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Abstract

The strait of Bab el Mandab connects the Red Sea with the Indian ocean via
the Gulf of Aden. The mean circulation at the strait is a three-layered exchange.
The circulation in the Red Sea is understood to be driven by the air - sea fluxes,
such as, evaporation and heat loss. We modify a thermohaline circulation (THC)
model originally developed for the Nordic Seas and Arctic Mediterranean by El-
devik and Nilsen (2010) to constrain the variability of THC at Bab el Mandab.
We find that the surface and intermediate inflow branches are sensitive to change
in heat and evaporation, but the deep outflow is predominantly sensitive to evap-
oration only. The model suggests that the circulation is relatively sensitive to
thermohaline change (about 17% - 44% of the mean flow). The model estimates a
weaker thermohaline exchange at Bab el Mandab in 2050 using projected future

climate change.
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Chapter 1

Introduction

The Red Sea is an enclosed basin; and the strait of Bab el Mandab connect
the Red Sea to the Indian Ocean via Gulf of Aden. The Red Sea has a high
rate of evaporation that drives the estuarine circulation which result high salinity
outflow through the strait (Smeed, 2004). This outflow has a large effect upon
the thermohaline circulation of the Indian Ocean (Schott and McCreary Jr, 2001;
Beal et al., 2000).

There is an exchange in the flow through the Bab el Mandab strait, this
exchange has a seasonal variability as a result of the monsoon climate (Smeed,
2004). During the winter (October - May), the flow is two layer exchange: warm
fresh water flows into the Red Sea in the surface layer, and cool saline water flows
out of the Red Sea (in the Gulf of Aden) in the lower layer (Smeed, 2004). In
summer (June - September), there is a three layer flow: both the surface and
deep layer outflow from the Red Sea and intermediate layer flows into the Red
Sea from Gulf of Aden,(see Figure 1.1). The annual mean of the exchange flow
is characterized by three layers: warm fresh surface and intermediate layer that
flow into the Red Sea, and a cool saline outflow from the Red Sea into the Gulf of
Aden, (see Figure 1.2) (Tragou et al., 1999).

According to Tragou et al. (1999) the circulation through the strait of Bab el
Mandab is drived by air - sea fluxes such as evaporation and heat loss. We present

a thermohaline circulation (THC) model to constrain the annual variability at the
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strait. The main purpose of the model is to constrain the variability and strength

of the thermohaline circulation across the Bab el Mandab.

Winter
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FIGURE 1.1: The exchange at Bab el Mandab in winter and summer, SW is
surface water, GAIW is Gulf of Aden intermediate water, and RSOW is Red
Sea outflow water, figure taken from (Smeed, 2004).
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FIGURE 1.2: The annual mean exchange at Bab el Mandab, SW is surface
water, GAIW is Gulf of Aden intermediate water, and RSOW is Red Sea outflow

water.






Chapter 2

Area of study

2.1 The Red Sea

The Red Sea is a long narrow basin; it’s almost enclosed and has just one
connection to the global ocean, which is the Indian Ocean (Gulf of Aden) via the
strait of Bab el Mandab in the south of the Red Sea (Siddall et al., 2002a). In the
north, the sea divides into two narrow arms that flank the Sinai Peninsula which
are the Gulf of Suez and the Gulf of Aqaba. The Red Sea lies between the Arabian
Peninsula and Africa, extending from about 12.5° N - 30° N. The basin is 2000 km
long and 280 km wide and the average depth is about 480 m (Degens and Ross,
1969; Siddall et al., 2002b). The Red Sea bordered by Egypt, Sudan, Eritrea and
Djibouti on the west, and Yemen and Saudi Arabia on the east (Figure 2.1) (Saad,
2010).

The Red Sea has a highest surface salinity of the world’s ocean; there is a
net evaporation of about 1.5 m/yr from the sea surface (Tragou et al., 1999), and
the precipitation is small, estimates ranging from 0.5 - 0.15 m/yr (Morcos, 1970;
da Silva et al., 1994).
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FIGURE 2.1: The location of the Red Sea Wikipedia (2012).
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2.2 Gulf of Aden

The Gulf of Aden is geologically a young ocean basin. It is located in the
Arabian Sea between Yemen, on the south coast of the Arabian Peninsula, and
the Somalia in the Horn of Africa. In the northwest it is connected with the Red
Sea through the strait of Bab el Mandab.

The length of the Gulf of Aden is approximately 920 km and the width 480
km. It has high sufrace temperature (25 - 31°C) (Britannica, 2012). The flow
pattern of the Gulf of Aden is very much influenced by the monsoon winds, which

is also reflects the seasonal exchange at Bab el Mandab.

2.3 Bab el Mandab

The water masses exchange through the straits which is Bab el Mandab
connects semi-enclosed basins with large water bodies (oceans). These exchange
processes depend on the flow dynamics that are usually very complex in the straits.
Such as in the case of the strait of Bab el Mandab (Jarosz, 1997).

The Bab el Mandab is a strait 150 km long and 32 km wide that connects the
Red Sea to the Indian Ocean via Gulf of Aden. The shallowest section of Bab el
Mandab strait consists of Hanish sill and is located 150 km north of the narrowest
passage (Figure 2.2) | the depth in the sill is about 137 m and the total width is
110 km. In the Perim Narrows the total width is only 18 km, and the depth is
about 300 m in the central channel (Siddall et al., 2002b).
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FIGURE 2.2: The strait of Bab el Mandab, the cross-section of Bab el Mandab:
AA’ is at Hanish sill and DD’ is at Perim Narrows, taken from (Siddall et al.,
2002b).
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Methodology

The Red Sea connects with the open ocean via the narrow and shallow strait
of Bab el Mandab. The circulation of the Red Sea is believed to be driven mainly by
the annual mean surface buoyancy loss caused by the high evaporation rate(Tragou
et al., 1999). And also the seasonally changing wind patterns at the southern end
of the sea are believed to affect the buoyancy-driven circulation (Tragou et al.,
1999).

There are three main water masses involved in the circulation and exchange
of the Red Sea. There is inflow of both surface and intermediate layer that is
balanced by evaporation and consequently a very saline outflow at depth, the
three water masses that characterise the THC (ThermoHaline Circulation) of the
Red Sea, see Figure 3.1. The monthly mean values of the volume transports for the
three layers, and temperatures and salinities over each layer are listed in Table 3.1,

and the annual mean listed in Table 3.2.
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FiGure 3.1: Conceptual sketch of the three-layered THC model. SW is upper

layer in the Red Sea, GAIW is intermediate layer in the Red Sea, RSOW is
lower layer of the Red Sea.

TABLE 3.1: Monthly mean volume transports, temperatures, and salinities for
the three layers, taken from (Tragou et al., 1999).

Month u; (Sv) wup (Sv) w3 (Sv) t; °C &3 °C ¢3°C sy (psu) sy (psu) sz (psu)

Jan 0.57 -0.55  25.0 22.5 37.7 40.3
Feb 0.40 -0.38 249 22.7 37.8 40.2
Mar 0.57 -0.55 252 22.5 37.9 40.1
Apr 0.42 -0.40  26.0 22.5 38.2 40.6
May 0.38 -0.36 26.3 22.5 38.3 40.5
Jun -0.06 0.31 -0.23 295 251 223 37.2 39.0 40.6
Jul -0.20 0.25 -0.03  30.7 249 225 37.5 38.6 40.3

Aug -0.21 0.33 -0.10 309 242 224 37.8 38.0 40.4
Sep -0.09 0.20 -0.09  31.2 229 220 38.5 37.8 40.5

Oct 0.52 -0.50  26.7 22.0 37.8 40.4
Nov 0.57 -0.55 26.6 20.6 38.0 40.3
Dec 0.51 -0.49 259 22.1 37.7 40.4

TABLE 3.2: Annual mean volume transports, temperatures, and salinities for
the three layers, based on Table 3.1.

Uy (Sv) Uy (Sv) Uz (Sv) T3 °C T,°C T3°C Sy (psu) Sy (psu) S; (psu)
0.28 0.09 -0.35 274 243 22.2 37.9 38.4 40.4

As reviewed by Tragou et al. (1999), in Table 3.1 the monthly mean volume
transport (in Sv; 1 Sv = 10°m?s™1) for the upper layer U; have been estimated by
Patzert (1974) using ship drift observation, and for the intermediate inflow layer
Us (from Jul to Sep) from Maillard and Soliman (1986), the deep outflow layer Us
from Tragou et al. (1999). And the monthly mean temperature (°C) and salinities
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(psu) are taken from Levitus and Boyer (1994). In Table 3.2 we estimated the

annual mean volume transports, temperatures, and salinities for the three layers.

The value of mean annual temperatures and salinities in Table 3.2 are plotted
in T'S - plot in Figure 3.2. The buoyancy forcing (F,Q) transforms the surface and
intermediate water into the deep outflow (mixing line). F' ,@) are evaporation and

heat loss ,respectively, and will be further defined in relation to Equation 3.5.

Y RS e [EEREEREEEE s ............. RS .

Temperature [C]

i L i i il i
3a 3|/a a9 395 40 4058 41
Salinity [psu]

22 i

FIGURE 3.2: T'S - plot of Bab el Mandab. SW is surface water, IW is inter-
mediate water, DW is deep water, S is reference salinity of the Red Sea, U is
volume transport of the deep outflow.

To constrain the exchange at Bab el Mandab analytically we will set up THC

model but firstly set up estuarine circulation model.

3.1 Estuarine circulation

Estuarine circulation is controlled by many events of the ocean such as the inflow
of river, the tides, rainfall, and the evaporation. In the Red Sea, the estuarine
circulation occure because the evaporation rate exeed fresh-water input, this cir-
culation is two layer exchange flow lasts from October to May with a relatively

fresh surface inflow and a very saline deep outflow (Sofianos and Johns, 2002).
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To estimate estuarine circulation from evaporation we will use conservation
of volume and salt equations (Knudsen equations). For the Red Sea the Knudsen

equations are:

Uin + Uout =F (31&)
Sanm + SoutUout =0 (31b>

where F' is net of evaporation, U;, is the annual mean volume transport of the
inflow at the surface (upper layer), Uy, (Us) is the volume transport of the outflow
at the depth (lower layer), Sy, (S1) is the salinity of the upper layer, and S, (S53)
is the salinity of the lower layer. The flow into the Red Sea is defined as positive

while the flow out of the Red Sea is negative.

To get an estimate for the evaporation rate F' we will solve the Equation 3.1.
First solve Equation 3.1b by obtaining the value of salinities and volume transport
of the lower layer from Table 3.2, the volume transport of lower layer U,,; = 0.37

Sv. Then from Equation 3.1a the annual mean evaporation rate is 20 mSv.

Fr¢f = 20 mSv

By solving Knudsen equations (Eq. 3.1) we get:

Sout F
U. = 2
_S. F
Uyt = = .2b
out 2 S (3 )

where AS = S, - S;

3.2 Thermohaline circulation (THC)

Thermohaline circulation is a large-scale circulation that is driven by global density
gradients created by surface heat and fresh water fluxes. Thermohaline refers to

the temperature (thermo-) and dissolved salts (-haline) in ocean water.
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In the Red Sea there are three water masses (three layers) involved in the
thermohaline circulation (THC) at the strait of Bab el Mandab which are: surface
water (SW), Gulf of Aden intermediate water (GAIW), Red Sea outflow water
(RSOW) (Figure 1.1). The buoyancy forcing transform a warm fresh surface and

intermediate inflow into cool saline outflow.

The THC model is simply an extension of the Kundsen equations that have
been used to estimate estuarine circulation, by including the heat budget, as sug-
gested by Eldevik and Nilsen (2010) for the exchange between North Atlantic and
Arctic Mediterranean at Greenland-Scotland Ridge (GSR). We modify their model
slightly. The result is Equations 3.3. In our Red Sea case we explicitly account

for net evaporation in the volume budget, and salt is conserved.

U1 + UQ + U3 =F (33&)
SlUl + SQUQ -+ SgUg - O (33b)
T +ToU, +T5U3 = @ (3.3¢)

where F is the net evaporation, U; is the volume transport of the inflow at the
surface (upper layer), U, is the volume transport of the inflow at the intermediate
(intermediate layer), Us is the volume transport of the outflow at depth (lower
layer), Sy (71) is the salinity (temperature) of the upper layer, Sy (7%) is the salinity
(temperature) of the intermediate layer, Ss (73) is the salinity (temperature) of

the lower layer, and Q is:

o-Y (3.4)

CpPo

Q': heat transport in TW, py: density of sea water (= 1025 kg/m?), ¢,: is heat
capacity of water(= 3986 J K~'kg~') (Tragou et al., 1999).

To provide an estimate the annual mean evaporation rate F' and the annual
mean heat loss (), we solved the system of Equation 3.3 by getting the value of the
annual mean volume transport, temperature, and salinity from Table 3.2. First
we solved Equation 3.3b with respect to U, to check consisting of Table 3.2, The

result is 0.09 Sv in agreement with the tabulated values. Then from Equation 3.3a
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the annual mean of evaporation is 20 mSv, and from Equations 3.3c and 3.4 the

annual mean heat loss 8.5 TW:

Fref =20 mSv, Q" =85TW (3.5)

The net of evaporation and heat loss across the surface of the Red Sea per

unit area is:

fref = Fref JA = 1.4 m/yr (3.6a)
¢ =Q /A =189 Wm ™ (3.6b)

A = 0.45 x10"?m? is the surface area of the Red Sea (Tragou et al., 1999).

Evaporation has been estimated by Neumann (1952) (2.15 m/yr), Privett
(1959) (1.83 m/yr), Ahmad and Sultan (1987) (2.07 m/yr), and (da Silva et al.,
1994) (1.50 m/yr). Our estimate is 1.4 m/yr, close to da Silva et al. (1994) but
smaller than the other estimates. All estimates including methodologies are listed
in Table 3.3.

Patzert (1974) estimated the annual mean heat loss from the surface of the
Red Sea to 7 W m~2. Ahmad and Sultan (1989) by using oceanic heat advection
method 19 W m™2, and by using bulk formula and by observations 22 W m™2,
Sofianos et al. (2002) found the annual mean heat loss 11.2 W m~2. Our estimate
for the heat loss, 18.9 W m~2, is equivalent to Ahmad and Sultan (1989) when
they used oceanic heat advection method. Table 3.4 shows these estimates for the
annual mean heat loss from the surface of the Red Sea. Our estimates (Equations

3.6) are based on oceanic advection budgets.

TABLE 3.3: Estimates the net of evaporation from the surface of the Red Sea
(Tragou et al., 1999) and (Sofianos et al., 2002).

Author Method f (m/yr)
Neumann (1952) Bulk formula 2.15
Privett (1959) Bulk formula 1.83
Ahmad and Sultan (1987) Bulk formula 2.07
da Silva et al. (1994) Bulk formula 1.50
frel Oceanic salt advection 1.4
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TABLE 3.4: Estimates of the annual mean heat loss from the surface of the Red
Sea (Sofianos et al., 2002).

Author Method q (W m™2)
Patzert (1974) Oceanic heat advection 7
Ahmad and Sultan (1989)  Oceanic heat advection 19
Sofianos et al. (2002) Oceanic heat advection 11.2
Ahmad and Sultan (1989) Bulk formula/observations 22
qr oceanic heat advection 18.9

To solve the conservation equations (Eq. 3.3), we have to solve the system:

AU =b (3.7)

where

Syl
I
o

To get the volume transports we will solve
U=A4"% (3.8)

A_l = madj(A)

Then the volume transports are:
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(SoT5 — S3T5)F — (S — S3)Q

U1 = A (39&)
b, (55T Sng)i — (S5 - $)Q (3.9b)
U3 _ (SlTQ - S2T1)Z - (Sl - SQ)Q (39C)

where A = (S; — S2)(T7 — Ts) — (11 — T3)(S1 — S3). Equations 3.9 are linear for

the evaporation and heat loss.

The linear sensitivity of the volume transport to thermohaline change is given

by partial derivatives. The partial derivatives of the surface inflow are:

aUl . SQT3 - S3T2

OF A (3.10a)
(?)% _ 5% ; 5 (3.10b)
U, (82— 85)Q — (SoTs — SsTy)F
T, A? (S5 = 52)

= —Ulz—[g (3.10c)
Uy (82— 55)Q — (SoTs — SsTy)F
e A2 (T~ T)

_—U (12 L) (3.10d)

The partial equations of volume transport of the intermediate and deep (Us

and Us) are similar.

Equation 3.10c can be written as:

ou, 1 aU
90 -0 an (3:11)
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17

The change 0Q) = —U;01; means decreasing surface temperature has the

same effect as increasing heat loss from the surface. Quantitatively, Equation 3.11

means U;07T) provides the heat transport that can be compared directly with 0Q).

The general expression of the change of volume transport for the three water

masses with respect to water temperatures is:

i=123

And for salinities:

ik l=123: k£1#i

The other partial derivative equations in Appendix C.

ou, . ou,
)
ou;  —U,

(3.12)

(3.13)
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Results

In this chapter we will present the result of analytical models that constrain
the change of the estuarine circulation and thermohaline circulation of the Red
Sea using estuarine circulation model (equations 3.2) and THC model (equations
3.9).

4.1 Estuarine circulation

In this section we will show the result of the estuarine circulation at Bab el Mandab
using estuarine circulation model, Equation 3.2, assuming reference salinities of

inflow and outflow (S;,, Sout), Section 3.1.

In winter (during October to May) there are two layer inverse estuarine
exchange through the Bab el Mandab which are fresh water inflow on the top and
a hypersaline outflow at the depth. This estuarine circulation illustrated by two

layer model which are surface inflow and deep outflow.

4.1.1 Surface inflow
Figure 4.1 shows the volume transport (in Sv) of the surface inflow as a function of

evaporation. We see that volume transport is direct proportional to evaporation,

high volume transport with high evaporation.

19
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Surface inflow
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FIGURE 4.1: Volume transport (in Sv) of the surface inflow at Bab el Mandab.
4.1.2 Deep outflow

Deep outflow
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FIGURE 4.2: Volume transport (in Sv) of the deep outflow at Bab el Mandab.

Figure 4.2 shows the volume transport of the deep outflow changing with
evaporation. In this figure, the volume transport increase when evaporation in-

crease but in the opposite direction (out of the Red Sea).
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This two layer model, however, represent the estuarine circulation model at
Bab el Mandab. In the annual mean we will show the THC model for the three
layer exchange through the Bab el Mandab strait.

4.2 THC model

The THC model, Equations 3.9, accounts for three layered exchange. As we
mentioned in Figure 3.1, in the annual mean there are three layers at Bab el
Manbab, upper layer (Surface Water SW) and intermediate layer (Gulf of Aden
Intermediate Water GAIW) are going into the Red Sea, and the deep layer (Red
Sea Outflow Water RSOW) going out of the Red Sea (to The Gulf of Aden).

We consider two cases for exchange at Bab el Mandab constrain by THC
model, one assuming reference hydrography and variable buoyancy forcing, and

the other with variable surface inflow hydrography (all else at reference values).

4.2.1 THC model constrained by evaporation and heat loss

In this section we represent the model as constrained by net evaporation (F') and

heat loss ((Q) assuming reference value of temperatures and salinities, Table 3.2.

Figures 4.3, 4.4, and 4.5 show the contour of volume transport in surface,

intermediate, and depth, as function of evaporation and heat loss.
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FIGURE 4.3: Contour of volume transport (in Sv) of the surface inflow con-
strained by evaporation and heat loss, (*) is reference evaporation and heat
loss.

Figure 4.3 is the surface inflow. In this figure the volume transport decrease
with increase evaporation, but in heat budget when the heat loss increase, the

volume transport increase.
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FIGURE 4.4: Contour of volume transport (in Sv) of the intermediate inflow
constrained by evaporation and heat loss.
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Figure 4.4 in intermediate inflow. This figure is opposite of the surface inflow

figure; volume transport increases with evaporation and decreases with heat loss.

Deep outflow [Sv]
10

(o))

I

Heat loss [TW]

0 10 20 30 40

Evaporation [mSv]

FIGURE 4.5: Contour of volume transport (in Sv) of the deep outflow con-
strained by evaporation and heat loss.

The deep outflow is show in Figure 4.5. In this figure we see volume transport
decreases linearly with increased in evaporation, but it relatively insensitive to heat

loss.

In Figures 4.3 and 4.4 we observed that the surface and intermediate inflow
are sensitive to evaporation and heat loss, but intermediate is more sensitive. In

Figure 4.5 the deep outflow is sensitive to evaporation.

Figures 4.3, 4.4, and 4.5 are possible mathematically. But physically Uy < 0
and Uz > 0 are imposible because intermediate layer (U,) always going in to the
Red Sea and the deep layer (Us) is always going out. Figures 4.6, 4.7, and 4.8 con-
sequently show the physically realizable THC model constrained by evaporation

and heat loss.



Chapter 4. Results

Surface inflow [Sv]
10 . - 0.2

3

Heat loss [TW]
o

0 10 20 30 40
Evaporation [mSv]

FIGURE 4.6: Model of exchange at Bab el Mandab in the surface inflow as
function of evaporation and heat loss, the ellipse is an estimate of the observed
range of variability.
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FIGURE 4.7: Model of exchange at Bab el Mandab in the intermediate inflow
as function of evaporation and heat loss.
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Heat loss [TW]
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FIGURE 4.8:

Evaporation [mSv]

Model of exchange at Bab el Mandab in the deep outflow as
function of evaporation and heat loss.
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4.2.2 THC model constrained by surface salinity and tem-

perature

In this section we will show the THC model as constrained by temperature and

salinity of the surface.

Figures 4.9, 4.10, 4.11 display the contour of volume transport of the surface
inflow, intermediate inflow, and deep outflow which are presented from the THC
model equations, Equation 3.9, surface salinity and temperature are variables, and
assuming reference temperatures and salinities of the intermediate and deep layers
(T3, Sa,3) from Table 3.2, and reference evaporation and heat loss from Equation
3.5.

Surface inflow [Sv]
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D
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%T 37.5 38 38.5 39
Surface salinity

FIGURE 4.9: Contour of volume transport (in Sv) of the surface inflow con-
strained by temperature and salinity of the surface layer, (*) is reference surface
salinity and temperature.

In Figure 4.9 volume transport of the surface inflow increase when salinity

and temperature of the surface decrease.
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Intermediate inflow [Sv]
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FIGURE 4.10: Contour of volume transport (in Sv) of the intermediate inflow
constrained by temperature and salinity of the surface layer.

In Figure 4.10 we see direct proportional between volume transport and sur-
face salinity, temperature, when surface salinity and temperature increase, volume

transport of the intermediate inflow increase.
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FIGURE 4.11: Contour of volume transport (in Sv) of the deep outflow con-
strained by temperature and salinity of the surface layer.
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Figure 4.11 show the volume transport of the deep outflow. We see the
volume transport decrease with increase salinity. And the volume transport de-
crease with increase temperature till salinity is about 38.4 psu, after that volume

transport increase when temperature increase.

Physically, as we mentioned in Section 4.2.1 we have to remove Us (interme-
diate layer) < 0, and U; (deep layer) > 0. The result is displayed in Figures 4.12,
4.13, and 4.14.

Figures 4.12, 4.13, and 4.14 shows the THC model of the surface, interme-

diate, and deep layers which constrained by surface salinity and temperature.
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FIGURE 4.12: Model of volume transport (in Sv) of the surface inflow con-
strained by temperature and salinity of the surface layer, the ellipse is an esti-
mate of the observed range of variability.
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FIGURE 4.13: Model of volume transport (in Sv) of the intermediate inflow
constrained by temperature and salinity of the surface layer.
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FIGURE 4.14: Model of volume transport (in Sv) of the deep outflow constrained
by temperature and salinity of the surface layer.
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Discussion

In this thesis we used the thermohaline circulation model (THC) to con-
straine the volume transport of the sufrace, intermediate inflow and deep outflow

as a function in buoyancy forcing and surface variables.

Figures 4.1 and 4.2 illustrate the estuarine circulation at Bab el Mandab
strait, surface inflow and deep outflow are influenced by evaporation. As we men-
tioned preaviously in Chapter 1, estuarine circulation is drive by rate of evapora-

tion.

The change in Figure 4.11 can explained geometrically from 7'S plot (Figure
3.2) as follow: If surface inflow fresher than intermediate inflow, then the deep
outflow strong with increases surface temperature. If surface inflow saltier than
intermediate inflow, deep outflow weak with increases surface temperature. And
if surface and intermediate inflow have the same salinity , then the deep outflow

constant when surface temperature increase.
Implication of the model

To show the implication of the THC model we will show the estimated range
of the three water masses associated with the range of the evaporation and heat

loss and compare with the previous studies and with the climate change.

Tragou et al. (1999) estimated the range of annual mean evaporation is +
0.35 m/yr, and the heat loss is + 2 W m™2. And the estimate of Sofianos et al.
(2002) is + 0.22 m/yr for the range of the annual mean evaporation and + 5

31
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W m~? for the heat loss. From Table 3.3 and 3.4 the range of the annual mean
evaporation is + 0.38 m/yr (+ 5.4 mSv) and the range of heat loss is & 2 W m—2
(£ 0.9 TW). Our estimate is approach to Tragou et al. (1999) estimate.

According to THC model evaporation increase by 5.4 mSv and heat loss
decrease by 0.9 TW. By taking the range of evaporation and heat loss then from
the model (Figures 4.6, 4.7, and 4.8) the range of the volume transport of the
surface inflow, intermediate inflow, and deep outflow is about 0.08 Sv, 0.04 Sv, and
0.06 Sv, and that is about 28%, 44%, 17% of the annual mean volume transport
of the surface, intermediate and deep respectively. The largest range is in the

surface.

Our modeled variability in Bab el Mandab exchange is in particular larger
than the uncertainties associated with direct observation which are about (0.05
Sv, 0.01 Sv, 0.02 Sv) of the surface, intermediate, and deep respectively (Sofianos
et al., 2002).

To show the range of the volume transport from the model which constrained
by surface salinity and temperature, first we will get the range of the surface
salinity and temperature from standard deviation of ¢; and s; from Table 3.1 and
3.2, the range is 2.4 °C, 0.4 psu, these estimates are relatively small compared with
the range of temperature and salinity between the three water masses which are
3.2 °C, 1.7 psu . For the estimates of range of surface temperature and salinity,
our model (Equations 3.10, C.1, C.2) associated the following range of the volume
transport of the surface, intermediate, and deep layer are 0.15 Sv, 0.16 Sv , 0.16
Sv respectively, its larger than the range of volume transport in evaporation and
heat loss case. The range of salinity transport (evaporation) and heat transport
(heat loss) (in Figures 4.12, 4.13, 4.14) are about 3 mSv and 2.8 TW. In Figures
(4.12, 4.13, 4.14) the range of temperature is three times larger than the heat loss
in Figures (4.6, 4.7, 4.8).

For the possible future climate change, Fouda et al. (1994) used climate
model and estimated the global mean temperature increased by 2 °C by the year
2030. And the estimated sensitivity for the African climate is 1.5 °C (Hulme
et al., 2001), and by using climate model Hulme et al. (2001) estimate the range
of temperature of the Red Sea by the year 2050 is about 1 °C. Hartmann (1994)

estimated the sensitivity of heat flux from the tropical ocean by:
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% =7 Wm ?K™'

Since temperature increases by 1 °C (K), the increases of the heat loss is
about 7 W m~2 ( = 3.2 TW), it is increase by 37 % of the annual mean heat loss.
From the model, Figures 4.6, 4.7, and 4.8, the volume transport of the surface is
increase by about 0.2 Sv, and the intermediate decrease by about 0.2 Sv, and the
deep decrease by about 0.07 Sv. We note that the possible future of the volume
transport is larger than what was estimated for the considered range of variable
buoyancy forcing (ellipses in Figures 4.6, 4.7, and 4.8). Increase the temperature
by 1 °C is in the estimated range of surface variables (ellipses in Figures 4.12, 4.13,
4.14).

The expected temperature increase in the atmosphere would lead to increase
in the Red Sea surface temperature and hence increase of evaporation (Fouda
et al., 1994).

For the typical interannual variability in heat loss in the Red Sea Tragou and
Garrett (1997) note that the interannual variability of the heat loss was increased
from 1980 to early 1990 (based on data from 1947 to 1989) resulting primarily from
increasing wind speed. This change in heat loss leads to change in evaporation

and so the volume transport, but these change are relatively small (Smeed, 2004).

From the previous studies in the climate change, we note that the observa-
tional record indicate that the ocean basins, including the Red Sea, exhibit both

warming and cooling over the last decades (Harrison and Carson, 2007).
Validity of the model

When we estabish our model, the underlying equations are conservation

equations of the form:

or -

— 4+ U.yvT=
5 TUV Q

This equation is conservation of heat, we neglected the variation in time (the first
term) to set up THC model.

To esimate the time of the validity of our model, first we calculate how long

time the Red Sea takes to renew the water. The volume transport of the Red Sea
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(U) is about 0.37 Sv, and the volume of the Red Sea (V) is 2688 x 10'' m?, then

the time is:

V
T:U:23yr

The estimate of time to renew the water from the basin is about 23 years. THC
model works at the south of the Red Sea, the exchange across Bab el Mandab.
We note that the time to renew all deep water of the Red Sea is estimated to be
at least 40 years (Woelk and Quadfasel, 1996). This suggests that the THC model
which are balance between ocean advection and external forcing is relevant and

controlling for decadal scales.

In the equation model, Equation 3.3c, temperature transport balance by heat

budget

UT 4+ U1y + UsTs = Q* + FTy

we have omitted the last term which is the net loss of water through the surface of
the Red Sea. From Table 3.2 and Equation 3.5, the neglected term is about 23%
as it is 2 TW.



Chapter

Conclusions

In this thesis we modified Eldevik and Nilsen (2010) model to the thermoha-
line circulation of the Red Sea and constrained the exchange through the strait of
Bab el Mandab. The model show the surface and intermediate inflow change with
evaporation and heat budget, and the total thermohaline circulation, outflow,
response to evaporation change, thus the model suggested the total circulation
sensitive to evaporation. The model suggested that the circulation is relatively
sensitive to thermohaline change (about 17% - 44% of the mean flow). As well as
the model estimated a weaker thermohaline exchange at Bab el Mandab in 2050

using projected future climate change.

We note that the Strait of Hormuz connecting Arabian Gulf with the Gulf of
Oman and Indian Ocean (Johns et al., 2003) also has a three-layered thermohaline
exchange. Our THC model thus potentially be applied to constrain the exchange

at the strait of Hormuz.
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Appendix

Matlab code

This Appendix provides MATLAB code that was used to plot estuarine

circulation and thermohaline circulation model.

[

% load literaure values (Table 3.1)

MM=load (" file.txt’);

IT = find(MM==0); % locate O-values in data matrix;
MM(II) = NaN; % by NaN (not—-a-number)

% set reference hydrography

¢

% ’'nanmean’ is ’‘mean’ that ignore NaN-values

Tl = nanmean (MM(:,5));
T2 = nanmean (MM (:,6));
T3 = nanmean (MM (:,7));
S1 = nanmean (MM(:,8));
S2 = nanmean (MM(:,9));
S3 = nanmean (MM(:,10));

o\

define grid for unknowns F and Q
F=0:.1:40; % unit mSv

Q = 0:.01:10; % unit Tw
[ff,gg]l=meshgrid (F, Q) ;

37
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cp = 4.1e3; % specific heat capacity of seawater

rho0 = 1030; % reference density

convQ = cp*rho0O/le6; % To consitency with Sv

convF = le6/1le3; % conversion from mSv to Sv

% Estuarine circulation plot

ut=S3* (F/convF)/ (S3-S1);

ub=-S1« (F/convF)/ (S3-S1);

figure;clf

plot (F,ut,’ linewidth’, 3)

plot (F,ub,’linewidth’, 3)

grid on

set (gca,’ fontsize’,16)

xlabel (' Evaporation’)

ylabel (' Volume transport’)

% Thermohaline circulation plot

% calculate delta

s = (S1-S2).%(T1-T3)—-(T1-T2).*(S1-S3);

% calculate Ul and U2 inflow and U3 outflow

Ul = ((S2+xT3-S3%T2)/s)* (ff/convF)—-((S2-S3)/s) * (gg/convQ) ;
U2 = ((S3*T1-S1*T3)/s)(ff/convF)—-((S3-S1)/s)* (gg/convQ) ;
U3 = ((S1+T2-S2+T1)/s)+(ff/convF)—-((S1-S2)/s)* (gqg/convQ);

% contour plot of Ul, U2 and U3

cvals = —-1:.1:1;
figure;clf

contourf (ff,gq,Ul, cvals)
contourf (ff,gq, U2, cvals)
contourf (ff,gq, U3, cvals)
colorbar

set (gca,’ fontsize’,16)

xlabel (' Evaporation [mSv] ')
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ylabel (' Heat loss [TW]')

% Mark » to reference evaporation and heat loss

hold on

plot (20,8.5, "Marker’,’”x’,"Color’,"k’,"MarkerSize’,10)

hold off

% THC model plot constrain by evaporation and heat loss

% locate U2<0 and U3>0 in the matrix to NAN (not-a-number)
IT=find (U2<0);

uul=U1;

uu2=02;

UuU3=U3;

UUl (II)=NaN;

UU2 (II)=NaN;

UU3 (II)=NaN;

JJ=find (U3>0);
UU1 (JJ) =NaN;
UU2 (JJ)=NaN;
UU3 (JJ)=NaN;

¢

% make ellipse for the range of variability

dt = .01;

t = (dt:dt:10);

x = 5.4xsin(t) + 20;
y = .9xcos(t) + 8.5;

figure;clf
contourf (ff, gq,UUL)
contourf (f£f, gg, UU2)
contourf (ff, gg, UU3)

colorbar

set (gca,’ fontsize’,16)
xlabel (! Evaporation [mSv] ')
ylabel ('Heat loss [TW]')
hold on
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plot (20,8.5,"Marker’,’«x",’Color’,’'w’,’MarkerSize’,10)
plot (x,y,’LineWidth’,2,"color’,’k’)
hold off

% THC model contrain by surface temperature and salinity

% set reference hydrography

T2 = nanmean (MM(:,06));
T3 = nanmean (MM (:, 7)) ;
S2 = nanmean (MM(:,9));
S3 = nanmean (MM(:,10));
F = 20; % unit mSv

8.5; % unit TW

o\

define grid for unknowns Tl and Sl

S1 = 37:.01:39; % unit psu
Tl = 26:.01:30; % unit C
[ss,tt]=meshgrid(S1,T1);

S = (88-82) .x(tt-T3)—-(tt-T2) .%(ss-S3); % calculate delte
% calculate Ul and U2 inflow and U3 outflow

Ul = ((S2xT3-S3%xT2)./s)*(F/convF)—-((S2-S3)./s)* (Q/convQ) ;
U2 = ((S3xtt-ss%T3)./s)*(F/convF)—-((S3-ss)./s)*(Q/convQ) ;
U3 = ((ss*xT2-S2%tt)./s)*(F/convF)—-((ss—-52)./s)*(Q/convQ) ;

% contour plot of Ul, U2 and U3

figure;clf

cvals = -1:.1:2

contourf (ss,tt,Ul, cvals)
colorbar

set (gca,’ fontsize’,16)

xlabel (' Surface salinity’)
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ylabel (' Surface temperature’)

% Mark » to reference surface temperature and salinity
hold on

plot (37.9,27.4,"Marker’,’«x’,’Color’,’w’, " MarkerSize’,10)

hold off

% THC model constrain by surface temperature and salinity

o)

% make ellipse for the range of variability

dt = .01;
t = (dt:dt:10);
X = .4xsin(t) + 37.9;

y 2.4xcos (t) + 27.4;

cvals = -1:.04:1;

figure;clf

contourf (ss,tt,UUl, cvals)

colorbar

set (gca,’ fontsize’,16)
xlabel (! Surface salinity’)
ylabel (' Surface temperature’)
title (' Surface inflow [Sv]’)

hold on

plot (37.9,27.4,"Marker’,’«’,"’Color’,"'k’, " MarkerSize’,10)
plot (x,vy,’ LinewWwidth’,2, " color’,"k")
hold off






Appendix B

Statistics

Mean:

Standard deviation:

N o\
Std. dev. = \/zizl(Xz X)
N -1

Ran ge:

range = Xmaz — Xomin
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Appendix C

Additional equations

This appendix provides additional partial derivatives equations of the volume

transport with respect to temperature and salinities of the layers.

C.1 Partial derivatives with respect to temper-

ature

8U1 —SgF aUQ

8T2 = A - U1 8@ (Cla)
oU,  SoF oUs

_ 22l 9 1
ol A G Q) (C.1b)

8U2 SgF aUl
i e R At Nl
ar, ~ A~ Y30 (C.1e)

oU, —51F oU;

= A ~ Uag (C.1d)
Us  —S,F 9,

s  SF U,

A —U?,ac2 (C.1f)
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C.2 Partial derivatives with respect to salinity

ou,  (I3F —Q) - U (T; —TY)

o . (C.2a)
gg; _(-DF+ Q)A— U(1h = T3) (C.2b)
ggf _(-TF+ Q)A— Us(Tz — T5) (C.2c)
ggj _(hF-Q) ~ Up(Th — T) (C.2d)
ggi, _ (F-Q) ~ Us(Ty — T3) (C.2¢)
OUs _ (=TiF + Q) — Us(Ty — T) (C.2f)

0S5, A
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