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The spatial and temporal variabilities of alongshore semi-diurnal tidal currents in the northern Gulf of Eilat/
Aqaba are examined using long-term (10 month) observations of velocity measured by acoustic Doppler cur-
rent profilers (ADCPs) deployed in deep, offshore waters and in the shallow coastal zone over the period
October 2008 to July 2009. Semi-diurnal tidal currents were observed throughout the entire study in both
the deep and shallow velocity records. This finding differs from previous studies that observed the disappear-
ance of semi-diurnal tidal currents from January to May, suggesting that such a disappearance is not a pre-
dictable, recurring feature of tidal currents in the Gulf. The velocity records combined with monthly
hydrographic data show that the persistence of the semi-diurnal tidal currents throughout the winter and
spring likely resulted from shallow upper layer depths in 2009. The dependence of the magnitude of the
semi-diurnal tidal currents on the seasonally varying stratification is examined.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The Gulf of Eilat/Aqaba (hereinafter referred to as ‘the Gulf’) is a
long, narrow, and deep marginal sea connected at its southernmost
end to the Red Sea through shallow sills at the Straits of Tiran
(Biton and Gildor, 2011a; Manasrah et al., 2004). Despite its subtrop-
ical location, the Gulf hosts a diverse tropical fringing coral reef eco-
system (Bahartan et al., 2010) that is under intense anthropogenic
stress (Abu-Hilal and Al-Najjar, 2009; Bahartan et al., 2010; Glausiusz,
2010; Lazar et al., 2008; Manasrah et al., 2006a,b; Zakai and
Chadwick-Furman, 2002). The circulation in the Gulf is forced by
winds (Berman et al., 2000), surface and advective heat fluxes (Ben-
Sasson et al., 2009; Biton and Gildor, 2011a-c; Biton et al., 2008;
Monismith et al., 2006) and tides (Berman et al., 2003; Genin and
Paldor, 1998; Manasrah et al., 2006a,b; 2007; Monismith and Genin,
2004; Steinbuck et al., 2011).

Tidal currents in the northern Gulf affect the local ecosystem and
likely affect the dispersal and mixing of nutrients and pollutants.
Given the Gulf's narrow width, it is highly likely that such passive
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tracers pass through the deep waters in the center of the northern
Gulf (Gildor et al., 2009). Thus, the tidal currents in the deep waters
of the central northern Gulf deserve attention given both the proxim-
ity of such deep waters to the coast and the northern Gulf's overall
small lateral dimensions.

The tidal currents in the northern Gulf have attracted attention be-
cause of the previously observed disappearance of the semi-diurnal
spectral peak in the power spectrum of the alongshore coastal tidal
currents from January to May (Berman et al., 2003; Genin and
Paldor, 1998; Monismith and Genin, 2004), and because the magni-
tude of the tidal currents is typically comparable to the mean flow.
The disappearance of semi-diurnal tidal currents during winter is at-
tributed to the distribution of the tidal flux over a deeper upper layer
as the mixed layer depth increases in response to heat loss to the at-
mosphere (Berman et al., 2003; Genin and Paldor, 1998; Monismith
and Genin, 2004). The depth of maximal mixing usually occurs in
March and often exceeds 500 m (Biton and Gildor, 2011a-c; Lazar et
al., 2008; Manasrah et al., 2004) and in extreme cases can extend
over the full depth of the Gulf (Genin et al., 1995; Lazar et al.,
2008). The depth of maximal mixing also exhibits noticeable inter-
annual variability (see Fig. 3 of Lazar et al., 2008).

While tidal currents have been studied in the Gulf most observa-
tional studies were conducted in the northern Gulf in relatively shal-
low (i.e. b100 m) water near the cities of Eilat, Israel (Fig. 1; Genin
and Paldor, 1998; Monismith and Genin, 2004; Steinbuck et al.,
2011) and Aqaba, Jordan (Manasrah et al., 2006a; 2007). Several
studies (Genin and Paldor, 1998; Manasrah et al., 2004; 2006b;
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Fig. 1. The northern Gulf of Eilat with selected isobaths labeled in meters showing the
various sampling stations: the IUI coastal station (red square outlined in black); the
ADCP/thermistor mooring DM1 and the deep S4/thermistor mooring DM2 (blue trian-
gles), and Station A, the Israel National Monitoring Program's hydrographic station
(red circle). The general locations of the cities of Eilat, Israel and Aqaba, Jordan are
also shown for reference. The location of the Jordanian Marine Science Station (MSS)
is also shown. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Steinbuck et al., 2011) measured currents in depths exceeding 100 m,
however, their measurement campaigns were limited in duration.

The present study is the first to combine long-term (10 month) re-
cords of velocity in deep offshore and shallow coastal environments
in the Gulf with monthly hydrographic data to examine possible de-
pendence of the magnitude of the alongshore semi-diurnal tidal cur-
rents on the seasonally varying stratification (see Section 5). This
paper is organized as follows. The study area and observational data
are described in Section 2. Calculations are summarized in Section 3.
Results are presented in Section 4 and discussed in Section 5. We con-
clude in Section 6. Supporting data are shown in Appendix A.

2. Methods

2.1. Study area

The northern Gulf is nearly rectangular (6×10 km) with steeply
sloped lateral boundaries, a maximum depth of nearly 800 m
(Fig. 1), no fresh water sources, and the winds are primarily north-
erlies (Berman et al., 2000; 2003; Genin and Paldor, 1998). The Gulf
is connected to the Red Sea through a shallow sill (~250 m) at the
Straits of Tiran. The Red Sea, in turn, is connected to the Gulf of
Aden through the shallow sill near Bab el Mandeb (~140 m). These
shallow sills prevent the penetration of cold, dense water from the In-
dian Ocean into the Gulf (Genin, 2008). As a result, the maximum
temperature difference between the surface and the deep waters
never exceeds 6–7 °C in the northern Gulf (Berman et al., 2003;
Genin and Paldor, 1998). Under stratified conditions, the water
Please cite this article as: Carlson, D.F., et al., Observations of tidal curren
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column in the Gulf can be divided into two or three layers, depending
on the season (Biton and Gildor, 2011a). A deep (>600 m) and quasi
stagnant layer, slightly colder than 21 °C, exists throughout the year
and its upper limit can be defined as the base of the (seasonal) ther-
mocline. The surface layer consists of warmer, often nearly isother-
mal, water and is sometimes connected to the deep layer by an
intermediate layer.

Direct observations of the circulation in the Gulf are limited large-
ly to the northern Gulf. Most previous studies recorded currents near
the north beach, Israel's Interuniversity Institute for Marine Sciences
(IUI), and Jordan's Marine Science Station (MSS; see Fig. 1). The avail-
able observational data show that the circulation in the northern Gulf
is complex. Despite its simple configuration, the surface circulation, as
observed by high frequency (HF) radar, exhibits large spatial variabil-
ity (Ashkenazy and Gildor, 2009; Carlson et al., 2010a). Coherent, yet
short lived (~1 day) basin-scale eddies have been observed (Afargan,
2010; Gildor et al., 2010) as have submesoscale barriers to mixing
(Carlson et al., 2010b; Gildor et al., 2009). Additionally, convection
in winter drives pulsating density currents and deep-water formation
(Biton et al., 2008; Niemann et al., 2004).

The M2 tidal constituent dominates the tidal currents and has
been observed in shallow current measurements in the northern
Gulf (Genin and Paldor, 1998; Manasrah et al., 2006a,b; 2007;
Monismith and Genin, 2004; Steinbuck et al., 2011). Tidal currents
in the Gulf are driven by the sea level difference across the Straits of
Tiran (Manasrah et al., 2007; Monismith and Genin, 2004).
Monismith and Genin (2004) estimated the barotropic tidal currents
expected in the northern Gulf from typical sea level displacements
(~0.5 m) and concluded that the observed tidal currents in the shal-
low waters of the northern Gulf are not due to barotropic tides. In-
stead, Monismith and Genin (2004) proposed that the observed
tidal currents in the northern Gulf result from internal tides that are
generated at the sill in the Straits of Tiran and propagate northward.

The tidal constituents expected in the Gulf should be those pre-
sent in the Red Sea. Few tidal studies of the Red Sea have been publi-
shed, but Jarosz et al. (2005a,b) found that the M2 and K1 tides were
the dominant constituents in the Bab el Mandab Strait with the K1, O1,
P1, S2, and N2 also present. Jarosz et al. (2005a) found that most of the
tidal energy in the Bab el Mandab Strait is dissipated within the strait
and that the Red Sea is a creation region for the M2 tide.

2.2. Hydrographic data

Hydrographic conditions in the northern Gulf were assessed using
monthly CTD profiles from the Israel National Monitoring Program
(NMP; data available online at http://www.meteo-tech.co.il/
EilatYam_data/ey_data.asp) at Station A located in the northern Gulf
in approximately 700 m depth (Fig. 1).

2.3. Coastal current measurements

Coastal currents were measured at the Interuniversity Institute
(IUI) for Marine Sciences near the city of Eilat, Israel using an
upward-looking RDI 600 kHz acoustic Doppler current profile
(ADCP) at 30 m (Fig. 1). The ADCP configuration is described in
Table 1. The coastal ADCP data were obtained at the same coastal lo-
cation used by Genin and Paldor (1998) and Monismith and Genin
(2004).

2.4. Deep mooring current measurements

Mooring DM1 was deployed on the 400 m isobath 13 October
2008 and retrieved 13 July 2009 (Fig. 1). Mooring DM2 was deployed
on the 400 m isobath 19 August 2008 and retrieved 23 September
2009 (Fig. 1). The analysis presented here focuses on the DM1 de-
ployment period. Mooring DM1 was equipped with ADCPs that
ts in the northern Gulf of Eilat/Aqaba (Red Sea), J. Mar. Syst. (2012),
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Table 1
Instrument type, location, total water depth, measurement depths, sample interval, and
bin size are summarized. The measurements described in this study span the time inter-
val 13 October 2008–13 July 2009.

Station Total
depth

Latitude Longitude Instrument Measurement
depths

Sample
interval
(min)

Bin
size
(m)

IUI 30 29.503N 34.918E 600 kHz
ADCP

0–28 10 1

DM1 400 29.4882N 34.926E 600 kHz
ADCP

10–36 60 2

DM1 – – – 150 kHz 52–232 20 4
DM2 400 29.498N 34.936E S4 330 20 N/A

Fig. 2. Temperature/salinity diagram reflecting possible changes in seawater density
for the seasonal ranges of temperature and salinity observed in the Gulf of Eilat. The
vertical arrow demonstrates the change in density due to seasonal variability in tem-
perature while the horizontal arrow demonstrates the change in density due to season-
al salinity variability. The seawater density is more sensitive to changes in temperature
than to salinity.

Table 2
Monthly thermocline depth (SLD) estimated from profiles of potential temperature
(Fig. 5) is compared to RMS magnitudes of the along-shore semi-diurnal tidal currents
at the IUI, DM1, and DM2 (Fig. 1) computed from observations. A least squares linear
regression was used to determine the dependence of the RMS magnitudes at the IUI
and DM1 on the SLD (Fig. 5). The monthly RMS estimates for the IUI and DM1 produced
by the linear models:

IUI RMS ¼ −1:174� 10−4s−1 � SLDþ 0:0717 ms−1

DM1 RMS ¼ −6:241� 10−5s−1 � SLDþ 0:0449 ms−1
:

Month Mixed layer depth IUI IUI DM1 DM1 DM2

(m) (cm s−1) Fit (cm s−1) Fit (cm s−1)

Oct 2008 80 6.93 6.24 3.99 3.99 2.04
Nov 2008 99 4.72 6.01 3.26 3.87 2.01
Dec 2008 167 4.90 5.21 3.51 3.45 2.37
Jan 2009 224 6.31 4.54 5.15 3.09 3.94
Feb 2009 224 5.33 4.54 3.52 3.09 3.00
Mar 2009 249 4.06 4.25 2.90 2.94 1.90
Apr 2009 289 3.74 3.78 2.61 2.69 1.44
May 2009 349 2.85 3.08 2.07 2.31 1.05
Jun 2009 150 5.27 5.41 3.70 3.55 1.11
Jul 2009 149 6.17 5.43 3.90 3.56 1.20
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measured currents from the surface down to ~230 m, a CTD, and
three thermistors. Mooring DM2 was equipped with an S4 electro-
magnetic current meter that measured currents at 330 m, a CTD,
and three thermistors. This paper focuses entirely on the current
measurements. Current meter depths and configurations are summa-
rized in Table 1.

2.5. Meteorological data

The Israel National Monitoring Program maintains a meteorologi-
cal station located at the IUI. The meteorological station is located ap-
proximately 20 m from shore in a water depth of approximately 5 m.
Meteorological data have been collected at 10 min intervals from late
2006 until the present day. While most common meteorological vari-
ables are measured, this study focuses on the air temperature, water
temperature, and their difference (data available online: http://
www.meteo-tech.co.il/eilat-yam/eilat_download_en.asp).

3. Calculations

To facilitate comparison with Genin and Paldor (1998) and
Monismith and Genin (2004), the zonal and meridional velocity com-
ponents were rotated 37° east of north to align with the alongshore
and across-shore directions. Given the various sampling rates of the
three ADCPs (Table 1), hourly averages were computed. The hourly
averages were detrended and the power spectral density of subsets
of the hourly current data was computed. The spectral peaks shown
are significant at the 95% confidence interval. When available, month-
ly sub-sets of the hourly ADCP data were used for spectral computa-
tions. If an entire month was not available, as in October 2008 and
July 2009, at least two weeks of data were used to allow for sufficient
frequency resolution.

The Sea Water toolbox for Matlab was used to compute depth and
potential temperature (http://www.cmar.csiro.au/datacentre/
ext_docs/seawater.htm). Potential temperature is shown instead of
density as the salinity variations are quite small (~0.6 psu) and the
relatively warm (~21 °C) waters of the Gulf of Eilat make the seawa-
ter density particularly sensitive to changes in temperature (Biton et
al., 2008; Genin et al., 1995 and Figure S2 therein; Biton and Gildor,
2011a). The seasonal salinity variations in the Gulf can change the
seawater density by up to 0.38 kg m−3, compared to possible changes
of up to 2.2 kg m−3 from seasonal temperature variations (Fig. 2).
Only the descending portions of the NMP CTD casts were used and
these data were averaged into 1 m bins.

The strength of the stratification is assessed by estimating the
depth of the thermocline defined here as the depth where the tem-
perature transitions from warmer surface layer temperatures (i.e.
>21 °C) to the temperature of either the intermediate water or the
deep water (~21 °C; see Section 2.1). The thermocline depth reflects
the structure of water column and the strength of the stratification.
During well-mixed winters the thermocline depth equals the bottom
depth, indicating that the water column consists of a single layer of
Please cite this article as: Carlson, D.F., et al., Observations of tidal curren
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nearly constant temperature. Shallower winter thermocline depths
indicate weaker mixing and approximately two-layer water column
structure. Thus, the thermocline depth corresponds to the depth of
the upper or ‘surface’ layer and, as such, will be referred to as the sur-
face layer depth (SLD). The SLD should affect the strength of the tidal
currents observed in the northern Gulf, as suggested by Berman et al.
(2003) and Monismith and Genin (2004).

The magnitudes of the depth-averaged alongshore/along-isobath
semi-diurnal tidal currents were estimated by computing the root-
mean-square (RMS) of the semi-diurnal component of the current.
To accomplish this, month-long subsets of the current data centered
at the date of each CTD cast (Table 2) were created and the semi-
diurnal component of the current was extracted using a 7th order
Butterworth band-pass filter (1.6–2.2 cpd). The RMS magnitudes are
almost identical to the standard deviations of the depth-averaged
currents.
ts in the northern Gulf of Eilat/Aqaba (Red Sea), J. Mar. Syst. (2012),
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4. Results

Semi-diurnal alongshore/along-isobath currents were observed
both visually (Fig. 3; Figs. A1–A5) and in power spectra (Fig. 4)
throughout the entire deployment period (fall 2008 to summer
2009) both near the coast (IUI) and in deep water (DM1 and DM2;
see Fig. 1 for locations). Monthly subsets of alongshore currents dur-
ing October 2008, January 2009, May 2009, and July 2009 are shown
in the main body of the text to allow easier visual analysis. Addition-
ally, these specific months were selected to emphasize changes in
both the semi-diurnal tidal currents and the depth of the upper
mixed layer during the deployment period (Fig. 5). The time series
of alongshore currents are shown in their entireties in Appendix A
(Figs. A1–A5).

Fig. 3a and b shows weekly segments of shallow (i.e. near-surface
to ~30 m) alongshore current profiles at the IUI and along-isobath
currents at DM1 during October 2008, January 2009, May 2009, and
July 2009. The corresponding weekly segments of deep (i.e. 50–
~230 m) alongshore current profiles at DM1 and the alongshore cur-
rents at 330 m at DM2 are shown in Fig. 3c and d, respectively. The
character of the currents changes dramatically with season. In Octo-
ber 2008, higher harmonics, possibly the M4, are observed. The cur-
rents were primarily semi-diurnal and the higher harmonics were
not observed in January 2009. The weakest currents were observed
Fig. 3. Week-long segments of the hourly average alongshore currents with depth and tim
(northeastward flow) values and cold colors representing negative (southwestward flow
isobath currents measured at DM1; (c) the deep (50–230 m) along-isobath currents measu
tation of the references to color in this figure legend, the reader is referred to the web vers

Please cite this article as: Carlson, D.F., et al., Observations of tidal curren
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at all locations and depths in May 2009. Semi-diurnal currents
resumed in July 2009.

The power spectra of the alongshore currents reveal a peak at
~2 cycles per day (cpd) at both the IUI and the deep moorings DM1
and DM2 (Fig. 4). The spectra also show a peak at ~4 cpd in October
2008, which likely corresponds to the M4 tidal harmonic. In January
2009 the currents were primarily semi-diurnal, but the semi-diurnal
spectral peaks were broader and possibly consisted of an additional
peak at 2.1 cpd. The M4 appears to have decreased one order of mag-
nitude in January 2009. The semi-diurnal peak was weakest in May
2009 at all locations. The semi-diurnal peak was still weak and
broad in July 2009 but increased in magnitude.

Overall, the shallow currents at both the IUI and the deep moor-
ings exhibited similar behavior (Fig. 3a–b), but the power spectra
highlight important differences between alongshore currents at
each location (Fig. 4). The power spectra show that the semi-
diurnal currents at the coastal IUI site were consistently stronger
than the semi-diurnal currents in the deep DM1 site. A low-
frequency peak at the IUI in October 2008 was also present in the
deep mooring currents, but not in the shallow mooring currents. In
January 2009 a broad, weak diurnal peak was present in the power
spectrum of the shallow alongshore currents observed at the IUI but
a corresponding diurnal peak at DM1 was not present. In May 2009
the semi-diurnal spectral peaks of currents measured at 60, 120,
e are shown as colored contours in cm s−1 with warm colors representing positive
). (a) The coastal IUI alongshore currents at the IUI; (b) the shallow (b40 m) along-
red at DM1; and (d) S4 alongshore currents measured at DM2 at 330 m. (For interpre-
ion of this article.)
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Fig. 4. Power spectra of the semi-diurnal alongshore currents at the IUI (a), DM1 (b–c), and DM2 (d). In rows (a) and (b) the blue and red lines represent the spectra at 12 and 28 m
depth, respectively. Row (c) shows the power spectra at DM1 at depths of 60 (blue line), 120 (red line), and 180 m (green line). Row (d) shows the power spectra of S4 currents at
DM2 at 330 m depth. The vertical dotted lines correspond to the K1(~1 cpd), M2 (1.93 cpd), and M4 (3.86 cpd). The spectral peaks are significant at the 95% confidence interval. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Potential temperature anomalies (Θ-20 °C) at Station A (Fig. 1) during the study period: October 2008 to July 2009. The depths of the upper mixed layer are denoted by red
circles. The SLD is determined visually as the depth where the temperature transitions from warmer surface temperatures (i.e. >21 °C) to the temperature of the deep water
(~21 °C; see Section 3). Data courtesy of the Israel National Monitoring Program. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 6. Panel (a): the monthly root-mean-square (RMS) magnitudes of the observed
depth-averaged alongshore semi-diurnal tidal currents at the IUI (solid blue line and
large blue squares), DM1 (solid red line and large red circles), and DM2 (solid green
line and large green triangles) are compared to RMS magnitudes produced by a linear
fit to the RMS magnitudes plotted as a function of the thermocline depth (SLD). Panel
(b): the RMS magnitudes at the IUI (blue squares), DM1 (red circles), and DM2 (green
triangles) plotted as a function of the SLD. The RMS magnitudes at the IUI and DM1 de-
cline linearly as the SLD increases. The linear least square fits are overlaid (solid lines).
The coefficients of determination for the IUI and DM1 data are 0.76 and 0.71, respec-
tively. The RMS magnitudes at DM2 do not appear to depend on the SLD. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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and 180 m at mooring DM1 were larger than the semi-diurnal spec-
tral peaks in shallow water at both the IUI and DM1 locations
(Fig. 4b, c).

The spectra of the deep (330 m) alongshore currents at DM2
(Fig. 3d) exhibit variability similar to that observed in the moored
DM1 current observations and at the IUI in October 2008 and January
2009. In October 2008 peaks at ~2 and ~4 cpd are present in the spec-
trum and are nearly the same magnitude as those observed at DM1.
Surprisingly, in January 2009 the semi-diurnal spectral peak in the
deep alongshore current at DM2 is stronger than the semi-diurnal
spectral peaks at all depths at DM1 and comparable to the semi-
diurnal spectral peaks at the IUI site. A secondary peak at 2.1 cpd is
also observed in the spectra of the deep currents in January 2009.
Semi-diurnal currents appear to be negligible at 330 m at DM2 in
both May and July 2009.

The RMS magnitude of the monthly depth-averaged alongshore
semi diurnal tidal currents exhibited significant variability (Fig. 6a).
RMS semi-diurnal alongshore tidal currents were stronger at the IUI
Please cite this article as: Carlson, D.F., et al., Observations of tidal curren
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than at DM1 in all months. RMS semi-diurnal alongshore tidal cur-
rents were weakest at the deep DM2 site (Fig. 6a). The RMS along-
shore semi-diurnal tidal currents reached a maximum at all three
locations in January 2009 and a minimum in May 2009. The RMS
magnitudes of the alongshore semi-diurnal tidal currents increased
in June 2009 as the SLD decreased (see below).

Monthly profiles of the potential temperature at Station A (Fig. 1)
from October 2008 to July 2009 show the monthly variability of the
SLD (Fig. 5; see Section 3). In October 2008, a uniform ~25 °C surface
layer extended to ~100 m. By January 2009 the SLD had increased to
~250 m and the temperature of the upper layer had decreased to
~22.2 °C. While the temperature difference between surface and bot-
tom was smallest in April, the SLD continued to deepen, reaching its
maximum (~350 m) in May 2009. The weakest semi-diurnal tidal
currents were also observed in May. The SLD decreased to ~150 m
in June and July as the water column re-stratified.
5. Discussion

The velocity observations presented here reveal semi-diurnal
alongshore tidal currents in the northern Gulf during the months of
October 2008, January, May, and July 2009 in raw time series
(Fig. 3) and spectra (Fig. 4). The entire dataset is presented in
Appendix A (Figs. A1–A5) and clearly shows semi-diurnal tidal cur-
rents throughout the deployment period. The RMS magnitudes of
the depth-averaged alongshore semi-diurnal component of the cur-
rents reveal seasonal variability with a maximum in January 2009
and a minimum in May 2009 (Fig. 6). The semi-diurnal spectral
peak was also weakest in May 2009 (Fig. 4).

Berman et al. (2003) and Monismith and Genin (2004) were likely
correct in concluding that the strength of the semi-diurnal tidal cur-
rents depends on the strength of the seasonally varying stratification.
Stratification typically weakens in January, followed by deepest
mixing in February–March with restratification beginning in mid-
March (Biton and Gildor, 2011a-c; Lazar et al., 2008). The stratifica-
tion during winter 2009, however, was noticeably different. Stratifi-
cation was present in February and March (Fig. 5) and the
maximum SLD was shallow, reaching only 300–350 m, indicating a
two-layer structure of the water column throughout the winter. Addi-
tionally, the SLD continued to deepen in April and May, despite sur-
face warming, and reached its maximum in May 2009 (Fig. 5). Thus,
the hydrographic conditions during winter and spring 2009 did not
reflect the typical, or climatological, conditions assumed in the north-
ern Gulf of Eilat (Biton and Gildor, 2011a-c; Lazar et al., 2008).

The monthly variability of RMS magnitudes of the semi-diurnal
tidal currents was strikingly similar to the monthly variability
exhibited by the SLD, with the exception of January 2009 (Fig. 6).
This implies that the monthly varying stratification controlled the
variability in the magnitudes of the semi-diurnal tidal currents in all
months analyzed, with the exception of January 2009. The magnitude
of the currents at the IUI and mooring DM1 plotted as a function of
the SLD (Fig. 6a) suggests a linear relationship (with the exception
of January). Linear least square fits to these data confirm the apparent
visual relationship (Fig. 6a). The coefficients of determination (R2) at
mooring DM1 and the IUI were 0.76 and 0.71, respectively. The con-
stants of the linear regressions are shown in Table 2. Comparison of
the raw current magnitudes and the magnitudes estimated from the
linear regressions shows good visual agreement, with the exception
of January (Table 2; Fig. 6b). The power spectra of the alongshore cur-
rents suggest that the semi-diurnal currents in January 2009 likely
had an unknown, non-tidal component (Fig. 4). The semi-diurnal
spectral peaks were wider at all locations (Fig. 4 and Section 4) and
a secondary spectral peak at ~2.1 cpd was also observed. The variabil-
ity of the deep RMS semi-diurnal currents from mooring DM2 did not
depend on the SLD (Fig. 6a).
ts in the northern Gulf of Eilat/Aqaba (Red Sea), J. Mar. Syst. (2012),
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Fig. 7. Potential temperature anomalies (Θ-20 °C) at Station A (Fig. 1) during January–May from 2007 (red lines), 2009 (green lines), 2010 (dark blue lines), and 2011(light blue
lines). The colored squares denote the surface layer depth (SLD). The SLD is determined visually as the depth where the temperature transitions from warmer surface temperatures
(i.e. >21 °C) to the temperature of the deep water (~21 °C; see Section 3). Data courtesy of the Israel National Monitoring Program. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Fig. 8. The observed root-mean-square (RMS) magnitudes of the alongshore semi-
diurnal tidal currents at the IUI (Fig. 1) during January to May 2007 (a; thick solid
line/large blue circles) exhibit a strong linear dependence on the surface layer depth
(b). A linear least squares fit (b; thick solid line) confirms this (R2=0.77). The esti-
mates from the linear model (a; thin dashed line/small blue circles) show good agree-
ment with observations (thick solid line/large blue circles). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 9. Daily averages of air temperature (a), sea surface temperature (b), and air–sea
temperature difference (c) measured at the IUI (Fig. 1) from 1 November to 31
March in 2006–2008 (red line) and 2008–2009 (dashed blue line) are compared to
daily climatology (green line; daily averages over ~5 years: 22 September 2006 to 23
January 2012). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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The shallow SLD observed in winter 2009 was not an isolated
event. Profiles of potential temperature at Station A from January to
May from 2009 to 2011 show that the SLD was relatively shallow
(250–350 m) during the winters of 2009, 2010 and 2011 (Fig. 7;
NMP 2010 Scientific Report: www.iui-eilat.ac.il/NMP). Profiles of po-
tential temperature during winter 2007 are shown to illustrate typical
well-mixed conditions (the SLD was deep in January and extended to
the bottom at Station A from February to April 2007). Current data
from two ADCP deployments at the IUI during winter and spring
2011 (late December 2010 to mid January 2011; late March to late
April 2011) on the 20 m isobath (Fig. A6) clearly show the semi-
diurnal peak in the alongshore current spectra (Fig. A7). These obser-
vations provide additional evidence of the dependence of the winter
tidal currents on the depth of the mixed layer. Finally, three consecu-
tive years of shallow winter SLDs suggest that such conditions occur
with enough frequency to warrant consideration.

Currents were also measured by an ADCP at the IUI during Janu-
ary–May 2007 allowing the linear relationship between SLD and the
RMS magnitude of the alongshore semi-diurnal currents to be evalu-
ated during a well-mixed winter (Fig. 7). Again, strength of the RMS
tidal currents in winter 2007 exhibited a strong linear dependence
(R2=0.77) on the SLD (Fig. 8). Thus, the data available from winters
with both deep and shallow SLDs show that the strength of the tidal
currents depends strongly on the strength and structure of the sea-
sonally varying stratification.

Interannual variability in the maximumwinter SLD is likely due to
either variability in the advective heat flux through the Straits of Tiran
and/or variability in the surface heat flux. The erosion of the stable
stratification in the northern Gulf from September to March is caused
largely by the surface heat flux (i.e. atmospheric cooling at the sea
surface) as the advected heat flux reaches a minimum during this
time (Biton and Gildor, 2011a-c). The advected heat flux from the
northern Red Sea is largely responsible for the re-stratification of
the Gulf during the spring and summer (Biton and Gildor, 2011a-c).
Thus, the late occurrence of maximum SLD in winter 2009 and the
shallow winter SLDs observed in 2010 and 2011 could have been cau-
sed by exceptional warming during re-stratification or anomalous at-
mospheric conditions or a combination of both. Unfortunately, the
Straits of Tiran are not accessible for observation, but the NMP mete-
orological data can be used to examine atmospheric conditions dur-
ing the mixing phase when the surface heat flux dominates.

Genin et al. (1995) found a strong correlation between the depth
of maximum mixing in winter and the winter (in this case Novem-
ber–March) average air–sea surface temperature difference (bulk for-
mulae of surface heat fluxes depend on this difference; see, for
instance, Ben-Sasson et al., 2009). While the SLD does not necessarily
correspond to the depth of maximum mixing, the SLD likely depends
on the surface heat flux. Thus, the winter 2008–2009 air and sea sur-
face temperature and their differences are compared to daily climato-
logical averages to see if the surface heat flux could have affected
winter SLD observed during the mooring deployment (Fig. 8). Given
only slightly more than 5 years of atmospheric data (October 2006–
January 2012) and three winters with shallow SLDs (2009–2011)
we also compare the atmospheric data from winter 2008–2009 to
winter 2006–2007 as the 2007 winter SLD reached the bottom at Sta-
tion A (~700 m; Fig. 7).

Thus, the 2006–2007 winter air and sea surface temperatures and
their differences are also shown for comparison (Fig. 9). During the
mooring deployment (winter 2008–2009) the air temperature was
higher than both the average and winter 2006–2007 until mid-
February (Fig. 9a, day 43). The sea surface temperature was initially
below average during winter 2008–2009 but increased rapidly in
early December and remained above average until early January
(Fig. 9b, day 7). The winter 2008–2009 sea surface temperature was
0.5–1.0 °C higher than the 2006–2007 winter sea surface temperature
from early December until late March. The air–sea temperature
Please cite this article as: Carlson, D.F., et al., Observations of tidal curren
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difference in winter 2008–2009 was consistently smaller than winter
2006–2007 and the average winter difference from mid-November
until early January. The winter 2008–2009 air–sea temperature dif-
ferences were, in general, small and reached positive and near-zero
values from mid-November to early January suggesting that convec-
tive mixing due to atmospheric forcing was weak during the mooring
deployment.

The observation of persistent tidal currents in winter and spring is
not a result of different measurement locations or analysis methods.
The same spectral analysis was applied to the S4 velocity measure-
ments from 1990 used by Genin and Paldor (1998) and Monismith
and Genin (2004). In agreement with their analyses, the semi-
diurnal spectral peak in alongshore tidal currents was not present
from January to May. The winter 1990 measurements coincided
with deep winter mixing (see Fig. 3 of Lazar et al., 2008). Further-
more, the 2008–2009 coastal current data were collected at the IUI
(Fig. 1), the same location used by Genin and Paldor (1998) and
Monismith and Genin (2004). Such different observations demon-
strate the existence and importance of significant interannual vari-
ability in both the winter semi-diurnal tidal currents and the depth
of the upper mixed layer in the Gulf.

The ecological implications of shallow winter mixed layer depths
are yet unknown but such variability likely affects the seasonal nutri-
ent cycle. The weak winter mixing in 2010 is thought to be responsi-
ble for a decline in benthic algae and, therefore, sea urchin
populations in the northern Gulf (NMP 2010 Scientific Report). Fur-
thermore, the persistence of the semi-diurnal tidal currents through-
out the winter could have important ecological consequences as tidal
currents have been shown to affect larval dispersion and connectivity
(Burgess et al., 2007; Knights et al., 2006; Wolanski and Spagnol,
2000).

6. Conclusions

Semi-diurnal currents were observed throughout the entire de-
ployment period (October 2008 to July 2009) both near the coast
(IUI) and in deep water (moorings DM1 and DM2; see Fig. 1 for loca-
tions). Furthermore, semi-diurnal currents were observed from near
surface to depths exceeding 200 m. The strength (RMS magnitude)
of the alongshore semi-diurnal tidal currents above 200 m was
found to vary linearly with the monthly varying SLD (Figs. 6 and 8).
Thus, the shallow winter SLD in 2009 was likely responsible for the
stronger semi-diurnal tidal currents in this year. The shallow winter
SLD in winter 2009 was likely due to weaker convective mixing (as
inferred from the air–sea temperature difference; Fig. 9) during fall
2008 and winter 2009. Shallow winter SLDs were also observed in
2010 and 2011 (Fig. 7). Coastal current measurements in winter
2011 also showed a clear semi-diurnal peak in the power spectra of
alongshore currents (Fig. A7). These results show that the disappear-
ance of the semi-diurnal tidal currents in the Gulf of Eilat during win-
ter and spring (January–May) is not a consistently recurring feature
and emphasize the dependence of the strength of the semi-diurnal
tidal current signal on the seasonally and interannually varying strat-
ification. The shallow winter mixed layers and strong winter semi-
diurnal tidal currents from 2009 to 2011 highlight the existence and
importance of interannual variability in winter mixing and its effects
on the tidal currents.
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Appendix A
Fig. A1. Alongshore current data measured by ADCPs at mooring DM1 from October 2008 to March 2009. Contours are in cm s−1.
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Fig. A2. Depth/time contour plots of alongshore current data measured by ADCPs at mooring DM1 from April 2009 to July 2009. Contours are in cm s−1.
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Fig. A3. Depth/time contour plots of alongshore currents measured at the IUI from October 2008 to March 2009. Contours are in cm s−1.
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Fig. A4. Depth/time contour plots of alongshore currents measured at the IUI from April to July 2009. Contours are in cm s−1.
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Fig. A5. Time series of alongshore currents measured at a depth of 330 m on mooring DM2 from October 2008 to July 2009.
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Fig. A6. Alongshore currents measured at the IUI from late December 2010–January 2011 (a) and March–April 2011 (b) represented by colored contours. The contours clearly show
the semi-diurnal nature of the currents.

Fig. A7. The power spectrum of the alongshore current at 10 m depth observed at the
IUI during December 2010 to January 2011 (a) and March–April 2011 (b) clearly shows
spectral peaks at 2 cycles per day (cpd). These most likely correspond to the M2 tidal
constituent and its harmonic, the M4. The dashed vertical lines represent the K1, M2,
and M4 frequencies in cpd.

14 D.F. Carlson et al. / Journal of Marine Systems xxx (2012) xxx–xxx

Please cite this article as: Carlson, D.F., et al., Observations of tidal curren
doi:10.1016/j.jmarsys.2012.04.008
References

Abu-Hilal, A., Al-Najjar, T., 2009. Marine litter in coral reef areas along the Jordan Gulf
of Aqaba, Red Sea. J. Environ. Manage. 90, 1043–1049.

Afargan, H., 2010. The role of external forcing in the formation of coherent eddies in
the Gulf of Eilat. M.Sc. Thesis. The Weizmann Institute of Science, Rehovot
Israel.

Ashkenazy, Y., Gildor, H., 2009. Long-range temporal correlations of ocean surface cur-
rents. J. Geophys. Res., http://dx.doi.org/10.1029/2008JC005235

Bahartan, K., Zibdah, M., Ahmed, Y., Israel, A., Brickner, I., Abelson, A., 2010. Macroalgae
in the coral reefs of Eilat (Gulf of Aqaba) as a possible indicator of reef degradation.
Mar. Pollut. Bull. 60, 759–764.

Ben-Sasson, M., Brenner, S., Paldor, N., 2009. Estimating air-sea heat fluxes in semi-
enclosed basins: the case of the Gulf of Elat (Aqaba). J. Phys. Oceanogr. 39,
185–202, http://dx.doi.org/10.1175/2008JPO3858.1.

Berman, T., Paldor, N., Brenner, S., 2000. Simulation of wind-driven circulation in the
Gulf of Elat (Aqaba). J. Mar. Syst. 26, 349–365.

Berman, T., Paldor, N., Brenner, S., 2003. The seasonality of tidal circulation in the Gulf
of Elat. Isr. J. Earth Sci. 52, 11–29.

Biton, E., Gildor, H., 2011a. The general circulation of the Gulf of Aqaba (Gulf of
Eilat) revisited: the interplay between the exchange flow through the Straits
of Tiran and surface fluxes. J. Geophys. Res., http://dx.doi.org/10.1029/
2010JC006860

Biton, E., Gildor, H., 2011b. Stepwise seasonal restratification and the evolution of salin-
ity minimum in the Gulf of Aqaba (Gulf of Eilat). J. Geophys. Res., http://dx.doi.org/
10.1029/2010JC007106

Biton, E., Gildor, H., 2011c. The coupling between exchange flux through a strait and
dynamics in a small convectively driven marginal sea: the Gulf of Aqaba (Gulf of
Eilat). J. Geophys. Res., http://dx.doi.org/10.1029/2011JC006944

Biton, E., Silverman, J., Gildor, H., 2008. Observations and modeling of a pulsating den-
sity current. Geophys. Res. Lett., http://dx.doi.org/10.1029/2008GL034123

Burgess, S.C., Kingsford, M.J., Black, K.P., 2007. Influence of tidal eddies and wind on the
distribution of presettlement fishes around One Tree Island, Great Barrier Reef.
Mar. Ecol. Prog. Ser., http://dx.doi.org/10.3354/meps341233

Carlson, D.F., Muscarella, P.A., Gildor, H., Lipphardt Jr., B.L., Fredj, E., 2010a. How useful
are progressive vector diagrams for studying coastal ocean transport? Limnol.
Oceanogr.: Methods 8, 98–106.
ts in the northern Gulf of Eilat/Aqaba (Red Sea), J. Mar. Syst. (2012),

http://dx.doi.org/10.1029/2008JC005235
http://dx.doi.org/10.1029/2010JC006860
http://dx.doi.org/10.1029/2010JC006860
http://dx.doi.org/10.1029/2010JC007106
http://dx.doi.org/10.1029/2011JC006944
http://dx.doi.org/10.1029/2008GL034123
http://dx.doi.org/10.3354/meps341233
http://dx.doi.org/10.1016/j.jmarsys.2012.04.008


15D.F. Carlson et al. / Journal of Marine Systems xxx (2012) xxx–xxx
Carlson, D.F., Fredj, E., Gildor, H., Rom-Kedar, V., 2010b. Deducing an upper bound to
the horizontal eddy diffusivity using a stochastic Lagrangian model. Environ.
Fluid Mech., http://dx.doi.org/10.1007/s10652-010-9181-0

Genin, 2008. The physical setting of the Gulf of Aqaba: an explanation for a unique oc-
currence of tropical communities in the subtropics. In: Por, F.D. (Ed.), Aqaba-Eilat,
the Improbable Gulf. Environment, Biodiversity and Preservation. Magnes Press,
Jerusalem, pp. 15–20.

Genin, A., Paldor, N., 1998. Changes in the circulation and current spectrum near the tip
of the narrow, seasonally mixed Gulf of Elat. Isr. J. Earth Sci. 47, 87–92.

Genin, A., Lazar, B., Brenner, S., 1995. Vertical mixing and coral death in the Red Sea
following the eruption of Mount Pinatubo. Nature 377, 507–510.

Gildor, H., Fredj, E., Steinbuck, J.V., Monismith, S., 2009. Evidence for submesoscale
barriers to horizontal mixing in the ocean from current measurements and aerial
photographs. J. Phys. Oceanogr., http://dx.doi.org/10.1175/2009JPO4116.1

Gildor, H., Fredj, E., Kostinski, A., 2010. The Gulf of Eilat/Aqaba: a natural driven cavity?
Geophys. Astrophys. Fluid Dyn., http://dx.doi.org/10.1080/03091921003712842

Glausiusz, J., 2010. New life for the Dead Sea? Nature 464, 1118–1120.
Jarosz, E., Murray, S.P., Inoue, M., 2005a. Observations on the characteristics of tides in

the Bab el Mandab Strait. J. Geophys. Res., http://dx.doi.org/10.1029/2004JC00229
Jarosz, E., Blain, C.A., Murray, S.P., Inoue, M., 2005b. Barotropic tides in the Bab el

Mandab Strait — numerical simulations. Cont. Shelf Res. 25, 1225–1247.
Knights, A.M., Crowe, T.P., Burnell, G., 2006. Mechanisms of larval transport: vertical

distribution of bivalve larvae varies with tidal conditions. Mar. Ecol. Progr. Ser.,
http://dx.doi.org/10.3354/meps326167

Lazar, B., Erez, J., Silverman, J., Rivlin, T., Rivlin, A., Dray, M., Meedar, E., Iluz, D., 2008.
Recent environmental changes in the chemical–biological oceanography of the
Gulf of Aqaba (Eilat). In: Por, F.D. (Ed.), Aqaba-Eilat, the Improbable Gulf. Environ-
ment, Biodiversity and Preservation. Magnes Press, Jerusalem, pp. 49–61.
Please cite this article as: Carlson, D.F., et al., Observations of tidal curren
doi:10.1016/j.jmarsys.2012.04.008
Manasrah, R., Badran, M., Lass, H.U., Fennel, W., 2004. Circulation and winter deep-
water formation in the northern Red Sea. Oceanologia 46, 5–23.

Manasrah, R., Al-Horani, F.A., Rasheed, M.Y., Al-Rousan, S.A., Khalaf, M.A., 2006a. Pat-
terns of summer vertical and horizontal currents in coastal waters of the northern
Gulf of Aqaba, Red Sea. Estuarine Coastal Shelf Sci. 69, 567–579.

Manasrah, R., Lass, H.U., Fennel, W., 2006b. Circulation in the Gulf of Aqaba (Red Sea)
during winter–spring. J. Oceanogr. 62, 219–225.

Manasrah, R., Zibdah, M., Al-Ougaily, F., Yusuf, N., Al-Najjar, T., 2007. Seasonal changes
of water properties and current in the northernmost Gulf of Aqaba, Red Sea. Ocean
Sci. J. 42, 103–116.

Monismith, S.G., Genin, A., 2004. Tides and sea level in the Gulf of Aqaba. J. Geophys.
Res., http://dx.doi.org/10.1029/2003JC002069

Monismith, S.G., Genin, A., Reidenbach, M.A., Yahel, G., Koseff, J.R., 2006. Thermally
driven exchanges between a coral reef and the adjoining ocean. J. Phys. Oceanogr.
36, 1332–1347.

Niemann, H., Richter, C., Jonkers, H.M., Badran, M.I., 2004. Red sea gravity currents
cascade near-reef phytoplankton to the twilight zone. Mar. Ecol. Progr. Ser. 296,
91–99.

Steinbuck, J.V., Koseff, J.R., Genin, A., Stacey, M.T., Monismith, S.G., 2011. Horizontal dis-
persion of ocean tracers in internal wave shear. J. Geophys. Res., http://dx.doi.org/
10.1029/2011JC007213

Wolanski, E., Spagnol, S., 2000. Sticky waters in the Great Barrier Reef. Estuarine Coastal
Shelf Sci., http://dx.doi.org/10.1006/ecss.1999.0528

Zakai, D., Chadwick-Furman, N.E., 2002. Impacts of intensive recreational diving on reef
corals at Eilat, northern Red Sea. Biol. Conserv. 105, 179–187.
ts in the northern Gulf of Eilat/Aqaba (Red Sea), J. Mar. Syst. (2012),

http://dx.doi.org/10.1007/s10652-010-9181-0
http://dx.doi.org/10.1175/2009JPO4116.1
http://dx.doi.org/10.1080/03091921003712842
http://dx.doi.org/10.1029/2004JC00229
http://dx.doi.org/10.3354/meps326167
http://dx.doi.org/10.1029/2003JC002069
http://dx.doi.org/10.1029/2011JC007213
http://dx.doi.org/10.1006/ecss.1999.0528
http://dx.doi.org/10.1016/j.jmarsys.2012.04.008

	Observations of tidal currents in the northern Gulf of Eilat/Aqaba (Red Sea)
	1. Introduction
	2. Methods
	2.1. Study area
	2.2. Hydrographic data
	2.3. Coastal current measurements
	2.4. Deep mooring current measurements
	2.5. Meteorological data

	3. Calculations
	4. Results
	5. Discussion
	6. Conclusions
	Acknowledgments
	Appendix A
	References


