pettigrew and Hyde, 1990).

In an analogous fashion, sampling errors in the implied
vertical exchange can be estimated by considering pairs of
the repeated sections and examining the differences in hor-
izomtal transport of the different layers between the two
realizations. Again, sampling without errors would imply no
vertical exchange. The average vertical exchange over i5
pairs of K4 sections is 0.01 (=0.08) Sv and 0.0! (*£0.06) Sv
for the upper and lower layers, respectively. Within the
interface layer both the average and standard deviations are
somewhat larger, —0.02 (20.13) Sv. From this analysis it is
argued that error in the implied vertical exchange between
the upper and interface layers is 0.08 Sv and between the
lower and interface layers is 0.06 Sv, comparable to the
standard deviations found over the four cruises (Table 9).

Turning to the question of velocity-weighted versus spatial
averaging, Bryden et al. [1989] used salinity and velocity
dala from mooring M2 to estimate the velocity-weighted
outflow salt transport to be 1.6 Sv psu, relative to the **Atlan-
tic” inflow salinity of 36.2 psu, as discussed in section 2. From
that salt transport, Bryden et al. estimate the evaporation
excess, using Knudsen’s refations, to be 0.55 m yr~'. Compa-
rable estimates of the spatially averaged outflow salt transport
from the present calculation can be made for sections K2 and
K3, on either side of mooring M2. Using the transports in Table
8, the outflow salt transpont relative to 36.2 psu for K2 is 1.43
Svpsuand 1.74 Sv psu for K3. The average of the two sections
is 1.58 Sv psu, very close to the 1.6 Sv psu found by Bryden et
al. [1989] for the velocity-weighted outflow salt transport. As
noted in section 2, it is the fact that the salinity difference
between inflow and outflow is the same as in the two estimates
that makes the transports, when scaled to the same evapora-
tion excess, so nearly equal. The implicaticn is that, under
these circumstances, spatial averages of salinity can replace
velocity-weighted averages.

A similar comparison of heat flux calculated from the two
data sources can also be made. In order to calculate a
meaningful heat flux, we have assumed that inflow and
outflow are equal in magnitude. Using the observed temper-
ature differences between the upper and lower layers, to-
gether with the implied horizontal transport using 0.55 m

yr~! as the excess evaporation rate, the average heat flux for
sections K2 and K3 is 2.7 (£1) W m ~2, where the error is a
standard deviation over the four cruises. Although Bryden et
al. {1989] did not estimate heat fluxes, Macdonald ef al.
[1994] found a value of 5.2 (1) W m~? from the Gibraltar
mooted data.

4. Discussion

4.1. Implications of an Interface With
Finite Thickness

That the interface between Atlantic and Mediterranean
waters 1s of significant vertical extent has several important
implications for the exchange of properties between the two
ocean basins. First, a simple two-layer model of the struc-
ture of the exchange will result in underestimates of the
property differences between the two layers based on obser-
vations within the strait, by as much as 30%. This is because
the high-gradient region of the interface takes up 60 to 110 m
of the water column; a two-layer system divided by a single
isohaline denoting the middle of the interface will produce an
average upper layer salinity substantially higher and lower
layer salinity substantially lower than the actual values in
those layers exclusive of the interface. The three-layer
system introduced here circumvents that difficulty by iden-
tifying the interface layer with the region of high-salinity
gradient that is observed in actual profiles from the strait.
Salinity differences between the upper and lower layers of
the three-layer system (2 psu versus 1.5 for the two-layer
model) are only slightly lower than values inferred from
moored current and salinity data {Bryden et al., 1989, 1994].

Second, because the interface takes up a substantial fraction
of the water column and because there is no constraint that the
vertical integral of transport over the interface vanish, an
important contribution to the exchange can and does occur
within the interface layer. On the eastern end of the strait,
roughly half of the transport into the Mediterranean is found in
the interface layer, while on the west end an equivalent
outflowing transport occurs in the interface layer. Near Cama-
rinal Sill there is little net transport within the interface layer.
The interface layer, then, is an active participant in the process
of exchange, carrying a substantial fraction of the transport and
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4.3, Implied Vertical Exchange Between Layers

350 length of the strait the property distributions taply that
roughly one half of the inflowing transport is exchanged
400 between the Upper and interface layers and slightly less of
450 the outflow is exchanged between the interface ang the lower
layer. The Propriety of Interpreting convergences in the
% W20 0§ g 2 30 @ 5 herizontal transports as vertical exchange depends on the

Distance Along Strait {km} relative size of the errors associated with those estimates

igure 2], Summary of along-strajt variations in transports
::g;gf:ﬁ;i: ;l;igl:;e Is)t?_;:fd ;fr';tsgl:rgl;g:;: dd[l; ;\;g‘fg heal:t of the entire caIcuI.ation,'are 'actually_ accomplished. In
\e magnitude of horizonta] transport in each layer at the Section 3.4 the EITors in €stimating horizontal transports
irious sections along the straj;, Vertical transports implied  Were shown to be somewhat less than the magnitudes of the
/ the convergence of horizontal transports from one section  conver sences: sampling errors are of the order of 0.06 Sv, a5
the next are represented by vertjca] aITows, with the same compared with convergences of the order of 0.3 Sv.

aling as the horizontaj transports, Evaporation excess is s

sumid to be 0.55 m yp-! for;:he purposes of this calcuia- 44 Water Type Distr, ibutions

M, and the origin is at Tarifa, Another way of looking at the exchange between (he
Atlantic and Mediterranean js o cast the problem into

transport of water types, rather than transport of heat apd

»eriencing large variations {in sign and magnitude) of trans- salt. The principal water types involved in the exchange can
1 with position along the strajt. be identified as SAW, NACW, and MW (surface Atlantic,
“hird, the interface acts as a buffer layer for PTOperty  Norh Atlantic Central, ang Mediterranean water types). By
hange between the tPper and lower layers. Thus, as the  defining o triangle in TS space with these three water types
perties and horizontaj transports jn the upper and lower as apexes, it is possjble
s change along the strajt a5 a result of mixing, entrain. the volume transport of each type as a function of position
I, and vertical advection, the interface layer absorbs along the strait and layer. The upper layer is composed of
€ changes and |5 altered accordingly. For example, the roughly half SAW, 40% NACW, and 10% MW, on average,

face layer also change, by 0.6C and 0.2 o1. Horizontal changes with position along the strait occur in the upper and
port within the layer changes dr amatically with distance interface layers: the upper layer fraction of NACW decreases
} the strajt, implying substantia) vertical exchange be- rather dramatically castward, as the lower part of the upper
n the interface and the Upper and lower layers, ag layer is eroded into the interface layer. With season the fargest
ibed below, change is, not surprisingly, in the upper layer: NACW com-
Estimation of Horizontal Transport Using Prises twice the fraction in Spring as it does in the fall.

P . . i t
lified Versjop of Knudsen’s Relations Transport of wgter types, caiculated mm;?]y as the produc
of water type fraction and the three-layer horizontal transports,

Is most variable in the interface layer, for all three types, in the
Atlantic types of the upper layer and the Mediterranean types

en an observationally well-defined three-layer system,
tforward modification of the classica] Knudsen caley-

equally between the upper and the interface layers. 4.5. Implications for Future Work
nsformation js associated with the depth of the layers: Although wo-layer models, including those that utjlize
vest end the outflow layer js thin, with high velocities: hydraulic flow principles [e.g., Stommet et al. 1973; Furmer
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