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Rare surface cyclonic eddies have been observed using a high frequency radar system in the northern part of the
Gulf of Eilat/Aqaba. These surface eddies appear during fall and winter months and are absent during the rest of
the year. Using an oceanic general circulation model and a regional atmospheric model (providing atmospheric
wind with high spatial and temporal variability), we investigate the role of atmospheric wind in the formation
and appearance of these eddies, by analyzing three cases in detail and by conducting idealized sensitivity exper-
iments. For all three cases, the model simulates the development of a coherent eddy with similar characteristics
as the observed ones, includingwidth, intensity, and life-time. Generation of one of the coherent eddies occurs in
a process similar to lid-driven cavity flow, in which eastward current at the southern open-boundary of the
rectangular-shaped area of the head of the gulf drives the cyclonic circulation within the cavity. Other cases of
eddy formation involve strong, northward flowing currents along the eastern boundary of the northern gulf. In
all cases, weaker winds are favorable for the appearance of these eddies at the surface.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

A high-frequency (HF) ground-based radar system has been operat-
ing on the northern part of the Gulf of Eilat/Aqaba (hereinafter the gulf),
providing high-resolution measurements of surface currents since
August 2005. While surface circulation in the northern gulf is mostly
chaotic and unorganized, coherent cyclonic eddies are evidenced in
the HF radar observations a few times a year from November to April
(Gildor et al., 2010). These eddies are characterized by a basin-wide
diameter of 5–6 km (Fig. 1), and typically persist for around a day.
During eddy events, surface currents are stronger than the typical veloc-
ity (10–20 cm s−1) and can exceed 100 cm s−1.

Submesoscale coherent eddies in coastal regions can be generated
by a variety of processes. Based on observations andmodeling, previous
studies have suggested various factors for eddy formation, such as the
effect of bottom topography or irregular structure of the coastline
(Kim, 2010; Zimmerman, 1981), spatial patterns in the wind field
(Chavanne et al., 2002; Hu et al., 2011; Oey, 1996; Oey et al., 2001),
shear flows (Shapiro et al., 1997) and the interplay of these factors
with stratification and tidal forcing (Takeoka and Murao, 1993;
Vethamony et al., 2005). Berman et al. (2000) used a wind-driven nu-
merical model to show the existence of a chain of cyclonic and anti-
cyclonic eddies, semi-permanently residing along the main axis of the
gulf. The locations and sizes of these eddies vary seasonally, with three
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cyclonic eddies in the northern half of the gulf in winter and spring, and
a cyclonic eddy with a 10-km diameter in summer. Observational evi-
dence of these eddies was suggested by Manasrah et al. (2004), based
on current measurements collected along the gulf during February and
March 1999. In observations from the northern part of the gulf, an anticy-
clonic circulation with a diameter of about 5–8 km has been identified
(Manasrah et al., 2006). In contrast to observations, eddies in the model
of Berman et al. (2000) were a permanent feature of the circulation and
the northernmost eddy was located about 10 km south of the northern
boundary of the gulf. In the present study, the focus is the rare eddies
that appear within the northern 10 km of the gulf.

Gildor et al. (2010) first identified these coherent eddies in HF
radar observations of the northern gulf, and suggested that the circu-
lation producing these eddy events might be the geophysical equiva-
lent of lid-driven cavity flows, where a fluid bounded within a
rectangular domain is driven by an external current along one of
the boundaries. Using a simple reduced-gravity model with idealized
geometry, Gildor et al. (2010) show that a coherent eddy with char-
acteristics similar to the observed eddies in the gulf developed in
the simulation within a few hours, as a result of a driving current
at its southern boundary. The northern eddy shown in the Berman
et al. (2000) model generates as the driving current at the southern
open boundary of the cavity. However, the simplified model of
Gildor et al. (2010) neglected the effects of winds, tides and irregular-
ities in the coastline and bathymetry characteristic of the gulf.

One objective of this study is to test whether the lid-driven cavity
flowmechanism, as suggested by Gildor et al. (2010), can be reproduced
in a complex Ocean General Circulation Model (OGCM) with realistic
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Fig. 1.HF radar surface current observations reveal the appearance of a basin-wide, coherent cyclonic eddy in the northern gulf during 29 November 2005. Snapshots are taken every 2 h
between 09:00 (top-left) and 15:00 (bottom-right), local time. Twometeorological stations are marked on the top-left map: the coastal station at the Interuniversity Institute for Marine
Sciences (IUI) (labeled: IUI) and the meteorological buoy, deployed in October 2010 (labeled: BUOY). The vector field represents surface current measured by the HF radar after filtering
and gap filling as described in Lekien and Gildor (2009).
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Fig. 2. Thenumber of coherent eddies permonth observed at the head of gulf throughout a
period of five years, between September 2005 and September 2009. Observational data
was collected using the HF-radar, at a spatial resolution of 300 m and temporal resolution
of 30 min. The eddies appear from December to March.
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bathymetry and atmospheric wind. Our second objective is to examine
the role of the wind in the generation of the observed eddies. To achieve
these objectives, we use a high-resolution OGCM driven by atmospheric
wind from a regional atmospheric model. While previous modeling
studies of the gulf have mostly focused on the dynamics of the large-
scale circulation (Berman et al., 2000; Biton and Gildor, 2011a,b), we
focus on resolving the physical mechanism of submesoscale features,
characterized by length scale of O(1) km and time scale of hours to
days. Atmospheric data collections in this region are rather limited,
with only a few stations available along the gulf. However, a recently col-
lected meteorological data from three nearby stations in the northern
gulf, two coastal stations and a moored station located near the center
of the gulf, demonstrate the high temporal variability and the possibility
of large spatial variability in the wind even over a short distance (much
smaller than the atmospheric Rossby radius), apparently due to the
strong orographic effects. The observed variability in the wind field can
provide an explanation for the formation of cyclonic eddies in the north-
ern gulf, considering their irregular nature. Realistic wind patterns with
the sufficient spatial and temporal resolution can be obtained by a re-
gional atmospheric model.



77H. Afargan, H. Gildor / Journal of Marine Systems 142 (2015) 75–95
Our results suggest that indeed, lid-driven cavity flow is the domi-
nant mechanism of coherent eddy formation in one case. Driven by
eastward currents at the southern boundary of the head of the gulf, cy-
clonic circulationwithin the cavity is developed. Hence, thismechanism
can explain at least some of the observed eddy events. In the other two
cases, a different mechanism is involved. In all cases, eddy formation is
associated with relatively weak northerly winds.

This paper is organized as follows: observed eddy events and their
characteristics are summarized in the next section. In Section 3, we an-
alyze the meteorological observations, focusing on the wind, and de-
scribe the regional atmospheric model and the OGCM, as well as the
experiments design. In Section 4 we present the results and we con-
clude in Section 5.

2. Eddy events: oceanic and atmospheric characteristics

A histogram of coherent eddy events observed by the HF radar
throughout September 2005 to September 2009 is presented in Fig. 2.
The identification of coherent eddy events is easily done by visual
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Fig. 3. Surface currentfield based onHF radar observations during 4 December 2005, between 0
with relatively high velocities is observed along the eastern coast, followed by the generation o
analysis of the HF radar surface currents maps. While small scale (few
hundreds of meters) and short-lived (~1 h) eddies appear often, in
this study we consider only (the rare) cyclonic eddies that occupy the
entire width of the northern basin and last longer than 12 h. Using
these criteria, 18 cyclonic eddies have been recorded during the
inspected period. All eddies were observed during fall and winter
months, with maximal number of eddy appearances in December.
There is an absence of cyclonic eddies between April and August.

Among all observations (Fig. 2), we focus on three eddy events,
which were specifically remarkable in terms of their intensity and co-
herent structure. The first eddy event is observed on 29 November
2005 around 9:00 AM (local time). The eddy covers the entire northern
domain, as shown in Fig. 1, with relatively high current velocities of 20
to 40 cm s−1 that can reachmore than 100 cm s−1 near the outer edges
of the eddy. The cyclonic eddy forms when a northward current propa-
gates along the eastern boundary of the gulf and reaches the northern
part. It becomes fully developed nearly 4 h after its first appearance,
reaching a diameter of about 6 km. At later stages of its development,
the coherent eddy may take the form of cyclonic circulation, with
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weaker currents at its southern edge. In total, the cyclonic eddy exists
for 27 h. During this time, it slightly migrates southwards (a distance
of 3 km from its initial position) and its structure becomes more elon-
gated, stretching from north to south.

A second coherent eddy is observed on 4 December 2005. Its evolu-
tion is shown in Fig. 3. Similarly to the previous event, the propagation
of a northward coastal current along the eastern coast, starting at 02:00
AM (local time), forms a cyclonic eddy in the northern part of the gulf.
The center of the eddy migrates west-southward with time. The eddy
is destroyed by a relatively strong flow along the western coast, after a
period of approximately 24 h.

A third cyclonic eddy event is observed on 7–8 March 2006. The
eddy becomes the dominant circulation pattern in the northern gulf
with relatively strong surface currents reaching 40 cm s−1 (Fig. 4). In
total, the eddy lasts for a period of 16 h.

3. Methods

Based on the atmospheric observations described next, it is clear
that a realistic wind field is needed to drive the oceanmodel. Therefore,
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Fig. 4. Surface currents based onHF radar observations during8March2006, showing cyclonic e
and 08:00 (bottom-right), local time.
we use a combination of a regional atmospheric model and an ocean
model, where the regional atmospheric model is used to obtain a spa-
tially and temporally varying wind. We use monthly mean heat and sa-
linity fluxes to force the ocean model, based on Biton and Gildor
(2011a).

3.1. Atmospheric forcing

3.1.1. Observed spatial and temporal variability of atmospheric conditions
Atmospheric data from stations in the northern gulf are used to esti-

mate the spatial variability of thewind in this region and to evaluate the
performance of the atmospheric model. A meteorological station, locat-
ed at the western coast of the gulf, at the Interuniversity Institute for
Marine Sciences (IUI, coordinates: 29°30.122′N, 34°55.086′E; Fig. 1) col-
lects atmospheric data since September 2006. For a period of nearly two
years, fromOctober 2010 to August 2012, additionalmeasurements had
been conducted in the center of the gulf using a meteorological buoy,
deployed approximately 2 km from the northern coast of the gulf,
along the central line (coordinates: 29°31.514′N, 34°58.091′E; Fig. 1).
Wind at the IUI meteorological station is measured at the top of the
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station mast on the pier, 10 m above sea level (at low tide) using R.M.
Young 05106 Marine Wind Monitor-MA, and recorded every 10 min.
On the buoy, wind data is measured at the top of the buoy mast, 2 m
above sea level, by the same sensor.

Fig. 5 shows the distribution of hourly wind speed and direction
collected at the IUI and the buoy for the period of November 2010
to August 2012. Gaps in the time series have beenfilled by linear interpo-
lation, but nomore than 1% ofmissing datawere allowed.Wind statistics
for both the station and the buoy show the wind is mostly blowing from
north-north-east, along the main axis of the gulf. The hourly wind at the
buoy is generally stronger compared with the IUI. Analysis of the corre-
lation between the hourly zonal and meridional wind components for
the entire period shows correlation coefficients of 0.68 and 0.88, respec-
tively, with 99% confidence level and maximal cross correlation at lag of
zero hours. When averaged daily, wind in the zonal and meridional di-
rections has an even higher correlation between the buoy and the IUI,
with correlation coefficients of 0.91 and 0.96, respectively.

We perform an additional comparison using wind measurements
from a meteorological station of the Israel Electric Company (IEC)
located in the city of Eilat, nearly 1.8 km from the northern-west coast
of the gulf (coordinates: 29.5669°N, 34.9497°E). We use average
wind speed measured over a period of 5 min, and reported every hour.
For the entire period, the wind at the IEC station is mostly northerly,
rather than north-north-east as at the buoy and the IUI (Fig. 5). Correla-
tions of zonal andmeridional wind components between the IEC station
and the buoy are 0.54 and 0.88, respectively. For the two coastal stations,
correlations of 0.76 for the zonal wind and 0.87 for the meridional wind
are recorded. All correlations are with 99% confidence level.

The seasonal distribution of thewindmeasurements at the IUI and at
the buoy during 2011 is presented in Fig. 6. As expected, the wind is
north-north-east during most of the year, with occasional periods of
southerlies, mainly in spring. The buoy data have a larger spread in all
seasons, relative to the IUI. Fig. 7 shows the wind direction and speed
during selected periods of ten days in November and in March. While
at the IUI coastal station the diurnal cycle is more pronounced, with
the north-north-east winds increasing during the day, reaching a max-
imum in the afternoon andweakening during the night, the wind at the
buoy is steadier.

We further analyze periods of southerly wind by sorting the hourly
wind records, which were collected at the IUI, the IEC and at the buoy
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buoy and IEC station. Buoywind datawas corrected to 10-meters using the logarithmicwind pr
axis of the gulf). The circles in each diagram indicate the number ofmeasurements that fall with
during 2011, to northerly, southerly, easterly and westerly winds (ac-
cording to the angle of wind direction). A scatter plot of the southerly re-
cords, as shown in Fig. 8, demonstrates that southerlywindsmeasured in
the coastal stations do not necessarily indicate southerly winds at the
buoy, and vice versa. During 2011, southerly winds have been recorded
for approximately 6% of the time at the IUI and the buoy, and 5% of the
time at the IEC.Whilemost of the southerly wind records at the buoy oc-
curred simultaneously at the IUI (approximately 83%), a smaller fraction
of southerly wind records at the IUI can be used to represent southerlies
at the buoy (approximately 75%). Similar behavior occurs at the IEC, with
80% of the southerly wind records at the IEC representing southerlies at
the buoy, and only 66% of the southerlies at the buoy indicating southerly
winds at the IEC. A previous study by Saaroni et al. (2004) has shown that
southerly sea breeze may develop in the northern gulf in spite of the op-
posing prevailing northerly winds and the relatively narrow sea. South-
erly sea breeze develops in only 25% of the days in July and August,
when the dominant synoptic pattern (the Persian Trough) is weaker
than the rest of the days.

Spatial variability of the wind field is also observed for easterly and
westerly wind records (Fig. 8). Easterlies are recorded for 7% of the
time at the IUI and at the buoy and only 2% of the time at the IEC. Out
of these records, 30% can be used to represent simultaneous easterlies
at the buoy and at the IUI. While 40% of the easterly wind records at
the buoy occurred at the same time at the IEC, only 15% of the easterly
winds at the IEC can represent easterlies at the buoy. Westerlies are re-
corded 2.5% of the time at the IUI and the buoy and 4% of the time at the
IEC, and demonstrate significant variability as well, with less than a half
of the records in each station representing westerlies at the other sta-
tions. In short, the analysis of the wind indicates a spatial variability of
thewind during periods of southerly, easterly orwesterly winds, imply-
ing that wind data from a single station do not represent the conditions
over the gulf, and cannot be used to drive an ocean model when study-
ing ocean dynamics.

Correlations for air temperature, relative humidity and sea surface
temperature between the IUI coastal station and the buoy are 0.99,
0.93 and 0.99, respectively, with 99% confidence. These high correla-
tions suggest that unlike the wind, the spatial variability in sea surface
temperature and relative humidity is relatively small, supporting our
decision to use wind from the atmospheric model while using spatially
homogenous surface fluxes.
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3.1.2. Regional atmospheric model
For simulating the meteorological conditions in the gulf during the

formation of the observed eddies, we use the Colorado State University
Regional Atmospheric Modeling System (RAMS: Pielke et al., 1992, ver-
sion 6.0). RAMS solves the non-hydrostatic, compressible momentum
equations and a thermodynamic equation in a terrain-following coordi-
nates system. The ability of RAMS in producing realistic atmospheric
circulations in complex terrain has already been demonstrated by a
number of studies, including mountainous terrains (Bossert and
Cotton, 1994a,b), lakes (Sturman et al., 2003) and coastal regions (Cai
and Steyn, 2000).

We configured the model to use five nested computational grids
with cell sizes of: 27 km, 9 km, 3 km, 1 km, and 0.33 km (Fig. 9). All
grids have 40 vertical layers, starting at 35m above the surface. The ver-
tical grid size varies with height. RAMS implements a two-way commu-
nication of the prognostic variables between any nested grid and its
parent grid. First the model resolves the coarse grid alone, as if it
contained no finer nest within. These results are then interpolated to
the boundary points of the finer grid, and returned to the coarser grid
after calculation on the finer nest is completed.

Surface characteristics such as elevation, sea surface temperature,
soil type and land use are specified by standard United States Geological
Survey (USGS) global data. Sea surface temperature is taken from clima-
tology, with spatial resolution of 1°.

For the simulations of the atmospheric model, that last relatively
short periods of no more than a few days, the sea surface temperature
was held constant in time (but spatially variable). Atmospheric condi-
tions from the NCEP/DOE AMIP-II reanalysis data (Reanalysis-2) of the
National Centers for Environmental Prediction/National Center for



0 5 10 15 20
0

5

10
29 Nov 2005

0 5 10 15 20
0

5

10
30 Nov 2005

0 5 10 15 20
0

5

10
1 Dec 2005

0 5 10 15 20
0

5

10
2 Dec 2005

0 5 10 15 20
0

5

10
3 Dec 2005

Hours
0 5 10 15 20

0

5

10
4 Dec 2005

Hours

m
 s

-1
m

 s
-1

m
 s

-1

Fig. 10.Diurnal variations of the hourly wind speed (in m s−1) in the northern gulf during 29 November to 4 December, 2005. The wind is simulated using the atmospheric model RAMS
and averaged over an area of 0.6 km × 0.6 km in the north-western coast.

82 H. Afargan, H. Gildor / Journal of Marine Systems 142 (2015) 75–95
Atmospheric Research (NCEP/NCAR) are used as boundary conditions
for RAMS every 6 h. Using these datasets, which include horizontal
wind components, potential temperature, relative humidity, and
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for 24-hour period), to prevent accumulation of computational errors
during runs longer than one day. Although the boundary conditions
are given every 6 h, the atmospheric model reproduces significant var-
iability on much shorter time scales. Diurnal variations of the hourly
wind during 29 November to 4 December 2005 are shown in Fig. 10.
During the examined period, wind speed varies between 0.1 and
10 m s−1. Hourly snapshots of the wind are used to drive the oceanic
model.

For our purposes, we use atmospheric wind data from RAMS 1-km
grid, the finer grid that covers the entire gulf as well as the Straits of
Tiran. The 1-km data is then cubically interpolated into a 300 m grid.
Surfacewind velocities are taken from the lowest vertical level of the at-
mospheric model, at 35 m above sea level, and are extrapolated down-
ward by the logarithmic wind profile to a standard 10 m height with a
roughness height of 2 × 10−4 m (Shilo et al., 2007).Wind stress compo-
nents are computed using the wind velocities in the east-west (u) and
north-south (v) directions, according to the following equations (Pan
et al., 2002):

τx ¼ ρCdu u2 þ v2
� �1=2 ð1Þ

τy ¼ ρCdv u2 þ v2
� �1=2 ð2Þ

where ρ is the density of air (ρ = 1.23 kg m−3) and Cd is the constant
drag coefficient (Cd = 1.5 × 10−3).

A constant drag coefficient is adequate forwind speed in the range of
4 m s−1 to 11 m s−1, and considered as a reasonable choice for winds
below ~11 m s−1 (Large and Pond, 1981). The simulated winds are
mostly weaker than 11 m s−1 (99% of the records in November simula-
tion, and 97% in March).
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Fig. 12. Observed wind speed (in m s−1) along and across the gulf (in gray), and simulated win
averaged over an area of 0.6 km × 0.6 km around each station. Observed and simulated winds
3.1.3. Model vs. observed wind data
As a test to the atmospheric model, we compare simulated wind data

with observations collected at the meteorological station of the Israel
Electric Company (IEC) in Eilat. RAMS was run for two periods: 26
November to 10 December 2005 and 2–11 March 2006. In both of these
periods a cyclonic eddy has been observed in the northern gulf.

Observations and model results from the IEC station, as shown in
Figs. 11 and 12 for the examined periods in November and March, re-
spectively, indicate that variations in the wind speed are reproduced
by themodel rather well. During the first period (November–December
2005), the atmospheric model shows a predominant northerly wind,
ranging between 1 and 6 m s−1. The wind significantly weakens a few
hours prior to eddy appearance (also, according to the model it may
change direction to become southerly) and intensifies after the event it-
self, reachingwind speed twice the average of this period (Fig. 11). Dur-
ing the second period (March 2006) the northerly wind blows for most
of the time, except for a short period of relatively strong southerlywinds
reaching up to 8 m s−1 (Fig. 12).

We further compare the simulatedwindwith observations fromaddi-
tional stations along the coast in Aqaba, Jordan (in the northern-east cor-
ner of the gulf, coordinates: 29°36′N, 35°1′E) and Sharm El Sheikh, Egypt
(in the southern part of the gulf, coordinates: 27°58′N, 34°23′E), both are
located in international airports. Gaps in the time series from Aqaba and
Sharm El Sheikh have been filled by linear interpolation. During the
eddy events of 29 November and 3–4 December 2005, weaker winds
(below 4 m s−1) are recorded in the northern gulf. Weaker winds are
also observed in the southern part of the gulf during these periods.
For the examined period in November–December 2005, analysis
shows reasonable correlation of the simulatedwind along-gulf with ob-
servations in Eilat and in Aqaba (with correlation coefficient of 0.4 for
Eilat and 0.45 for Aqaba). In Sharm El Sheikh, the model shows similar
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variations to the observed along-gulf wind at this location, yet correla-
tion is lower (with correlation coefficient of 0.2). The across-gulf com-
ponent of the simulated wind has relatively high correlation with
observations from the IEC station in Eilat (approximately 0.55), and
lower correlation for Aqaba (around 0.25). Correlations for Sharm El
Sheikh are relatively low (around 0.1, with 70% confidence level), pos-
sibly due to a large number of filled gaps in the data during this period
(more than 10%). All correlations are with 99% confidence level except
when stated otherwise.

During the examined period of eddy appearance in March 2006 the
model reproduces the transition of the predominant northerly wind to
southerly wind (occurs on 7–8March). Correlation of the wind between
RAMS and observations is reasonable, with correlation coefficient of
approximately 0.4 and 0.6 for the along-gulf and across-gulf components
in Eilat, respectively. In Aqaba the correlation is 0.25 along-gulf and 0.5
for the across-gulf component. Correlation is similar in Sharm El Sheikh,
with 0.2 in the along-gulf direction and 0.5 across-gulf. The relatively low
correlations of the along-gulf wind during this period could be a result of
the dominant synoptic conditions over the gulf (the intrusion of a Sharav
Low, which is mostly common in this region during spring). As low-
pressure system approaches from south-west toward the gulf, southerly
26-11 29-11 02-12 05-12 08-12
-10

-5

0

5

IEC, Eilat, 26 Nov - 10 Dec 2005

26-11 29-11 02-12 05-12 08-12
-10

-5

0

5

Aqaba, 26 Nov - 10 Dec 2005

26-11 29-11 02-12 05-12 08-12
-10

-5

0

5

Sharem El Sheikh, 26 Nov - 10 Dec 2005

m
 s

-1
m

 s
-1

m
 s

-1

Fig. 13.Observedwind speed (inm s−1) and direction during 26November to 10 December, 20
averaged over an area of 0.6 km × 0.6 km around the station. Negative values correspond to w
and south-easterly winds blow over the region (Fig. 13). The model may
not capture variations in thewind speed during this period. The observed
wind reaches only up to 5 m s−1 at the IEC during this southerly event,
rather than 8 m s−1 as in the model.

Correlation between the different stations has been calculated as
well. For November–December 2005, the stations of the northern gulf
have reasonable correlation, with correlation coefficient of 0.5 between
the IEC station in Eilat and Aqaba, for both along-gulf and across-gulf
wind components. Correlation between Aqaba and Sharm El Sheikh is
0.5 for the along-gulf component and below 0.2 for the across-gulf
wind, with lag of 1 h between the stations. Higher correlation is found
between Eilat and Aqaba in March 2006, with correlation of 0.7 for the
along-gulf wind and 0.5 across-gulf. The correlation between Sharm El
Sheikh and Aqaba is lower during this period, with correlation coeffi-
cients of 0.4 and 0.25 for the along-gulf and across-gulf components,
respectively. Despite the relatively high correlations in the along-gulf
wind, lower correlations between the stations are obtained in the
across-gulf component, indicating that even over a relatively short dis-
tance (~8 km apart) variability of the wind field between the northern
stations can become significant. Furthermore, wind data from the north-
ern gulf may not provide a good indication of the wind in the southern
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gulf, as demonstrated by the correlation between Aqaba and Sharm El
Sheikh.

Fig. 14 shows the simulatedwindfield in the northern gulf during 29
November 2005. The local winds in the northern gulf become weaker
during the day (as shown at 12:00 and 16:00), and stronger with strong
northerly component in the evening (as shown at 20:00).Weakening of
thewind is related toweakening synoptic pressure gradient over the re-
gion, enabling the development of local winds with velocities lower
than 1.5 m s−1 (Afargan, 2010).

The simulated wind field demonstrates spatial variability of the wind
along the entire gulf (Fig. 15), in particular over the northern domain
(Fig. 14), and emphasizes the need of an atmospheric model such as
RAMS. Clearly, wind data from a single station or from closely-located
stations, as has been used in previous studies (Ben-Sasson et al., 2009;
Berman et al., 2000), lacks the horizontal distribution of the surface
wind and cannot resolve the complexity of the wind field. The compari-
son between the coastal stations and the buoy, less than 6 km apart,
also demonstrates this spatial variability, in particular duringwind events
other than northerly.
0
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RAMS wind veloc
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Fig. 15. Simulated wind velocity in the gulf in 29 November 2005 at 11:00 AM (local time). Th
average northerly wind. The x-axis is distance (in km) from the northern coast of the gulf, and
3.2. Ocean GCM

We use an OGCM developed at the Massachusetts Institute of
Technology (MITgcm, Marshall et al., 1997a,b) and configured for the
gulf of Eilat/Aqaba (Biton and Gildor, 2011a). The model solves the full
set of the momentum and thermodynamic equations along a linear
free surface. The domain covers the entire gulf, including the northern
Red Sea, extending about 10 km south of the Straits of Tiran. The
model grid is based on Cartesian coordinates (with the origin located
in the north-western corner of the domain), with the Arakawa C-grid
finite differencing scheme, in a horizontal resolution of 300 m. There are
32 vertical levels with varying thickness; half of them are concentrated
at the upper 300 m of the water column, enabling a detailed view of the
dynamics at the upper levels of the ocean. Implicit viscosity and diffusion
schemes are being used, with vertical viscosity of 5 × 10−4 m2 s−1 and
vertical temperature and salt diffusion of 1 × 10−5m2 s−1. Model config-
uration usingKPPmixing scheme (as used in Biton andGildor, 2011a) has
been tested aswell, but no qualitative differences in the results have been
found.
96 84 72 60 48 36 24 12

ity 29 11 11:00

e model shows the spatial variability of the wind field, which is rather different from the
the y-axis is distance (in km) from the southern west corner.
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The top oceanic layer is configuredwith vertical thickness of 10m. A
fewobservational studies support this configuration. Gildor et al. (2009)
have compared HF radar observations to ADCP measurements at the
northern gulf, and showed that although the radar measures the top
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tens of centimeters of the water column, the comparison of ADCP mea-
surements demonstrates that surface currents can be used to represent
the upper 10–20m. In addition, profiles of alongshore currents reaching
depth of 30 m, as shown in Carlson et al. (2012), indicate a very weak
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vertical shear in the upper 30 m of the water column in the northern
gulf during fall and winter.

Bathymetry is adapted from Hall and Ben-Avraham (1973) and inter-
polated to themodel grid. At the southern end of the domain there is a 6-
km sponge layer inwhich temperature and salinity are relaxed tomonth-
ly mean profiles, and zonal and meridional velocities decay to zero. For
additional details on model configuration, see Biton and Gildor (2011a).

A recent study by Carlson et al. (2012) has observed tidal currents in
the northern gulf fromOctober to July, suggesting that tidal signal exists
throughout the year, albeit somewhat weaker in winter (Berman et al.,
2003a; Genin and Paldor, 1998; Monismith and Genin, 2004). While
tides exist in the gulf all around the year, coherent eddies are rare and
appear in the northern gulf only inwinter and fall. Therefore, the gener-
ation of coherent eddies is not expected to be controlled by tidal forcing.

3.3. Experiments design

We initialize the oceanicmodel from climatology based on Biton and
Gildor (2011a). Surface heat and fresh-water (salt) fluxes are also based
on the climatological boundary conditions of Biton and Gildor (2011a),
but wind stress over the gulf is derived from the regional atmospheric
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Fig. 18. Simulated surface currents under realistic hourlywind stress forcing showing the propa
time-averaged over a periodof 1 h, and shown at four occasionsduringNovember 29: 09:00, 11:
shown in Fig. 1.
model. We examine two periods of eddy formation: November–
December 2005, and March 2006, and initialize the model using the
relevant climatology for each period. Before applying temporally and
spatially-varying wind forcing, we initially force the model with the
wind of the first day of each period to let it adjust to the variable
wind. The realistic wind forcing is then applied hourly. To further ex-
plore the sensitivity of eddy formation to the intensity of the wind forc-
ing,we conduct a set of experiments inwhichweuse constant northerly
windwithout spatial or temporal variability to drive themodel. In addi-
tion, we run sensitivity experiments using reduced or increased north-
erly wind stress.

4. Results

Initialized from climatology, the oceanic model simulates the condi-
tions in the gulf of Eilat/Aqaba in November and in March. Sea surface
temperatures and upper layer temperature cross-sections are shown
in Figs. 16 and 17, respectively. Similarly to Biton and Gildor (2011a),
the model reproduces the seasonal changes in stratification in the gulf,
with stratified water column in November, which consists of warmer
surface layer (of approximately 24 °C) above colder deep water
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00, 13:00 and15:00 (local time). Surface circulation can be comparedwith observations, as
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(approximately 21.5 °C), andwell-mixed surface water inMarch. These
conditions are the initial conditions of the November or March experi-
ments. Below, we analyze surface currents in the northern part of the
gulf derived from oceanic model simulation under realistic varying
wind forcing. Eddies are easily identified and the velocity field is com-
pared with the HF radar observations.

Sensitivity experiments using finer vertical resolution of the upper
water column (i.e. upper layers thickness of 5 m, rather than 10 m)
show similar results.

4.1. Eddy events under realistic wind forcing

4.1.1. Cases 1 and 2: 29 November and 4 December 2005
To simulate the state of the gulf from the end of November to begin-

ning of December, we start from an initial state of late-November condi-
tions, and perform an additional spin-up of 15 days by periodically
forcing the model with the wind of the first day (26 November 2005).
This procedure was designed to ensure a smooth shift between the
initial conditions, which were achieved by forcing the model with
monthly-mean, spatially-constant wind forcing, and the hourly wind
forcing. We then apply realistic wind stress for a period of 15 days,
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Fig. 19.A cyclonic eddy at the head of the gulf in simulated surface currents under realistic hourl
10:00, 12:00 and 14:00 (local time). Surface circulation can be compared with the observed ci
using atmospheric model results between 26 November and 10
December 2005. A cyclonic circulation develops in the northern gulf in
29 November around 01:00 AM (local time), as shown in Fig. 18.
Similarly to the observed circulation, presented in Fig. 1, the cyclonic cir-
culation is generated by a relatively strong current that propagates
northward along the eastern boundary of the gulf and flows southward
along the western boundary. The eddy is somewhat weaker than the
observed one, with velocities of about 20 cm s−1. This may be due to
the fact that the thickness of the upper layer of the model is 10 m
while the velocities measured by the HF radar represent the upper
0.5 m or so (Gildor et al., 2009). A second eddy event is simulated on
4 December (Fig. 19). Surface currents can be compared with the ob-
served circulation, as shown in Fig. 3. The timing of both eddies is in
accordance with the observations, and their lifetime (21–28 h) also
resembles the lifetime of the observed eddies. Both the simulated
and the observed eddies from November and December events
show that the formation of the cyclonic eddies is associated with
the arrival of relatively intense northward currents flowing along
the eastern coast of the gulf, with velocities higher than 25 cm s−1

(compared to the typical ambient velocities of 5–10 cm s−1 in the
northern region).
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The temperature cross section, as shown in Fig. 20, reveals that the
eddy event involves warmer surface waters that reach nearly 100 m
below sea surface. In addition to changes in surface temperatures,
eddy events also involve changes in sea surface height, with a rise in
sea level during eddy appearance (not shown).
4.1.2. Case 3: 7–8 March 2006
We simulate the gulf for a period of 10 days, between 2 March

and 11 March 2006. We start the simulation from March conditions,
and perform an additional spin-up by forcing the model with
thewind of the first day (2March 2006) for 10 days. This simulation re-
sults in relatively strong currents (~30 cm s−1) that occasionally flow
into the northern region along the eastern coast but as shown in
Fig. 21, they do not evolve into a cyclonic eddy as in the observations
(Fig. 4).

Motivated by the comparison of the model wind speed with
observations from the meteorological station in Eilat, which showed
that during the period of eddy appearance the atmosphericmodel over-
estimates the strength of the southerlies (~8 m s−1 versus ~5 m s−1 in
observations), we conducted additional experiments with reduced
wind field. When we apply a weaker RAMS wind stress, a cyclonic
eddy can be seen in the northern gulf during the simulation. We exam-
ined the effect of reducing wind stress intensity by 20% and by 50%. The
wind stress is uniformly reduced by multiplying the value in every grid
point by a fixed factor. The same procedure is performed for every hour
of the simulation. Results show that applying 80% of the forcing does not
lead to eddy formation during 7–8March, the dates of eddy appearance
in observations. When 50% of the wind forcing is used (note that the
model produced ~8 m s−1 versus ~5 m s−1 in observations, hence
50% might still be reasonable) a cyclonic eddy is formed on 7 March,
in consistency with the date of eddy appearance in observations. The
eddy, as shown in Fig. 22, exists for 19 h and accompanied by relatively
weak currents of about 15 cm s−1. Thus, while the model with realistic
wind stress did not reproduce the observed eddy, applying weaker
winds with realistic temporal and spatial variability results in eddy
appearance.

The fact that with the strong southerly wind no eddies were seen in
the northern gulf, may suggest that strong southerlies can disable eddy
formation when applied continuously. We further investigate this rela-
tion between the wind intensity and eddy formation in the next
subsection. Gildor et al. (2010) suggested that under weak winds,
eddy formation might be the result of a driving current at the southern
boundary of the northern region.

Indeed, when the driving winds are relatively weak, a west-to-east
current (with a slight northward orientation), similar to the driving cur-
rent, is clearly seen in surface circulation maps, in particular when the
50% weaker wind is applied (Fig. 22). This may suggest that the lid-
driven cavity flow is the dominant mechanism behind eddy formation
in this case. When the 20% weaker wind is applied, the flow field is
more complex,with a combination ofwesterly driving current and a rel-
atively strong northward flow along the eastern boundary of the north-
ern gulf.
4.2. Circulation driven by spatially-homogenous northerly wind stress

We have shown that coherent eddies can be simulated using tem-
porally and spatially-varying wind in numerical simulations of the
gulf. Nonetheless, the formation dynamics varies between our exper-
iments; while in two of the cases eddies may develop from north-
ward propagating current flowing along the eastern coast of the
gulf, in the third case the eddy appears to be a result of eastward
current, driving the circulation within the northern domain. These dif-
ferences suggest that at least in some cases, the strength of the wind
plays a major role in the formation of the eddies. To further inves-
tigate the role of the wind, we conducted additional sensitivity exper-
iments using constant wind stress, without temporal or spatial
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variations. Due to the northerly nature of the predominant wind
along the gulf (Section 3.1.1), we use only the along-gulf component
of the wind, which is applied at the surface. The intensity of the wind
is taken as the climatological monthly mean, based on Berman et al.
(2000, 2003b) and verified against wind data collected at the IUI
and averaged over the years 2007–2011. Stratification is based on cli-
matological values.
4.2.1. Simulation under November conditions
Simulating the gulf using constant northerly wind forcing in

November results in the appearance of a single cyclonic eddy in the
northern part of the gulf. Eddy formation occurs when a relatively in-
tense current propagates along the eastern coastline and generates a cy-
clonic eddy as it reaches the northern tip. This process is consistent
with realistic wind experiments. However, while under realistic
wind forcing the eddy lasts for approximately 24 h, under the con-
stant wind stress it persists for the entire simulation, maintaining
its size and surface current velocities. These results are in agreement
with previous modeling studies (Berman et al., 2000; Biton and
Gildor, 2011a) which showed that under northerly wind forcing
eddies are formed along the main axis of the gulf with their location
and sizes varying seasonally.
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Fig. 21. Simulated surface currents obtained under RAMS wind stress forcing during 7–8 March
into a cyclonic eddy.
To estimate the effect ofwind strength on eddy formation,we repeat
the simulation with a stronger and weaker wind stress, by multiplying
the wind by a factor of 2 and a factor of 0.5, respectively. The results of
these simulations are shown in Fig. 23. When the climatological wind
stress and wind stress weaker by 50% are applied, a cyclonic eddy
forms in the northern gulf. However, for twice thewind stress no eddies
appear at the surface.

While theHF radarmeasures directly only theupper 0.5mof the sea,
theOGCMenables us to look on the vertical extent of the eddies. The co-
herent structure of the cyclonic eddy extends below sea surface level to
a depth of nearly 100 m, as shown in Fig. 24.
4.2.2. Simulation under March conditions
Under March monthly mean wind stress forcing a single cyclonic

eddy is seen in the northern gulf. The eddy is stronger than eddies in
November and December simulation. Comparison of stronger and
weaker northerly wind stress forcing, obtained by multiplying the
wind stress values at every grid point by a factor of 2 and a factor of
0.5, respectively, is shown in Fig. 23. While stronger wind yields no
eddies, weaker wind and climatological wind lead to eddy appearance,
in consistency with the response to the wind stress in November
simulations.
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Fig. 22. A cyclonic eddy at the head of the gulf is seen during 7–8 March in simulated surface currents under 50% of RAMS wind stress. The simulated eddy can be compared with the cy-
clonic circulation in observations (Fig. 4).
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4.3. Spatial versus temporal wind stress variability

To further explore the role of thewind,we run an additional series of
experiments in which we separately examine the effects of spatial and
temporal wind forcing variability. First, we use spatially-varying and
temporally-constant wind forcing. At every time step, wind stress
fromRAMS averaged over a period of 24 h of an eddy event in the north-
ern gulf is applied. Thewind stress values are constant in time, as in the
constant northerly wind forcing experiments. For comparison, we also
run a simulationwithwind forcing averaged over a period of 24 hwith-
out eddy appearance. These simulations start from November condi-
tions, and run for a period of 15 days. Results show that under
spatially-varying and temporally-constant wind forcing no eddies are
seen in the northern gulf (Fig. 25). Using wind pattern averaged during
eddy event results in north-westward currents toward the western
coast of the gulf, while wind averaged during eddy-free period results
in cyclonic current along the coast of the northern gulf.

Second, we run an experiment using temporally-varying and
spatially-constant wind stress. At every grid point, we apply northerly
wind stress that changes hourly, as in the realistic forcing experiments.
Results show that a cyclonic circulation is developed in the northern
part of the gulf when relatively weak wind stress of 0.01–0.02 N m−2

is applied (Fig. 26, panels a–c). These values resemble the strength of
the wind stress during 29 November and 4 December 2005, at the
time of eddy appearance in observations.When the strength of the forc-
ing is increased to 0.03 Nm−2 (~4m s−1), the eddy disappears (Fig. 26,
panel d). These results are in agreement with the other northerly wind
experiments described in Section 4.2.1.

4.4. Evolution of cyclonic eddies in the northern gulf

We analyzed oceanic GCM simulations and observational data in
order to understand the dynamics of coherent eddy formation. Based
on the different responses of the model to wind forcing, cyclonic eddies
can be generated in the northern gulf in several ways. We now discuss
some potential mechanisms.

In March simulations, eddy events are associated with an eastward
current, flowing across the southern edge of the northern domain.
Gildor et al. (2010) demonstrate that surface eddies can be driven by
external current along the open-boundary of the rectangle-shaped
area. In their paper, they use cavity with dimensions similar to the
gulf of Eilat/Aqaba, and show that cyclonic eddy can be generated in
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the interior when eastward current is driving the flow. This mechanism
is reproduced using the OGCM with realistic bathymetry and coastline,
and atmospheric forcing which has been reduced to matchwind obser-
vations from the northern coast (butmaintain its spatial variations). The
eddy event continues as long as the driving current exists, a period
which can last up to 24 h in our simulations. While previous study
shows observations of anticyclonic circulation in the northern gulf dur-
ing March 1999 (Manasrah et al., 2006), according to the HF radar ob-
servations coherent eddies in the northern gulf tend to be cyclonic. To
understand the source of the cyclonic flow, we examine the circulation
south of the northern tip of the gulf (Fig. 27). Nearly 18 km from the
northern coast, an anti-cyclonic circulation with a 6-km diameter is
inducing eastwards currents that drive the flow in the northern part
of the gulf and generate the cyclonic eddy inMarch 2006. The larger an-
ticyclonic gyre is part of a chain of cyclonic and anticyclonic gyres, first
identified by Berman et al. (2000). They noticed seasonal changes in
theproperties of these steady eddies,mainly their number and direction
of rotation. The seasonal structure of surface circulation has also been
reproduced in higher-resolution simulation of the gulf (Biton and
Gildor, 2011a).

Moreover, under weaker wind conditions the eastward current is
expected to become the dominant force that drives surface flow,
as occurs during the period of cyclonic eddy appearance in the north-
ern gulf in March 2006, when the wind stress was relatively weak
(except from a short event of southerly winds, discussed above;
see Fig. 13). Our simulations show that for the examined case reduc-
ing the strength of the wind stress while maintaining its realistic
variability in time and in space improves our ability to simulate the
observed eddy.

Generation of eddies in November–December seems to be related to
the propagation of surface currents along the eastern boundary of the
gulf. Previous simulations of an idealized, closed rectangular, flat bot-
tom gulf driven by uniform wind stress have resulted in a steady, cy-
clonic circulation around the basin (Berman et al., 2000; Csanady and
Scott, 1974; Strub and Powell, 1986). With the addition of realistic to-
pography the circulation becomes more complex, and instead of
a steady cyclonic flow it consists of a chain of eddies. Yet, northward
currents exist along the eastern boundary in all of our simulations (in-
cluding simulations driven by spatially and temporally varying wind),
and propagate against the dominantwind direction similarly to the ide-
alized basin experiment. As the coastal currents reach the head of the
gulf they flow counter-clockwise along the northern coast and can
lead to the generation of a cyclonic eddy. HF-radar observations from
November and December 2005 (Fig. 1 and Fig. 3) support the existence
of these northward currents prior to cyclonic eddy formation.

5. Conclusions

Previous numerical studies of the Gulf of Eilat/Aqaba have focused
on the large-scale circulation at the gulf (Berman et al., 2000; Biton
and Gildor, 2011a,b). This was done using monthly meanwindwithout
spatial variability. In contrast, here we use high-resolution general cir-
culation model to simulate short-lived submesoscale eddies and their
sensitivity to atmospheric forcing.

As clearly seen from the few observations that were conducted
in the northern part of the gulf, winds near the surface can vary
over short distances, in particular during wind events other than
northerly. Therefore, we use a regional atmospheric model to calculate
high-resolution wind stress forcing with spatial and temporal
variability. With the ocean model driven by the varying wind, coherent
eddies similar to the observed eddies are generated in the head of the
gulf.

Eddy events during November–December andMarch conditions are
investigated. Results suggest that during the simulated March 2006
eddy event a west-to-east current located at the open boundary of the
northern region drives a cyclonic eddy in a dynamical process that re-
sembles the simplified model of lid-driven cavity flow described in
Gildor et al. (2010). However, eddy formation in November–December
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2005 cases are different, and associated with northward propagation of
relatively strong coastal currents to the northern part of the basin. As
the currents reach the northern tip, they rotate anti-clockwise, forming
the cyclonic eddy.

Sensitivity to the strength of the wind stress forcing shows qual-
itative similarity with observations. Weakening of northerly winds
during November–December and March simulations helps to main-
tain cyclonic eddies in the northern gulf, while enhanced northerly
winds result in eddy suppression. Analysis of the realistic wind dur-
ing these events shows similar behavior: eddies evolve during pe-
riods of relatively weak northerly winds. Observations also suggest
that the eddies first initiate when the winds are weaker than average
and decay as the winds become stronger. An example of this process
can be found in model simulations with constant northerly wind
forcing. Under stronger wind forcing, no eddies were formed in the
northern gulf, while under weaker winds a cyclonic eddy was gener-
ated. This response was recorded both in November and in March
simulations.

We have shown that coherent eddies do not appear at the surface in
numerical simulations of the gulf using stronger northerly wind.
However, circulation at deeper levels reveals the existence of cyclonic
eddies below the surface layer (similarly to Fig. 24 for climatological
wind). These findings suggest that the wind forcing may not be the
driving mechanism of coherent eddies in the northern gulf. Nonethe-
less, changes in the strength of the wind control the appearance of
coherent eddies at the surface. Weaker winds enable the manifestation
of cyclonic eddies in the northern gulf, while stronger winds prevent
it and may lead to eddy destruction. The formation of cyclonic
eddies in the deeper layers of the water column suggests a relation to
other factors that affect the circulation, and specifically to thermohaline
fluxes.

An analysis of synoptic conditions as well as observed wind data
collected at the northern coast during two additional eddy events
(6 January 2006 and 27–28 December 2008) suggests that in both
cases eddy formation involved strong northerly winds in the head of
the gulf (not shown). Therefore, to establish a complete view of the
eddy formation mechanism and its sensitivity to wind forcing more
eddy events should be investigated. In addition, the formation of the
northern eddy during winter and fall, rather than in spring or summer,
suggests that together with the sensitivity of the flow to thewind, there
is a strong sensitivity to stratification in the gulf.
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Finally, the time-scale of the eddy events is largely controlled
by persistence of the wind stress forcing. We repeated our experiments
with delayed wind forcing, which is constructed by repeating the
wind forcing of three days without eddy formation, before continuing
with the simulated wind. We found that as expected, the initiation of
the eddy event is delayed as well, exactly by the number of repeated
days.

The availability of high-resolution atmospheric data, together with
oceanic modeling system, provides many opportunities for future re-
search of submesoscale phenomena. In particular, the source of the
strong surface currents along the eastern coast and their dynamical con-
nection with the permanent gyres along the main axis of the gulf.
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