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To provide context for the interpretation of their sedimentary and paleoceanographic record, semi-enclosed seas
are here investigated through the application of basic theory. The principles of conservation of water, salt and
heat, in combination with a representation of flow through the seaway to the ocean, are used to chart how basin
geometry, connectivity and atmospheric forcing together control basin-averaged salinity and temperature and
the exchange flux. Data on present-day semi-enclosed seas of the wider Mediterranean region are used for
illustration. First, ignoring the heat balance and with forcing constant in time, a dimensionless form of the
governing equations is derived which clarifies the role of the various controlling parameters. This is applied to
aspects of the Messinian Salinity Crisis. In the second part of the analysis the forcing is made a generalised
periodic function of time. This informs us how basin salinity, its amplitude of variation and lag relative to the
forcing, depend on basin and strait properties and varies with the period of forcing. Insights are applied to the
precessional variation observed in the record of the Mediterranean Sea. In the third and fourth part of the
analysis we include the balance of heat and basin-averaged temperature. Examination of the budget equations
allows us to derive a relationship between the average air-sea heat flux and basin restriction. Finally, re-
introducing strait flow, we study the interplay of basin temperature and salinity and establish under which

conditions heat flux and temperature play a role, in addition to net evaporation and salinity.

1. Introduction

Semi-enclosed seas are basins that are land-locked apart from the
presence of one or more seaways to the ocean or to an adjacent basin.
This configuration arises early in the plate-tectonic development of an
ocean, at rifting and incipient seafloor spreading (e.g. Red Sea, Gulf of
California), as well as near the end of its life cycle, trapped between two
converging continents (e.g. Mediterranean Sea). In the latter situation
but also near the margins of a large ocean, semi-enclosed seas may
further form by extension of the lithosphere overlying a subduction zone
(back-arc spreading, e.g. Aegean Sea, Sea of Japan). Because the influ-
ence of the ocean is limited, the water properties and circulation of a
semi-enclosed basin are sensitive to tectonic and climatic change. Tec-
tonics may directly affect the ocean gateway and thus the state of re-
striction. It may also change the very shape of the basin. Climate change
can exert its influence through sea-level induced changes in gateway
depth, changes in the air-sea fluxes of water and heat and in variations in
the amount of river water received from the adjacent continents. The
semi-enclosed sea also feeds back to the climate system. The Nordic seas
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contributing dense waters to the Atlantic overturning circulation are
essentially semi-enclosed basins. Dense outflow through the Strait of
Gibraltar is an element of the same thermohaline system (Johnson et al.,
2019). Moreover, the near land-locked seas may exert an influence on
the climate of the adjacent land areas (Zhang et al., 2014).

The augmented sensitivity to tectonics and climate is expressed in
the sedimentary record of the semi-enclosed basin in the form of pro-
nounced cyclicity in terms of lithology, fossil content and chemistry (e.g.
stable-isotope composition). Organic-rich deposits and, even, evaporites
may be encountered in their sedimentary record. All of this holds true
for the focus of this article, the basins of the wider Mediterranean region
(Fig. 1). The rich sedimentary record of the Mediterranean proper,
studied by drilling and accessible on land due to subsequent tectonic
uplift, forms the basis for many detailed reconstructions of the geolog-
ical history of the region. The cyclicity of its sediments, deciphered in
terms of the various periodicities of Milankovitch variation in insolation,
underlies the international time scale for the Neogene (Hilgen et al.,
2012). Exploiting the link between gateway depth and the oxygen-
isotope composition of carbonates, the record provides us with a
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Fig. 1. Overview of semi-enclosed basins and sea straits discussed in paper.
Oblique Mercator projection centred on southern Greece (base map created
with GMT, Wessel et al., 2013). No relation between colours and basin prop-
erties intended.

history of global sea level for the last 5 Myr (Rohling et al., 2014).

It follows from the previous that it is pertinent, also from a geological
point of view, to understand how exactly the properties and circulation
of a semi-enclosed basin are controlled. This paper aims to make a
contribution through the application of theory and modelling. We will
explore and review what can be learned from the most basic represen-
tation of a semi-enclosed sea: a single reservoir connected to the ocean
by a single seaway. The theory used will be limited to conservation laws
for water, salt and heat, and a simplified representation of strait flow.
For one, these form a robust toolbox with which to venture into the
geological past. Focussing on the present-day state, Cessi et al. (2014)
analysed the budget of several semi-enclosed seas in terms of energy.

The results of our analysis provide a physics-based context for the
interpretation of sedimentary and paleoceanographic observations. Data
on extant basins of the wider Mediterranean (Table 1 and Fig. 1) will be
used to illustrate and exemplify. The paper is organised by the basic
principles applied. Each starting point will prove to offer its own insight.
Skipping the theoretical underpinning is possible, its aim is briefly
explained at the start of each section and Table 2 explains the meaning
of all variables and constants. Each block of theory is followed by one or
two applications. In application 1 we examine the factors that control
salinity and in particular look at how restriction of the oceanic
connection affects salinity and time to equilibrium. In application 2 the
case of the marginal basins of the Mediterranean Sea during the gypsum
stage of the Messinian Salinity Crisis is investigated. Application 3 es-
tablishes the basics of the response of basin salinity to a periodic climatic
forcing and in application 4 this is elaborated for the effect of precession
on the Mediterranean sedimentary record. Considering the budget not
only of water and salt but also of heat, application 5 examines the

Table 1
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Table 2
Explanation of all variables and constants used in text.

Symbol  Unit Explanation

a ect Thermal expansion coefficient (2 x 10~ °C™1)

B - Haline contraction coefficient (7.5 x 1074

7 ms ! Relaxation coefficient

AS' - Amplitude of variation of dimensionless salinity

At - Lag of dimensionless time

Db kg m~3 Density of basin water

Do kgm3 Density of ocean water

Pref kg m~> Reference density (1029 kg m~2)

T s Characteristic time scale

A m? Basin surface area

G, J Specific heat of seawater (3990 J kg™ °C 1)

kgloc

c m®s! Strait efficiency, units can also be m® s™! (kg m3)1/2 or
m® st (kg m~3)~

E ms~! Rate of evaporation

e ms ' Net rate of evaporation, e = (E — P) — R/A

eq ms ! Amplitude of net evaporation in case of periodic variation

em ms~! Mean of net evaporation in case of periodic variation

H Wm™?2 Net air-sea heat flux

h m Average basin depth

P ms™! Rate of precipitation

p s Period of variation of forcing

P - Dimensionless period of variation of forcing

Q m3s! Volume flux of water outflow from basin

Qo ms? Volume flux of ocean water into basin

R m3 st River discharge

Sp gkg! Salinity of basin water

So gkg! Salinity of ocean water

Sref gkg! Reference salinity used in equation of state of seawater
(38.6)

s - Dimensionless basin salinity, S’ = Sp/S,

Tatm °C Atmospheric temperature

Ty °C Temperature of basin water

T, °C Temperature of ocean water

T, °C Temperature of river water

Tref °C Reference temperature used in equation of state of

seawater (13.7 °C)
t s Time
Dimensionless time, ¢ = t e/h

relation between restriction and the average heat flux between air and
sea. In application 6 it is shown that, in general, temperature has a
subordinate effect to salinity but this is nuanced in application 7 which
focusses on basins that are prone to a switch in the sense of exchange
(estuarine or anti-estuarine) at their strait.

2. Water and salt fluxes: dynamic model with constant forcing

Taking the basin to be in steady state in terms of water volume and
salt content, it is possible to derive expressions that relate the water

Data on present-day semi-enclosed basins of the Mediterranean region and Middle East. Key to notes: a: 1 Sv = 10® m%!; b: calculated from TerrainBase DEM by
Meijer and Krijgsman (2005); ¢: Schroeder et al. (2012); d: Jorda et al. (2017); e: Bryden and Stommel (1984); f: MEDAR/Medatlas 2002 in Rogerson et al. (2012); g:
Pinardi et al. (2015); h: calculated from MEDAR/Medatlas 2002 (MEDAR Group, 2002); i: Macdonald et al. (1994); see caption to Fig. 5; j: Criado-Aldeanueva et al.
(2012); k: Yari et al. (2012); 1: calculated from GEBCO_2014 Grid, version 20,150,318, http://www.gebco.net; m: Verri et al. (2018); n: Maggiore et al. (1998); o: Ozsoy
and Unliiata (1997); p: inferred from Falina et al. (2017); q: Biton and Gildor (2011); r: Biton and Gildor (2014); s: Ben-Sasson et al. (2009); t: Sofianos and Johns

(2017); u: Smeed (2004); v: Sofianos et al. (2002); w: Johns et al. (2003).

A h Q Sp e T, T, H

x10'2 m? m Sv (a) gkg™! gkg! m/yr °C °C Wm2
Mediterranean Sea 2.5 (b) 1502 (b) 0.8 (¢,d) 36.5 (e) 38.5 () 0.7 (8) 16.5 (h) 12.9 () -52+1.3(@)
Med. Sea, alternative (j) - - 0.78 + 0.05 §'=1.046  0.442 + 0.63 15.6 £ 1.1 13.25+0.07 -3.2+1.5
Adriatic Sea 0.14 (k) 244 (1) 0.3 (o) 39.1 (c) 38.58 (¢) —0.69 (m) 15.66 (k) 13.43 (k) —36 + 153 (k)
Adr. Sea, alternative - - - - - - —-17 (n)
Black Sea 0.42 (o) 1262 (o) Q,=9.506 x 1073(0) 35.5 (0) 17.9 (o) —0.7 (0) 13.5 (p) - -
Gulf of Agaba/Eilat 3.2x 1073 () 644 () 0.0185 (q) 40.4 (r) 40.7 (v) 1.7 (s) 23.2 (1) 21.6 (1) —55(q)
Gulf of Suez 9.233x 1073 (1) 38(D) - - 2.21 (1) - —58.5 (1)
Red Sea 0.451 (w) 491 (D) 0.37 (V) 36.8(v) 39.5(V) 2.06 + 0.22 (v) 26.5 (V) 23.8 (V) —11+5(WV)
Persian Gulf 0.239 (w) 34 (D) 0.15 4+ 0.03 (w) 37 (w) 39.1 (w) 1.68 £ 0.39 (w) 27.3 (w) 24.5 (w) -7 +4 W)
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fluxes through the strait to the salinities of the in- and outflow. Ex-
pressions that were derived for a generalised context by Knudsen
(1900), were applied to the Strait of Gibraltar by Nielsen (1912). But, as
pointed out by Bryden et al. (1994), the principle was applied to this
strait already by Buchanan (1877). The Knudsen relations figure in
many courses on (paleo)oceanography as an elegant illustration of the
application of conservation laws. Here, we adopt as our starting point
the equation that describes the time rate of change of salt mass in the
basin of which the steady-state solution is a special case. Combining this
with the expression for water volume conservation and a simple para-
metrisation of strait flow, we arrive at a basic but useful dynamic model.
This is here formulated in terms of dimensionless variables to gain
insight into the interplay of the contributing factors.

2.1. Theory

The time rate of change of salt mass contained by the basin obeys the
following expression

d Ahp,S,

i QoPySo — OupySs (€D)]

where A is basin surface area [mz], h is average basin depth [m] and t is
time [s]. Basin-water density and salinity are written py [kg m~3] and Sp
[—]. These, just like basin temperature introduced later, must be
considered properties averaged over the volume of the basin. Subscript
“0” is used to identify the equivalent variables for the ocean. Qp [m3s1]
is the volume flux of the water flowing out from the basin; Q, m3s™]
that of the inflow from the ocean. Salinity is taken to be expressed in
grams of salt per kilogram of water (parts per thousand) and is thus
dimensionless. Eq. (1) assumes that river discharge, evaporation and
precipitation advect no salt. We now make the common assumption that
the densities are similar enough to divide them out of the equation (see
discussion below Eq. 7). Then, with Ah constant, we can write

d
An =05, - 0, @

The same simplification as to density turns the principle of conser-
vation of water mass into a statement of conservation of water volume

Q+R=0,+(E-P)A 3)

where R is river discharge [m® s’l], E is rate of evaporation [m s’l], and
P is rate of precipitation [m s’l].

Introducing e = (E — P) — R/A as the rate of net evaporation per unit
area of basin surface (in m s* and positive when the basin loses water)
we can write

0, =0 +eA 4

Although much more comprehensive theories for the dynamics of
flow through sea straits have been developed (Pratt and Whitehead,
2008; see Rohling et al., 2008, Meijer, 2012 and Simon and Meijer, 2015
for applications to the Miocene Mediterranean) we deliberately focus on
the essence, being the notion that flows are determined by horizontal
pressure gradients—which in their turn result from density contrasts.
Specifically, the deep flow in the strait is taken to be controlled by the
difference in density between the water on both sides. Ignoring the role
of temperature (see Section 5 though), the density is proportional to
salinity and we can write

0, =c (S, —S,)} when S, > S, (5)
and
0, =c (S, —S,) when S, < S, (6)

thus depending on whether it is Qp or Q, that furnishes the deeper of the
two flows. The coefficient ¢ will be referred to as the strait efficiency and
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has units [m® s7!]. The square-root dependence on the density/salinity
difference is appropriate for short and narrow straits (such as present-
day Strait of Gibraltar) which are in a state of hydraulic control. For
wider straits, the Coriolis force balances the along-strait pressure
gradient and the dependence on density/salinity proves linear (White-
head, 1998).

Concentrating on the square-root relationship and the case that S, >
So, the Egs. (2), (4) and (5) can be combined to yield
Ah % = —c(S, — S,)} + eAS, %)

This can be used to calcute the evolution of basin salinity under a
given ocean salinity and forcing (net evaporation e and strait efficiency
¢) and forms the basis of our model analyses of the Messinian Salinity
Crisis (Meijer, 2006; Topper and Meijer, 2013, 2015). If we retain the
densities in the statements for water and salt conservation, we arrive at
essentially the same equation, but for a basin-salinity dependent term
multiplying the left-hand side. This term changes nearly linearly from
1.03 at Sp = 35 to 1.21 when S, = 350 (halite saturation; values calcu-
lated with the parameters of the equation of state introduced in Section
5.1), has at most a small effect on the evolution of basin salinity and does
not affect the steady-state value.

A generic model for semi-enclosed seas can be obtained by making
the governing equation dimensionless. To this extent we introduce S’ =
Sp/S, and t =t/ with 7 an as yet unknown characteristic time scale.
After also dividing all terms by AhS, we arrive at
s’ ¢SV

/ 3 etT
iy el G Ve ®)

h

Consideration of the last term suggests that a natural definition of r =
h/le|. Although in the steady state, the case with S, > S, is always
associated with a positive e, we must also allow for the transient case
with elevated basin salinity under a freshwater input from the atmo-
sphere, i.e. e < 0. The time scale 7 is thus the time it would take to either
completely desiccate or fill the basin with the atmospheric flux. Intro-
duction of this time scale yields
ds

st
Ae

(s’fl):ﬂfT ©)

— =

dt

in which we made use of the fact that ¢, S, and A are always positive. The
last term, of course, simply reads either +1 or —1. A single dimensionless
ratio ¢ S,'/2 /A e which takes its sign from e, is thus seen to determine
the solution for dimensionless basin salinity as a function of dimen-
sionless time. This ratio can be thought of as one between two volume
fluxes of water and will henceforth be referred to as the “water-flux
ratio”. The denominator holds the volume flux of water to the atmo-
sphere or vice versa, the numerator represents the strait exchange. To be
exact, the numerator equals the outflow for the case that the basin has
exactly twice the salinity of the ocean (see Eq. 5). In the case of no strait
exchange ¢ = 0, and with e > 0, the salinity rise of the basin is maximal,
dS’/dt = 1. In the more general case with exchange, the negative first
term on the right-hand side of (9) represents the reduction in the rise of
salinity caused by the swapping of waters between basin and ocean.

An equivalent derivation can be done for the case that Sp < S, (using
Eq. 6). The dimensionless equation then reads

ds ,

cs?

= P+l (10)

le]

When ¢ = 0 and with e < 0, the second term on the right is negative
and salinity is seen to drop at the maximum rate. Any exchange tempers
this decrease (first term on the right being positive now that §' < 1).
Starting from a linear dependence between strait flow and the salinity
difference, we arrive at expressions similar to (9) and (10) but with Sol/ 2
replaced by S, and the exponent 3/2 replaced by 2.

(1-s

7

dt
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2.2. Application 1: general characteristics

For the case that S, > S, Eq. (9) yields an exact solution for the steady
state. In this situation the exchange of water and salt with the ocean and
the net evaporation (e > 0) are in balance such that the basin stays at a
constant salinity. Setting dS'/dt’ = 0, it follows that

-2
3

. ql)2
S,:H(csﬁ ) an

Ae

This result immediately informs us of the somewhat counterintuitive
fact that the steady-state salinity is independent of basin depth (the time
needed to reach that steady state certainly is dependent on depth, see
below). Also, a reduction in basin surface area, assuming the rate of net
evaporation e to be constant, requires an equal reduction of the strait
efficiency if the basin is to maintain at the same salinity. If the strait
efficiency is also constant, the water-flux ratio (term in brackets) will
increase, exchange wins from net evaporation and the salinity settles
closer to the oceanic value, i.e. S’ is closer to 1.

Eq. (11) is illustrated in Fig. 2 where it is combined with the steady-
state solution for Sp < S, and thus for negative values of the water-flux
ratio. For the latter case no exact solution was found and the result is
calculated by numerical integration. Also shown in Fig. 2 are the solu-
tions obtained starting from a linear dependence between strait flow and
the basin-to-ocean salinity difference. Note that this entails more than
predicting a different S’ for a given water-flux ratio since the very
definition of the water-flux ratio is now different. Fig. 2 shows that basin
salinity is close to the oceanic value for most of the range of the water-
flux ratio. When the ratio is positive and approaching zero, S’ rises
asymptotically. When the water-flux ratio approaches zero from the
negative end, the limit lies at § = 0, the basin only exporting water to
the ocean and filled with river discharge/precipitation of zero salinity.

When we recall that gypsum and halite start forming at, respectively,
about 3 and 10 times concentration of normal seawater (i.e., S’ = 3 or
10), Fig. 2 illustrates once more how extreme the conditions leading to
evaporite deposition really are: these concentrations require very small
water-flux ratios. The figure also shows how strongly nonlinear the
response to restriction is. Even in the case that tectonics and/or sea-level
fall result in a gradual restriction and the water-flux ratio decreases at a

4.0
® Med. Sea
3.5 4 ® Black Sea
® Red Sea
3.0 ® Persian Gulf
: ® G. of Agaba
2.5
(Q° 2.0
Qo
()
1.5 A
1.0 1
0.5
0.0 T T T T T T T
-80 -60 -40 -20 0 20 40 60 80

Water-Flux Ratio [-]

Fig. 2. Relation between water-flux ratio and steady-state dimensionless basin
salinity (S' = Sp/S,). Blue line is for a square-root dependence of deep flow in
the strait to the salinity difference between basin and ocean; orange line for a
linear dependence. Points corresponding to extant basins (Table 1) are super-
imposed; these are to be compared to the blue line. The green dot for the Gulf of
Agaba/Eilat sits much more to the right at a water-flux ratio of 1245. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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constant rate, the basin salinity will reach a point where it rises expo-
nentially. The implication is that even a gradual cause will most likely
result in an event-like expression in the sedimentary record: for example
a sudden change in faunal composition and lithology (cf. Meijer, 2012).

Before applying the graph further to the past of the Mediterranean
Sea it is illustrative to know where the extant basins would plot. Table 1
presents a compilation of data from semi-enclosed basins in the Medi-
terranean region and the Middle East. With Egs. (5) and (6), i.e. for a
square-root relationship between strait flow and salinity difference, we
first calculate the strait efficiency coefficient and then use this value to
determine the water-flux ratio. The latter is combined with the observed
S’ to find each basin’s position in Fig. 2. The Mediterranean Sea, Red Sea
and Persian Gulf exemplify the concentration basins with S’ between
1.05 and 1.07. The Gulf of Aqaba/Eilat has a salinity that is only just
above that of its “ocean” (the Red Sea) and sits on the asymptote at a
water-flux ratio of 1245. The Black Sea represents the dilution basins
with a water-flux ratio close to zero. For our purposes, the match be-
tween observed properties and the theoretical prediction is certainly
fair. The most recent estimate of the outflow through the Strait of
Gibraltar due to Garcia-Lafuente et al. (2021) would move the dot for
the Mediterranean Sea slightly towards the right, improving the match.
In general, any misfit is perhaps due in particular to the observations not
reflecting a steady state condition or to the simplicity of our strait flow
equation. The Adriatic Sea is not shown because for this basin equating
density to salinity in the expression for strait flow is not appropriate.
Salinity of the Adriatic basin is less than that of the Mediterranean Sea
but the basin still produces a deep outflow through the Strait of Otranto
because of the effect of temperature (Verri et al., 2018). This will be the
topic of Section 5.3. An additional reason for not including the Adriatic
basin is that exchange at the Strait of Otranto is not a simple two-way
flow (Astraldi et al., 1999).

As pointed out, the steady-state solution depicted by Fig. 2 is inde-
pendent of basin depth—depth h only playing a role in the scaling of
time. The (dimensionless) time required to achieve equilibrium for a
given value of the water-flux ratio is shown in Fig. 3. This is calculated
numerically as the time that it takes the basin to reach steady state, from
an initial condition of S’ = 1 (i.e., the basin starts out filled with water of
oceanic salinity) and under constant forcing (constant water-flux ratio).
Steady state is taken to be reached when the change of S’ between two
consecutive time steps (107) is less than 107°.

Fig. 3 shows a strongly nonlinear relationship between the water-flux
ratio and the time-to-equilibrium. The required time increases greatly
for basins for which the exchange with the ocean is small compared to
the net volume flux to/from the atmosphere. While the restriction from

te/h[-]

—-80 —60 -40 -20 0 20 40 60 80
Water-Flux Ratio [-]

Fig. 3. Time to reach the steady states depicted in Fig. 2, expressed in terms of
dimensionless time (t' = t e/h). Meaning of line colour the same as in Fig. 2.
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the ocean implies that the basin will settle at a salinity that is distinct
from that of the ocean, that same restriction also slows down the salt
import (or export, when the water-flux ratio is negative) required to get
there. Looking only at the graph of S’ (Fig. 2) it would seem that a simple
change in sign of the water-flux ratio results in an extreme response of
basin salinity. Because this is the regime in which time-to-equilibrium is
very long, this response will in reality (in actual years) be drawn out
over a very long period, unless the basin is very shallow.

To clarify the meaning of the dimensional time depicted in Fig. 3 we
take the example of the Mediterranean Sea. The water-flux ratio equals
62 and dimensionless time-to-equilibrium is calculated to be 0.226.
Combined with h = 1502 m and e = 0.7 m/yr, this is equal to 485 yr. If
the basin were, say, a factor 3 less deep, the actual time-to-equilibrium
would be less by the same factor. A smaller basin area would, all other
variables staying unchanged, imply an increase of the associated water-
flux ratio and a reduction in both the dimensionless and actual time to
equilibrium. While noting that time to equilibrium as defined here is not
the same as residence time (basin volume divided by volume flow rate),
it clearly does form a measure for the time the basin needs to respond to
a change in forcing. The water properties of a shallower and/or less
extensive basin will adjust faster to, for example, a change in the rate of
net evaporation. The opposite is true for a restricted basin where the
water properties and, as a consequence, the sedimentary expression of
the climatic variability, may lag behind the forcing. This is further
explored in Section 3.

Finally, to inform discussions of the Messinian Salinity Crisis (MSC),
we quantify the maximum rate of salinity increase and the time that it
implies is needed to reach saturation for gypsum and halite. As
expressed by (9) the maximum rate of salinity increase occurs when
there is no exchange and is then given by dS'/dt' = 1. This is easily in-
tegrated starting from ocean salinity, i.e., $' =1 to find §’ as a function of
time. Given that t = ¢ (h/e) and with h and e for the Mediterranean as
before, we calculate that gypsum saturation is reached in about 4.3 kyr
and halite saturation in roughly 19.3 kyr.

2.3. Application 2: marginal basins during the gypsum stages of the MSC

If we consider a basin that communicates with the ocean or with
another basin at normal salinity then, as just mentioned, S'= 3 roughly
corresponds to the point where the basin achieves saturation for gyp-
sum. For a basin at steady state it follows from Fig. 2 that the water-flux
ratio must be small. The analytical solution readily gives the exact value
of 0.35. Compared to the present-day Mediterranean Sea this is a
reduction of the water-flux ratio by a factor 100. Assuming net evapo-
ration unchanged, this reduction must be achieved by a reduction of the
strait efficiency.

Now let us consider the case of the marginal basins within the
Mediterranean: semi-enclosed sub-basins of the larger Mediterranean
Sea. The Mediterranean then constitutes the “ocean” and we examine
the situation in which it is assumed to stay at normal ocean salinity (36 g
kg_l). To achieve S'= 3 in a basin that occupies a surface area compa-
rable to the present Adriatic or Aegean seas (area of order 10!! m?; see
Table 1), while taking net evaporation at 1 m/yr, the strait efficiency is
found to equal 6654 m> s™*. For all their limitations, reconstructions of
the marginal basins that accumulated gypsum during the MSC point to
smaller surface area of order 10° m? (Modestou et al., 2017, for the
Sorbas basin; Natalicchio et al., 2019, for Piemonte basin; Manzi et al.,
2012, for the Caltanissetta basin). In this case the strait efficiency
associated with a water-flux ratio of 0.35, making the same assumptions
as before, is equal to 67 m> s’l, which is a factor 10* smaller than the
efficiency of present Strait of Gibraltar. Even though it now multiplies
the relatively large difference in salinity between a basin at gypsum
saturation and one at oceanic salinity (Eq. 5), such a reduced strait ef-
ficiency corresponds to a small exchange flux, of order 10% m® s, This
is the order of magnitude of the discharge of the large rivers flowing at
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present into the Mediterranean Sea. Although we cannot exclude the
possibility, it seems unrealistic to assume that the marginal basins
accumulated their gypsum deposits because they had such very limited
exchange with a main Mediterranean basin at normal salinity. More
likely, the main basin sourced the marginal basins with water at already
elevated salinity because it was itself restricted from the Atlantic Ocean.
These theoretical results lend support to the objection of de De Lange
and Krijgsman (2010) against the silled-basin explanation for Stage 1 of
the MSC (Roveri et al., 2008).

3. Water and salt fluxes: dynamic model with variable
atmospheric forcing

Staying with the same basic principles we now focus on time-
dependent behaviour. More precisely, we examine the response to pe-
riodic climatic forcing.

3.1. Theory

The general behaviour of a semi-enclosed basin in response to
periodically-varying atmospheric forcing can be examined by writing
the net evaporation as a sine-function of time.

e=e(t) = e, + eusin (27[ ! ) 12)
p

in which ey, is the mean net evaporation [m s71], e, the amplitude [m
s711 and p the period [s] of variation. Let t = t/7 with now 7 = h/|ey|
then the dimensionless Eq. (9) becomes

das S22 5 e, ; {

A s TR O +e—sin<2n’—,> (13)
dt Ae, lew| el p

where

P =pp=plen, as

and, of course, t /p = t/p. In the same way an equation can be derived
for the case of a linear dependence between strait flow and the basin-to-
ocean salinity difference. The governing Eq. (13) does not yield easily to
analytical solution. One would expect a solution of the form

(1) = (S) + AS'sin (2;: ! ;.A’ > s)
in which (S') is the long-term average of ', AS' its amplitude of variation
and At' the dimensionless duration of any offset relative to the forcing.
While numerical integration demonstrates that the resulting time-
dependent basin salinity is not, at least not always, such a perfect
phase-shifted and scaled version of the forcing function, it closely re-
sembles this in most cases. In the results presented below, the integra-
tion is always continued long enough for the basin to reach a dynamic
steady state in which each new cycle is the same as the preceding one.
The amplitude of variation of S’ is then determined, as well as the
dimensionless time lag between forcing and basin salinity (calculated as
the average offset of the extrema).

3.2. Application 3: generalised response to periodic forcing

Some relevant insight regarding the response to variable forcing can
be inferred directly from the equations. Firstly, as for the case of con-
stant forcing, if two basins subject to the same forcing also have the same
water-flux ratio and basin depth, their response in terms of S’ will be the
same. Secondly, when the period of variation and basin depth are both
multiplied by the same factor, the result remains the same (Eq. 14). For
example, for a given mean and amplitude of net evaporation, variation
over 100 kyr, imposed on a 1500 m deep basin, gives the same
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amplitude of variation of S’ as a 20-kyr variation acting on a 300 m deep
basin. The two situations correspond to the same p’. Thirdly, reduction
of basin area alone, will decrease, not increase, the response to a given
forcing. As already encountered in the discussion of (11), a reduction of
basin area corresponds to an increase of the water-flux ratio which
means that basin salinity stays closer to that of the ocean.

Fig. 4 summarizes the results of a large number of calculations for the
case that net evaporation is always positive (a water loss) and eg/e,, = 1/
6. To provide some reference: the latter value would be appropriate for
the precessional cycle of the Mediterranean basin (Dirksen and Meijer,
2020). The top panel shows that the amplitude of §' is negligible when
the water-flux ratio is large. For smaller values of the water-flux ratio,
the amplitude is found to first increase with increasing period of vari-
ation and then level off at a maximum. This levelling off occurs at ever
longer periods when water-flux ratio is reduced; for a water-flux ratio of
0.05 the maximum is attained beyond the range of our figure. Although
not shown, the amplitude is found to scale roughly linearly with the
amplitude of the forcing while the overall behaviour is unaffected.

The effect of the water-flux ratio on amplitude is as expected given
the results for constant forcing presented in the previous section. With
relatively short periods of variation, the basin is not given sufficient time
to adjust to the forcing and the maximum §' is below the value which
would be attained if the net evaporation was kept constant at its
maximum (and likewise for the minima). For longer periods of variation
the basin is essentially always in equilibrium with the forcing and the
amplitude is dependent only on the amplitude of the variable net
evaporation. Because a more restricted basin takes longer to adjust to
forcing (see Fig. 3), the period at which the amplitude levels off is longer
in the case of a smaller water-flux ratio.

Focussing now on the lag between forcing and response it is best to
view a plot of dimensionless lag divided by dimensionless period, i.e.,
the phase shift expressed as a fraction (Fig. 4, bottom panel). A graph of
dimensionless lag itself as a function of period (which proves very
similar to that of amplitude) is not easily queried for the role of basin
depth or mean net evaporation because these variables would then enter
in both axes of the diagram in the form of the scale for time. Fig. 4 in-
dicates that the lines for different values of the water-flux ratio converge
at a phase shift of a quarter period when the period approaches zero.
This quarter period is the phase shift expected for a basin without ex-
change with the ocean. In this case, a one-way flux from the ocean varies
in pace with net evaporation. The implied sine function of the incoming
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Fig. 4. Generalised response of a semi-enclosed basin to periodically varying
freshwater forcing where the ratio between the amplitude of the forcing and its
mean is 1:6. As a function of the dimensionless period of the forcing on the
horizontal axis, the top panel gives the amplitude of S’ (AS’ of Eq. 15) and the
bottom panel its dimensionless lag (i.e., phase shift; At'/p). Lines correspond to
indicated values of the water-flux ratio (WFR).
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salt flux integrates to a negative-cosine function (i.e, a sine shifted by
/2 or one quarter period) for salt content, plus a constant increase in
time related to the mean of net evaporation. For the case of a large
water-flux ratio (blue line in Fig. 4) the phase shift drops to 0 as soon as
the period of variation is increased. With smaller values of the water-flux
ratio, the decrease of the phase shift is spread out over a longer range of
periods and the minimum attained lies above 0.

The result that the lag, expressed as a phase shift, decreases with
increasing period of variation is understood from the fact that, as
already pointed out above, a slower variation gives the basin more op-
portunity to achieve equilibrium with the forcing. The minimum phase
shift attained for longer periods of variation expresses the limit on the
salt flux into or out of the basin exerted by the gateway. The more
restricted the gateway, the closer the phase shift sits to the quarter-
period lag associated with a basin completely without exchange. The
overall shape of these curves has a general implication for the practice of
astronomical tuning of sedimentary sequences in a semi-enclosed basin.
To the extent that different periodicities of the forcing are reflected in
the sedimentary succession via salinity, it follows that any lags between
the forcing and the record (lithology, faunal composition, isotopic or
other aspects of chemical make-up) may not be the same for each forcing
frequency.

3.3. Application 4: precessional variation of the Mediterranean Sea

To make the results more concrete we consider the case of preces-
sional variation acting on the present-day Mediterranean basin. We have
p = 21 kyr, h = 1502 m and ep,,= 0.6 m/yr. The latter value, in combi-
nation with e,= 0.1 m/yr, gives as a maximum the presently observed
net evaporation (Table 1). This is consistent with the notion that the
present orbital configuration is close to a precession maximum and
represents the most arid stage of the precessional cycle (cf. Dirksen and
Meijer, 2020). With these three values we calculate that the dimen-
sionless period p'= 8.4. It then follows from Fig. 4 that, under present-
day conditions (water-flux ratio = 62), both amplitude and phase shift
of the response of the basin in terms of basin-averaged salinity are
negligible. If, in contrast, the same basin sits at 3 times concentration (i.
e., gypsum saturation; water-flux ratio = 0.35), the amplitude of S’ is
clearly below that which would be achieved in steady state. More
notably, the basin would exhibit a significant lag: a phase shift of 0.125
corresponding to 2.6 kyr. While this latter value is below the resolution
of astronomical tuning it does mean that it is incorrect to take the middle
of a gypsum bed to coincide with a peak in insolation (e.g., Manzi et al.,
2013). This may have consequences for the interpretation of the
sequence of facies or their geochemical properties within a precession
cycle, in terms of the underlying mechanism (Lugli et al., 2010). The lag
expected between gypsum and insolation has been previously addressed
from the point of view of modelling by Topper and Meijer (2015) who
also evaluate whether it affects the estimates for the start of the Messi-
nian Salinity Crisis (it most likely does not). Going beyond our previous
modelling, Fig. 4 further demonstrates that, for a basin at 3 times con-
centration and in comparison to the response to precession, the phase
shift associated with obliquity (about 40 kyr) and eccentricity (about
100 kyr) are much shorter. The latter illustrates the general behaviour
pointed out at the end of the previous section.

When we focus on a shallower basin, say h = 200 m, the same net
evaporation translates the period of the precessional cycle to a dimen-
sionless equivalent p'= 63. It then follows from Fig. 4 that the amplitude
is maximal while the phase shift is minimal: also at gypsum saturation a
shallower basin is able to keep pace with the precessional forcing much
more closely than a deep basin does. However, if that shallow basin
reached 3 times concentration (with respect to its “ocean”) under a net
evaporation that on average sits much closer to a neutral water budget
(say, em= 0.1 m/yr), the corresponding dimensionless period p'= 10.5
and the lag between response and forcing is again found to be
significant.
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4. Heat fluxes added: budget considerations

In this section the principles of conservation of water and salt are
complemented with the conservation of heat. At first, we do without a
dynamic representation of strait flow and only consider the issue of
budgets. The three conservation statements are combined into a single
expression that describes a semi-enclosed basin in a state of constant
volume, salinity and temperature.

4.1. Theory

When the basin water is of constant temperature, conservation of
heat implies a balance between heat input into the basin and heat output
from it and can be written (e.g., Tziperman and Speer, 1994; Criado-
Aldeanueva et al., 2012),

QT, +RT, + HAJ ) = QT + (E — P)AT, 16)

in which T, and Ty are the temperatures of ocean and basin, respectively,
and T, that of the river water. H is the heat flux from the air to the basin
water in Wm™2, positive when heating the water. In writing (16) we
approximated the temperature of the precipitation by that of the basin
waters. Also, a single average reference density pr is combined the
specific heat C, to convert from temperature to heat and vice versa. In
the calculations below we use pr = 1029 kg m~3 and Cp = 3990 J
kg lecL

Approximating also the river-water temperature by that of the basin
and using, as before, e = (E — P) — R/A as the rate of net evaporation
(introduced below Eq. 3) we can write

.7, + HA/p,.epr =T, +eAT, a7

The last term represents the heat that is taken out of the basin by the
net evaporative flux. It should not be confused with the latent heat of
evaporation which is contained in H and is much larger. For example, for
the present-day Mediterranean Sea, epC,T; amounts to 1.2 Wm ™2 while
the annual and basin mean latent heat loss is estimated at 98 Wm ™2
(Song and Yu, 2017). It is important to retain the term because without
it, the case that H = 0 while net evaporation is non-zero such that Q, #
Qp, would give the unphysical result that T, # Tp.

Combining water conservation (4) and salt conservation (Eq. 2, for
the steady state) we obtain one form of the Knudsen relations

0, (S, — S,) = €AS, (18)

Qp represents the volume flux that in- and outflow have in common
and thus gives the magnitude of the true exchange flux. Also, eA is the
volume flux to the atmosphere (focussing on an evaporative basin) and
is equal to the net inflow of water. Eq. (18) can thus be read as saying
that “exchange-related salt loss = salt gained by net inflow”. An
equivalent statement for heat is found by combining water conservation
(4) and heat conservation (16)

—0(Ty = T,) = eA(Ty = T,) — HA//)WCF 19

In (other) words, “exchange-related heat gain = heat lost with net
evaporation - heat gained by net inflow - heat gained from atmosphere”.
Where, of course, strictly speaking we should have written gain or loss of
“temperature” rather than “heat”. Dividing all terms through eA(T, —
T,) and using Eq. (18) to substitute for Qp we readily obtain

H 1
e(T,—1,) pyCy 1-1/8

(20)

where S = Sp/S,, as before. The left-hand side represents the dimen-
sionless ratio between the air-sea heat flux and the fluxes set by the rate
of evaporation. From now on I will refer to this term as the “heat-flux
ratio”. The right-hand side is proportional to the state of basin
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restriction. Note that this expression has been derived without making
assumptions about the dynamics of strait flow, it purely embodies con-
servation of water, salt and heat.

4.2. Application 5: why is the net air-sea heat flux of the Mediterranean
Sea small?

Although its determination is wrought with uncertainty, the annual-
mean basin-averaged net flux of heat between the Mediterreanean Sea
and the atmosphere is inferred to amount to a loss by the basin of ~4-5
Wm 2 (Macdonald et al., 1994; Jorda et al., 2017). This value is small in
comparison to the seasonal variation of the basin-averaged net heat flux
of about £150 Wm ™2 (Criado-Aldeanueva et al., 2012; Song and Yu,
2017). The value is also smaller than the spatial variation of the annual-
mean net heat flux of roughly +30 Wm ™2 (Tsimplis et al., 2006; Song
and Yu, 2017). The very fact that the Mediterranean basin is large
enough to encompass both regions that gain and lose heat on an annual
basis will be at least part of the explanation for the limited mean value.
Also, that the basin must lose heat to the atmosphere on an annual mean
basis is understood from the fact that its intermediate and deep waters
are formed in winter, “sampling” cold surface conditions and it is these
relatively cold waters that flow out at Gibraltar. The lower temperature
and lesser volume transport of the outflow compared to the inflow imply
that the basin gains heat at its ocean connection, heat that must be lost to
the atmosphere. Do the combined conservation equations of water, salt
and heat provide further clues?

The term on the right-hand side of Eq. (20) is plotted in Fig. 5 as a
function of §'. Whereas in preceding sections S’ was the unknown which
we set out to calculate as a function of the forcing, here it is plotted on
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Fig. 5. Graph of the heat-flux ratio as a function of S'(Eq. 20), with points
corresponding to extant basins superimposed (Table 1). Uncertainties in the
heat-flux ratio are shown where error estimates are available. For the Persian
Gulf these are so small they fall behind the dot. The blue dot (falling largely
behind the symbol for the Persian Gulf) refers to the Mediterranean Sea using
the Macdonald et al. (1994) heat-flux estimate. The latter concerns the total
heat advected through the strait and must therefore be reduced by an amount
eT}, to be comparable to our H. Without this reduction the symbol shifts slightly
closer to the curve. All other strait-advection based estimates of H were found to
to be already adjusted in this sense. The blue triangle is for the Mediterranean
Sea using the data of Criado-Aldeanueva et al. (2012). The horizontal distance
between this and the other estimate for the Mediterranean Sea gives an indi-
cation of the uncertainty in §'. The black dot corresponding to the Black Sea is
actually situated much more to the left, at S = 0.5. The orange dot for the
Adriatic Sea is based on the heat flux estimated by Yari et al. (2012). Its error
bar would span the whole graph (not shown). The orange triangle is for the
same basin, using the Maggiore et al. (1998) heat-flux estimate. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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the x-axis because we aim to examine the atmospheric forcing (in the
form of the heat-flux ratio) as a function of basin restriction, as expressed
by S§'. Combinations of S’ and the value of the heat-flux ratio (i.e., left-
hand side of 20) calculated using the observed basin properties, are
superimposed. Note that both H and T, — T, are negative for all basins
except the Black Sea for which H is essentially zero. For our purposes and
viewed over the range of the axes in Fig. 5, the match between the
theoretical curve and the data is certainly fair. The Mediterranean Sea
with the Macdonald et al. (1994) heat-flux estimate and the Persian Gulf
plot below the line which corresponds to a true equilibrium. Whether
this is due to inadequacy of the data or indicative of on-going change in
heat and/or salt content is beyond the scope of this paper. The second
point for the Mediterranean Sea is based on Criado-Aldeanueva et al.
(2012) and, to be specific, uses their estimate of H obtained from the
advection of heat through the strait of Gibraltar. The relatively large
uncertainty is due to the uncertainty in the estimate of net evaporation
(see Table 1). Integrating instead the air-sea fluxes these authors found
an H close to zero which would thus bring the estimate well below the
curve in Fig. 5. The difference between the two estimates of H is indeed
interpreted by Criado-Aldeanueva et al. (2012) as indicative of on-going
warming of the sea.

Fig. 5 illustrates that the heat-flux ratio is relatively small for all but
the values of §' very close to unity. Small heat-flux ratios are found for
the Mediterranean Sea, the Red Sea and the Persian Gulf. Higher values
of the heat-flux ratio are reached when the basin is less restricted. The
Gulf of Aqaba/Eilat and the Adriatic Sea demonstrate the situation in
which these higher values of the heat-flux ratio are mostly due to a more
negative H (see Table 1). The Gulf of Suez also has a large negative heat
flux (Table 1) but data are lacking to place this basin in the figure. When
S’ approaches unity even further, the implied greater exchange flux will
also lead to a decrease of (T — T,), causing the heat-flux ratio to respond
asymptotically. Moving away from the Mediterranean and similar basins
in the opposite direction, that is, towards greater restriction, Eq. (20)
predicts the heat-flux ratio to decrease. To be precise, for concentration
basins, in the limit as S’ — oo, the heat-flux ratio tends to unity and H=e
(Ty — To) prefCp- In other words, in the absence of exchange, the heat flux
from the atmosphere makes up for the difference between heat lost with
the net evaporation and heat carried in by the inflow from the ocean. For
dilution basins approaching disconnection from the ocean, that is as S
— 0, the heat-flux ratio approaches 0. This behaviour is illustrated by the
present-day Black Sea (S’ = 0.5) where heat advection through the
Bosphorus is negligible (Garrett et al., 1993). Heat brought in by the
excess of river discharge over E — P, is exported by the net outflow at the
strait. Note that it is in these limits that our assumptions as to the
temperature of precitation and river discharge may play a role.

In conclusion, Fig. 5 clearly brings out the role of basin restriction in
the heat budget of the semi-enclosed basin. Whereas the relatively small
net air-sea heat flux of the Mediterranean Sea will in part be controlled
by atmospheric conditions, basin geography and circulation, we are now
able to understand it as an expression as its state of restriction as well.
The implication for the study of the paleoceanography of the Mediter-
ranean Sea or of other basins is that, if the basin is as restricted as the
present Mediterranean or more, one may expect there to be no signifi-
cant role for the annual mean and basin-averaged heat flux. The role of
heat and temperature for semi-enclosed basins is further explored in the
next section.

5. Heat fluxes added: dynamic model

Still considering basin volume as constant, we re-introduce a dy-
namic representation of strait flow and combine this with the equations
for the time-rate-of-change of salt and heat.

5.1. Theory

By combining the expressions for conservation of water volume (4),
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basin salinity through time (2) and the equation for the time rate of
change of basin temperature that underlies (16), we obtain a dynamic
model that considers both salinity and temperature. This requires we
make the deep flow through the gateway a function of the difference
between the density of the basin (pp) and ocean (p,), rather than just the
difference in salinity (5). For example, when pp > p,

o

0 =c(p,=p,) D
where the units of ¢ have now changed to the cumbersome m®~!(kg
m~3)12 or m4‘ss’1kg'l/ 2. This step entails the introduction of an

equation of state for which we use a simple linear approximation
P =P (1= a(T = Toy) +B(S = Srs) ) (22)

where the various parameters have been set to values appropriate for the
present-day Mediterranean Sea. The reference values are Ty,r = 13.7 °C
and Sy;f = 38.6 (prer wWas already introduced). The thermal expansion
coefficient a = 2 x 10~4°C ! and the haline contraction coefficient p=
7.5 x 10~*. In the first application below we replace the imposed heat
flux H (see Eq. 16) by a relaxation to a prescribed atmospheric tem-
perature Tgy, such that

gy, =1 (T =) e

which has the effect of nudging basin temperature towards the chosen
atmospheric value at a rate set by the coefficient y in m s~ This coef-
ficient can be thought of as the depth of the water layer affected by the
forcing over a certain amount of time and its value needs to be chosen at
the outset, for instance by reference to model studies constrained by
observations of the present day.

5.2. Application 6: the effect of temperature

In many situations the effect of temperature on density is subordinate
to that of salinity and can be neglected. For example, Bryden and
Stommel (1984) argued this to hold true for the dynamics of the Strait of
Gibraltar, exactly because the heat flux of the Mediterranean Sea is small
(Section 4.2). When the basin is restricted and salinity rises to high
values (think of the Mediterranean during the MSC), the neglect of
temperature will be only more justified, density being essentially set by
salinity. Here we quantify the effect that temperature, through its in-
fluence on the density—and thus rate—of the outflow, exerts on basin
salinity. Rather than imposing different values of the heat flux we relax
the basin temperature to a range of imposed atmospheric temperatures
(23) because the latter is easier to interpret.

We focus on a basin with the surface area, depth and net evaporation
of the present-day Mediterranean Sea (Table 1). Strait dynamics is
included in the form of Eq. (21). From the observed ocean and basin
properties we calculate the density difference and next, using (21), the
strait efficiency that gives the presently observed magnitude of the
outflow is found: ¢ = 5 x 10° mSS’l(kg m 312, Starting with the basin
at the same temperature and salinity as the ocean we then calculate the
evolution of basin temperature and salinity, in response to net evapo-
ration and with relaxation to an assumed air temperature. The relaxa-
tion coefficient y is taken at 1 m/day, as in the OGCM-implementations
for the Mediterranean Sea of Drakopoulos and Lascaratos, 1999 and
Topper and Meijer, 2015. At the end of the run the steady-state salinity is
recorded and the calculation is repeated for a range of atmospheric
temperatures. We consider a range of +5 °C around the temperature of
the outside ocean. To put this in perspective, a 5 °C increase of basin-
averaged temperature would result from an unbalanced heat input of
1 W m~2 maintained over 1 kyr. The results are depicted in Fig. 6 in
terms of the salinity difference relative to solution obtained for an air
temperature exactly equal to the temperature of the ocean water.

The effect of variation in the air temperature is very small, as
anticipated. It is less, but perhaps surprisingly, not much less, when the
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Fig. 6. The influence of atmospheric/basin temperature on basin salinity. Basin
temperature is relaxed to a range of atmospheric temperatures, varied around
the oceanic value, as given on the horizontal axis. The steady-state basin
salinity calculated to correspond to this, is on the vertical axis. Salinity is shown
relative to the value that it attains when Ty, — T, = 0. The two lines correspond
to different degrees of restriction: strait efficiency ¢ = 0.5 x 106 m3 (kg m 3y
172 («open”, blue curve) and 0.5 x 10* (“restricted”, orange). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

calculation is repeated for a restricted basin in which c is reduced by 2
orders of magnitude. The results for both open and restricted basin are
essentially unchanged when the relaxation coefficient y is increased to 1
m/h (not shown). Because the heat flux is a function of both the relax-
ation coefficient and the evolving basin temperature, an increase in y
does not translate directly to a larger heat flux. It does mean that the
coupling between atmosphere and sea is stronger. The relaxation coef-
ficient would play a larger role if the forcing were changing over time.

A more significant role for temperature may occur in situations in
which the basin salinity sits very close to the oceanic value. Imagine, for
example, a basin that has a small excess salinity. Increased heating of the
basin waters may then offset the density effect of salinity and lead to a
flow reversal in the gateway, from anti-estuarine to estuarine. The
generic model of Section 2 informs us when this could occur: Sp/S, close
to 1 is found when the absolute value of the water-flux ratio is large, that
is, for large c (open connection), small surface area A, and small net
evaporation e.

5.3. Application 7: a marginal Mediterranean basin subject to freshwater
input

An interesting case in point is the present-day Adriatic Sea (Verri
et al., 2018). Here the situation is opposite to that sketched at the end of
the preceding section: the basin is subject to a net freshwater gain but
cooled by the atmosphere, such that exchange is still anti-estuarine. The
freshwater gain is significant: its absolute value is equal to that of the net
evaporation of the Mediterranean as a whole. At least at present, flows
through the Strait of Otranto are more complex than the two-way ex-
change representation in our model. Apart from a deep dense outflow
(value given in Table 1) there occurs a surface outflow of lower-salinity
water (Astraldi et al., 1999; Yari et al., 2012). Nevertheless, a generic
analysis of the behaviour of this type of marginal basin to the Mediter-
ranean Sea, adopting our idealised strait exchange, proves to offer
relevant insight. Note that also the present-day Aegean Sea is thought to
combine cooling and freshwater gain (Ashkenazy et al., 2012). Fig. 7
presents a dedicated model calculation. The set-up is roughly tailored to
the Adriatic Sea with a surface area of 0.1 x 10'2 m? and basin depth of
200 m. We apply the linear relationship between strait flow and the
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Fig. 7. The effect of heat flux on the properties of a marginal basin to the
Mediterranean Sea, subject to cooling (H < 0) in combination with net fresh-
water input (e < 0). Solid and dashed lines correspond to two values of the rate
of net evaporation. Bottom panel gives, relative to the “oceanic” value, basin
temperature (blue) and basin salinity (orange) calculated for the steady state.
Top panel illustrates the corresponding density difference. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

density difference appropriate for wider straits and set the strait coef-
ficient ¢ to 1 x 10° m3s_1(kg m_s)_l. The effect of the latter choice is
discussed below. Properties of the “ocean” are roughly those of the
present-day Mediterranean Sea: 16 °C and 38 g kg ™. For two different
values of the rate of net evaporation (negative and thus an input), Fig. 7
gives the (steady-state) basin temperature and salinity that result for a
range of values of the imposed heat loss to the atmosphere. Also shown is
the density difference between basin and its “ocean”, the Mediterranean
proper.

For both values of net evaporation, the solution consists of two
branches with a discontinuity that corresponds to the point where the
density difference between the two sides of the strait changes sign and
the exchange changes from anti-estuarine (positive density difference)
to estuarine (negative difference) or vice versa. With e = —0.5 m/yr, for
heat flux more negative than about —8.6 Wm ™2, the cooling is such that
the basin has a density excess (see top panel of Fig. 7). With less cooling,
the freshwater gain keeps the density of the basin below that of the
Mediterranean Sea and exchange at the strait is predicted to be estua-
rine. Approaching the neutral state at H = —8.6 Wm™2 from either
smaller or larger heat flux values, the basin temperature and salinity are
seen to drop. A small density difference means small exchange and the
basin properties are then dominated by the cooling and freshening of the
basin waters. It is for this same reason that a truly neutral state cannot
persist (and the top panel shows a discontinuity). With zero exchange
the forcing would cause basin density to move away from the oceanic
value again. Time series of the individual experiments that make up
Fig. 7 show how, close to the neutral state, the basin properties first
approach the values corresponding to the “left branch” of the solution,
nearly settle there apart from a small drift, and then suddenly jump to
the values of the “right branch”.

When the freshwater input is taken larger (e decreased to —0.75 m/
yr), the discontinuity is seen to shift to more negative heat flux (dashed
lines in Fig. 7). A larger cooling is now required to offset the density
decrease due to dilution. When strait efficiency is increased (not shown)
the branches of the solution move upwards, reflecting that the basin
properties stay closer to those of the ocean, but the position of the
discontinuity is hardly affected.

These model results suggest that the properties of a semi-enclosed
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sea subject to freshwater gain and cooling may be very sensitive to a
change in the heat budget. When the heat loss approaches the point
where exchange flips sign, in particular the temperature is expected to
decrease significantly. As we first encountered in Section 2, the associ-
ated limited exchange does mean that the time to reach these low values
is long, of the order of 100-1000 year. For example, would, in the case of
e = —0.5 m/yr, the heat flux change from —10 Wm ™2 to —8 Wm ™2 overa
shorter period, there would be a transient drop in temperature and
salinity, significant but not as extreme as the steady-state values.
Moreover, it is likely that in reality the reduced basin temperature would
trigger a response of the air-sea flux while here it is kept constant. In
terms of the model representation, the present-day Adriatic Sea would
plot to the left of the discontinuity. But whether the behaviour demon-
strated here is applicable to this basin and, for example, its response to
reduced heat loss in a warming world, remains to be established with a
more involved model analysis, respecting the intricacies of the exchange
at Otranto.

Considered in the wider context of paleoceanography, the analysis
above illustrates how air-sea heat flux may result in a sense of exchange,
estuarine or anti-estuarine, unsuspected from the sign of the freshwater
budget. It would seem to require proxies on both temperature and
salinity, and/or insight into the climatic forcing, to detect this behaviour
in the geological past. If, in addition to a reconstruction of basin prop-
erties, we have at our disposal proxy records from the vicinity of the
strait, this provides an excellent way to establish the overall functioning
of the basin. Cores obtained to the west of the Strait of Gibraltar form an
example (e.g., Sierro et al., 2020, and references therein) and Incarbona
et al. (2011) applied the same logic to the Strait of Sicily. The Adriatic
Sea and the Aegean Sea are the source of the deep waters of the present-
day eastern Mediterranean and thus an important element of the ther-
mohaline circulation (e.g., Pinardi et al., 2019). It is clear that recon-
struction of the past functioning of these basins (e.g., Marino et al.,
2007) is essential to understand the evolution of Mediterranean over-
turning circulation, for example as it is expressed in the sapropel record
(Dirksen and Meijer, 2020).

6. General discussion

Early on in the theoretical development we chose to combine river
discharge R with E — P, into a single rate of net evaporation e (below Eq.
3). This rate is multiplied with basin area to obtain the corresponding
volume flux of water. Using e makes for a clean formulation that lends
itself well to non-dimensialisation and extension towards inclusion of
heat fluxes. The disadvantage is that the volume flux R does not
necessarily scale with basin area in the same way as the volume flux due
to E — P does. Imagine two adjacent basins, one large and one small, that
experience the same E — P per square metre of their surface area. The
water budget of the small basin may be dominated by R when a river
happens to debouch there. Going from the large to the small basin, the
reduction in area is then accompanied by a reduction in e, perhaps even
to negative values (net freshwater gain). An example is the Adriatic Sea
(with the Po river) compared to the Mediterranean Sea as a whole. How
would this affect the insight obtained? Both for constant forcing (Section
2) and in the case of periodic change (Section 3) it was pointed out that
reduction of basin area alone will cause the basin to settle at a salinity
closer to that of the ocean: the ocean exchange becomes more important
than the volume flux due to net evaporation. The remark made here is
that reduction in area may well be paired with a change in e, causing
basin salinity to still move away from the oceanic va

A comparable limitation to the scaling of the forcing with basin area
relates to the air-sea heat flux. As mentioned in the discussion of the
reasons for the small magnitude of the annual-mean and basin-averaged
heat flux of the Mediterranean Sea (Section 4.2), a small basin is perhaps
less likely to compensate heat gain in one part, with a loss elsewhere (the
present-day Gulf of Aqaba/Eilat and Gulf of Suez are both a case in
point). Hence, in an absolute sense, the integrated heat flux HA for a
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small basin may be greater than that for a larger basin.

Egs. (5) and (6) introduced the simplified representation of strait-
flow dynamics for the case that salinity is the main control on density.
Later, in Section 5, a more general form that also accounts for the effect
of temperature was used (21). The strait efficiency coefficient c repre-
sents the degree by which water flow is restricted by the very geometry
of the strait: width, depth and channel length, in particular. While for
the Mediterranean region tectonically-induced changes in strait geom-
etry have been very important, the various geometrical aspects, water
depth above the sill most obviously, are also dependent on sea level
(Bryden and Kinder, 1991; see below also). Even when geometry and sea
level are not changing, a given strait can display a range of “effi-
ciencies”, up to a certain limit for which the exchange is maximal
(Bryden and Stommel, 1984). The central variable is the position of the
interface between in- and outflow. This position (depth) is in part
dependent on the circulation within the basin, in particular the degree of
mixing between in- and outflow. Thus, for example when we examine a
situation that involved significant variation in the degree of mixing
within the basin, it may be required to consider a range of ¢ even when
tectonics and sea-level change are inactive. Garrett (1996) already
pointed out the audacity of assuming the Strait of Gibraltar to always be
at its maximal limit. In Meijer (2012) the hydraulic-control model is
applied to the Messinian Salinity Crisis, keeping interface depth a vari-
able and thus making explicit its role (in this paper I also provide entries
to the vast literature on strait dynamics).

Generally speaking, the role of heat flux and temperature depends
very much on the situation at hand. For restricted basins the average
heat flux is small and salinity has a larger effect on density than tem-
perature. However, even a small unbalanced heat flux leads to a sig-
nificant temperature rise or fall when maintained over the time scales of
interest to geology. Also, heat flux becomes important for semi-enclosed
basins with a near neutral freshwater budget because it may determine
the sign of the exchange at the gateway.

Heat flux typically has a much stronger seasonal cycle than the
freshwater forcing and sea-surface temperature usually varies strongly
throughout the year. It is tempting to ignore this seasonal variation
when interest lies with the behaviour of the basin on the long timescale.
But the process of deep-water formation—clearly essential in deter-
mining the water properties near the seafloor and thus those recorded by
the sediment—is typically seasonal (e.g., Tziperman and Speer, 1994,
for the Mediterranean Sea). It requires models more advanced than the
1-box set-up of this paper to capture deep-water formation but these
models must do justice to its seasonal nature either by following the
yearly cycle or by focussing on the season of deep convection (perpetual-
winter forcing). With a focus on the formation of sapropels, Matthiesen
and Haines (2003) and Dirksen and Meijer (2020) developed dynamic
box models that represent aspects of the thermohaline circulation. In the
latter paper we show that precessional variation of the temperature
forcing contributes to switching the basin in and out of organic-rich
deposition.

Whereas salinity and temperature were allowed to change with time,
in all the analyses we assumed a steady state for basin volume. Sea level
change will play a role when we consider the response to the glacial
cycle. With a lower sea level the strait becomes effectively less deep and
thus less efficient (e.g., Bryden and Stommel, 1984; Rohling et al.,
2008). This can be accounted for, at least to first approximation, by
considering a smaller value for coefficient ¢ and thus for the water-flux
ratio. Whether this is the dominant effect entailed by sea level variation
will depend on the other characteristics of the basin. More realistic
modelling and study of the transient response do require one accounts
for the time rate-of-change of basin volume.

7. Conclusions

Basic principles, being conservation of water, salt and heat and a
simple representation of strait flow, have been used to study the
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behaviour of semi-enclosed seas. The main steps in the analysis and their
results are the following:

(1) A dimensionless formulation sheds light on the interplay between
basin area, basin depth, gateway efficiency and atmospheric
forcing in controlling basin salinity and the time required for the
basin to reach a steady state. Basin depth is shown to be a central
factor in setting the time scale of the basin. Salinity responds to
restriction in a very nonlinear way: even a gradual restriction will
yield an event-like expression in the sedimentary record. The
relationship between basin area and strait efficiency implies that,
to have marginal basins reach gypsum saturation during the MSC,
while the Mediterranean proper sits at normal salinity, would
require unlikely small exchange fluxes.

Representing the forcing as a generic periodic function of time,
the analysis informs us how exactly basin salinity, its amplitude
of variation and lag relative to the forcing, depends on basin and
strait properties and varies with the period of forcing. Restriction
or, more generally, a reduced water-flux ratio, introduces a lag in
the response of basin salinity to variable net evaporation. This lag
decreases for longer period of variation. Gypsum beds deposited
during the MSC are most likely not centred on the peak of
precession-paced aridity.

Consideration of also the heat balance of the basin allows us to
understand the relation between restriction and the mean air-sea
heat flux and clarifies under which conditions heat flux and
temperature play a role, in addition to net evaporation and
salinity. Basins at least as restricted as the present Mediterranean
Sea are shown to be intrinsically related to small annual-mean
and basin-averaged air-sea heat flux. While in general the effect
of heat/temperature appears less important than that of salinity,
under certain conditions, heat flux and net evaporation together
determine the sense of exchange at the sea strait.
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