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Abstract

For the first time in the Gulf of Aden, the climatology of mixed layer depth (MLD) is derived from in situ profiles of tempera-
ture at a spatial resolution of 0.5° X 0.5°. The climatology has captured all major features of the MLD variability in the Gulf
of Aden. Deepening of the mixed layer is noticed during December—February associated with surface heat loss and cooling
induced by strong convection. Further, the heat gain during March—May and subsequent warming strengthens the stratification
and results in diminished mixing. The westward-moving cyclonic and anticyclonic eddies during winter change the mixed
layer, especially along the northern and western Gulf of Aden. The observed permanent anticyclonic eddy during summer
in the central part of the Gulf of Aden induces an additional deepening of the MLD by 30—-40 m, even in the presence of a
relatively strong stratification. The presence of nearly uniform north-easterly winds from October to April makes the MLD
of the northern Gulf of Aden greater than the southern side during this period, while the south-westerly winds from June to

August reverse the scenario and makes the northern Gulf of Aden shallower than the southern side.
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1 Introduction

The mixed layer is a striking and nearly universal ocean
surface layer, generated by mixing associated with several
processes including wind turbulence, surface cooling, wave
breaking, current shear, and eddies. This layer is charac-
terized by a quasi-uniform temperature and salinity. The
detailed information about the thickness of this layer often
referred to as the mixed layer depth, or MLD, is crucial in
understanding the physical and biological processes in the
upper ocean (Kara et al. 2003; de Boyer et al. 2004). The
MLD variability has a strong impact on the distribution of
heat (Chen et al. 1994), ocean biology (Polovina et al. 1995)
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and near-surface acoustic propagation (Sutton et al. 2014),
and it has been widely investigated over the years, both glob-
ally (Kara et al. 2003; de Boyer et al. 2004; Lorbacher et al.
2006) and regionally (D’Ortenzio et al. 2005; Lim et al.
2012; Keerthi et al. 2016). Wind-induced turbulence, warm-
ing or cooling in the surface layer associated with air—sea
heat exchange, and the change in surface layer density by
precipitation or evaporation are the primary forces influenc-
ing MLD variability.

The Gulf of Aden (hereafter “Gulf”) is one of the impor-
tant marginal seas, through which the warm and highly
saline Red Sea water is distributed to the Indian Ocean. Fur-
thermore, the Gulf is one of the most productive areas with
upwelling along both northern and southern coastal regions
(Kabanova 1968; Currie et al. 1973; Yao and Hoteit 2015)
and is a very busy economically important shipping route.
It is an elongated stretch of water with length 900 km, area
around 220 x 10 km? and an average depth of 1800 m which
extends from the narrow strait of Bab-el-Mandab in the west
up to the line that joins Ras-Fartak and Cape Guardafui in
the east (Fig. 1). The region is strongly influenced by sea-
sonally reversing monsoon winds with south-westerlies
from June to August and north-easterlies from October to
April, while May and September are transition months (Al
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Fig.1 The geographical map of the Gulf of Aden. The red-dotted
curves denote the coastal sections used in Fig. 11

Saafani and Shenoi 2007; Murray and Johns 1997; Smeed
1997). Circulation and hydrographic changes are largely
forced by seasonal changes in wind pattern (Alsaafani et al.
2007). Further, the presence of frequent eddies throughout
the year leads to a complex structure in both hydrography
and circulation.

The available information on spatial and temporal
changes of the mixed layer is sparse in the Gulf, which is
vital for understanding the upper layer bio-physical pro-
cesses. There is only one study reported so far, in which
the MLD characteristics during February and August are
described based on data from two cruises (Abdulla et al.
2016). Hence, the present study is motivated to introduce
a monthly climatology of the MLD for the first time in the
Gulf based on in situ observations and discusses the main
physical processes. The sections are arranged as follows.
Section 2 gives a brief description of the data sets and meth-
ods used for the present analysis. Section 3 discusses the
variability of the MLD, the role of the heat and freshwater
fluxes and the wind stress on MLD variability, the impact
of eddies on MLD structure, and the shoaling of the mixed
layer along the coast. Concluding remarks are given in the
final section.

2 Data and methods
2.1 Insitu profiles

Temperature and salinity profiles were downloaded from
public data centers including the World Ocean Database
[WOD, https://www.nodc.noaa.gov/OC5/SELECT/dbsea
rch/dbsearch.html, (Boyer et al. 2013)], Japan Oceano-
graphic Data Center [JODC, http://jdoss1.jodc.go.jp/vpage/

@ Springer

scalar.html (J-DOSS 2003)] and Coriolis Data Center [CDC,
http://www.coriolis.eu.org/Data-Products/Data-Delivery/
Data-selection (Cabanes et al. 2013)]. Along with these
profiles, profiles from different cruises are also used in the
analysis. The data span from the year 1944 to 2017. They
include profiles measured using a conductivity-temperature-
density (CTD) profiler, autonomous profiling floats (PFLs)
including ARGO floats, an expendable bathythermograph
(XBT) and a mechanical bathythermograph (MBT). The
XBT and MBT profiles are corrected based on Cheng et al.
(2014).

Altogether, 19,538 temperature and 2279 salinity profiles
were collected in the Gulf from different sources. The num-
ber of salinity profiles is significantly lower (~ 14%) than
the temperature profiles and sparse in both space and time.
Further, no significant difference is noticed between the
temperature-based MLD and that derived from density in
the Gulf (Abdulla et al. 2016). Therefore, the salinity profiles
are not included in the preparation of MLD climatology. The
temperature profiles are quality-checked according to the
procedure given in Boyer and Levitus 1994, and the num-
ber of profiles removed at each step of the quality check is
tabulated in Table S1. The profiles in the Gulf, except those
from the western Gulf, are considered unacceptable when
the vertical temperature gradient derived from temperature
at two adjacent levels is greater than 0.3 °C m~!. The west-
ern Gulf profiles can display natural temperature inversions
due to the large influx of Red Sea water. Therefore, the pro-
files with inversions are permitted in the western Gulf. In the
duplicate check, when multiple profiles are available from
the same station within 24 h, only the first profile of the day
is included in the main dataset.

A total of 2627 profiles are removed from the main data-
set during the quality check. After the quality control, a sum
of 16,911 temperature profiles is available for the analysis,
which includes profiles from CTD (984), PFL (1882), XBT
(7488) and MBT (6557). The spread of available profiles is
shown in Fig. 2. The monthly and yearly distribution of the
profiles are given in the supplementary material (Figs. S1,
S2 and S3).

2.2 Satellite datasets

Sea level anomaly (SLA) data is provided by AVISO (www.
aviso.oceanobs.com) on daily to monthly scales. It is a
merged product of satellite estimates from TOPEX/Posei-
don, Jason-1, ERS-1/2, and Envisat and globally available
for every 0.25°x0.25° from the year 1992 to present (Le
Traon and Dibarboure 1999; Ducet et al. 2000). Wind speed
and direction are available from the Quick Scatterometer
(QuikSCAT), an active microwave radar designed to meas-
ure electromagnetic backscatter from the wind-roughened
ocean surface, for the period 1999-2009 (http://apdrc.soest
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Fig.2 The monthly spread of
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.hawaii.edu/las/v6/constrain?var=13065) and 0.25°x 0.25°
spatial resolution (Wentz and Smith 2005). Precipitation
estimates from the Tropical Rainfall Measuring Mission
(TRMM; https://pmm.nasa.gov/data-access/downloads/
trmm) are used to understand the amount of freshwater input
to the Gulf, which is available for the period 1997-2015 with
a spatial resolution of 0.25° % 0.25° (Huffman et al. 2007).

2.3 Reanalysis data

The monthly mean values of net heat flux (NHF) were
downloaded from Tropflux (http://www.incois.gov.in/tropf
lux_datasets/data/monthly/) for the period from 1979 to
2017 and with a spatial resolution of 1°x 1° (Praveen Kumar
et al. 2012). Tropflux is mainly derived from a combina-
tion of re-analysis data (from ERA-Interim for turbulent and
longwave fluxes) and in situ measurements (from ISCCP for
shortwave flux).

2.4 Methods

MLD for each profile is estimated based on the segment
method (Abdulla et al. 2016, 2018). This method identifies

50 : 44 46 48 50
Longitude (°E)

MLD with the help of standard deviation, gradient and cur-
vature of the profile. The MLD estimates based on segment
method are found to be less sensitive to short-range distur-
bances within the mixed layer, and are more reliable than
commonly used approaches like threshold, gradient and
curvature methods.

To prepare the monthly climatology of MLD, first, the
individual MLD instances in each 0.5°x0.5° grids were
averaged separately for each month. Then, each individual
MLD was compared with the averaged value, and those with
a difference from average MLD greater than two standard
deviations were removed. In the Gulf, approximately 90%
of the grids have a minimum of three or more profiles, while
the remaining 10% have no data or the number of profiles is
less than three. We excluded the grids with less than three
profiles during the objective analysis. Following de Boyer
et al. (2004), a slight smoothening was applied based on
a two-dimensional smoothening operator, that uses 50%
weight for 8 neighboring grids and 50% self-weight. Dur-
ing this process, an additional weight was applied which
depends on the number of available measurements in each
grid box, where the grid boxes with more than 10 profiles
were given~ 100% confidence and those with three profiles
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were given a confidence of ~ 10%. Comparing to the simple
linear interpolation, the smoothening based on weightage to
the number of profiles improved the climatology (de Boyer
et al. 2004; Terray 1994). The resultant smoothening equa-
tion 1s,

wi neighboring i0

MLD,, = ZI Y

_f 8% f(ny), i=i0
= { fn),  i#i0 @
fom) = [1 - e‘] 3)

where w; is the smooth operator, n; is the number of pro-
files in grid box i, n;, is the number of profiles in grid box
i0, and n,=10. The grids with no data were filled using an
ordinary kriging method, which has been widely used as
an optimal prediction technique in spatial data analysis (de
Boyer et al. 2004; Wackernagel 1998). For the ease of expla-
nation, the Gulf is subdivided into western (west of 46°E),

central (46°E—49°E) and eastern (east of 49°E) regions, and
the seasons are considered as winter (November—Febru-
ary), spring (March—May), summer (June—August) and fall
(September—October).

3 Results and discussion

3.1 Spatial and temporal variability of MLD
in the Gulf of Aden

The monthly climatology of MLD in the Gulf of Aden,
derived from in situ temperature profiles at a spatial reso-
lution of 0.5°x0.5°, is shown in Fig. 3. The winter deep-
ening of the mixed layer commenced in the western Gulf
in November (compared to October, approximately 20-m
increase in MLD is noticed near the Bab-el-Mandab Strait),
and then spread along the northern Gulf. Deepening of the
mixed layer spread to other areas of the basin and displayed
a mixed layer greater by ~40 m in the western and northern
Gulf in December. The winter deepening appeared almost
in the entire basin by January and continued in February.
The transition from deep to shallow MLD took place during
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March—April (average MLD difference from February
to April is —37 m). The shoaling is relatively rapid in the
eastern and the southern part of the Gulf. The entire basin
displayed a considerably shallower MLD from late spring
to early fall (from April to October) for most of the region,
except the central Gulf.

In contrast to the general summer mixed layer structure,
the central Gulf experienced a greater MLD core during
July—August, which is nearly 30—40 m deeper than the east
and west of the Gulf. This difference is due to the presence
of a permanent anticyclonic eddy in the central Gulf, which
is discussed in detail in Sect. 3.3. The reverse process of
transition from a shallow to a deep mixed layer took place
during October—November.

During winter, the mixed layer in the western Gulf is
15-25 m deeper than the rest of the region, while the south-
ern coast, especially in the central and eastern Gulf, experi-
enced relatively shallow MLD. The transition from a deep
to a shallow MLD is accomplished by March for the eastern
Gulf, but is delayed to April for the central and western Gulf.
The summer shoaling of the mixed layer is similar in both
eastern and western basins with a significantly greater MLD
in the central Gulf.

Fig.4 The difference between
MLDT and MLDD (MLDT-
MLDD)

Previous study has shown that D20 (depth of 20 °C iso-
therm) is significantly greater in the western Gulf in Febru-
ary and in the central Gulf in August (Yao and Hoteit 2015),
which is consistent with results from the MLD climatology
introduced from this work. In comparison with the previous
study by Abdulla et al. (2016), the climatological MLDs
are shallower by < 10 m, obviously due to the averaging of
individual MLD values. The reported main features (the
eastward MLD shoaling, the central summer deepening and
the deep winter convection in the western Gulf) are clearly
captured in the MLD climatology.

The MLD derived from in situ MLD temperature
(MLDT) profiles is also compared with that derived from
MLD density (MLDD) profiles; the difference between
MLDT and MLDD is shown in Fig. 4. The available density
profiles are limited to a few grid boxes, and the number of
profiles is relatively less comparing to that of temperature
profiles. The average difference between MLDT and MLDD
(Table 1) is small compared to the depth of the mixed layer
of the respective months.

The mixed layer temperature (MLT) is estimated from
individual profiles. The spatially averaged MLT for the
western, central and eastern Gulf are shown in Fig. 5. The
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Table 1 The monthly average MLDT-MLDD in the Gulf of Aden for
the grids with salinity profiles

Table2 The monthly values of net heat flux and freshwater flux in
the Gulf of Aden (spatially averaged)

Month MLDT (m) MLDD (m) MLDT-
MLDD
(m)
1 67.61 65.66 1.95
2 68.22 68.36 —0.14
3 40.32 39.11 1.20
4 22.70 22.10 0.60
5 18.13 18.50 ~0.38
6 18.22 18.10 0.12
7 19.48 19.06 0.42
8 19.02 18.74 0.28
9 17.39 16.68 0.71
10 19.19 19.14 0.06
11 28.62 28.06 0.56
12 46.59 44.87 1.72

western Gulf is warmer than the eastern Gulf throughout the
year, with a larger difference from June to November. The
MLT has two peaks, during May—June and September—Octo-
ber, probably due to the net heat gain from increase in short-
wave radiation and decrease in evaporation (Table 2) during
March—May and September, respectively.

3.2 The influence of major forces

The depth of the mixed layer is predominantly controlled
by the variation of net heat flux, the freshwater input and
the wind stress. The net gain of heat at the ocean surface
may strengthen the stratification and inhibit mixing, while
the net loss of heat from the ocean may weaken the strati-
fication, leading to increased mixing. The freshwater loss
decreases the buoyancy and the stability, resulting in inten-
sification of vertical mixing, whereas the freshwater gain
increases both the buoyancy and the stability, leading to a
stratified ocean with less mixing. The wind stress is one of

Fig.5 The monthly variability

Western -

Month Nezzt heat flux (W/ Freshwater flux (mm/day)
) P E P-E

1 -51.2 0.16 4.29 -4.13
2 -7.3 0.12 3.68 -3.56
3 40.5 0.26 3.19 -2.93
4 63.2 0.52 2.93 -2.41
5 534 0.6 2.83 -2.23
6 -76.7 0.33 3.98 -3.65
7 —100 0.49 4.55 —4.06
8 -32.2 0.85 391 -3.06
9 21.8 0.56 3.28 -2.72
10 -9.8 04 3.92 -3.52
11 —40 0.39 4.46 -4.07
12 -62.5 0.26 4.64 -4.38

the primary dynamic forces generating the turbulence and
the upper layer motion through the transfer of momentum.
The shear and stirring generated by the surface wind stress
enhance vertical mixing within the mixed layer.

3.3 Net heat flux

The annual cycle of heat exchange shows that the Gulf gains
heat during March—-May and September with heat loss in the
remaining months. The monthly climatology of heat and fresh-
water flux is tabulated in Table 2. Apart from the expected heat
loss during winter, it has been observed that the Gulf is los-
ing heat during June—August. This is mainly due to enhanced
evaporative heat loss associated with the relatively strong, hot
and dry southwesterly winds from neighboring desert land
blowing over the underlying warm surface water (Zhang et al.
2016), and the reduction in the incoming solar radiation due to

- Central Eastern Average
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and eastern Gulf of Aden
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increase in cloudiness (Sultan and Ahmad 1997; Abualanaja
etal. 2011).

The change in the MLT due to the net heat flux (AMLTy)
is computed using the basic equation,

0

AMLT, =
(PhC,)

At

“

where Q is surface net heat flux, p is average density of
the mixed layer, A is the depth of the mixed layer, C, is the
specific heat of the water estimated based on average tem-
perature and salinity of mixed layer from World Ocean Atlas
2013 (Locarnini et al. 2013; Zweng et al. 2013) and At is the
time. The density is considered a constant of 1023 kg m~>.
The time tendency of MLT (AMLT) from in situ profiles is
in reasonably good agreement with the variability of AMLT,
(Fig. 6). The temporal variability and magnitude of AMLT is
probably governed by the net heat flux in the Gulf.

The signature of temperature decrease (negative AMLT )
during June—August is not clearly visible in the MLD pattern.
To check this, the static stability of the water column is calcu-
lated following Pond and Pickard (1983) as

10

Ex~
p 0z

&)

where p is the in situ density and z is the depth. The water
column is considered stable if E >0, neutral if £E=0, and
unstable if £ <0. The static stability in the surface layer
of 250 m in the Gulf is estimated based on Eq. 5, and the
average stability during each month is shown in Fig. 7. The
stability during June—August is two times stronger than that
of winter. Therefore, even in the presence of heat loss from
the surface, the mixed layer deepening is limited to a large
extent. As a result, the signature of temperature decrease
during June—August is not clearly visible in the MLD
pattern.

3.4 Freshwater flux

The monthly average values of precipitation and evaporation
are given in Table 2. The average freshwater input through
precipitation in the Gulf is <1 mm day~' throughout the
year, while that of the evaporation is approximately 3-5
times greater than the precipitation. The minimum values of
evaporation are observed during May and September. This is
due to the weak surface winds in May and September asso-
ciated with the reversal of wind direction. The mean wind
speed for the months of May and September are respectively
2.0 m s~'and 1.6 m s~!, while it is greater than 4 m s~! for
the rest of the months. Further, the Gulf does not have any
significant freshwater input through river discharge too. Due

Fig.6 The rate of time changes
in the MLT obtained from the
surface heat flux (AMLTQ)
and that obtained from the
individual temperature profiles
(AMLT) in the Gulf of Aden
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to these reasons, the effect of freshwater flux on MLD vari-
ability is mostly associated with evaporation, which has a
contribution of >90% to the total freshwater flux.

The Gulf experiences a loss of freshwater throughout the
year, with maximum loss centered in December and July,
leading to densification of surface water and possible verti-
cal mixing. During December, a deep MLD is visible, in
agreement with the increased freshwater loss. However, dur-
ing July, the signature of freshwater loss is not evident in the
MLD because the mixing during this period is largely lim-
ited by the presence of already existing strong stratification.

3.5 Wind stress

The Gulf experiences a seasonally reversing wind system,
with the north-easterly wind during winter and south-west-
erly wind during summer (Fig. 8). The reversal of wind
direction from north-easterly to south-westerly takes place in
May, and the opposite in September. The wind stress during
winter and summer are relatively high in the south-central
Gulf. Moreover, unlike that of winter, repeated high and
low wind stress regions are visible along the southern Gulf
during summer. The topography maps from ETOPOL1 (https
://data.nodc.noaa.gov/cgi-bin/iso?id=gov.noaa.ngdc.mgg.
dem:316 (Amante 2009)) revealed the presence of multiple
mountain gaps along the southern coastal area. The winds

during summer are funneled to the Gulf through these moun-
tain gaps. A similar wind stress pattern is reported by previ-
ous researchers also (Fratantoni et al. 2006; Yao and Hoteit
2015). This resulted in higher wind stress in the mountain
gap regions and weak wind stress in the mountain-induced
wind shadow areas.

The wind stress exerts turbulence in the surface layer
and enhances the mixing process. The resultant changes in
MLD are greatly dependent on the stratification in the sur-
face layer, leading to stronger mixing in the least stratified
conditions. Additionally, the associated Ekman transport
leads to the deepening of the mixed layer in the northern
Gulf and shoaling in the southern Gulf during winter, and
nearly opposite pattern in summer. A detailed discussion on
the wind-induced coastal Ekman upwelling/downwelling in
the Gulf is provided in Sect. 3.4.

3.6 Theimpact of eddies

The Gulf is characterized by multiple eddies (Fratantoni
et al. 2006; Alsaafani et al. 2007; Bower and Furey 2011,
Zhai and Bower 2013) with basin-wide dimension. These
eddies can considerably alter the hydrography of the Gulf.
The XBT observations collected during two cruises, a winter
cruise (from 20th to 21st January 2002) and a summer cruise
(5th July to 7th August 2009), are shown in Fig. 9, along

Fig.8 The monthly climatology
of the wind stress (shaded) and
the wind direction (vectors) in
the Gulf of Aden
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Fig.9 The temperature profiles
collected during the two cruises:
a a winter cruise (from 20th

(a) Profiles during winter
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with the SLA maps averaged for approximately 1 week prior
to the profiling time. Station S1 is located within an anti-
cyclonic eddy and station S3 within a cyclonic eddy, while
station S2 is outside both eddies (Fig. 9a, c¢). The mixed
layer at S1 (S3) is significantly deeper (shallower) than the
mixed layer at S2 due to the presence of an anticyclonic
eddy (cyclonic eddy) (Fig. 9a, c). The presence of multiple
eddies in winter significantly changed the mixed layer in the
entire basin. Similarly, the anticyclonic eddy formed in the
central Gulf during summer significantly deepens mixing in
the central Gulf (at stations S4, S5, S6 and S7 in Fig. 9b, d).
Station S2 is also located in an anticyclonic eddy, and the
associated deepening is visible in the temperature profile.
The averaged SLA during peak winter (from Ist January
to 28th February) and during peak summer (from 1st July to
31st August) for four consecutive years is shown in Fig. 10.
The cyclonic and anticyclonic eddies during winter and the
anticyclonic during summer are present in all the years, and
most of them are basin-wide. The SLA confirms that eddies
during summer are formed at the nearly same location every
year, while those of winter are changing their location over
time. Alsaafani et al. (2007) reported similar results, that
the winter eddies are propagating in the westward direction,

Longitude (°E)

while the summer eddy is continued in the central Gulf.
Bower and Furey (2011) and Gittings et al. (2017) stated
that the summer eddy is sustained in the central Gulf by the
presence of a relatively strong negative wind stress curl and
associated Ekman convergence.

The westward-moving eddies likely change the MLD of
the region during its movement from east to west. In general,
the cyclonic eddies result in shallower MLD, and anticy-
clonic eddies result in deeper MLD. The summer eddy, with
well-defined anticyclonic circulation, and which is sustained
in the central Gulf during July—August, makes the MLD in
the central Gulf 40-50 m deeper than that in the eastern and
western Gulf during summer. This eddy-induced deep MLD
core develops in June, peaks in July and fades by September.
The presence of eddies during winter is not clearly visible
in the MLD climatology, due to the movement of eddies.

3.7 The north-south difference in MLD
and upwelling

A nearly reversing MLD pattern is observed between the

northern and the southern Gulf. The MLD over the northern
Gulf is greater than the southern side during winter. This
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Fig. 10 The average SLA maps for the years 2000, 2001, 2002 and
2003 in the Gulf of Aden during a—d winter and e—h summer

pattern reversed during summer when the MLD over the
southern Gulf become greater than that of the northern Gulf.
To show the north—south difference, two section lines are
considered respectively along the north and southern Gulf
(the section lines are marked in Fig. 1). The MLD of the
northern Gulf is greater than the southern Gulf by approxi-
mately 10-20 m in December and January (Fig. 11). The
difference gradually disappeared and reversed by June when
the mixed layer in the southern Gulf becomes deeper than
the northern Gulf. This pattern continued till August and
gradually weakened by September. The north—south differ-
ence in MLD during winter is higher and widespread com-
paring to that of summer, largely due to the existing strong
stratification in summer which inhibits vertical mixing to a
great extent.

The prevailing northeasterly winds during October to
April are mostly parallel to the northern and southern coast
of the Gulf. Figure 11b shows the climatological along-coast
wind component in the region. The along-coast component
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of wind and the MLD difference are well correlated to each
other (correlation coefficient=0.7). The along-coast com-
ponent of wind is negative from October to April (towards
the western Gulf). This results in net Ekman transport to
the northern Gulf and generates coastal Ekman upwelling
along the southern coast and downwelling along the north-
ern coast. The relatively strong wind system during June to
August blows more or less parallel to the coast in the south-
westerly direction due to the presence of coastal mountains.
The along-coast component of wind is positive during this
period (toward the eastern Gulf). This leads to a reverse
phenomenon, where the net Ekman transport is towards the
southern Gulf with coastal Ekman downwelling along the
southern coast and upwelling along the northern coast.

The results shown in Fig. 11 are consistent with previous
studies. The upwelling exists along the northern coast dur-
ing summer with a favorable south-westerly wind system
(Johns et al. 1999; Alsaafani 2008), and along the southern
coast during winter with a favorable north-easterly wind
system (Johns et al. 1999; Aiki et al. 2006; Alsaafani 2008;
Alkawri and Gamoyo 2014; Yao and Hoteit 2015). The pre-
vious studies and the observed coastal Ekman upwelling pat-
tern confirm that the observed north—south MLD variability
shown in Fig. 11 is mainly due to the seasonally reversing
wind system in the region and associated coastal Ekman
upwelling/downwelling.

4 Summary and conclusions

The main theme of this work is to produce an MLD clima-
tology in the Gulf of Aden and to understand the spatial
and temporal variability of MLD. For the first time in the
Gulf, a monthly climatology of MLD is derived from in situ
temperature profiles with 0.5°x0.5° resolution. The present
work demonstrates the spatial and temporal variability of
MLD in the Gulf and discusses the major physical processes
linked to the mixed layer changes.

The winter deepening of the mixed layer began in Novem-
ber in the western Gulf, spread to a wider area in December,
and peaked in January—February with a relatively deeper
mixed layer in the western and northern Gulf. The increase
in solar insolation and decrease in latent heat release from
March to May lead to mixed layer shoaling in the Gulf,
which is intensified due to the parallel development of strong
stratification (Fig. 3). The shallowest mixed layer is observed
in August for most of the area in the Gulf of Aden, except
the south-central region. In the south-central region, a deep
mixed layer core is noticed in the July—August period.

The heat exchange between the ocean and atmosphere sig-
nificantly affects the MLD variability in the Gulf. As shown
in Fig. 6, the variability of mixed layer temperature is prob-
ably governed by the net heat flux. The surface layer cooling
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Fig. 11 a The difference in MLD between the northern and the southern Gulf of Aden along the line shown in Fig. 1. b The mean along-coast
component of wind in the Gulf (positive values denote the direction towards the eastern Gulf)

from November to January results in deepening of the mixed
layer in the region. The heat loss during June—August did not
cause considerable deepening of the mixed layer due to the
already existing strong stratification in May. The freshwater
flux in the Gulf of Aden is extensively dominated by the
contribution from evaporation (>90%). The region experi-
ence densification of surface water throughout the year from
freshwater loss, with peak loss in December. The spatial and
temporal variability observed in the MLD climatology has
a complex MLD pattern, indicating the presence of other
dominant dynamical processes like upwelling and eddies.
The upwelling/downwelling events along northern and
southern coastal regions associated with the wind system

are evident in the MLD climatology (Figs. 3 and 11). The
coastal Ekman downwelling and associated deepening of
the mixed layer is witnessed in the northern Gulf during
winter and in the southern Gulf during summer. Similarly,
the coastal Ekman upwelling resulted in shallower MLD in
the southern Gulf during winter and in the northern Gulf
during summer.

Eddies are significantly varying the MLD structure in the
Gulf of Aden. The cyclonic and anticyclonic eddies during
winter, which are propagating in the westward direction, sig-
nificantly change the MLD along its path. Similarly, the per-
manent anticyclonic eddy during summer in the central Gulf
makes the MLD of the region greater than both eastern and
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western basin. The signature of the summer eddy in the cen-
tral Gulf is noticeable in the MLD climatology, while that
of remaining eddies is not. The cyclonic and anticyclonic
eddies during the remaining seasons are not permanently
located in specific locations. Due to this effect, the local-
ized signature of eddies is not visible in the climatological
mixed layer.

The MLD variability in the Gulf can be summarized as
follows. The influence of heat exchange leads to general
northern-hemisphere MLD variability with winter deep
and summer shallow mixed layers. The seasonally revers-
ing wind system introduced additional north—south asym-
metry in the MLD structure with a greater mixed layer in
the northern Gulf during winter and in the southern Gulf
during summer. Further complexity is generated by the pres-
ence of multiple eddies, which are present throughout the
year. This jointly resulted in a very complex MLD pattern
in the Gulf of Aden. The gridded MLD climatology, pro-
duced from in situ profiles, provides important details for the
first time on MLD seasonality in the Gulf of Aden, and it is
helpful in better understanding of upper-ocean physical and
biological processes, including the distribution of heat and
primary productivity. More salinity profiles are necessary for
understanding the detailed mechanism of the mixed layer.
Due to shortage of salinity profiles, in the present work, we
use the MLDT to study MLD variability. A more detailed
investigation can be done in the future with a significant
number of salinity profiles.
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