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Abstract

Upper bounds are estimated for the rates of water mass formation in different regions of
the Mediterranean Sea by calculating the monthly climatological air-sea fluxes of heat and
fresh water as a function of the surface density. It is found that a yearly averaged flux of
about 4 Sverdrup (Sv) of surface water whose density is in the intermediate density range
26.2 > o > 28.7 is transformed by air-sea fluxes to greater densities, and about 2 Sverdrups
are transformed to lesser densities. Part (possibly a small part) of the water transformed
into higher density ranges sinks and forms the intermediate and deep water masses. The
calculation therefore gives an estimated maximal bound of about 4 Sverdrup for the yearly
averaged water mass formation in the Mediterranean. Similar calculations for the Eastern
Mediterranean alone give bounds of Levantine Intermediate Water formation (1-1.5 Sv), as
well as formation in the Adriatic Sea (1-1.5 Sv). A simple model using three variable-volume
boxes to represent a marginal sea under seasonal forcing is used to support the data
analysis. The model and the data analysis demonstrate the crucial role of mixing and of the
seasonal cycle in shaping the water mass transformation in the Mediterranean Sea.

1. Introduction

This work deals with water mass transformation in the Mediterranean Sea. It
has two main objectives: first, to estimate quantitatively the water mass formation
and transformation by air-sea fluxes in the Mediterranean Sea using data of the
climatological monthly averages of heat fluxes, evaporation, precipitation, and of
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surface temperature and salinity; and second, to use a simple three-box model to
illuminate the role of mixing in the water mass transformation process as cannot
be done using the data alone.

The water mass transformation by air-sea fluxes of heat and freshwater
(evaporation, precipitation and river runoff) results in the formation of the deep
water of the Mediterranean Sea. The Levantine Intermediate Water (LIW) is
believed to form south of Asia Minor, the deep water of the East Mediterranean is
formed mostly in the Adriatic Sea, and the deep water of the West Mediterranean
is formed in the Gulf of Lion. The high-salinity deep Mediterranean water flowing
into the Atlantic Ocean through the Straits of Gibraltar can be traced throughout
large parts of the World Ocean. Many studies deal with water mass analysis for the
Mediterranean (e.g. Wiist, 1960; see also Malanotte-Rissoli and Hecht (1988) and
Hopkins (1988) for reviews of the East and West Mediterranean, respectively), but
we still lack reliable estimates of the rate of formation of each of the above water
masses.

The formation of dense water is the most obvious result of the air-sea fluxes
acting on the oceanic water, and therefore normally receives much attention.
However, air-sea fluxes are also responsible for the formation of buoyant water in
regions of heating or strong precipitation. This process is no less important than
the dense water formation, as it is essential for keeping the oceanic stratification in
a steady state.

Water mass transformation is normally studied by calculating the mass, heat,
salt and tracer balances for a given volume of water, and thereby estimating the
amount of water mass formed or modified within that volume. Using this method,
however, it is difficult to separate the effects of air—sea fluxes and interior mixing,
both of which affect the distribution of water masses in a given region. The method
used here allows the calculation of water mass transformation owing to air-sea
fluxes only, distinct from the effects of mixing.

Our calculations are based on Tziperman’s (1986) approach, which allows the
calculation of the amount of water formed at a given density range by the air—sea
fluxes. The approach is an extension of Walin’s (1982) work, and was also applied
by Speer and Tziperman (1992) to data from the North Atlantic Ocean. An
interesting extension of the Mediterranean data analysis presented here was given
by Lascaratos (1993).

As climatological flux data such as used in this study are notorious for their
poor quality, we make a special effort to discuss and demonstrate the robustness of
our results by analyzing two different data sets of air—sea fluxes to calculate the
water mass transformation in the Mediterranean Sea. In addition, the various
sources of possible errors are discussed in detail, and the sensitivity of our results
to various aspects of the calculation is thoroughly examined.

The three-box model study presented here deals with issues that cannot be
resolved by the data analysis, thus complementing the data analysis and enhancing
our understanding of water mass transformation in the Mediterranean Sea. The
model demonstrates why mixing must be invoked to explain the shape of water
mass transformation in the Mediterranean Sea.
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In the following sections we first briefly present the method of calculation
(Section 2), and then apply it to estimate the transformation of Mediterranean
water masses by surface fluxes of heat, evaporation and precipitation (Section 3).
The three-box model is presented and its results discussed in Section 4, and we
conclude in Section 5. The Appendix analyses the possible errors caused by errors
in the air-sea fluxes and by various aspects of the data analysis.

2. Method

The idea behind the method presented here is that by calculating the total
air—sea buoyancy flux as a function of the density of the surface water rather than
as a function of location, it is possible to deduce the amounts of water mass
formed or modified in any given density range by these fluxes. A detailed
derivation of the expressions relating the surface fluxes to water mass transforma-
tion and formation has been given by Tziperman (1986) (see also Walin (1982) and
Speer and Tziperman (1992)), and we shall only briefly describe it here.

Let the surface fluxes of heat and freshwater (evaporation minus precipitation)
be #(z,y,t) and &(x,y,t), respectively. Both are functions of location and time,
assumed to vary periodically with the seasonal cycle. Given the temperature and
salinity of the surface water T(x,y,t) and S(x,y,t), it is possible to calculate the
buoyancy flux (a/C,)# —pBS& as a function of the surface density, where
a= —3p/0T and B =0p/0S are the derivatives of the density with respect to
temperature and salinity (these are the expansion coefficients up to a factor of one
over the density). The total buoyancy flux during 1 year, as a function of the

surface density, F(p'), is found from the above fluxes using the following expres-
sion:

F(p')= /dtff dx dy[CiZ/(x,y,t)——pBS(x,y,t)é?’(x,y,t)

1 year surface area
x8[p(x,y,t) —p'] (1)

The delta function appearing in the integral is zero whenever the surface density is
not equal to the density p’, and therefore samples the surface buoyancy flux only
for surface water of density p'.

It is not difficult to show (Tziperman, 1986) that F(p’) is the contribution of
air—sea fluxes to the mass flux across the isopycnal surface p = p’, during the entire
year. This flux can be of two forms. First, some body of water of density p can be
made either more dense or less dense by the air-sea fluxes, and move to a
different location by actually crossing an isopycnal surface that is fixed in space.
Second, a water mass of density p can change its density as a result of the flux
F(p) but remain in place. The cross-isopycnal flux in this case is not across any
physical surface fixed in space. In the ocean, the two types of cross-isopycnal flux
can simultaneously occur at any given location and time.

The water mass formation by air—sea fluxes in the density range p, <p <p, is
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equal to the difference between flux entering this range ‘across p;, and the flux
leaving this range across p,:

mass of water formed in the density range (p,,p;) =F(p,) — F(p1) (2)

Taking the limit as p; — p,, the amount of water formed at a density range
(p,p +dp), is M(p)dp, where

M=dF/dp ©))

This procedure for analyzing water mass transformation does not require a
knowledge of the volume of water involved in the exchange with the atmosphere,
but only of the surface properties of this water. The above expressions give the net
water mass formation by air—sea fluxes, distinct from the effects of oceanic mixing
which may play an important role in modifying the water mass as soon as it is
transformed by air-sea fluxes. The dynamical coupling between the surface fields
and the air-sea fluxes is implicit in our calculations. We are using the surface
fields and air—sea fluxes to diagnose the water mass transformation while ignoring
the dynamics that couple them to each other, as is normal in diagnostic studies.

Finally, it should be noted that the flux denoted here by F is the analog of the
derivative with respect to temperature of the thermal forcing function, Q(T),
discussed by Walin (1982), whereas M(p) is the analog of the second derivative of
o).

Errors in the calculation of water mass transformation based on the above ideas
may result from the insufficient quality of the air-sea flux data (Bunker and
Goldsmith, 1979; Bunker et al., 1982). To examine the effect of these errors on our
results, we have applied our method to two different sets of climatological air-sea
flux data for the Mediterranean Sea (see the Appendix). Our approach is to try to
obtain the most information from the available data, rather than simply give up
and not use the data at all.

A second source of error is the lack of data of air-sea fluxes and surface water
properties as continuous functions of time, rather than monthly climatological
averages. Using (1) with these averages may lead to a wrong estimate of water mass
formation, especially because water mass formation events are known to occur
during short time intervals during which severe weather conditions occur. The
Appendix contains a detailed discussion of the error resulting from the use of
climatological flux data, showing that the calculation based on monthly averaged
climatological fluxes may still be expected to produce reasonable results.

3. Water mass transformation in the Mediterranean Sea

3.1. Data

The air—sea heat flux data were calculated from ship observations (May, 1983),
and are given on a 1° grid and in monthly resolution. The surface temperature and
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salinity are from the GDEM (generalized digital environmental model) data set
(Davis et al., 1986). In this data set, the temperature and salinity are given on a
half-degree resolution grid, sea surface temperature is given at monthly resolution
and surface salinity in seasonal resolution. The precipitation data are from Jaeger
(1976). They are of monthly temporal resolution and are given every 5° longitude
and 2.5° latitude. The heat flux data of May (1983) also contain estimates of the
latent heat flux above the Mediterranean, and are used to calculate the evapora-
tion above the Mediterranean.

Before using the data to calculate the water mass transformation, all quantities
were linearly interpolated in space to a half-degree resolution grid and the salinity
was interpolated in time to a monthly resolution.

Finally, the Mediterranean is normally believed to lose to the atmosphere an
amount of heat equivalent to a heat flux of about 5 W m~2 on a yearly average.
Before using the heat flux data for calculating the water mass transformation of
the Mediterranean Sea, we have subtracted a constant heat flux at all locations
and months to satisfy the above integral constraint. Additional details are given in
the Appendix.

3.2. Calculation

For the data analysis, the time integral over 1 year in (1) is replaced by a sum
over 12 months (or only over 3 months of a given season; see below), and the area
integral is replaced by a sum over all grid points (Andersson et al., 1982)

1 =2 a
F(p)= v Y Aty AxAy F%jm

m=1 i,j p

_pBSijmg’ijm é\[pijm "P’] (4)

The delta function in (1) is replaced here by a boxcar function (8) that is equal to
one when the surface density is in the interval (o' — 3Ap,p’ + 2Ap), and to zero
elsewhere. The smaller the density interval Ap used in the calculation, the better
the resolution of F(p), but also the noisier the result. Several different values were
tried, and finally a satisfactory compromise between resolution and noise was
achieved for Ap =0.12 sigma units (corresponding to dividing the total surface
density range o, = (24, 30) into 50 equal density groups). The sensitivity of the
results to the choice of Ap is examined in the Appendix.

3.3. Results

The air-sea driven cross-isopycnal fluxes F(p) were calculated for the whole
Mediterranean (Fig. 1), for the eastern part (Fig. 2) and western part (Fig. 3), and
for the Levantine basin alone (Fig. 4).

Each of Figs. 1-4 shows the averaged cross—ié}opycnal mass flux obtained by
summing air-sea fluxes both for the whole climatological year and for each season
separately. The seasonal cross-isopycnal mass fluxes were calculated by summing
(4) over each season separately. Seasons .are chosen so that winter is from
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All Mediterranean

<

/vv\/\.

__Fall

D! Winter

Cross—isopycnal Flux (Sv)

T ‘ﬂ\,/ T ]
28 30

Surface Density (sigma—t)
Fig. 1. Cross-isopycnal mass flux as function of the surface density, calculated for the whole Mediter-
ranean Sea. The total flux calculated is divided by a time interval of 1 year and is shown in units of Sv
(108 m> s~1). The horizontal axis shows the density of the surface water for which the cross-isopycnal
flux is calculated; sigma units are used for the density. The five lines shown are for the total flux
calculated for the whole year (thick continuous line), and for the flux calculated for each of the four
seasons: winter (dash); spring (dot); summer (dash—dot); autumn (thin continuous line).

December to February, spring is from March to May, etc. In all figures, the vertical
axis is of the total volume flux divided by 1 year, F(p)/(p,X 1 year), shown in
units of Sverdrup (Sv, 10® m3 s~!). It should be noted that, by (3), a positive slope
of the curve of the cross-isopycnal mass flux F(p) indicates water mass formation
at the density p, whereas a negative slope indicates a net loss of water mass owing
to the air-sea fluxes.

Let us consider first the results for the whole Mediterranean shown in Fig. 1.
The thick continuous line describes the cross-isopycnal mass flux calculated for a
full climatological year. The general shape of the flux is sinusoidal with a maximum
at about o = 26.2, corresponding to an averaged flux of about 2 Sv flowing from

East Mediterranean

-2

Cross—isopycnal Flux (Sv)

r
All year
T N T —
26 28 30
Surface Density (sigma—t)

Fig. 2. As in Fig. 1, but for the East Mediterranean only, defined as the region east of 13°E.

-4
24—
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. West Mediterranean

_All year

Cross—isopycnal Flux (Sv)

T T — T 1
24 26 28 30

Surface Density (sigma—t)
Fig. 3. As in Fig. 1, but for the West Mediterranean only, defined as the region west of 13°E.

greater densities to lower ones. The minimum flux is at about o = 28.7, corre-
sponding to about 4 Sv of light water transforming to greater densities. This means
that during 1 year, the air-sea fluxes transform an average of 5-6 Sv of water from
the density range o = (26.2, 28.7), to smaller and greater densities.

The temporal evolution of the water mass transformation can be studied from
the seasonal curves of the cross-isopycnal mass flux in Fig. 1. During the winter
season the cooling of surface water results in a transformation of about 4 Sv of
water lighter than o = 28.5 into denser water. (Note that the flux shown is the
contribution of the flux during the winter season to the yearly averaged flux; i.e. it
is the total flux during the winter season only, divided by a 1 year time period.)
During the spring, the heating produces water of smaller densities, o = 26.5-28. In
the summer, there is a further transformation to less dense water. Finally, during
the autumn, about the same amount of water that is transformed to lower densities

Levantine Basin

Cross-isopycnal Flux (Sv)

T 1
24 2 28 30

Surface Density (sigma—t)
Fig. 4. As in Fig. 1, but for the Levantine basin of the East Mediterranean, defined as the region east of
25.5°E.
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All Mediterranean/ Heat

rf,

All year o
T T T - T 1
24 26 28 30
Surface Density (sigma—t)
Fig. 5. As in Fig. 1, but only the contribution of air-sea heat fluxes to the water mass transformation
curve F(p) is calculated and shown, neglecting the contribution of evaporation and precipitation.

Cross—isopycnal Flux (Sv)

-4

during the spring is made dense again. The effect of the transition seasons is
qualitatively similar but opposite, such that they partially cancel each other. Their
net effect is nevertheless to transfer water to the intermediate density range 27-28,
thus reducing the steepness of the year-long average curve in this density range.

Figs. 2 and 3 show the transformation curves calculated for the East and West
Mediterranean, with the 13°E longitude line separating the two parts. Fig. 4 shows
the flux calculated for the Levantine basin only (east of 25.5°E), the site of
Levantine Intermediate Water formation. The difference in magnitude of water
mass transformation between the strong East Mediterranean transformation and
the weaker West Mediterranean one should be noted.

Fig. 5 shows the water mass transformation flux F(p) calculated for the entire

All Mediterranean/ E-P

<1

Cross—isopycnal Flux (Sv)

T I T T T T T 1
24 26 28 30

‘Surface Density (sigma—t)
Fig. 6. As in Fig. 5, but showing only the contribution of evaporation and precipitation, and neglecting
that of the air-sea heat fluxes.
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Mediterranean, but using only the contribution of air-sea heat flux to (1), and Fig.
6 shows the contribution of the evaporation—precipitation alone. The strongest
component of the annual average air—sea forcing of the thermohaline circulation
in the Mediterranean seems to be the air—sea heat flux. The freshwater flux, which
results in a net evaporation over the entire surface density range of the Mediter-
ranean (Fig. 6), serves to remove buoyancy from all surface water masses, and
therefore systematically enhances the water mass transformation towards dense
and salty water masses. The amplitude of the water mass transformation owing to
the freshwater flux alone is 0.5-0.75 Sv, close to the flux of the Gibraltar outflow
and therefore is a key component of the contribution to the water mass transfor-
mation in the Mediterranean.

3.4. Discussion

3.4.1. Water mass formation

The water mass transformation curve F (p) reflects the amount of dense water
formed by air-sea fluxes at the surface. Some of this water sinks to form the deep
water masses of the Mediterranean Sea (characterized by o > 29), and some mixes
with less dense water and remains near the surface. Our approach is incapable of
distinguishing between dense water formation at the surface that results in shallow
convection, and true deep water formation. It is of interest, however, to calculate
the dense water formation at the surface owing to air-sea fluxes alone, as
represented by F(p). The amount of water formed at the surface with deep water
properties is given by the value of the flux F(p = 29), which, from Fig. 1, is about 1
Sv. This might be an underestimate, owing to the use of climatological data that
have a lower surface density than the actual density during water mass formation
events at extreme weather conditions (see the Appendix). It is possible, therefore,
that the formation we calculate for water denser than o, =28.7 (about 4 Sv)
actually reflects the formation of water with deep water characteristics by air-sea
fluxes at the surface. The result of 4 Sv is than probably a fairly loose bound on the
amount of deep water (as opposed to surface water with deep water characteris-
tics) formed by air-sea fluxes.

Bounds on the water mass formation rates for each of the different water
masses of the Mediterranean Sea can be estimated by taking advantage of the
geographically distinct formation sites of the deep water and the LIW. Fig. 4 shows
F(p) for the Levantine basin (east of Crete) only, where LIW is formed. The
transformation F(p) calculated for this region indicates that about 1.5 Sv (annual
average) of surface water with LIW properties is formed in the East Mediter-
ranean. Similarly, Fig. 2 gives about 1 Sv of dense water formation for the West
Mediterranean. From Fig. 3, we deduce that 3 Sv of water formed in the East
Mediterranean; subtracting the 1.5 Sv formed in the Levantine basin, this leaves
about 1.5 Sv formed in the Ionian and Adriatic basins, presumably representing
the formation of water with deep water properties at the surface of the Adriatic.
Again, it should be noted that we cannot tell how much of this dense water sinks to
form the observed deep waters.
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3.4.2. Water mass budget, mixing

To maintain a steady stratification, the water mass formed or lost by each
density range owing to the air-sea fluxes must be regained by the flow at
Gibraltar, and the interior turbulent cross-isopycnal mixing. The inflow at Gibral-
tar is estimated to be about 1 Sv, at g, = 26.8 + 0.3, and the outflow has nearly the
same transport, with o, = 29.0 + 0.05 (Kennelly et al., 1989).

The source at Gibraltar can be represented by a positive delta function of water
mass formation, M = dF /dp, with unit height at o, = 26.8, and a negative delta
function of unit height at g, =29 (corresponding to 1 Sv of inflow and 1 Sv of
outflow). To maintain a steady stratification, all sources of water at a given density
need to balance (Tziperman, 1986):

M(p) +Mg(p) +My(p) =0 (%)

where subscript G corresponds to the Gibraltar source—sink and M to mixing.
Integrating with respect to density gives

F(p) + Fs(p) + Fu(p) =0 (6)

The Gibraltar source is represented here as an equivalent cross-isopycnal flux Fg
of a boxcar shape between o, of 26.8 and 29, that is simply the integral of M.

The cross-isopycnal mass flux owing to mixing, F,,, can be calculated from (6),
and a rough estimate of the interior cross-isopycnal velocity owing to mixing can be
obtained (Walin, 1982), but this requires data from the interior as well as the
surface. Although we cannot say where the mixing takes place from this analysis,
some must be occurring at the surface, and some as deep interior mixing. The
latter maintains the deep stratification by removing the dense and light water
formed by the air-sea fluxes, and by forming water in the intermediate density
range that is removed by the air-sea fluxes. A more detailed discussion of the
mixing processes is left to the box model study of the following section, where a
quantitative analysis of the mixing effects can be made.

It is interesting that the cross-isopycnal transports forced by the air-sea fluxes
(4 Sv) are large compared with those required by a steady state with the inflow and
outflow (1 Sv). This misfit between the vertical circulation required to balance the
inflow and outflow at Gibraltar and the water mass transformation owing to
air—sea fluxes is an indication of the strength of mixing in the Mediterranean Sea.

3.4.3. Seasonal effects on water mass transformation

The strong seasonality of the Mediterranean air-sea fluxes (reflected in the
seasonality of F(p)) affects the transformation of the light Gibraltar inflow water
to dense outflow water. Curiously, the inflow occurs at a density where the yearly
averaged flux F(p) is positive, and at about its maximum value. The sense of the
cross-isopycnal mass flux implies that water of a density equal to the inflow density
is, on average, made lighter and not denser by the air-sea fluxes. The water
entering from Gibraltar during autumn and winter cooling is immediately con-
verted to greater density, whereas during the spring and summer the inflow water
is first made less dense by these air-sea fluxes. The inflow water entering during
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the summer and spring can be made denser by mixing, to reach the density range
where F(p) is negative, where the water is dense enough to be turned into deep
water by winter-time cooling and evaporation. The intuitive circulation cell in
which Atlantic water continuously enters the Mediterranean, is subsequently made
dense by surface fluxes, and then leaves the Mediterranean, is modified in the
cycle forced by strong seasonal variations and mixing.

4. Box models of water mass transformation in a seasonally forced marginal sea

The analysis of the previous sections concentrated on the effects of air-sea
fluxes on the water mass balance in the Mediterranean mostly disregarding mixing
mechanisms because they cannot be identified from the data. To understand how
the interplay between air—sea fluxes, mixing and the inflow—outflow determines
the water mass transformation curves F(p), we now use a simple three-box model
of a marginal sea under seasonal forcing. This model is not meant to be realistic,
yet it provides a useful qualitative description of water mass transformation within
a marginal sea such as one of the basins within the Mediterranean Sea (e.g. the
Levantine basin). The basin is assumed to be connected through an inflow—outflow
to an adjacent ocean, and to contain deep water formation regions. The three-box
model contains the effects of heat fluxes, evaporation minus precipitation, inflow
and outflow, mixing and deep water formation.

We begin by analyzing a simpler one-box model of a mixed layer under seasonal
heat fluxes with and without mixing, to demonstrate that mixing must be invoked
to explain the shape of the water mass transformation curve calculated from the
data.

4.1. Is mixing necessary to explain ¥,;,_,,,(p)? A one-box model

The common view of the thermohaline circulation of the Mediterranean Sea is
of the entering inflow water being made saltier and denser by the evaporation, and
leaving as the outflow water. Mixing and air-sea heat fluxes are neglected in this
picture. The latter are thought to heat and cool the surface water seasonally, but
not produce yearly averaged water mass transformation. We now wish to demon-
strate that this view of the insignificance of the mixing and air-sea fluxes is
inconsistent with the results of the data analysis presented above, and that in the
presence of mixing the air-sea heat fluxes do produce a net yearly transformation
of mid-density water to the light and dense waters.

Let us consider a single-box model of a mixed layer exposed to seasonal heat
fluxes, and subjected to mixing with an infinite heat reservoir below (i.e. a very
deep lower layer). This model completely ignores the effects of the inflow and
outflow, the deep water formation owing to unstable density profile and the effects
of salinity and (E — P).

Let the temperature of the mixed layer be denoted T(¢); the seasonal heat flux
at the surface is simply H(¢+) = —H, cos(2mt/7); 7 =1 year; the temperature of
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the deep layer below the mixed layer is assumed constant and is denoted by T.,;
the mixing between the mixed layer and the deeper layer is determined by a mixing
coefficient «; d is the depth of the mixed layer and A its area. With this notation,
the heat balance of the mixed layer may be written as

oT

Adepoa—t = —AH, cos(27t /1) + AC,pok(Tyeep — T) (7
The solution for the mixed layer temperature is therefore

T(t) = Tyeep +a cos(2mt/7) + b sin(2mwt/7) (8)
where

b —-7H, . ( KT )2 -1

=—|1+
27dC,p, 2md
KT b 9
a= ( 27Td) ©)

Let us consider first the two limits of this solution under weak and strong
diffusion. For weak diffusion we find that the mixed layer temperature is nearly
90° out of phase from the surface heat flux:

H,

T(t) = Tyoup + =————
( ) deep 27Tdcpp0

KT
sin(2mwt/7); md <1 (10)
T

whereas for strong diffusion, the temperature and heat fluxes are in phase with
each other:

KT
T(t) = Ty, + ——cos(2mwt/7);  —— 11
( ) deep chpo COS( T /T) 27Td > 1 ( )

The heat flux and mixed layer temperature calculated from the solution (Egs.
(8) and (9)) and corresponding to a no-mixing case (k7/2md = 0) are shown in Fig.
7(a). The corresponding F,;, _..(p) is shown in Fig. 7(b). Without mixing, the
air-sea fluxes result in oscillations of the mixed layer density, leaving the net
annual transformation to be zero. The seasonal components of the transformation
do not vanish but rather cancel each other. Fig. 7(a) shows that each density is
encountered twice during the year, where the heat flux at these times is equal but
opposite, so that the net heat flux as a function of density vanishes for all densities.

In the presence of mixing (k7/2md = 1; Fig. 8), the mixed layer temperature is
correlated with the air—sea heating, and the net heat flux for a given density does
not vanish, leaving a net annually averaged transformation F(p) that is qualita-
tively similar to that calculated from the data. The yearly transformation curve is
positive for the light water and negative for the denser water. Mixing and seasonal
heat fluxes are clearly crucial to the observed shape of the annually averaged
transformation F(p).
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Fig. 7. (a) Seasonal evolution of air-sea heat flux (continuous line) and mixed layer temperature (dash
line) (both in nondimensional units) for the one-box mixed layer model of Section 4.1 for a case of no
mixing. (b) The water mass transformation F(p) for this solution, including seasonal and yearly
averaged curves.

4.2. The three-box model

The three-box model is schematically drawn in Fig. 9. The upper box represents
the surface mixed layer water in the upper 25 m or so, which is directly affected by
air—sea fluxes of heat and evaporation minus precipitation. The inflow water from
the adjacent ocean enters the middle box, which represents the relatively fresh
Atlantic Water (AW) mass lying in the Levantine basin between about 25 and 75 m
depth. The lower box represents the Levantine Intermediate Water (LIW), from
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Fig. 8. As in Fig. 7, for non-vanishing mixing between the mixed layer and the deeper layer.

which the outflow to the adjacent ocean or basin occurs, and which lies between
about 75 and 400 m in the Levantine basin.

The surface box variables are denoted by a subscript s, the middle box is
denoted Box 1 and the lower box is denoted Box 2. The volume of the mixed layer
surface box, V,, is fixed in the model, yet the volumes of the two lower boxes are
allowed to vary during the seasonal cycle. The variable volumes of the boxes allow
the volume of the warm water box to increase owing to the inflow during the
summer, and decrease again during the winter water mass formation events. The
lower box volume reduces as it loses water to the outflow during the summer, and
increases as it regains this water through winter water mass formation.
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Inflow

Outflow T,,S,

Fig. 9. A schematic drawing of the three-box model.

The inflow (M) is assumed constant; its temperature (7)) varies seasonally, and
the inflow salinity (S;) is fixed. The surface fluxes of heat (H) and freshwater
(E - P) affecting the upper box are also specified to vary seasonally such that
there is net cooling and net evaporation during the year:

—H, cos(2mt/year) when H(t) >0,
—1.3 X H, cos(2mt/year) when H(t) <0

[E-P])(t)=[E—-P]y— A[E — P] sin(27t /year)
T, = T, — AT, sin(2mt/year); S;=35, (12)

H(t)=

The two upper boxes are linked by mixing that is proportional to the difference
in temperature (and salinity) between the two boxes, with a mixing coefficient «,.
The strong mixing that takes place during deep convection events, when the upper
box density increases to that of the middle box, is parameterized by making the
vertical diffusion coefficient much larger when the density profile is unstable or
neutrally stable:

Ke ™ if p, <pl, (13)

K convection if Ps = P
Ks ;background

Where K onvection > Ki:background- 10 compensate for the loss of surface box water to
the evaporation and maintain the box volume fixed, there is also a small flow of
water from the middle to upper boxes, exactly balancing (E — P).
The lower two boxes are also linked by vertical mixing, using a mixing coeffi-
cient «,
. >
K= {Kconvectlon lf P1=ZpP2 (14)
Kbackground if P1 < P2

In addition, during the convection events there is a flow of middle box water to the
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lower one, denoted My, and parameterized in terms of the volumes. of the two
lower boxes

v/
Vo/ Vs

0 if p, <p,

My = (15)

I'M, exp{

/A} if p; > p,

The exponential feedback between the box volumes and the deep convection flow
insures that the box volumes do not deviate too far from their specified average
values, V, =Ad, and V, =Ad,. This parameterization, although highly artificial,
was found to produce reasonable results for our simple model and serves the
purposes of this study.

The outflow from the lower box, M, is assumed to be constant throughout the
year, and is set to the sum of the inflow and the averaged evaporation minus
precipitation, to satisfy mass conservation:

My =M, +(E—-P)A (16)

where A denotes the area of the marginal sea. The evolution of the box volumes is
given by the continuity equations

il 0 1
rrale (17)
v,
a—t=M1—MDC—A(E—P) (18)
v,
“5; =Mpc— Mo (19)
The model equations for the temperature and salinity of the three boxes are

W,T, A

o AT = T) /Az, —A(E-P)(T, — T\) + ——H(1) (20)

0~p

v T,

L Ak (T, Ty) /B2, + AK(T, = T)) /Az

+[MT; = Mpc T, — A(E - P)T,] (21)

wv,T,

o =Ax(T, - T;) /Az + (MpcT, — MoT,) (22)
V.S,

ot =AKS(S1—Ss)/Azs+A(E_P)(S1) (23)

» =Ak (S, —S))/Az, +Ax(S,— S;) /Az—A(E - P)(S,)

+(M;S;— MpcS$,) (24)
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ot

where C, is the specific heat of seawater; p, is a constant reference density;
Az=(d;+d;)/2 and Az=(d, +d,)/2 are the distances between the centers of
the boxes.

These equations are solved by time stepping, using a ‘leap-frog’ time step, and
at every time step the static stability of the model is examined to determine the
occurrence of deep convection. The density is calculated using a 51mple linear
equation of state,

p=po—a(T —10) +B(S - 35) (26)

For the runs presented below, the model parameters are chosen as follows:
Ti=19°, AT, = 2°, S1=36%0, Hy= 150 Wm~?2, (E — P), =80 cm year !, A(E —
P)=60 cm year™!, p,=1 gem 3 a= —1668.X 10~* gem~>C~!, B =0.781
gem 3%, T=12, d, —25 m, d;=50m, d,=500 m, 4=05x10"? m?

Ks, background =02Xx10" ! m S 17 Kbackground 0.1x10" 4 2 _1’ K convection = 1000
X 10~* m?s~ L,

The model is first run for about 1000 years under seasonal forcing conditions,
until all transients are damped and the solution settles on a purely seasonal state.
The results from a single year can then be used to calculate the water mass
transformation in each box. Unlike the data analysis, all physical processes are
precisely known now, and we can calculate the water mass formation owing to
mixing, inflow and outflow.

=Ak(S;=8,)/Az+ (MpcS, — Mo S,) (25)

4.3. Water mass transformation in the box model

We now derive the expressions for the water mass transformation owing to the
different physical processes acting in the model, directly from the box model
equations. The transformation is expressed as a function of the density of the
water that is transformed, just as in the preceding data analysis. The results of this
derivation are given by Egs. (34)-(36) and the discussion following these equations.
Readers interested mostly in the model results may skip to either these equations
or the following two subsections where the specific model results are plotted and
discussed.

Multiplying the temperature equation for each box (Egs. (20)-(22)) by —«, that
of the salinity (Egs. (23)-(25)) by B8, adding them, and using the equations of state
(Eq. (26)) and continuity (Egs. (17)-(19)), we obtain
Aa H ; E-P Ak —
I/sz“ —+A(p1—ps+BSs)( ) + s (pl ps)

pOCp aps/at aps/at Azs aps/at
M, +AKs (ps—p1) +AK (p2—p1)
i) = l/at( PR oo T az apyyer

k (p1—p2) (p1—p2)
Az dp, /0t P ap, /ot

V(1) = (27)
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To convert the air—sea fluxes to be functions of the density of the upper box that is
subjected to these fluxes, rather than functions of time, we divide by |9p,/d¢| and
integrate over the entire year by sampling only the instances ¢ = ¢’ when the upper
box density is equal to p’, to obtain, for example,

1 f H(t)
yeéar ’1 year |aps/at|

(1 —1")dt = H(p)) (28)

The various inflow, outflow and mixing terms are also written as function of the
density in a similar way, e.g. for the mixing of the upper two boxes as function of
the upper box density we have

1 _ AKs (P 1 ps)

year /y year Az laps/a”

8(t —t')de = Foiin(p)) (29)

where ¢’ represents the times when the upper box density, p is equal to p/,. Similar
expressions are used for the mixing of the lower two boxes. In all cases the mixing
terms are written as a function of the density at which the water mass transforma-
tion is calculated.

Translating the continuity equations (Egs. (17)-(19)) from time to density
coordinates, using

0, /0t = (9p,/00) (,/0p) (30)
and combining them with the last set of equations for V,, /; and V,, we obtain
L -2 e, 4 BS)(E =P)(p,) ~ Faae( ) | = 0
PN ps) + PL—Ps T B - pPs) — nfn;:n ; =
¥\ poC, ' eF
(31)
? sel 12
5»0—1 [Ml(pl)(pl _pl) +Fmixing(p1) '_Fmixing(pl)]
=M,(p,) —Mpc(py) —A(E —P)(p1) (32)
b
a—p_[Fnlli;nzg(pZ) +(p, —Pz)MDc(Pz)] = —Mo(p2) + Mpc(p2) (33)
2

The various terms in these equations represent the water mass formation and
dissipation occurring in each of the boxes owing to the different physical processes
acting there. The equations as a whole represent the condition that the total water
mass formation, for each box and at any given density, vanishes to leave the yearly
averaged water mass census for the box unchanged (compare with (2.13) and (2.23)
of Tziperman (1986)). Integrating (31)-(33) once with respect to the density, we
obtain

Aa

C H(ps) +A(p1 —Ps +BS5)(E —P)(ps) -Fns'n;;nlg(px) =0 (34)
PoLp

Ml(pl)(pl -py) —Frf\i;;nlg(pl) —Fnlli;;nzg(pl)
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= [" [My(p) ~ Mpc(p) —ACE = P)()]dp (35)

Pmin

Py —
FIQZ(PZ)‘FMDC( 1 Pz)= "

mixing W [=Mo(p') +Mpe(p')]dp' (36)

Pmin

Each term in these equations represents a mass flux from small densities to
large ones, across a given density value, resulting from a specific physical process
(mixing, air—sea fluxes, inflow and outflow). In the following subsection the various
terms in Egs. (34)-(36) are plotted, using the model solution for the temperature,
salinity and density in all boxes.

4.4. Three-box model results

Using the model described above we solve for the seasonal cycle of tempera-
ture, salinity, density and box volume for all model boxes. We consider first the
solution for the seasonal cycle of temperature, salinity and density of all boxes
presented in Figs. 10(a)-10(c). Near the end of February, deep convection occurs
in the model, and the temperature, salinity and density of all boxes are uniformly
mixed. As spring warming begins, the stratification begins to build up again, and
the upper box temperature increases. At the same time, the entering cool inflow
water cools the middle box, so its temperature is decreased slightly. The stratifica-
tion between the two lower boxes is stable now owing to the freshening effect of
the inflow water. In May, the mixing between the upper and middle boxes starts
heating the middle box, and its temperature increases. The autumn and winter
cooling makes the density of the upper box equal to that of the middle box, and
shallow convection starts between these boxes in November. From that time, and
until the spring warming, the strong mixing between the two upper boxes (owing to
the unstable vertical density gradient) keeps their properties equal. This strong
mixing between the two upper boxes is similar to the formation of a deep mixed
layer in the East Mediterranean during the winter. The density of the upper two
boxes increases until it is equal to that of the lower box, at which point deep
convection occurs throughout the depth of the water column, and deep water
convection (M) transfers water from the middle to the lower layer. This process
stops again during the spring warming, and so on.

The box volumes and deep convection mass transfer from the middle to the
lower boxes are shown in Fig. 10(d). The volume of the middle box increases owing
to the inflow throughout the year, when My =0, and decreases during the short
water mass formation event at the end of February when M > 0.

The above description of the seasonal cycle in the model solution shows that the
model provides a reasonable description of the evolution of a seasonally forced
marginal sea. We now use the expressions derived in the previous subsection to
analyze the water mass transformation in this model.

The quantities plotted in the data analysis of the previous sections are the water
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Fig. 10. The solution for the seasonal cycle of (a) temperature, (b) salinity, (c) density of all boxes.

Shown as function of time for 1 year, with numbers on the horizontal axis denoting months. (d) The

solution for the seasonal cycle of the box volumes and deep convection flow (MDC) from the middle

box to the lower box.

mass transformation owing to the air-sea fluxes, i.e.

Aa

pOCp

Fair—sea(ps) = H(ps) —A(BSS)(E _P)(ps) (37)

We are especially interested in the relation between the water mass transforma-
tions owing to the air—sea fluxes and the deep water formation as seen in the water
mass transformation curves for the regime of highest densities. The interplay of
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Fig. 11. The upper box water mass transformation curve owing to air—sea fluxes. Both yearly total and
seasonal components are shown (see caption for Fig. 1; note that the results for both the yearly
averaged transformation curves and the seasonal components are in excellent qualitative agreement
with the results of the calculation using climatological data for the Mediterranean Sea (Fig. 1)).

mixing and the air—sea fluxes, responsible for shaping the water mass transforma-
tion curve at low densities, is also of interest.

The equation for the water mass transformation in the upper box (34) requires
that, over a complete seasonal cycle, the total water mass transformation across a
given density p, owing to mixing and air-sea fluxes must exactly balance. We
rewrite the no-net-flux condition for the upper box as follows:

Fair—sea(ps) +Fn€|bedr}g(ps) _A(pl _ps)(E —P)(ps) =0 (38)

The first term on the left-hand side is the transformation owing to air—sea
fluxes, and it is shown in Fig. 11 (both yearly total and seasonal components). The
transformation is essentially proportional to the buoyancy flux experienced by the
upper box owing to the air—sea fluxes. The buoyancy flux is positive during the
summer when the surface density is low, and negative during the winter when the
surface densities are high. This results in a water mass transformation curve owing
to air—sea fluxes that is positive at low densities and negative at high densities, as
we found from the data analysis. Even the different seasonal components in
F,i;_«a(p) calculated from the model results are qualitatively similar to those
calculated from the data (compare Figs. 1 and 11).

The transformation owing to mixing (Fig. 12) allows us to 1nvest1gate specnflc
mixing processes, as was not possible to do with the data analysis. At the low
density range, the transformation curve is set during the summer season, when the
density profile is stable. Thus the only mixing active there is the background mixing
through K 4,ckground- AS the upper box density is lower than that of the middle box,
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Fig. 12. The upper box water mass transformation curve owing to mixing with middle box (both yearly
total and seasonal components).

the mixing term, proportional to —(p; —p,) is negative, balancing the positive
contribution of the air-sea fluxes at this density range. In the higher density range,
the dominant mixing term is the overturning parameterized by K. nvection- RIS
mixing occurs when the upper box density is larger than or equal to that of the
middle layer, thus its contribution to the transformation is positive, again balancing
the air—sea fluxes at this density range. (It should be noted (Fig. 10) that the upper
box density is never significantly larger than that of the middle box, because of the
strong mixing when such an unstable profile exists.)

The water mass transformation in the surface water owing to the air-sea fluxes
and the interior mixing (Figs. 11 and 12) dominate the surface box and nearly
balance each other in the yearly average. The least important term in (38) is the
contribution to the transformation owing to the small mass flux from the middle
box to the upper one, balancing the mass lost to evaporation (not displayed). As
the water entering from the middle box has different temperature and salinity,
there is an implied mixing with the upper box water that brings the incoming water
to the density of the upper box. This mixing affects the upper box, creating a small
density change which is the source of this term.

The transformation in the middle box is influenced by several processes (35).
The first term on the left-hand side is the implied mixing of the middle box water
with the inflow water: the inflow water enters the middle box with different
properties from those of the water in the middle box; the model assumes immedi-
ate mixing of the inflow water into the middle box, which implies a mixing that is
proportional to the difference in the inflow and box water properties. This mixing
is one of the dominant transformation mechanisms for this box. The next two
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Fig. 13. Middle box yearly water mass transformation curves owing to mixing with upper layer (dash);
mixing with the inflow water (dot) and the inflow-outflow (solid line).

terms in (35) represent the water mass transformation owing to mixing with the
upper and lower boxes, including both background mixing when the stratification is
stable and convective overturning mixing during deep water mass formation events.
Finally, the right-hand side in (35) is the contribution of the mass sources and sinks
owing to the inflow and outflow to the water mass transformation. This contribu-
tion is the integral over the inflow and mass losses as functions of the middle box
density. This volumetric contribution of the inflow and mass losses is different
from that owing to the mixing of the middle box with the inflow water.

The three main water mass transformation processes for the middle box are
(Fig. 13) the mixing with the inflow water, the mixing with the upper layer
containing the seasonal signal, and the contribution of the inflow and mass losses.
The inflow occurs during the entire year, and therefore at the entire range of
densities that occur in the middle box. This implies that the mass flux into water of
density p,, M,(p,) has roughly a box-like shape. Accordingly, its integral with
respect to the density, which gives its contribution to the water mass transforma-
tion in the middle box, gradually increases with density to a maximum value. The
mass transfer from the middle to the lower boxes, on the other hand, occurs only
during the winter deep convection events, when the middle box density attains its
highest value. Accordingly, M has a delta-function shape. Its integral is there-
fore a Heavyside function, with a sign opposite to that of the inflow contribution.
Added together, the inflow and outflow cancel at densities higher than the
maximum middle box density. The result is the curve given in Fig. 13.

As seen in Fig. 13, the inflow—outflow volumetric contribution together with the
mixing with the inflow water balance the transformation owing to the air-sea
fluxes manifest through mixing with the upper layer. The mixing with the lower
layer has a smaller and negligible contribution.
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4.5. Discussion of box-model results

Using a two-box model in which the box exposed to air-sea fluxes is also the
one into which the inflow occurs (not shown), we found that the air—sea transfor-
mation curve has a very different form from that found from the climatological
Mediterranean data. It seems that the ‘lateral’ mixing with the inflow water
implied in the box model is a dominant mechanism that strongly affects the
properties of the box into which the inflow occurs, and therefore affects the water
mass transformation curves. For the model transformation curve to have the
characteristic shape as found from the data, the water exposed to the air-sea
fluxes should be only weakly coupled to the box with the inflow water. This weak
coupling occurs through the mixing between the upper and middle boxes. On the
one hand this mixing needs to be weak to allow reasonable surface temperature
excursions, but on the other hand it is crucial to drive the convection to lower
layers. Both the single-box model and the three-box model show that the mixing
processes are responsible for shaping the air—sea flux transformation curve.

Next, we consider the relation between the air—sea transformation curve (37)
and the water mass formation rates. While analyzing the climatological flux data,
we suggested that the value of this curve at high densities provides an upper bound
for the amount of deep water formation. Fig. 11 shows that the transformation
owing to air-sea fluxes at the highest density is about 1.9 Sv. The deep water
formation (flow from the middle to lower boxes) is specified in the model to be 1
Sv, which is indeed less than the bound calculated from F,; ..(p). Our very
idealized model cannot indicate how tight the bounds are for the water mass
formation obtained from the climatological data. In various model runs the ratio
between the bound given by the air—sea fluxes transformation curve and the actual
water mass formation varied from 1.5 to more than 10.

5. Conclusions

Using climatological air-sea fluxes and surface temperature and salinity, we
estimated the amounts of water modified by the air-sea fluxes of heat and
freshwater above the Mediterranean Sea. This was done by calculating the buoy-
ancy flux as a function of the density of the surface water losing or gaining this flux
(F i _ea(p)), rather than as a function of location and time.

Approximate bounds on the water mass formation are obtained from this
calculation. The total formation of dense water in the entire Mediterranean Sea is
found to be no larger than 4 Sv on the average. Much of this dense water
formation is balanced by the internal thermohaline circulation of the Mediter-
ranean Sea, and only about 1 Sv is balanced by the Gibraltar outflow. The bounds
on the formation of Levantine Intermediate Water, Adriatic deep water, and deep
water of the west Mediterranean are about 1-1.5 Sv for each of these water
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masses. The water mass transformation within the Mediterranean Sea is estimated
to be much larger than needed to supply the 1 Sv circulation cell implied by the
Gibraltar source alone.

Various aspects of the water mass transformation process that could not be
quantified using the data were examined using a simple three-box model of a
marginal sea under seasonal forcing. The model uses variable-volume boxes to
demonstrate the importance of mixing to the water mass transformation process
and to confirm the structure of both the seasonal and annual components of
F,i._a{p) calculated from the data.

The picture of water mass transformation presented in this work is somewhat
different from the more common view of the thermohaline circulation of the
Mediterranean Sea. This circulation is often described as being composed of the
entering inflow water being made saltier and denser by the evaporation, and
leaving as the outflow water. In this picture, the air—sea heat fluxes only heat and
cool the surface water, with no net water mass transformation occurring during the
year. We have demonstrated that this view of the insignificance of the air-sea
fluxes is inconsistent with the results of the data analysis, and that in the presence
of mixing the air—sea heat fluxes produce net transformation of water from the
mid-density range to the light and dense extremes of the density range. This
transformation is balanced by an opposite transformation owing to the mixing
processes that mix the extreme densities to form the mid-density water mass. The
mixing mechanisms that were not possible to identify in the data analysis were
explicitly examined in the box models study. It seems that a crucial factor
determining the water mass transformation, F,;, ...(p), is the mixing between the
surface mixed layer and the deeper water (Atlantic Water) into which the inflow
occurs. We also showed that it is equally crucial that the link between the mixed
layer and the lower Atlantic Water would not be too strong for the water mass
transformation to have its observed characteristics.

The air-sea flux data available for this calculation are, unfortunately, of
insufficient quality for an accurate determination of water mass formation rates at
high density resolution, but some useful results are nevertheless obtained even
from these data. As better data of surface properties and air—sea fluxes become
available, perhaps through the use of remote sensing methods, the simple analysis
used here may prove very useful in a quantitative study of water mass transforma-
tion in the Mediterranean Sea and elsewhere.
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Appendix: analysis of sources of errors in F(p)

In this Appendix we examine and estimate possible sources of errors in our
calculations. First, we apply our method to a different air-sea flux data set from
that discussed in the text, to obtain a rough idea of the expected error owing to the
known poor quality of the fluxes. Then, we examine the sensitivity of the results to
the sampling interval used in the calculation of the water mass transformation
F(p). Finally, we discuss the errors caused by our data for the surface fluxes and
properties being climatologically and monthly averaged, rather than instantaneous
as required by the method we use. This Appendix indicates that the results
presented in the text for the Mediterranean water mass transformation may be
expected to be useful in spite of the fairly large uncertainties involved.

Errors in the climatological air-sea flux data

Bunker et al. (1982) calculated the total heat flux from the Mediterranean Sea,
and compared it with the heat flux through the Straits of Gibraltar as estimated
from oceanographic observations. They found an averaged gain of heat of 20-35
W m~2 by the Mediterranean, instead of a net loss to the atmosphere of 5 W m ™2
expected from the Gibraltar outflow characteristics.

Our heat flux data set (May, 1983) is believed to be better than the Bunker et al.
calculation. Still, after being interpolated to the half-degree grid, it gives a small
averaged surplus of 5 W m~2 for the entire Mediterranean. We have adjusted the
heat flux data by subtracting a constant value from all data points and at all
months, to satisfy the integral constraint on the heat budget of the entire Mediter-
ranean. As the integral imbalance is a result of an accumulating small error over
all densities, it does not imply that the calculation of F(p) is grossly biased at any
particular density. The water mass transformation F(p) is determined only by the
heat gained or lost by surface water of density p, and is not sensitive to the small
systematic errors that are responsible for the misfit of the integral heat budget to
the expected total loss of heat by the Mediterranean Sea. The total freshwater
balance calculated from our evaporation and precipitation data gives an average
loss of 101 cm year ™!, in accordance with previous estimates, which range from 0.5
to 1.5 m year L.

Formal error bars are not available for the air—sea flux data used here. Instead,
we estimate F(p) from an independent data (Oberhuber, 1988) for the air-sea
fluxes and sea surface temperature, while using the Levitus (1982) data for the sea
surface salinity. The results for the yearly averaged transformation curve are given
in Fig. Al, together with the results shown in the text of this paper, using our
‘standard’ data (i.e. the Jaeger (1976) and May (1983) data sets).

The overall buoyancy balance of the Mediterranean (the integral of F(p)) is
clearly positive for the Oberhuber (1988) data, whereas it should be negative. The
part of the F(p) curve for the lower density range, o <27, is not in very good
agreement with our previous results, although the difference is of the order of
30-50%, as expected from the air-sea flux error estimates. The results for F(p)
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All Mediterranean
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Fig. Al. Cross-isopycnal mass flux as function of the surface density, calculated for the whole
Mediterranean Sea, using two different data sets for the air—sea flux data. (See Appendix for details.)

obtained from the two data sets for the upper density range (o > 27), indicating
dense water formation with properties of intermediate and deep water masses, are
encouragingly similar.

Sensitivity of F(p) to the density sampling interval (Ap)

We have calculated F(p) for three choices of Ap (see Section 3.2), and the
results are presented in Fig. A2. Clearly, even the very different choices for the
density sampling interval used in calculating the shown curves do not significantly
affect our results for the water mass transformation. The choice of Ap =0.12 is
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Fig. A2. Cross-isopycnal mass flux as function of the surface density, calculated for the whole
Mediterranean Sea, using three different sampling intervals for the density (Ap): 0.12, 0.2 and 0.075
sigma units. (See Appendix for details.)



80 E. Tziperman, K. Speer / Dynamics of Atmospheres and Oceans 21 (1994) 53-82

seen in Fig. A2 to be a reasonable compromise between high resolution (small Ap)
and a resulting noisy curve, and low resolution (large Ap) with a smoother curve.

Errors in calculating F(p) from monthly climatological data

Deep water mass formation is known to occur during short time intervals
characterized by intense weather conditions that are obviously not found in the
climatological averages (although they do contribute to these averages in principle).
It is worth while, therefore, to try and quantify the errors in the cross-isopycnal
flux F(p) resulting from the use of climatological data.

We analyze only the contribution of the heat fluxes to the water mass transfor-
mation estimate, ignoring the freshwater flux that can be treated in a similar
manner. We find that a calculation of water mass formation based on monthly
averaged data may be expected to yield reasonable results in spite of the missing
information on the instantaneous air—sea fluxes.

With perfect knowledge of the heat flux and surface density as function of space
and time, over many years, the average cross-isopycnal flux can be written as

o

F(p)) =< Jaeff dxdy[c—ff(x,y,t)]a[p(x,y,t) —p']>, (A1)
1 year surface area D

where { ) indicate average over many years of data. In practice, only climatologi-

cal estimates of the heat flux and surface density are normally known, with

monthly resolution. Denoting the climatological monthly air—sea heat fluxes by

Z"™(x,y), its relation to the instantaneous air-sea fluxes, #(x,y,?), is

Z"(x,y) = <

dt#(x,y,t)), m=1,...,12 A2
month /yth month (x.y )> (A2)

The mass flux across an isopycnal p’, estimated from monthly climatological data,
can then be written as a sum of its monthly components,

12
F(p')=XF™(p)
1
where

(o) = [

surface area

dxdy[%%’“(x,y)]a[a"‘(x,w 4 (A3)

The error in the climatological estimate F(p') is therefore a sum over 12 months of
the monthly error, which is in turn related to the difference between the instanta-
neous fluxes and their climatological monthly averages

em(p')=< [dtff dx dy—g—({%(x,y,t)&[p(x,y,t)—p’]}

1 month surface area

(PP (ol (2) —u]})} (Ad)
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To understand this expression for the error, we decompose the heat flux during
the mth month into a monthly averaged value, 2Z " (x,y), and a variable compo-
nent, A#(x,y,t), that may vary during the month, and between different years:

F(x,y,t) =F"(x,y) + A#Z(x,y,t), where <f

mth month

thZ/(x,y,t)> =0
(A5)

Substituting (AS5) into (A4), we have

em(p’)=< fdtf/ dx dy(g—%(x,y,t){é[p(x,y,t)—p’]

m’th month surface area

s[pm(x) —p']})>

+< fdtf[ dx dy(ci{A%(x,y,t)S[f)‘“(x,y)—p’]})>

m’th month surface area

By its definition, the term linear in A# vanishes under the many year averaging,
leaving us with the final expression for the monthly error

em (o) =< Jaf[  ax dy(g—%(x,y,t)

m’th month surface area
x{8[p(x,y,t) —p'] —S[ﬁm(x,y)—p’]})> (A6)

The possible source of error in the calculation of the water mass transformation
flux F(p) from climatological data is clearer now. It is due to the sampling of the
heat fluxes where the climatological density p is equal to p’ rather than where the
instantaneous density p is equal to p’. As long as the variations of surface density
at a given location during a given month are not too large, we may expect the
calculation based on climatological averages to yield reasonable results. One may
intuitively expect the errors in calculating F(p) to result mostly from the inability
of the climatological data to resolve the outbreaks of cooling during water mass
formation events. However, the above calculation shows that this in fact is not a
major problem, and that the errors result mostly from deviations of the surface
density field from its monthly mean. Because the surface density is affected by the
integral over time of the surface fluxes, its behavior is smoother in time, and its
deviations from the monthly mean are probably much smaller than those of the
air-sea heat fluxes.
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