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Key Points:


First glider observations were collected over the northern Red Sea during winter of
2016 reveal a mechanism of intermediate water formation



The convection process depends on the persistence of strong atmospheric forcing and
the activation of a semi-permanent cyclonic gyre



Transition from scattered eddies to a cyclonic gyre, deep mixing and advent of water
from the south are the key features of water formation

Abstract
Formation of intermediate waters in the northern Red Sea was captured by Seagliders during
the winter of 2016. The analysis is based on measurements collected by consequent
deployments of Seaglider AUVs along a 70 km transect, which was run repeatedly from the
coast to mid-basin during the period from October 2015 to May 2016. The observations
revealed typical open ocean convection processes including a preconditioning phase followed
by deep convection and spreading of the newly formed waters through lateral exchange. Winter
conditions were characterized by surface cooling and enhanced evaporation, which were
observed from late October until late February. During this period, the gradual surface cooling
and salinity increase resulted in the weakening of the surface stratification. Recurrent cyclonic
gyres forced by strong atmospheric events led to episodic convection and the formation of
intermediate sea water typical of the upper overturning circulation cell of the Red Sea.
Following deep mixing, a remarkable bloom of chlorophyll was detected at the top layer of the
water column in response to the nutrients delivery from the deeper layers. The end of winter
was marked by the intrusion of lower salinity water presumably advected from the south and
the reestablishment of the general cyclonic circulation, typical for the northernmost part of the
Red Sea. To the best of our knowledge, this is the first observation study of such convection
events in the northern Red Sea.
Plain Language Summary
Water formation in the northern Red Sea during winter plays an important role in the basin’s
overturning circulation. Dense hypersaline water formed in the northern parts of the basin
travels at intermediate depths towards the south and finally exits into the Indian Ocean. We
describe for the first time a mechanism for the intermediate water formation, which was
©2020 American Geophysical Union. All rights reserved.

deduced from Seaglider records captured during the winter of 2016. We present the response
of the upper sea water column to episodic atmospheric forcing events and the crucial role of
cyclonic gyres in the convection process. During the period of observations, several events
with simultaneous activation of the cyclonic gyre favored the winter surface cooling and led to
open ocean convection. Vertical mixing in the water column supplied the near surface layer
with nutrients, which caused a remarkable chlorophyll bloom. The deep mixing events
occurred over very short periods, typically less than a week, and were followed by rapid
restratification of the surface layer.

1. Introduction
The North Red Sea (NRS) is an area of great significance for the whole basin ventilation. As
the elongated Red Sea spans almost 20 degrees of latitude (Figure 1), its northern part, located
between 26° and 30°N, is dominated by a typical subtropic seasonal climatic cycle. Similar to
the neighboring Mediterranean, the elongated Red Sea undergoes water renewal with the Indian
Ocean via an upper layer cell of overturning circulation. During winter, high rates of
evaporation and significant cooling of the surface sea water occurring regularly in the NRS
produce the bulk of basin’s intermediate water (Cember, 1988; Sofianos & Johns, 2003; Yao
et al., 2014; Papadopoulos et al., 2015; Zhai et al., 2015; Osipov & Stenchikov, 2017; Menezes
et al., 2019). This intermediate water is the well known Red Sea Outflow Water (RSOW) that
flows to the far south and finally exits to the Gulf of Aden as a remarkable injection of
hypersaline water to the Indian Ocean (Sofianos et al., 2002; Sofianos and Johns, 2003; Yao,
et al., 2014a,b; Zhai et al., 2015). In addition to this upper layer cell, a deep cell is also sustained
by the winter thermohaline circulation and the formation of the Red Sea Deep Water (RSDW;
Yao & Hoteit, 2018). The RSDW occupies the deeper layers while the RSOW is confined
within the first 400m, and it is distinguished from the underneath RSDW by its higher
concentration in dissolved oxygen (Woelk & Quadfasel, 1996; Sofianos & Johns, 2007;
Papadopoulos et al., 2015).
Convection processes are localized in both space and time, and therefore, few historical
observations have captured such events (Marshall & Schott, 1999). Alongside the known
convection sites in the polar regions, open ocean convection can also take place in midlatitude
regions such as the Sea of Japan (Kim et al., 2008) and in various sites in the Mediterranean
Sea, such as the Gulf of Lions, Adriatic Sea, and Aegean Sea (Sparnocchia et al., 1995;
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Malanotte-Rizzoli et al., 2014). Defined by a topography of closed geographic contours and
forced by intense winter atmospheric fluxes, the Red Sea includes all of the important features
for the establishment of convection processes. Similar to other sites typical of convection
events, the Red Sea undergoes buoyancy-forced thermohaline circulation. Warm and relatively
fresh water of Indian Ocean origin travels northward through a complex near surface
circulation, exposed to the atmospheric forcing and becomes much saltier and relatively colder
(Sofianos & Johns, 2015). Over the northernmost part of the Red Sea, this water becomes dense
enough to sink and then follows an opposite route back to the Indian Ocean, thus completing
an upper layer overturning cell. Given its relatively small size, the Red Sea provides an ideal
test basin to study the dynamics of water formation processes and its effects on the general
circulation.
The RSOW is the dominant water mass occupying the intermediate depths below the
pycnocline, typically between 150-250 m, throughout the Red Sea (Eshel et al., 1994; Sofianos
and Johns, 2015; Yao, et al., 2014). Formation of the RSOW is suggested to regularly take
place in the northernmost part of the basin during winter by means of both nearshore shelf
convection and open ocean convection. The latter is occasionally subserved by the regional
characteristics of the upper layer circulation. Numerical simulations and observations suggest
that less saline and relatively warmer water arrives at the northern edge of the Red Sea mainly
through an Eastern Boundary Current that flows intermittently along the Saudi coastline
(Bower & Farrar, 2015; Sofianos and Johns, 2003; Yao et al., 2014b). This surface boundary
current contributes to a broader cyclonic circulation in the NRS, which is episodically
intensified into a semi-permanent cyclonic eddy in response to strong atmospheric forcing that
prevails mainly during winter (Papadopoulos et al., 2015; Sofianos & Johns, 2003, 2007; Zhan
et al., 2014). Cyclonic eddies in the NRS can be mostly attributed to buoyancy fluxes, whereas
wind stress seems to play a secondary role (Zhan et al., 2016, 2018). Intensification of this
cyclonic eddy promotes convection events by uplifting denser waters from deeper layers and
weakening the surface pycnocline (Sofianos and Johns, 2003). Synergy of the local circulation
and atmospheric forcing potentially leads to open ocean convection and formation of RSOW
(Papadopoulos et al., 2015).
This is the first study to analyze glider observations over the NRS capturing the
dynamics of the winter convection processes that lead to intermediate water formation. This
water fuels the pivotal upper cell of the basin’s overturning circulation. The atmospheric
forcing and the role of the regional circulation in the RSOW formation are described and
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analyzed. The article is organized as follows. Section 2 describes the data and methods, Section
3 discusses the atmospheric forcing and the response of the NRS to intense cooling events, and
Section 4 summarizes the main findings of the study.
2. Datasets and Methods
2.1. Observations – Seaglider Sampling
Seagliders were deployed in the NRS from late September 2015 through mid-May 2016, and
they were programmed to travel following a transect approximately 70 km in length (Figure
1). The nearshore edge of the transect line was about 5 km offshore from the Saudi coastline,
whereas the offshore edge was close to the mid-axis of the Red Sea. On average, the gliders
required about 3 days to complete the 70 km trek along each transect. Data from both downcasts
and upcasts were used in our analysis. Details of the seaglider missions are presented in Table
1.
The Seagliders used during this study took measurements of the temperature, pressure,
conductivity, dissolved oxygen and chlorophyll-a (Chl-a) fluorescence. An Iridium satellite
was used to transmit the data from the Seaglider to the workstation on land at the end of each
dive cycle. Temperature and salinity were determined using a Seabird CT sensor, while
dissolved oxygen concentrations were determined using an Aanderaa optode sensor. Raw
instrument measurements (counts) for each parameter were transformed into geophysical
quantities by applying the manufacturer-provided scaling factor and dark count. Then, each
profile was quality-controlled applying methods that have been specifically developed for each
parameter (Organelli, 2017; Schmechtig et al., 2016; Thierry et al., 2011 and references
therein) following Argo's 'real-time' quality control procedure and data management (Wong et
al., 2018). Briefly, following Schmechtig et al., (2016), vertical profiles of Chl-a were adjusted
for non-zero deep values, and corrected for non-photochemical quenching according to Xing
et al. (2012). Furthermore, the Chl-a values were then divided by a factor of 2 to correct the
overestimation observed by standard Wet Labs fluorometers as described in Roesler et al.,
(2017). Spikes were removed from the Chl-a measurements using a low-pass median filter.
Corrections of O2 measurements were performed by applying a factor (1.06 to 1.23 according
to the glider mission and seasons) to each profile based on the comparison between the surface
percent oxygen saturation values and those from the World Ocean Atlas climatology, as
described by Takeshita et al. (2017). Finally, Temperature, salinity, Chl-a and O2 qualitycontrolled vertical profiles were binned in 2 m intervals and interpolated onto a grid with 2.5
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km horizontal spacing. The mixed layer depth (MLD) was defined through a fixed density
threshold method with a finite difference criterion from a reference depth, typically set at 10 m
to avoid diurnal cycle variations (de Boyer Montégut et al., 2004). The criterion in density is
set to 0.0125 kg/m3 difference from the reference depth. Geostrophic velocity is referenced to
a level of no motion at 450m suggested by the minimum dissolved oxygen concentration as
derived by the respective profiles (see Figure 4).
2.2. Model Data – Atmospheric Forcing
Daily surface wind and heat fluxes (sensible, latent, and humidity) were obtained from a
downscaled, high resolution reanalysis product derived with an assimilative Advanced
Weather Research and Forecasting (WRF) atmospheric model (Viswanadhapalli et al., 2016).
These data have been generated for the period of 1990–2016. The model was designed with
two-way interactive nested domains of 30 and 10 km horizontal resolutions and 35 vertical
levels. The inner domain (5 km) covers the Red Sea and adjacent regions. The initial and
boundary conditions were obtained from the European Center for Medium-Range Weather
Forecasts (ECMWF) reanalysis. All available observations in the region were assimilated
(every 6 h) by using a consecutive integration approach. Assimilated data included
conventional observations from the surface (synoptic stations, METARs, ships, and buoys),
upper-air observations (radiosondes and pilot balloons), and satellite observations. The
simulated variables were extensively validated with all available observations at different time
scales. Of particular interest for this study is the significant improvement of the high-resolution
fields in the descriptions of wind dynamics, especially in the NRS. Further details on the
experimental design and methodology as well as the comparative advantages of such a regional
analysis compared to other global products are provided by Viswanadhapalli et al. (2016). The
regional reanalysis has been also used and validated in various studies and applications (Dasari
et al., 2017, 2019; Langodan et al., 2014, 2015, 2016, 2017; Viswanadhapalli et al., 2016; Zhan
et al., 2016).
2.3. Remotely Sensed Data
The evolution and variability of the sea surface temperature (SST) in the Red Sea was
investigated by using the operational Global Foundation Sea Surface Temperature Analysis
(G1SST) product from the National Aeronautics and Space Administration’s (NASA) Jet
Propulsion Laboratory Our Ocean group (Chao et al., 2009).This dataset provides daily SST
fields on a 0.009 degrees horizontal resolution spanning the period 2010 to present. G1SST is
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based on a blend of satellite data from microwave and infrared satellite instruments distributed
via the Group for High Resolution SST (GHRSST) mixed with in situ data from drifting and
moored buoys. The high spatial resolution of this product allows analyses of fine scale
structures and provides a better representation near coastal regions, both essential for this study.
The G1SST dataset was retrieved through the NASA EOSDIS (Earth Observing System Data
and Information System) Physical Oceanography Distributed Active Archive Center
(PO.DAAC)

at

the

Jet

Propulsion

Laboratory,

Pasadena,

CA

at

http://dx.doi.org/10.5067/GHG1S-4FP01.
3. Results and Discussion
3.1. Atmospheric Forcing
Air temperature, specific humidity, wind, and net air–sea heat exchange averaged between 26–
28°N for the period spanned by the glider deployments (October 2015–May 2016) are shown
in Figure 2. The air temperature followed the typical seasonal evolution from high values near
28°C during October to values around 18°C during winter, before it rose again after the end of
January. Several cold outbreaks were observed from early December to 10 February (Figure
2a), during which the air temperature was episodically reduced to less than 16°C. These cold
events were accompanied by drier air (Figure 2b), typical for the region during strong north–
northwest wind (Figure 2c). Accordingly, sudden plunges of the net air–sea heat exchange led
to abnormal, excessive heat losses at the sea surface (Figure 2d). Intrusion of cold, dry winds
blowing from higher latitudes over the broader region is typical for the winter and is associated
with patterns of favorable large-scale atmospheric circulation (Papadopoulos et al., 2013;
Viswanadhapalli et al., 2016). The net heat flux exhibited high variability throughout the glider
deployments period, characterized by sudden drops after short periods of low variation. Values
close to 0 W/m2 prevail during October giving place to steady heat loss from November until
March, with minima of about -400 W/m2 during December and January typical for the NRS
(Abualnaja et al., 2015). Cold outbreaks were marked by the sudden drops in the net heat flux
with values lower than -500 W/m2 during December and January. Expectedly, strong heat loss
leads to surface cooling and favors convection in the sea water column.
3.2. Nearshore–Offshore Water Characteristics
This section presents the temporal evolution of the water column characteristics in the open
NRS at the westernmost (offshore) and easternmost (nearshore) edge of the glider tracks (red
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and green marks in Figure 1). These two locations were selected to depict the dissimilar
response of the offshore and nearshore waters to the winter forcing with respect to the regional
circulation. The temporal evolution of the offshore temperature, salinity, and chlorophyll along
with sea water density are presented in the left panels of Figure 3 (a, c, e). The water column
was still well stratified in early October (Figure 3a), with surface temperatures exceeding 31°C.
Under steady heat loss, the surface layer progressively cooled until mid-February, and the
remnants of the summer-induced stratification were disrupted. As the near surface water
became much denser, a convection process formed gradually a nearly homogenized column in
the first 300 m until late February–early March. The surface heat gain which started by mid
February warmed the top of the water column and re-established the upper layer stratification.
However, transitions from a well-stratified to well-mixed water column were observed over
short periods, first at the end of December and second at the middle of February, when vertical
mixing was much stronger and more persistent through time.
At the same time, the surface salinity exhibited high variability with patches of less
saline surface water intermittently affecting the upper layers, revealing a regionally complex
circulation (Figure 3b). Given the general gradient of salinity in the Red Sea, increasing
towards the north, these fresher water masses are considered to be advected from the south.
During the cooling events, the characteristic upward tilt of the isohalines indicates that salinity
was homogenized in the upper 300m by mixing with deeper layers, further contributing to the
increase of density. By the end of April, stratification was intensified by heat gain and further
advection of less saline water (<40) in the upper 20–30 m of the water column was observed.
In general, salinity exhibited higher temporal variability compared to the regular seasonal
fluctuation of the water temperature, and it was strongly dependent on the variability of the
regional circulation that led to the occasional arrival of less saline water from the south.
The chlorophyll concentrations of the upper layer also exhibited remarkable temporal
variations (Figure 3c). At the early stages of the studied period, chlorophyll maxima were
steadily trapped beneath the thermocline at the deep chlorophyll maximum (DCM). In early
January, as stratification weakened, chlorophyll became dispersed within the upper 160–180m
of the water column. Earlier studies in the region have revealed a strong relationship between
phytoplankton abundance and convective mixing, through transport of nutrients from deeper
layers (Genin et al., 1995; Gittings et al., 2018, 2019). As mixing intensified, nutrient-rich
water reached the surface from the deep layers, consequently resulting in a peak of chlorophyll
within the upper layer. Waning of the cyclonic gyre and rapid restratification resulted in the
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dissipation of chlorophyll in the upper layer as the upward nutrient flux has ceased and the
newly formed waters have been laterally dispersed. The deep chlorophyll maxima were then
found again beneath the re-established seasonal thermocline.
The evolution of the nearshore temperature, salinity, chlorophyll, and density is shown
in the right panels of Figure 3 (b, d, f). Temperature (Figure 3b) exhibited a similar pattern to
the offshore seasonal fluctuation, as the initial stratification of the upper layer gradually
receded to a well-mixed water column of more than 150 m by mid-February. Salinity was
consistent with temperature and also showed homogeneity to below 150 m. Similarly,
chlorophyll was initially confined at the DCM, and following mixing after the middle of
December, it became dispersed within the upper 150m of the water column. By late February,
the chlorophyll maximum is found again around the DCM. By the end of April, surface
warming and probable advection of warmer, fresher water from the south reestablished the
seasonal thermocline.
Nearshore salinity within the upper layer (0–150m) was always lower than the offshore
counterpart at the same depths (Figure 3c, 3d). This fact is indicative of intermittent transport
from the eastern boundary of warmer, less saline water northward along the Saudi coastline.
The absence of obvious uplifts in the isotherms nearshore (the 22°Cisotherm was deeper than
250 m) and the deeper mixed layer indicates that the newly formed water masses were spread
in the periphery of the initial formation site. This was also supported by the lower chlorophyll
concentrations observed near the Saudi coastline in comparison to the much higher offshore
chlorophyll, which followed the mixing induced by the second cooling event (Figure 3e, 3f).
The delay of the appearance of rich nutrient waters in the onshore profiles and its overall
characteristics suggest lateral spread from the central NRS towards the shallower periphery, as
denser water sunk beneath the less dense coastal water.
Evolution of the water column characteristics between October 2015 and May 2016
and the formation of new water were well illustrated in the successive offshore and nearshore
profiles of temperature, salinity and oxygen (Figure 4). Both offshore and nearshore
temperatures started from well stratified profiles on 28 September. Progressive surface cooling
then led to mixed layer deepening that reached its maximum depth in early to mid-February.
Stratification of the surface layer began again following the mid-February deep mixing, and it
strengthened steadily until April. As the surface layer temperature increased, the salinity
decreased from its winter maximum by almost 1 unit between 15 February and 26 April, most
probably after the arrival of less saline water advected from the south in the NRS. Similarly,
©2020 American Geophysical Union. All rights reserved.

oxygen profiles in the offshore reveal a gradual bottom-up reduction, indicating the influence
of the uplift of the isopycnals, which brings nutrient rich and oxygen poor waters closer to the
surface. Nearshore profiles show a gradual increase in dissolved oxygen at the intermediate
layers of the water column, perceptible to deeper than 300m after February. Again, as this is
evident only nearshore, it is well complied with the lateral spreading of the newly formed water
(Figure 4). In contrast, no evidence of oxygen enrichment is detected at the offshore point as a
result of the uplift of oxygen poor water around the central parts of the NRS.
The T-S diagram of Figure 5 depicts the evolution of the water mass characteristics at
the nearshore and offshore end points of the glider tracks at selected time shots. During the first
days of October both points were still characterized by warm surface water and stratified water
column. By the end of December and after the first intensification of the cyclonic eddy, a drop
in temperature and a rise in salinity, mainly at the offshore point, are observed. Further decrease
of temperature and increase of salinity are evident after the second appearance of the eddy by
the mid of February. At that time, the water physical characteristics are the least dispersed,
especially offshore where the density is confined to values greater than 28.25 as a result of
dense water formation and homogenization of the water column. It has to be noted that during
both appearances of the cyclonic eddy, the offshore water is clearly more affected by the
stronger vertical mixing close to the core of the eddy. In late April, warm and less saline water
occupies again the near surface layer, especially nearshore, and the water column becomes
again well stratified. Overall, the T-S diagram indicates the similarity of the subsurface water
mass between the two points and the dissimilarities of the upper layer when the cyclonic eddy
is active.
3.3. Role of the Cyclonic Gyre Activity
To analyze the impact of the cyclonic gyre on the dense water formation in the NRS, we present
the glider transect data during the two periods when the cyclonic gyre was strengthened in the
NRS. During the winter of 2015–2016, glider observations showed repeatedly that
intensification of a cyclonic eddy took place immediately after strong heat loss events. An
episode of strong cooling at the end of December coincided with the first appearance of the
cyclonic eddy in the study area. Figure 6 illustrates the evolution of the vertical distributions
of temperature (top panels) and salinity (mid panels) along the glider track, and the SST
variability (bottom panels) over the NRS during the eddy intensification, spanning the period
between 24 December 2015 and 14 January 2016. The period between 24 and 28 December,
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just few days prior to the first eddy appearance, was characterized by micro-domes of the
isotherms, which were suggestive of complex circulation comprising small cyclonic and
anticyclonic eddies within the upper 100m of the water column. The isotherms presented a
slight downward tilt toward the Saudi coastline, indicating a general cyclonic circulation
pattern also depicted by geostrophic velocities (not shown). At the same time, the MLD is
found just above and almost parallel to the isopycnal of 27.75. Between 28 December and 2
January, water colder than 23.5°C was detected at the surface in the central NRS, which was
suggestive of the establishment of a cyclonic eddy that influenced at least the upper 300 m of
the water column. MLD penetrated the isopycnal of 28 near the center of the eddy, but remained
above the one of 27.75 for the rest of the transect. Between 10 and 15 January, recession of the
eddy took place again according to small fluctuations in the thermocline, and data suggested
the reinstatement of smaller and weaker eddies and complex circulation that transported less
saline water to the nearshore part of the transect. This is also depicted in the MLD that has
moved deeper and is now found just below the 27.75 isopycnal for the most of the transect,
indicating a lateral transport of mixed waters towards the periphery. At the nearshore part, a
less saline water intrusion rises the MLD to shallower depth well above the 27.75. The cooling
effect on the broader NRS induced by this first event, as well as the northward advection of
warmer waters at the eastern boundary are also depicted by the SST satellite images (Figure 6,
lower panels). Although this event was incapable of producing a deep mixed surface layer, its
contribution was important to precondition the region for the next stirring phase of the water
column.
Two more episodes of enhanced heat loss at the sea surface were observed during the
last days of January and the first days of February (Figure 2d), just prior to the second stronger
and more persistent appearance of the cyclonic gyre. Figure 7 shows the evolution of this
second pivotal occurrence of the cyclonic gyre spanning a period between 3 and 23 February.
For the same period, Brunt-Vaisala frequency (buoyancy frequency) and the geostrophic
velocity are illustrated in Figure 8. Similar to the first episode, the period before the gyre
activation was characterized by small cyclonic and anticyclonic eddies. A well stratified
surface layer occupied the top of the water column and deepened towards the Saudi coast.
Scattered spots of higher buoyancy frequency mark the pycnocline, which extends down to
200m all along the transect (Figure 8, left panels). The MLD almost coincides with the 28
isopycnal, apart from nearshore where it deepens reaching the 28.25 isopycnal. After the two
events of extreme heat loss, the cyclonic eddy dominated the circulation of the NRS. The
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coldest (21.5-22 °C) and saltiest (40.45-40.55) waters were observed around the core of the
gyre, which was suggestive of strong vertical mixing arising from the joint effect of upwelling
and surface cooling. Remnants of the previous stratification were further disrupted, producing
now a more homogenized water column initially at the center of the eddy (Figure 8, mid
panels). At the same time, MLD is shallow near the center of the gyre as a result of the doming
of the isopycnals induced by the cyclonic circulation. However, it penetrates as deep as the
28.25 isopycnal, while remaining at the 28 isopycnal for the rest of the transect where the
disturbance caused by the eddy intensification is still unperceived. Following the recession of
the gyre during the middle of February, the water column in the entire section presented the
coldest (<22°C) and saltiest (>40.5) values ever observed throughout the studied period. The
disruption of the initial pycnocline gradually propagates to the east and finally a new
pycnocline appears again at the top of the water column after the cessation of the cyclonic eddy
activity (Figure 7 and 8, right panels). The eastward propagation of the disturbance in the water
column following the recession of the cyclonic eddy is also apparent in the MLD which finally
settles over the 28.25 pycnocline for the most of the transect. Similar to the first event, warmer
(>23°C) and less saline water (<40.2) is observed at the easternmost part of the glider track,
thus limiting the MLD to the 28 isopycnal. This is suggestive of the advent of warmer and
fresher water from the south, as also manifested by the geostrophic velocities (Figure 8, bottom
right panel). The regional SST variability (Figure 7, lower panels) shows the evolution of the
eddy activity and its cooling impact on the eastern half of the NRS. This sequence, from the
initially scattered eddies to a main cyclonic gyre and mixing and finally to the advent of water
from the south, seem to represent fundamental features that dominate the winter dynamics of
the NRS.
4. Conclusions
The NRS is an area of fundamental importance for the overturning circulation of the whole
Red Sea. Along with the gulfs of Aqaba and Suez, this region fuels the two main, shallow and
deep, overturning circulation cells of the Red Sea. Strong atmospheric forcing occurring
regularly over the NRS during winter creates the prerequisites for dense water formation.
Previous studies, primarily based on numerical simulations, have suggested that over the NRS
convection processes produce most of the intermediate water that travels southward and finally
exits the basin through the Bab-El-Mandeb strait as the Red Sea Outflow Water (RSOW).
Convection processes in the NRS occur during winter under surface cooling and cyclonic eddy
activity, which synergistically facilitate the deep mixing.
©2020 American Geophysical Union. All rights reserved.

First ever consecutive glider deployments on a nearshore–offshore track in the NRS
captured the evolution of winter regional dynamics that lead to dense water formation.
Atmospheric forcing and eddy activity are both fundamental for the deep mixing process.
Under intense cooling events, the transition from a well-stratified to well-mixed water column
was facilitated twice by the prevailing of a cyclonic gyre. During the winter of 2015–2016,
glider records showed two events involving the activation of the semi-permanent NRS cyclonic
gyre. The events were similar in their dynamics, but differed in magnitude. The occurrence of
deep convection depends on the persistence of strong atmospheric forcing and on the role of
lateral advection that spreads the newly formed dense water at the periphery of the cyclonic
gyre. During the first identified event, intermittent atmospheric forcing was incapable to trigger
strong convection and lateral advection was still a potent process that helped to maintain the
stratification in the surface layer. However, this first event operated as preconditioning to the
main second one, during which significant decrease in temperature and a respective increase
in salinity were observed in the water column. During the second event, recurrent intense
atmospheric forcing episodes induced mixing that penetrated the already weakened upper layer
stratification and led to convection and the creation of a dense mixed patch of water. The
response of phytoplankton further supported the evidence for deep mixing, and the results also
revealed the importance of these events in supplying nutrients to the otherwise oligotrophic
NRS ecosystem.
These episodic events leading to a particular mode of dense water formation in the NRS
are in agreement with the typical open ocean convection phases as described in Marshall &
Schott (1999). Each episode consists of the following three distinct phases: a) intensification
of the cyclonic circulation; b) strong mixing and creation of a deep mixed patch; and c)
recession of the gyre and spreading of the mixed patch to its neutrally buoyant levels and advent
of warmer and fresher water along the eastern coastline. Although the glider observations
collected during the winter of 2015–2016 revealed in detail a process that led to RSOW
formation, additional modes of formation likely include shelf dense water formation and
feeding from the dense waters of the adjacent gulfs of Aqaba and Suez. Future studies, based
on joint observations and model simulations will be needed to examine the robustness of the
mechanism proposed on interannual time scales, its relation to other formation sources and its
relative contribution to the intermediate waters of the Red Sea.
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Figure 1. The northern Red Sea (NRS) and the actual glider tracks. The green and red dots
indicate the intended inshore and offshore waypoints, respectively.
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Figure 2. Evolution of the air temperature (a), specific humidity (b), wind velocity (c), and
net heat flux (d) during the glider observation period as derived from the high resolution
downscaled model simulation. Red vertical lines mark episodes of the highest heat loss.
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Figure 3. Temporal variation of temperature (a, b), salinity (c, d), and chlorophyll (e, f) at the
offshore and nearshore ends of the glider track. Contour lines denote potential density
(Kg/m3). White lines correspond to the profile sampling and red vertical lines to the episodes
of highest heat loss.
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Figure 4. Selected offshore and onshore vertical profiles for temperature, salinity, and
dissolved oxygen concentration during the glider deployment period.
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Figure 5. T-S diagram displaying the evolution of the water masses at the onshore (circles)
and offshore (squares) locations of the glider tracks.
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Figure 6. Glider transects during the first appearance of the cyclonic gyre in the NRS and
representative regional SST during each period. Black contour lines represent the isopycnals
and the thick dashed black lines represent the mixed layer depth in the top and mid panels.
Green and red dots at the edges of the glider tracks (blacklines) in the bottom panel denote
the starting and ending points, respectively.
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Figure 7. As in Figure 5, but for the second appearance of the cyclonic gyre.
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Figure 8. Brunt-Vaisala frequency and geostrophic velocity as derived by the glider transects
during the second appearance of the cyclonic gyre in the NRS. Positive geostrophic velocity
refers to a northward flow. The thick dashed black line shows the mixed layer depth.
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Table 1: Details of the seaglider missions (Useful days represent the data acquisition period)
Glider ID

Launching Date

Recovery Date

SG213
SG214
SG212

Sep 28,2015
Dec 2,2015
Apr 6,2016

Dec 1,2015 (14 Nov)
Mar 25,2016 (8 Mar)
May 09,2016

Useful
Days
47
98
34

Total
Days
65
115
34
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