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Abstract The Central Red Sea (CRS) lies between two distinct hydrographic and atmospheric regimes. In
the southern Red Sea, seasonal monsoon reversal regulates the exchange of water between the Red Sea
and the Indian Ocean. In the northern Red Sea, intermediate and occasionally deep water are formed during
winter to sustain the basin’s overturning circulation. Highly variable mesoscale eddies and the northward
ﬂowing eastern boundary current (EBC) determine the physical and biogeochemical characteristics of the
CRS. Ship-based and glider observations in the CRS between March and June 2013 capture key features of
the transition from winter to summer and depict the impact of the eddy activity on the EBC ﬂow. Less saline
and relatively warmer water of Indian Ocean origin reaches the CRS via the EBC. Initially, an anticyclonic
eddy with diameter of 140 km penetrating to 150m depth with maximum velocities up to 30–35 cm s21
prevails in the CRS. This anticyclonic eddy appears to block or at least redirect the northward ﬂow of the
EBC. Dissipation of the eddy permits the near-coastal, northward ﬂow of the EBC and gives place to a
smaller cyclonic eddy with a diameter of about 50 km penetrating to 200 m depth. By the end of May, as
the northerly winds become stronger and persistent throughout the basin, characteristic of the summer
southwest monsoon wind regime, the EBC, and its associated lower salinity water became less evident,
replaced by the saltier surface water that characterizes the onset of the summer stratiﬁcation in the CRS.
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Surrounded by an arid environment, the Red Sea is an elongated semienclosed basin that exchanges water
with the Indian Ocean through the Bab-El-Mandeb Strait. Due to its subtropical location, high evaporation
rate (nearly 2 m yr21) [Smeed, 1997; Soﬁanos et al., 2002], lack of precipitation, and essentially no riverine
inputs, the Red Sea is one of the saltiest and warmest seas on the planet. The most prominent climatic feature of the Red Sea is the monsoonal reverse between summer and winter that dominates over the southern half of the basin [Patzert, 1974; Abualnaja et al., 2015]. This seasonal wind reversal along with the
thermohaline forces drive the large-scale circulation of the Red Sea [Phillips, 1966; Patzert, 1974; Murray and
Johns, 1997; Bower and Farrar, 2015]. The basin’s water deﬁcit is balanced by the inﬂow of relatively fresh
Gulf of Aden waters that enter the Red Sea at its southernmost edge and ﬂow northward through a convoluted circulation pattern that includes eddies and boundary currents. As it travels northward, its salinity
gradually increases and over the northern Red Sea under winter cooling it becomes dense and sinks as
intermediate water returning to the south and exiting into the Gulf of Aden and Indian Ocean. Two regimes
with different dynamical characteristics primarily control the overturning circulation of the Red Sea. At the
southern edge of the basin, a two-layer exchange is evident in the strait of Bab-el-Mandeb during the winter. The peak of the water exchange occurs during February [Soﬁanos et al., 2002]. This two-layer exchange
at the strait of Bab-el-Mandeb shifts to a three-layer exchange during the summer with an intermediate
layer of very fresh water between two layers of much higher salinity [Soﬁanos et al., 2002]. Flowing
northward, the characteristics and dispersion of the Gulf of Aden waters are modiﬁed by horizontal and vertical mixing and the high eddy activity observed in the Red Sea. Over the northern basin, winter surface
cooling triggers the formation of the hypersaline Red Sea Outﬂow Water (RSOW) [Soﬁanos and Johns, 2007;
Papadopoulos et al., 2015; Zhai et al., 2015a, 2015b]. The RSOW is not dense enough to reach the bottom

WINTER-SUMMER TRANSITION IN RED SEA

6355

Journal of Geophysical Research: Oceans

10.1002/2017JC012882

layers and it ﬂows southward as an intermediate water manifested by a subsurface maximum of salinity
and minimum of potential vorticity within a density range of 27.5 and 27.7 kg m23 throughout the basin
[Zhai et al., 2015a,2015b].
Models, moorings at Bab al Mandab and cruise-based observational snapshots have indicated signiﬁcant
differences in the hydrography and circulation that result from the seasonal monsoon forcing, but the
response of the Red Sea to the seasonal transition of the monsoonal forcing is practically unexplored. The
Central Red Sea (CRS) is strongly affected by the monsoonal reverse as the wind convergence occurring in
this area during winter gradually changes, to a more uniform pattern of northwest winds during summer
[see Abualnaja et al., 2015, Figure 3]. Thus, the physical characteristics and circulation patterns along with
their implications on the biogeochemical properties of the sea water during the shift from the winter to
summer regime in the CRS is of high interest. To date, studies based on in situ observations in the Red Sea
have been sporadic and limited [Morcos, 1970; Morcos and Soliman, 1972; Soﬁanos and Johns, 2007; Qurban
et al., 2014]. Our knowledge about the variability of the physical properties and circulation of the basin has
relied mostly on ocean models [Clifford et al., 1997; Soﬁanos and Johns, 2002, 2003; Yao et al., 2014a,
2014b].
On a mesoscale level, intense physical and biogeochemical interactions take place in the CRS. Mesoscale
processes seem to have a substantial effect on the ecosystem and have a signiﬁcant role in the modulation
of phytoplankton biomass and productivity throughout the CRS. Numerical simulations, remote sensing
altimetry, and in situ observations indicate that CRS is an oligotrophic region with signiﬁcant mesoscale
eddy activity [Soﬁanos and Johns, 2007; Raitsos et al., 2013; Zhan et al., 2014; Bower and Farrar, 2015]. In
addition, several studies indicate that a surface eastern boundary current (EBC) in the region transports relatively low salinity waters from the Indian Ocean northward along the eastern boundary of the Red Sea [Eshel
and Naik, 1997; Soﬁanos and Johns, 2003; Biton et al., 2010; Bower and Farrar, 2015]. Some characteristics of
the northward ﬂow of the EBC can be seen in Figures 15 and 17 given by Soﬁanos and Johns [2003].
Recently, Zhan et al. [2014] analyzing sea level anomaly concluded that mesoscale eddies are the dominant
dynamic characteristic in the CRS, while Chen et al. [2014] showed that mesoscale eddies play a signiﬁcant
role in the transport of heat, salt, biological, and chemical constituents in the Red Sea.
Our study highlights the dominant dynamic features and their variability during the winter-summer transition period in the CRS between 228 15’N and 238 30’N (Figure 1). We present the physical and biological
characteristics of the CRS, the temporal and spatial evolution of prevailing eddies, and the EBC variability,
using ﬁeld observations, remote sensing altimetry, and reanalysis products from March to June 2013. The
presented material is organized as follows: Section 2 describes the in situ observations, the satellite data
sets, and the reanalysis products used in the study. Section 3 describes the temporal evolution of the physical and biochemical properties through the observational period in the CRS. It also presents the EBC variability associated with dynamical features like eddies and fronts during the seasonal transition. Finally, we
provide a summary of the results and the concluding remarks in section 4.

2. Study Approach
The study focuses on the characteristics of the winter-summer transition in a large part of the eastern CRS
(Figure 1a). The investigation of the regional dynamics utilizes a combination of in situ observations, sea surface height (SSH), and atmospheric reanalysis products. Reportedly, the study area is characterized by recurrent and occasionally dipolar eddies, and boundary currents [Raitsos et al., 2013; Chen et al., 2014; Zhan
et al., 2014; Zhai et al., 2015a,2015b]. To track the variability and the regional evolution of physical and biological characteristics, ship-based and glider observations are analyzed. The ship-based hydrographic survey
occurred in late March to early April 2013 and was followed by three sequential glider deployments from
28 April to 1 July 2013 (Figure 1b). Satellite and reanalysis observations were also used to provide a broader
spatial coverage of the CRS and help identify and understand dynamical features of winter-summer transition period.
2.1. Ship-Based Observations
Hydrographic observations analyzed in this study were obtained during the third leg of 2013 KAUST Red
Sea Expedition, from 23 March to 5 April 2013, aboard the Greek R/V AEGAEO. During the 11 day cruise, two
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Figure 1. (a) Bathymetric map of the study region (b) Bathymetric map with the ship-based observations during the two surveys and the
glider missions. The red circles represent the locations of the ﬁrst survey during the period 25–27 March 2013 and the black crosses show
the locations of the second survey during the period 3–5 April 2013. The solid line represents the glider mission with the red part of the
line to show the glider section on which the study is focused. The dash-dot blue lines represent the ship sections.

hydrographic surveys were carried out over the central Red Sea (Figure 1b). Sea temperature and conductivity proﬁles were obtained using a CTD model Idronaut Ocean Seven 316 Plus. The CTD was equipped with a
dissolved oxygen sensor, a WETLabs Eco Triplet conﬁgured for chlorophyll ﬂuorescence, color dissolved
organic matter (CDOM) ﬂuorescence, and optical backscatter at 700 nm. Vertical current proﬁles were
obtained with a hull-mounted Acoustic Doppler Current Proﬁler (ADCP), model Teledyne RDI 75 KHz. Absolute current velocities are obtained using a differential positioning system consisting of a pair of GPS (model
Hemisphere) antennas established along the center line of the ship 1.8 m apart. Seawater temperature
detected by the ADCP sensor and appropriate salinity provided manually are used to calculate sound speed
at the transducer face. The ADCP proﬁles referred to standard depth intervals (bins) of 20 m with the ﬁrst
bin at a depth of 26 m. The current velocity proﬁles presented here are temporally averaged to 5 min
intervals.
2.2. Glider Observations
Following the hydrographic survey, a Teledyne Webb Slocum G1 glider was deployed along an L-shape
transect taking measurements for a total of 62 days spanning the period from 28 April to 1 July (Figure 1b).
The glider was equipped with a Seabird Glider payload CTD (GPCTD) and a WETLabs Eco triplet measuring
chlorophyll and CDOM ﬂuorescence and optical backscatter at the wavelength of 700 nm. The glider was
conﬁgured to obtain data during both downcast and upcast proﬁles. The spatial interval for each dive was
between 1.75 and 2.5 km. However, the spatial and temporal intervals depend on the maximum depth of
each dive, the glider’s ballasting, and related engineering control settings. Glider data were vertically averaged into 1 m bins and interpolated onto a grid with 1.75 km horizontal spacing. Quality control of the
glider CTD data and Eco triplet was performed in several steps. For each vertical proﬁle, physical and optical
measurements were despiked prior to salinity and chlorophyll concentration estimation. Evidence of thermal lag on temperature and conductivity measurements was not detected in the glider data set, so no

ZAROKANELLOS ET AL.

WINTER-SUMMER TRANSITION IN RED SEA

6357

Journal of Geophysical Research: Oceans

10.1002/2017JC012882

corrections for thermal lag were applied.
Once potential temperature and salinity were
In Situ Data Sets
Date
Type
calculated, T-S plots from glider data were
ESS_MAR_2013
3/23/2013 to 4/5/2013
R/V AEGAEO
overlaid on CTD data from a shipboard CTD
AUV m2b
4/28/2013 to 5/12/2013
Teledyne Webb Glider
AUV m2c
5/14/2013 to 6/04/2013
Teledyne Webb Glider
(Idronaut Ocean Seven 316 Plus) described
AUV m2d
6/6/2013 to 7/1/2013
Teledyne Webb Glider
above. As temperature and salinity variations
are nearly negligible below 400 m the water
mass properties in the study area exhibit
almost no variation with time in this depth range. T-S plots from both modes of sampling should tightly
overlay each other. Differences in salinity at a given temperature were less than 0.015 between 400 and
500 m. Because these deployments were the ﬁrst ever in the region and reliable bathymetric data was limited, the initial dives were constrained to the upper 500 m. Subsequently, the maximum dive depth was
increased in 100 m increments based on the glider’s altimetry records, until sufﬁcient bathymetry was
obtained along the track.
Table 1. Cruise and Glider Deployment Dates

Until recently, knowledge for the general circulation of the central Red Sea was primarily based on satellite
data and numerical simulations. Satellite observations indicated that the mean location of a recurrent anticyclonic eddy [Raitsos et al., 2013] was located where we placed the offshore vertex of the glider line. The glider
course was designed to cross the anticyclonic eddy along two orthogonal tracks with one of those tracks
approximately perpendicular to the coast to capture the gradient across an eastern boundary current, should it
exist. The entire transect length is about 250 km and requires approximately 3 weeks to complete a round trip.
For the period between 28 April and 1 July 2013, three round trips or six complete passes of the L-shaped track
were completed as listed in Table 1. However, the northern track, perpendicular to the coast, was completed
only during the last two deployments resulting in four passes along this transect (Figure 1b, black line).
2.3. Satellite Observations
Sea surface Height (SSH) observations are used to identify and characterize the spatial and temporal evolution of dynamical characteristics in the CRS from March to July 2013. We use weekly averaged merged SSH

Figure 2. Daily wind speed and wind direction during the period from March to July (a; top) for the Central Red Sea, (b; middle) South Red
Sea, and (c; bottom) time diagram of the available ship-based and glider observation in the Central Red Sea.
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Figure 3. (a; top) Salinity, (b; middle) Potential Temperature, and (c; bottom) Chlorophyll-a section derived from the glider mission during
the period 27 April to 5 May 2013. Isopycnals have been indicated with a solid black line for the top and middle plot and with solid white
line for the bottom plot (contour interval 0.5 kg m23).

data mapped onto a regular 1=48 grid. The SSH observations are based on AVISO’s multimission altimetry satellite product from TOPEX/POSEIDON, GFO (Geosat Follow-On), Jason-1, Envisat, and ERS [Ducet et al., 2000]
(ftp://ftp.aviso.oceanobs.com/global/dt/upd/msla/merged/).
2.4. Atmospheric Reanalysis Products
The wind regime is considered as an important factor driving Red Sea circulation. Atmospheric reanalysis
wind is used to investigate the role of the wind in the CRS during the winter-summer shift period. We use
daily mean values spanning the period from March 2013 to July 2013 retrieved from NASA’s Modern Era
Retrospective Analysis for Research and Applications [Rienecker et al., 2011] with a resolution 2/38 by 1/28. A
spatial averaged of the wind has been estimated over the study area (between 22.0 and 25.308N and from
358E to 39.508E) and on the southern Red Sea area (between 12.0 and 17.308N and from 38.308E to 44.008E),
respectively.

3. Results
3.1. The Winter-Summer Shift in the CRS
The most prominent climatic feature of the Red Sea is the monsoon-driven wind reversal in its southern
half [Patzert, 1974; Soﬁanos and Johns, 2003]. Wind forcing strongly inﬂuences the Red Sea circulation [Patzert, 1974; Quadfasel and Baudner, 1993; Clifford et al., 1997; Eshel and Naik, 1997; Soﬁanos and Johns, 2003;
Yao et al., 2014a,2014b]. During winter when winds in the southern half of the Red Sea are southerly, the
location of the convergence zone between northerlies and southerlies in the central Red Sea plays a crucial
role in the forcing of Red Sea circulation and waves [Langodan et al., 2015; Dasari et al., 2017]. Although
northwest winds prevail over our study throughout the year, southeast winds are dominant in the southern
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Figure 4. As Figure 2, but for the period 5–11 May 2013.

Red Sea during the northeast monsoon over the Arabian Sea and the variability in these winds determines
the location of the convergence zone. These variations can result in weakening of the northerlies, periods
of calm, or even southerly winds over the CRS. Figure 2 presents the wind ﬁeld over the central (study area)
and the southern Red Sea during the winter-summer transition in 2013. In early March winds in the south
Red Sea (SRS) were steadily from the south-southeast, then began to ﬂuctuate between northnorthwesterly and south-southeasterly for approximately one month and ﬁnally became persistent northnorthwest by 20 May. The periods when ship-based and glider observations were obtained in relation to
the wind variation are displayed in the bottom plot of Figure 2.
Although ship-based observations precede glider observations, we present ﬁrst the repeated glider transects which provide a nearly continuous data set demonstrating the seasonal transition and revealing key
features in the CRS. Figures 3–8 show the vertical distribution of salinity, potential temperature, and
chlorophyll-a from three glider missions in the CRS that extended from late April through the end of June.
During the ﬁrst glider pass between 27 April and 5 May (Figure 3), a layer of less salty (<39.35 psu), warmer
(>26.58C) water occupied the upper 50 m of the water column south of 22.88N (Figures 3a and 3b). Across
this boundary, the 26.5 kg m23 isopycnal rises from about 60 m in the south to less than 20 m on the northern side. We attribute this relatively fresh, warm water to surface inﬂow from the Gulf of Aden and its northward advection into the CRS during the winter-spring period. A frontal boundary at 22.88N separates this
fresher, warmer water mass from the cooler, saltier water to the north. In the same section, higher salinity
(>39.6 psu), cooler water near 23.058N is indicative of a small (10 km), submesoscale cyclonic eddy (CE).
This feature both disrupts the deep chlorophyll maximum (DCM), and contains a patch where chlorophyll is
higher (>0.5 mg m23) than in the immediately surrounding area (Figure 3c). The maximum concentration
of chlorophyll in the DCM is higher on the southern side of the frontal boundary, perhaps linked with low
salinity advected from the south.
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Figure 5. As Figure 2, but for the period 14–22May 2013.

During the second glider pass, after 5 May, the less salty (S < 39), warmer (T > 26.5) surface layer south of
the front is more pronounced and has expanded northward along with the northward movement of the
front (Figures 4a and 4b). This layer now occupies the upper 120 m of the water column, extends to 22.758N
with a sharper frontal boundary separating the southern lower salinity water from the northern saltier
water. The 26.5 kg m23 isopycnal rises from about 100 m south of the front to about 40 m north of the front
(Figure 4c). Along this glider transect, the depth of the DCM varied from as shallow as 60 m south of the
front to as deep as 132 m north of the front (Table 2). This shows that the DCM, an important characteristic
of the CRS, is strongly affected by the mesoscale features. Apparent subduction of the DCM is evident at
the front and at 238N where the chlorophyll maximum deepens below 100 m. In contrast to the previous
snapshot, chlorophyll concentration in the DCM north of 238N is higher than in the region during the previous transect of the glider. The increased amount of fresher, warmer water south of the front may reﬂect
intensiﬁcation of the northward ﬂowing EBC following 5 May when the seasonal wind reversal in the southern Red Sea occurred.
The fresher (<39 psu), warmer (>26.58C) water extended farther northward in the subsequent period of
14–22 May consistent with strengthening of an eastern boundary current (Figures 5a and 5b). However, the
vertical penetration of this layer shallowed to less than 100 m during the interim between the two observational sets. The disruption of the DCM at the front has become more distinct as the DCM south of the front
is associated with the 26–26.5 kg m23 isopycnals, and north of the front the DCM lies between the 27.5 and
28 kg m23 isopycnals. This reﬂects the conﬂuence of water masses of different origins, one from the southern (GASW) and one from the northern part (Red Sea Surface water; RSSW) of the Red Sea.
During the following period between 28 May and 4 June, the warm (>28.58C), fresher (<38.9) water
extended farther to the northwest (Figure 6). This warm, less salty layer now occupies the upper 50 m of the
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Figure 6. As Figure 2, but for the period 28 May to 4 June 2013.

water column. The isopycnal distribution suggests the presence of a cyclonic eddy centered at 22.68N.
Despite the fact, that waters having recent Gulf of Aden origin occupy the surface layer along the entire
glider track, the DCM is still separated into two distinctive distributions relative to density (Figure 6c). South
of 22.98N the DCM follows the isopycnals between 26.5 and 27.5 kg m23 that generally become shallower
from south to north. From 22.98N northward, the DCM lies between the isopycnals of 27.5 and 28 kg m23
resulting in a discontinuity in the DCM at this boundary.
Subsequently, for the period of 8–14 June, the low salinity (<38.95psu), warm water (29.58C) is found within
the surface layer along the entire glider track (Figure 7). This follows the onset of persistent northerly winds
over both the CRS and SRS around 20 May (Figures 2a and 2b). Sea surface temperature increased, reaching
up to 318C at the northern end of the transect (Figure 7b). The DCM lies between the isopycnals of 26.5 and
28 kg m23 for the entire section, no evidence of the discontinuity remains within the transect, and chlorophyll concentration at the DCM is greater than 0.5 mg m23 along the entire section (Figure 7c). A relatively
large change in properties distributions occurred between the previous and ﬁnal transects. The upper layer
was warmer and saltier than the previous transect, and the 25 kg m23 isopycnal shallowed from 25 to 50 m
to 10 to 25 m during this pass. The low salinity water in the surface layer has become patchy. Simultaneously, the depth of the 27.5 kg m23 isopycnal has deepened from about 100 m previously to at least
125 m, particularly in the southern portion of the transect. Correspondingly, the DCM has deepened and
the maximum concentration in the DCM has decreased (Figure 8c), perhaps due to decreasing inﬂuence of
the EBC in the region.
The water mass transition from late winter to early summer is shown in the temperature-salinity diagram (Figure 9) that spans the time from the R/V Aegaeo cruise in late April through the last glider deployment that
ended on 30 June. The surface thermohaline characteristics in the CRS shift progressively during the wintersummer transitional period with warming of the upper layer where density is less than 27.3 kg m23.
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Figure 7. As Figure 2, but for the period 8–14 June 2013.

Fluctuations in the minimum salinity waters are likely associated with variation in the northward ﬂow of the
EBC. By the end of May, the heating and patchy salinity distributions are consistent with weakening of the
EBC.
3.2. Eastern Boundary Current and Mesoscale Eddy Activity
The CRS has been characterized as a region with high mesoscale eddy activity [Zhan et al., 2014]. For this
reason, both in situ and satellite data are used to identify the role of eddies in the thermohaline structure
and the circulation within this spring-summer transition. Ship-based ADCP and satellite observations in late
March to early April 2013 identify a mesoscale anticyclonic eddy (AE) in the region (Figures 10a and 10b).
The eddy had an along basin diameter of 140 km, and penetrated the upper 150 m. This eddy dominated
the study area and had maximum velocities of 30–35 cm s21. Figures 11a and 11c show the vertical distribution of salinity and potential temperature along an east-west transect during the ﬁrst leg of the cruise (as
shown in Figure 1). Lower salinity water is found in the surface on both sides of the transect, consistent
with entrainment of water from the northward ﬂowing Gulf of Aden water around the periphery of the
eddy. As the eddy occupies most of the CRS, it may limit northward transport of the EBC. Across this section
through the eddy, the 28 kg m23 isopycnal rises from 150 m in the west to 130 m on the eastern side of
the section, consistent with an equatorward ﬂow through this section and suggesting that the snapshot
captures only the eastern ﬂank of the eddy. The eddy weakens considerably during the second leg of
the survey and some northward transport is apparent on the eastern side of the study area (Figures 11b
and 11d, 9). Thus, the fresher, warmer water that appears over the eastern boundary is likely advected
northward as part of this ﬂow on the eastern side of the basin.
The structure of this eddy changes between the two snapshots. Vertical spreading of the 26.5 and 27 kg
m23 isopycnals in the 4–5 April transect is consistent with a mode water eddy [McGillicuddy, 2015, 2016]
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Figure 8. As Figure 2, but for the period 20–29 June 2013.

and to our knowledge, it is the ﬁrst observation of this eddy type in the Red Sea. Mode water eddies have
characteristic lens-shaped isopycnals and cause elevation of the seasonal pycnocline and depression of the
main pycnocline at the center of the eddy. The salinity and potential temperature distributions along a
north-south section when the eddy is well developed are shown in Figures 12a and 12b. During the second
survey, there is a depression of the main pycnocline in the center of the eddy. A vertical separation between
the 26.5 and 27 kg m23 isopycnals is up to 60 m. The 26 kg m23 isopycnal is elevated at the eddy boundaries and it intersects with the sea surface near 23.38N. In situ chlorophyll measurements are available only
for the second survey (from 3 April to 5 April) because of sensor problems encountered during the ﬁrst
survey. A break of the DCM at the core of the eddy is observed (Figure 12c). This discontinuity in the center of the AE is probably due to the mode-water eddy structure. The DCM is in the pycnocline between
the isopycnals of 26 and 27 kg m23 and below the surface mixed layer. In oligotrophic regions like CRS,
the deep chlorophyll maximum (DCM) represents a signiﬁcant proportion of the depth-integrated productivity. Elevation of the isopycnals at the edges of eddy suggests that other water properties associated
with these density surfaces will also be lifted closer to the surface and the euphotic zone at the eddy
boundaries.

Table 2. Deep Chlorophyll Maximum Layer Variation per Glider Mission
Deep Chlorophyll Maximum Layer (DCM)
Glider mission m2b
Glider mission m2c
Glider mission m2d

ZAROKANELLOS ET AL.

Min

Max

Mean

Median

STD

60.0 m
55.0 m
54.0 m

132.0 m
98.0 m
119.0 m

88.1 m
71.9 m
77.8 m

88.0 m
75.0 m
75.0 m

14.2 m
21.2 m
13.3 m
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Figure 9. Potential temperature/salinity diagram for the two ship-based survey and the three glider missions during winter-summer transition period colored by time.

Figure 13 shows the weekly average of the Sea Surface Height (SSH) for the CRS from 27 March until 19
July. Figures 13a–13g (27 March to 15 May) show the presence and evolution of the AE in the CRS. The AE
blocks or at least redirects, the northward ﬂow of the EBC. Ship-based observations support the presence of
the AE from 23 March to 5 April 2013. After the decay of the AE, the eastern boundary current again ﬂows

Figure 10. (a) and (b) Near-surface ADCP velocities (26 m) observed during the cruise for the periods 25–27 March 2013 and 3–5 April
2013. SSH is superimposed (contour interval 5 0.02 cm) for the two cruise surveys.

ZAROKANELLOS ET AL.

WINTER-SUMMER TRANSITION IN RED SEA

6365

Journal of Geophysical Research: Oceans

10.1002/2017JC012882

Figure 11. East-west sections of salinity and potential temperature for the two cruise surveys during the period of (top and bottom right) 27–30 March 2013 and (top and bottom left)
3–5 April 2013. Dashed-dot white vertical lines indicate the CTD casts location. Isopycnals are indicated with solid black line (contour interval 5 0.5 kg m23).

northward as indicated in SSH in Figures 13h–13l. However, Figure 13g shows that an AE prevails near the
Sudanese Coast whereas the EBC ﬂows along the Saudi coastline (Figure 5a).
The transition from an anticyclonic-dominated circulation to the cyclonic circulation demonstrates
the mesoscale eddy variability present in the CRS. The glider transect spanning 28 May to 4 June
shows presence of a CE centered at about 22.68N that was about 50 km in diameter (Figures 6a and
6b). Inside the eddy, the density at a given depth within the eddy center is higher than density to
either side at the same depth. The CE penetrated to at least 400 m (not shown). A near surface front
located at 238N with less salty water (38.8 psu), warmer (>27.68C) south of the front, and saltier,
cooler water north of the front may result from the northward ﬂow of the EBC associated with the
coastal ﬂank of the eddy. The lifespan of the CE from the glider observations agrees with altimetry
(Figures 13h and 13i).
A summary of the temporal variation of the mixed layer characteristics can give a concise concept of the
study area behavior during the spring-summer transition [Du Plessis et al., 2017]). Figure 14 shows the mixed
layer salinity, temperature, density, and depth variability during the spring-summer transition period. From
April to July 2013, we can identify ﬁve phases with different characteristics. High mixed layer salinity (>39.3
psu) and low temperature (<278C) are observed during the ﬁrst phase when a CE prevails. This results in a
thin mixed layer of high density. The second phase is characterized by the arrival of the EBC with lower
salinity and higher temperature in the mixed layer. With the arrival of the EBC the density drops below
25.2 kg m23 and the MLD deepens. During the third period, the EBC interacts with cyclonic eddies that
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Figure 12. As Figure 11, but for north-south section and including chlorophyll-a.

seem to prevail recurrently in the CRS as inferred by intermittent drops of the temperature and increases of
salinity. Similarly to the second, the fourth phase is dominated by the EBC ﬂow over the study area with
small ﬂuctuations in salinity (38.9 psu) and a gradual increase in temperature. During the last phase, the
summer conditions dominate the CRS. The temperature increases gradually whereas salinity is still low, a
remnant of previous EBC ﬂow. Intense surface heat gain induces strong stratiﬁcation decreasing both density and MLD. Through this period, we were able to investigate different processes and identify the interplay
of the mesoscale eddy activity and EBC with the mixed layer dynamics.

4. Discussion and Conclusions
In the current study, a variety of observational data sets is used to investigate the physical and biological
characteristics in the CRS during the winter-summer transitional period. During the ﬁrst part of our observations, the winter monsoon inﬂuence is still present. Over this period, surface waters traveling from the south
reach the CRS through an intricate circulation that includes boundary currents and mesoscale eddies. During our observations, we observed northward transport associated with the eastern boundary current of
the Red Sea. Both anticyclonic and cyclonic eddies were apparent during the 4 month observational period.
Ship-based and glider observations show that waters advected into the CRS by the EBC are the main source
of relatively fresh water in the region. The interplay between the eddy activity and the EBC regulates the
distribution of the Gulf of Aden Surface Water (GASW) in the CRS. Strong anticyclonic circulation with its
eastern ﬂank reaching the Saudi coastline alters the EBC and may deﬂect the northward ﬂow offshore
toward the central part of the basin. This interaction of the EBC and eddies generates patches in the upper
layer that are warmer and fresher off the Saudi coastline. In contrast, cyclonic eddies facilitate the northward ﬂow of the EBC along the Saudi coast.
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Figure 13. Weekly SSH (cm) spanning the period 27 March to 18 June.

During the transition from winter to summer, the signal (warmer, lower salinity) of the EBC gradually weakens. Driven by the monsoonal-driven wind reversal in the southern Red Sea, surface ﬂows in the Red Sea
are now progressing toward the summer regime. In the strait of Bab el Mandeb, the monsoonal forcing
causes surface ﬂow to transition from the winter inﬂow from the Gulf of Aden to the summer outﬂow from
the Red Sea into the Gulf of Aden [Murray and Johns, 1997; Smeed, 1997, 2000]. The wind reversal weakens
the EBC thus reducing the surface ﬂux of relatively fresh surface water into the CRS. This transition also
affects biological properties and processes in the CRS. The EBC not only transports water of low salinity into
the region, but may transport phytoplankton biomass as indicated by chlorophyll and probably some residual nutrients that originated in the Gulf of Aden. Thus, these waters can have a considerable impact on the
CRS biogeochemistry. The CRS surface waters contain distinct thermohaline characteristics that affect the
depth and the concentration of chlorophyll in the DCM. The DCM related to GASW appears to be shallower
than the regional DCM, at least at the front where the low salinity southern water intercepts the higher
salinity, more northern water (e.g., Figure 5). These two distinct DCM layers are both present in the CRS frontal area during the winter-summer transition. Despite the intrusion of GASW in the study area, no clear evidence of change in the integrated chlorophyll is detected in the CRS (Figure not shown).
Satellite, ship-based, and glider observations reveal several dynamic features occurring in the CRS during
the winter-summer transition. These features include both cyclonic and anticyclonic eddies, and frontal
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Figure 14. (top) Mean potential temperature (red line) and salinity (blue line) in the mixed layer during the three glider missions. The vertical axes are scaled by potential temperature (left) and salinity (right). (bottom) Mixed layer depth (black line) and density (green) in the
mixed layer. (bottom) Left vertical axis represents the density and the right axis the mixed layer depth (MLD), respectively. Shaded areas
indicate the ﬁve phases distinct phases with different MLD characteristics (1) CE prevails (2) arrival of EBC (3) CE interaction with EBC (4)
EBC, and (5) summer conditions.
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features. Observations from the anticyclonic eddy indicated the formation of mode water during the evolution of an anticyclonic eddy. These regional features play a key role in the primary production of the CRS.
Occasional deeper penetration of chlorophyll is associated with mesoscale features observed in the CRS.
Mixing and stirring of water masses with distinct thermohaline characteristics and origin (from north and
south) are observed in the upper layer of the CRS, modulated by eddies.
The central Red Sea is a unique region where the convergence of the monsoonally driven winter winds
occurs. The convergence zone migrates latitudinally at times. Our ﬁndings improve our ability to understand physical and biological processes in the CRS and its response to the seasonal transition of the wind
regime. The direct and indirect effects of movements of isopycnal surfaces on phytoplankton, the close
alignment of physical and biological properties at frontal boundaries, and the variation of biophysical features of eddies, underscore the importance of high-resolution in situ measurements over relatively broad
geographic distances. Further analysis of the glider observations is needed to identify the impact of coastal
coral reefs, dust deposition, and intrusion of nutrient-rich water from the Gulf of Aden on phytoplankton
abundance, productivity, and composition in the CRS. Sustained deployment of AUVs will provide key data
for understanding seasonal, annual, and climate-scale temporal changes in the region.
The Red Sea provides a convenient laboratory for examining the roles and interactions of eddies, processes
that form and dissipate frontal regions and their biogeochemical impacts in a stratiﬁed, oligotrophic ocean.
Understanding these processes is important not only for the Red Sea, but for the global ocean where these
interactions may be more difﬁcult to study if the processes occur remote from land. Because the processes
are constrained within the Red Sea, we are able to sustain observations over time in a situation that more
resembles coastal oceanography, yet with processes that have open ocean importance.
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