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a b s t r a c t

The stratification in the Northern Gulf of Eilat/Aqaba follows a well-known annual cycle of well-mixed
conditions in winter, surface warming in spring and summer, maximum vertical temperature gradient in
late summer, and erosion of stratification in fall. The strength and structure of the stratification
influences the diverse coral reef ecosystem and also affects the strength of the semi-diurnal tidal
currents. Long-term (13 months) moored thermistor data, combined with high temporal and vertical
resolution density profiles in deep water, show that transitions from summer to fall and winter to spring/
summer occur in unpredictable, pulses and are not slow and gradual, as previously deduced from
monthly hydrographic measurements and numerical simulations forced by monthly climatologies. The
cooling and deepening of the surface layer in fall is marked by a transition to large amplitude, semi-
diurnal isotherm displacements in the stratified intermediate layer. Stratification is rebuilt in spring and
summer by intermittent pulses of warm, buoyant water that can increase the upper 100–150 m by 2 1C
that force surface waters down 100–150 m over a matter of days. The stratification also varies in response
to short-lived eddies and diurnal motions during winter. Thus, the variability in the stratification exhibits
strong depth and seasonal dependence and occurs over range of timescales: from tidal to seasonal.
We show that monthly or weekly single-cast hydrographic data under-samples the variability of
the stratification in the Gulf and we estimate the error associated with single-cast assessments of the
stratification.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The Gulf of Eilat/Aqaba (hereinafter ‘the Gulf’) is the north-
eastern arm of the Red Sea and hosts a diverse tropical coral reef
ecosystem that is under significant anthropogenic stress (Bahartan
et al., 2010; Lazar et al., 2008). This paper presents the first long-
term (13 months), continuous high temporal resolution tempera-
ture measurements in deep water in the Northern Gulf. A moored
profiling carrier (MPC) also collected the first high-frequency
temperature profiles in deep water in the Northern Gulf. These
data show that the stratification exhibits considerable variability
over a range of periods and that seasonal transitions are often
dramatic, not slow and gradual, as previously deduced from
monthly hydrographic data (Paldor and Anati, 1979; Wolf-Vecht
et al., 1992; Ben-Sasson et al., 2009) and numerical simulations

(Biton and Gildor, 2011a, 2011b, 2011c). These dramatic changes
can be explained only partially by atmospheric forcing, with the
rest likely due to the internal ocean dynamics. The onset of
stratification in spring is marked by episodic pulses of warm water
that can increase the temperature by approximately 21 in a matter
of days. Additionally, the semi-diurnal internal tide can generate
large amplitude (30–50 m) isotherm displacements in the strati-
fied upper 200 m during summer. In addition to advected heat and
internal tides, these data show that the stratification varies in
response to inertial motions, convective mixing, and eddies.

The seasonality of the stratification in the Gulf has been shown to
have significant impacts on both the dynamics and the ecosystem.
Seasonal changes in the stratification affect the exchange flow with
the Red Sea (Biton and Gildor, 2011c), have been correlated with the
magnitude of the semi-diurnal tidal currents (Carlson et al., 2012;
Genin and Paldor, 1998; Monismith and Genin, 2004), and also affect
the magnitude of the wind-driven circulation (Berman et al., 2000).
Additionally, deep winter mixing ventilates the deep waters and
mixes nutrients into the photic zone (Badran et al., 2005; Cornils
et al., 2007; Häse et al., 2006; Genin et al., 1995; Lazar et al., 2008;
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Silverman and Gildor, 2008). Nutrient enrichment of surface waters
by deep winter convective mixing triggers blooms of phytoplankton
(Genin et al., 1995; Lindell and Post, 1995) and zooplankton (Cornils
et al., 2007; Farstey et al., 2002) that peak at the beginning of the
restratification phase.

Till date, however, very few detailed studies of the stratification
have been published, with most relying on monthly, weekly, or
irregularly spaced vertical profiles of temperature and salinity
(Paldor and Anati, 1979; Wolf-Vecht et al., 1992; Lindell and Post,
1995; Cornils et al., 2007; Ben-Sasson et al., 2009). The few high-
frequency measurements of stratification in the Northern Gulf
(Dunckley et al., 2012; Meeder et al., 2012; Steinbuck et al., 2011;
Steinbuck et al., 2010) were either of limited duration or con-
ducted in shallow depths. Additionally, many numerical studies
(Berman et al., 2003; Biton and Gildor, 2011a, b, c) employed
monthly climatological surface forcing and, therefore, could not
reproduce higher frequency variability in the stratification.

Here we compile recent moored observations in the Northern
Gulf to investigate the full range of variability in the stratification.
In addition, this paper shows that estimates of the mixed layer
depth (MLD) from single vertical profiles are prone to errors of
several tens of meters. Methods to quantify this error are sug-
gested and the impacts of such errors on previous findings are
discussed.

1.1. Study area

The Gulf is a long (180 km), narrow (5–25 km), and deep
(maximum depth 41800 m; average depth �800 m) sub-tropical
marginal sea (Manasrah et al., 2007). The prevailing climate is arid,
winds are primarily northerly (Afargan and Gildor, in preparation;
Ashkenazy and Gildor, 2009; Berman et al., 2000; Manasrah et al.,
2007), evaporation is high (1–2 m yr�1), and precipitation and
runoff are negligible (Wolf-Vecht et al., 1992; Ben-Sasson et al.,
2009). The Gulf is connected to the Red Sea via the shallow (252 m)
Straits of Tiran (Fig. 1) and the Red Sea, in turn, is connected to the
Indian Ocean through a shallow (137 m) sill near Bab el Mandab
(Genin, 2008; Siddall et al., 2002; Smeed 2004). These shallow sills
prevent cold, dense, deep water from penetrating into the Red Sea
and the Gulf (Wolf-Vecht et al., 1992; Genin et al., 1995; Genin,
2008). The limited exchange and large evaporation rate make the
Gulf warm (420 1C) and hypersaline (440 psu) at all depths
(Paldor and Anati, 1979; Genin et al., 1995; Genin, 2008;
Ben-Sasson et al., 2009). Furthermore, the observed annual ranges
of temperature and salinity variability are only 6–7 1C and �0.5 psu,
respectively (Paldor and Anati, 1979; Cornils et al., 2007; Silverman
and Gildor, 2008). This range of warm temperatures permits tropical
coral reef to exist at sub-tropical latitudes (Genin, 2008).

Temperature has been used as an indicator for density in the
Gulf as the relatively warm water makes the seawater density
more sensitive to changes in temperature than to changes in
salinity (Genin et al., 1995; Farstey et al., 2002; Biton and Gildor,
2011a; Carlson et al., 2012). The vertical structure of the Gulf,
therefore, is more sensitive to the net heat flux than other sub-
tropical seas and the stratification exhibits strong seasonality
(Lindell and Post, 1995; Cornils et al., 2007; Genin, 2008;
Ben-Sasson et al., 2009; Biton and Gildor, 2011a, b). The annual
cycle of the stratification in the Gulf can be divided into the
restratification phase (April–August) and the mixing phase (Sep-
tember–March; Biton and Gildor, 2011b).

During the mixing phase, surface heat loss to the atmosphere
drives deep (4400 m) convective mixing that usually peaks in mid-
March and in extreme years can exceed 800 m (Genin, 2008; Genin
et al., 1995; Biton and Gildor, 2011a), though considerable interann-
ual variability in the depth of the wintertime convective mixing
has been observed (Wolf-Vecht et al., 2002; Lazar et al., 2008;

Silverman and Gildor, 2008; Carlson et al., 2012). Deep water forms
throughout the entire Gulf by shelf and openwater convection and is
an important contributor to the intermediate and deep water of the
Red Sea (Wolf-Vecht et al., 1992; Plähn et al., 2002; Niemann et al.,
2004; Cornils et al., 2007; Genin, 2008; Biton et al., 2008; Silverman
and Gildor, 2008; Biton and Gildor, 2011a).

The restratification phase usually begins in March or April as
advected heat from the Northern Red Sea rapidly warms the upper
layer of the Gulf (Biton and Gildor, 2011b). The warmer water from
the Northern Red Sea increases the volume of the surface layer of

Fig. 1. Top: The Northern Red Sea and surroundings: (1) Mainland Egypt;
(2) Egyptian Sinai; (3) Israel; (4) Jordan; (5) Saudi Arabia. The Gulf of Eilat/Aqaba
is the northeastern extension of the Red Sea, with the Sinai Peninsula to the west,
Israel and Jordan to the north, and Saudi Arabia to the east. The Gulf of Eilat/Aqaba
is surrounded by the Sinai Peninsula to the west, Israel and Jordan to the north, and
Saudi Arabia to the east. The study area is located in the Northern Gulf at the
southern tip of Israel (3). Bottom: The northern Gulf of Eilat/Aqaba is shown along
with mooring locations and selected isobaths (in meters). The long-term, fixed
depth moorings DM1 and DM2 are indicated by open and filled triangles,
respectively. The short-term, fixed depth moorings deployed near the 200 m and
500 m isobaths are denoted by diamonds and squares, respectively. The summer
2010, fall 2010, and winter 2010 deployments are indicated by red, green, and blue
coloring, respectively. The February 2011, June 2011, and March 2012 profiler
deployment locations are shown by red, blue, and black asterisks. The location of
the InterUniversity Institute (IUI) for Marine Sciences is represented by a red square
on the west coast. (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 Gulf and pushes the thermocline down to �200 m creating a
nearly linearly stratified surface layer during summer (see Biton
and Gildor, 2011b for more details). Advected heat reaches a
minimum in the fall at about the same time that the surface heat
flux changes sign from heating to cooling, marking the beginning
of the mixing phase (Biton and Gildor, 2011a, b).

Under stratified conditions, the water column is divided into
two or three layers, depending on the season (Biton and Gildor,
2011a). A deep and quasi-stagnant layer (slightly less than 21 1C)
exists below 600 m throughout the year (Ben-Sasson et al., 2009;
Biton and Gildor, 2011a). A warmer upper layer (421.9 1C) is
found during stratified conditions and extends to the base of the
seasonal thermocline (�200 m; Biton and Gildor, 2011a). A third,
transitional layer (21–21.9 1C) sometimes connects the two (Biton
and Gildor, 2011a).

The semi-diurnal M2 tide dominates sea level and tidal currents
in the Gulf (Genin and Paldor, 1998; Berman et al., 2003;
Monismith and Genin 2004; Steinbuck et al., 2011; Carlson et al.,
2012). The M2 tidal signal propagates into the Gulf from the
Northern Red Sea via the Straits of Tiran (Monismith and Genin,
2004). Tidal currents flowing over the sill at the Straits of Tiran
vertically displace isopycnals (Murray et al., 1984) generating a
semi-diurnal internal tide (Monismith and Genin, 2004). The tidal
flux is distributed throughout the upper layer and, as a result of
the seasonally varying stratification, the strength of the tidal
currents exhibits considerable seasonal variability (Genin and
Paldor, 1998; Berman et al., 2003; Monismith and Genin 2004;
Carlson et al., 2012). Carlson et al. (2012) found a strong correla-
tion between the depth of the upper layer and the strength of the
M2 tidal currents.

2. Methods

The data presented in this study were collected in the Northern
Gulf near the city of Eilat, Israel. The Northern Gulf is nearly
rectangular (6 km�10 km) with steeply sloped lateral boundaries
and a maximum depth of approximately 800 m (Fig. 1). The
circulation in the Gulf is driven by winds (Berman et al., 2000),
surface and advective heat fluxes (Biton et al., 2008; Ben-Sasson
et al., 2009; Biton and Gildor, 2011a, b, c; Wolf-Vecht et al., 1992),

and tides (Genin and Paldor, 1998; Berman et al., 2003; Monismith
and Genin, 2004; Manasrah et al., 2006a, b, 2007; Steinbuck et al.,
2011; Carlson et al., 2012). Recent observations of water velocities
in the Northern Gulf have shown that, despite its seemingly simple
configuration, currents patterns in the Northern Gulf are spatially
and temporally complex (Ashkenazy and Gildor, 2009, 2011;
Carlson et al., 2010a). Coherent, yet short lived (�1 day) basin-
scale eddies have been observed (Afargan, 2010; Afargan and
Gildor, in preparation; Gildor et al., 2010) as have submesoscale
barriers to mixing (Gildor et al., 2009; Carlson et al., 2010b).

2.1. Mooring data

The temporal variability of the stratification was investigated
using a combination of long and short-term fixed-depth instru-
ment moorings and a moored profiling carrier. The long-term
fixed-depth instrument moorings, while limited in vertical resolu-
tion, acquired high temporal resolution data that reveal the full
range of temporal variability present in the Gulf. The profiling
mooring collected high vertical and temporal resolution profile
data that clearly show large vertical isotherm displacements. The
variability in the thermal structure of the Gulf is investigated by
comparing the mooring data to the monthly CTD profiles, and
meteorological data. The details of the specific moorings are
summarized in the remainder of this sub-section and their loca-
tions marked in Fig. 1.

2.1.1. Long-term, fixed-depth instrument moorings
The temporal variability of temperature in the upper 200 m of

the water column in the Northern Gulf was measured by fixed-
depth moored instruments on two long-term moorings (Table 1).
Mooring DM1 was deployed on the 400 m isobath 12 September
2008 and retrieved 13 July 2009. Mooring DM2 was deployed on
the 400 m isobath 19 August 2008, repositioned 24 August 2008,
and retrieved 23 September 2009. Moorings DM1 and DM2 were
each equipped with an RBR CTD at approximately 30 m and RBR
thermistors at 80 m, 100 m, and 200 m. Mooring DM1 was also
equipped with two Teledyne RDI acoustic Doppler current profilers
(ADCPs) that measured currents from the surface down to �230 m.
The ADCPs began recording data on 13 October 2008. Mooring DM2
was equipped with an InterOcean Systems S4 current meter at

Table 1
The locations and instrument configurations of the long-term, fixed-depth moorings DM1 and DM2 are summarized. The 600 and 150 kHz ADCPs were TRDI ADCPs with bin
sizes of 2 m and 4 m, respectively. Thermistors are indicated by the prefix ‘T’. *The RBR XR620 CTD failed immediately after deployment due to a firmware problem. The
deepest thermistor on mooring DM2 was an RBR 2050 temperature/pressure recorder. Mooring DM2 was also equipped with an InterOceans Systems S4 current meter.

(a) DM1 Deployed Retrieved Total water depth

29.488N, 34.926E 12 September 2008 13 July 2009 400 m

Instrument Variables measured Approx. depth (m) Measurement interval

RDI 600 kHz ADCP Velocity 10–36 1 h
RDI 150 kHz ADCP Velocity 52–232 20 min
RBR XR-620 18516 Cond./Temp./Pres.* N/A N/A
RBR TR-1060 Temperature 85 20 s
RBR TR-1060 Temperature 105 20 s
RBR TR-1060 Temperature 199 20 s

(b) DM2 Deployed Retrieved Total water depth

29.498N, 34.936E 26 August 2008 23 September 2009 400 m

Instrument Variable(s) measured Approx. depth (m) Measurement interval

RBR XR-420 13225 Cond.*/Temp./Depth 30 2 min
RBR TR-1060 Temperature 80 20 s
RBR TR-1060 Temperature 100 20 s
RBR TDR-2050 Temperature/Depth 197 30 s
S4 Velocity 330 20 min
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330 m. Carlson et al. (2012) used the velocity data to examine the
relationship between tidal currents and stratification. As the pre-
sent study focuses largely on the temperature (density) stratifica-
tion, the velocity measurements are used in a secondary role to
investigate peculiarities in the temperature data.

The RBR XR620 CTD on mooring DM1 failed immediately after
deployment and several of the thermistors failed before retrieval.
Additionally the RBR XR420 CTD conductivity data contains too
much noise to be of much use. Therefore, the results presented
here focus largely on temperature data collected by instruments
on mooring DM2.

2.1.2. Short-term, fixed-depth instrument moorings
Two fixed-depth ADCP/thermistor moorings were deployed

near the 200 m and 500 m isobaths in summer (August–Septem-
ber) and fall (October–November) of 2010 and winter (January–
February) 2011 from the R/V Sam Rothberg (Tables 2–4). The
moorings were equipped with CTDs and thermistors at various
depths (see Tables 2–4) and provided a vertical resolution of
approximately 20 m in the upper 150 m. Each mooring was also
equipped with Teledyne RDI ADCPs that measured currents in the
upper �200 m of the water column. The 500 m mooring was
inexplicably severed near the end of the fall 2010 deployment and
all instruments below 150 m were lost.

2.1.3. Profiling moorings
Our Aqualog moored profiling carrier (MPC) typically houses a

current meter and CTD and crawls up and down a taut mooring
wire at a vertical speed of 0.2 ms�1 several times per day over
extended periods allowing for the first investigation of high
frequency variability in the vertical structure of the water column.
The MPC was initially equipped with an RBR XR-620 CTD and a
Teledyne RDI Doppler volume sampler (DVS) current meter with

an embedded Seabird SBE38 thermistor (Plimpton and Mullison,
2008). The MPC was deployed 2–7 February 2011 in a depth of
approximately 600 m (see Section 4.2.2). During the week-long
deployment in February 2011 the MPC collected CTD and velocity
profiles every 4 h from 35 to 525 m. The DVS recorded currents
and temperature every 5 s. As the CTD and DVS were mounted at
the bottom of the MPC facing downward only the down-cast data
are used. CTD and DVS data were averaged into 1 m bins. Only DVS
temperature data are presented.

The MPC was deployed 16–29 June 2011 to investigate varia-
bility during the summer, stratified season. During this deploy-
ment the MPC was outfitted with the RDI DVS and performed a
profile cycle every 52 min from 30 to 200 m. A third deployment
of the MPC took place 11 March–11 April 2012 in 600 m total
water depth to investigate both winter conditions and the onset of
stratification in spring. During this month-long deployment the
MPC was equipped with a Seabird SBE 49 CTD and performed a
profile cycle every 3 h from 35 to 525 m. CTD data were averaged
into 1 m bins.

2.2. Background hydrographic and meteorological data

The Israel National Monitoring Program (NMP) has performed
monthly CTD profiles to depths of 700–800 m in the Northern Gulf
at Station A since 2003 using a Seabird 19plus CTD and rosette. The
Israel NMP also maintains a meteorological station at the Inter-
University Institute for Marine Sciences (IUI; Fig. 1) approximately
20 m from shore in a water depth of approximately 5 m. Meteor-
ological data have been collected at 10 min intervals from late
2006 until present day. While most common meteorological
variables are measured, this study focuses on the air temperature,
sea surface temperature (SST), and winds.

Table 2
(a) The locations and instrument configurations of the summer 2010 short-term, fixed-depth 200 m and 500 m moorings are
summarized. The 600 and 150 kHz ADCPs were TRDI ADCPs with bin sizes of 1 m and 5 m, respectively. The thermistors and CTDs
were RBR Instruments (RBR) and Seabird (SBE).

(a) 200 m Mooring Deployed Retrieved Total water depth

29.5253N, 34.9681E 12 August 2010 15 September 2010 220 m

Instrument Variables measured Approx. depth (m) Measurement interval

RDI 600 kHz ADCP Velocity 1–41 10 min
SBE39 Temperature 46.4 60 s
RDI 150 kHz ADCP Velocity 50–220 20 min
RBR XR-620 Cond.n/Temp./Depth 67.5 30 s
SBE39 Temperature 88.6 60 s
SBE37 Cond./Temp./Depth 120 60 s
RBR TR-1060 Temperature 140.5 10 s

(b) 500 m Mooring Deployed Retrieved Total water depth

29.4987N, 34.9507E 12 August 2010 15 September 2010 526 m

Instrument Variable(s) measured Approx. depth(s) (m) Measurement interval

RDI 600 kHz ADCP Velocity 5–45 10 min
RBR TR-1060 Temperature 50.9 10 s
RDI 150 kHz ADCP Velocity 55–255 20 min
RBR XR-420 Cond.n/Temp./Depth 71.7 30 s
RBR TR-1060 Temperature 92 10 s
SBE39 Temperature 111.4 60 s
SBE39 Temperature 132.5 60 s
RBR TR-1060 Temperature 151.7 10 s
SBE39 Temperature 193 60 s
RBR TDR-2050 Temperature/Depth 249 30 s
RBR TR-1060 Temperature 299.4 10 s
SBE39 Temperature 415.9 60 s

n The conductivity measurements of the RBR CTDs were too noisy to provide useable data.

D.F. Carlson et al. / Deep-Sea Research I 84 (2014) 1–174



3. Calculations

3.1. Time series analysis

Most fixed-depth thermistors measured over periods of 1 min
or less (see Tables 1–4). Low frequency variability was isolated by
computing hourly averages and then filtering with a 7th order
low-pass Butterworth filter that passed variability at periods

longer than 34 h. The low-pass temperature time series were de-
trended by performing linear segmentation (Bellman and Roth,
1969). Our program allows the user to set the minimum coefficient
of determination (R2) and the minimum, maximum, and initial
lengths of the subsets of data fitted. The program computes a
linear least squares fit to the specified initial subset and if R2

equals or exceeds the specified value the next data point is added
to the existing subset and another fit is performed. This process

Table 3
Fall 500 m Mooring. The locations and instrument configurations of the fall 2010 short-term, fixed-depth 200 m and 500 m moorings are summarized. The instrument
manufacturers are the same as the summer 2010 moorings (Table 2).

(a) 200 m Mooring Deployed Retrieved Total water depth

29.5234N, 34.9643E 12 October 2010 17 November 2010 230 m

Instrument Variables measured Approx. depth (m) Measurement interval

RDI 600 kHz ADCP Velocity 12–52 10 min
SBE39 Temperature 58 60 s
RDI 150 kHz ADCP Velocity 58 20 min
RBR XR-620 Cond./Temp./Depth 80 30 s
SBE39 Temperature 101 60 s
SBE37 Cond./Temp./Depth 129 60 s
RBR TR-1060 Temperature 149 10 s

(b) 500 m Mooring Deployed Retrieved Total water depth

29.4937N, 34.9425E 12 October 2010 14 November 2010n 533

Instrument Variable(s) measured Approx. depth(s) (m) Measurement interval

RDI 600 kHz ADCP Velocity 5–45 10 min
RBR TR-1060 Temperature 50.9 10 s
RDI 150 kHz ADCP Velocity 55–255 20 min
RBR XR-420 Cond./Temp./Depth 71.7 30 s
RBR TR-1060 Temperature 92 10 s
SBE39 Temperature 111.4 60 s
SBE39 Temperature 132.5 60 s
RBR TR-1060 Temperature 151.7 10 s
SBE39 Temperature Not recovered
RBR TDR-2050 Temperature/Depth Not recovered
RBR TR-1060 Temperature Not recovered
SBE39 Temperature Not recovered

n The retrieval data corresponds to the date the mooring was recovered by the Port Authority and transferred to the R/V Sam Rothberg. Pressure data from the ADCP and
CTD suggest that the mooring was severed the afternoon of 13 November 2011.

Table 4
The locations and instrument configurations of the winter 2011 short-term, fixed-depth 200 m and 500 m moorings are summarized. The instrument manufacturers are the
same as the summer and fall 2010 moorings (Tables 2 and 3). *The conductivity measurements acquired by the RBR CTDs were too noisy to be used.

(a) 200 m Mooring Deployed Retrieved Total Water depth

29.5241N, 34.9676E 20 January 2011 27 February 2011 235

Instrument Variables measured Approx. depth (m) Measurement interval

RDI 600 kHz ADCP Velocity 10 min
SBE39 Temperature 62 60 s
RDI 150 kHz ADCP Velocity 65–235 20 min
SBE39 Temperature 105 60 s
SBE37 SMP Cond./Temp./Depth 138.5 60 s
RBR TR-1060 Temperature 158.5 10 s

(b) 500 m Mooring Deployed Retrieved Total water depth

29.4959N, 34.9506E 20 January 2011 27 February 2011 560

Instrument Variable(s) measured Approx. depth(s) (m) Measurement interval

RDI 600 kHz ADCP Velocity 9–49 10 min
RBR TR-1060 Temperature 55 10 s
RDI 150 kHz ADCP Velocity 64–304 20 min
RBR XR-420 Cond.*/Temp./Depth 76 30 s
RBR TR-1060 Temperature 96 10 s
SBE39 Temperature 115.5 60 s
SBE39 Temperature 135 60 s
RBR TR-1060 14186 Temperature 154 10 s
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repeats until either R2 drops below the specified value or the
length of the subset reaches the maximum specified by the user.
On the other hand, if the fit to the initial subset of data produces
an R2 that is less than the desired value, the last entry in the subset
is dropped and another fit is performed. Similarly, this process
repeats itself until either R2 increases to the specified value or the
length of the subset reaches the minimum specified by the user.
While the data could be de-trended simply by subtracting the low-
pass filtered time series from the hourly averages, the linear fits
provide interesting information about the local rate of change of
the temperature (slope) and the durations of such changes.

3.2. Isotherm displacements

Vertical isotherm displacements due to internal tides are estimated
from the fixed-depth thermistor data collected within 2 days of a
given CTD profile by locating the depth of the temperature measured
by a fixed-depth thermistor on the vertical profile of temperature. The
vertical displacement estimate method employed here is similar to
that described by Levine et al. (1983). The total vertical isotherm
displacement is estimated, as opposed to the displacement caused by
a specific internal tidal constituent. The regular, high vertical resolu-
tion vertical profiles of temperature obtained by the MPC (see Section
2.1.3) permit tracking of individual isotherms.

3.3. Surface layer depth

Previous studies found that the main variable affecting the
magnitude of the wind-driven (Berman et al., 2000) and tidal
currents (Genin and Paldor, 1998; Berman et al., 2003; Monismith
and Genin, 2004; Carlson et al., 2012) was the depth of the upper
layer. For instance, the simulations by Berman et al. (2000) of
the wind-driven circulation in the Gulf found that the thermocline
depth was inversely related to the magnitude of the wind-driven
currents and that the magnitude of the density difference across
the thermocline had little impact. Carlson et al. (2012) found
a similar relationship between the depth of the surface layer
and the magnitude of the semi-diurnal tidal currents. As a result of
the strong seasonality of the structure of the stratification (Section 1.1)
the depth of the upper layer corresponds to the base of the seasonal
thermocline in summer and the top of the seasonal thermocline in
fall, winter, and spring. For the sake of simplicity we will refer to this
depth as the surface layer depth (SLD). In the past, the SLD was
determined by visual examination of temperature or density profiles
(e.g. Carlson et al., 2012).

Here we introduce quantitative metrics to identify the SLD in
potential temperature profiles. The weak temperature gradient
and the seasonality of the stratification in the Gulf prohibit the use
of a constant metric. In summer, the SLD, or base of the thermo-
cline, is determined by finding the deepest depth where the
potential temperature gradient exceeds 0.02 1C m�1. Similarly, in
fall and winter, the SLD corresponds to the depth where the
temperature gradient exceeds 0.02 1C m�1, neglecting the effects
of recent surface forcing (i.e. winds, diurnal heating and cooling,
etc.) in the upper 40 m. Finally, the SLD in spring usually
corresponds to the depth below 200 m where the temperature
gradient exceeds 0.01 1C m�1, thereby ignoring transient surface
heating and cooling.

3.4. Heat content

Similar to Ben-Sasson et al. (2009) the heat content of the
water column was computed using

Q ¼
Z zmin

zmax

ρCpTðzÞdz ð1Þ

where ρ is the average water density, Cp is the heat capacity of
seawater, T(z) is the temperature at depth z. The limits of the
integral correspond to the maximum and minimum operating
depths of the MPC.

3.5. Mooring motion

While the moorings most certainly moved, mooring motion, or
‘knock-down’ did not significantly affect the variability observed in
the long-term, fixed-depth temperature time series, as indicated
by pressure sensors at 30 m and 200 m on mooring DM2 (not
shown). The largest increases in pressure were observed during
the onset of re-stratification and ranged from 1 to 10 m at 30 m
and 1 to 5 m at 200 m. Furthermore, the vertical temperature
gradient in the Gulf is relatively weak (�0.03 1C m�1 in the upper
200 m) even during stratified conditions and negligible after
the formation of the isothermal layer in fall/winter (Fig. 5).
Thus, errors temperature measurements due to mooring motion
are expected to be the largest (�0.3 1C) at 30 m during summer
2009. Furthermore, mooring motion introduces a negligible error
�O(1 m) in isotherm displacements estimated by combining the
temporal variability in temperature observed at 200 m with
the vertical temperature gradient observed in a given CTD profile
(see Section 3.2), as the estimated displacements are typically an
order of magnitude larger.

Mooring motion and knock-down also affect the MPC. Strong
currents can depress the subsurface flotation and create large wire
angles (with respect to the vertical), prohibiting the MPC from
reaching its shallowest stop depth. The MPC, however, measures
temperature and pressure simultaneously thereby removing any
uncertainty in measurement depth (see Carlson et al., 2013).

4. Results and discussion

4.1. Annual cycle of stratification

The long-term, fixed-depth thermistors provide the first high
temporal resolution observations of a complete annual cycle of
temperature in the upper 200 m of the water column in the
Northern Gulf (Fig. 2). In addition to the well-known seasonality,
the long-term measurements reveal dramatic transitions from
summer to fall and from winter to spring, during which time
temperature changes of �2 1C can occur in the upper 200 m over a
few days. The de-trended time series show that throughout the
year, both episodic and periodic variability occurred over a range of
frequencies and exhibited strong dependence on both depth and
season (Fig. 3). In general, the amplitude of the variability was
weaker near the surface and increased with depth (Fig. 3). The
largest amplitude variability (41 1C) was observed at 200 m during
late fall (December 2008; Figs. 2 and 3). The low-pass filtered
temperature time series and the successive linear fits to these data
(see Section 3.1) show that the majority of low-frequency changes
in temperature lasted 10 days or less (Fig. 4). In fact, most low-
frequency changes in temperature occurred over 5 days or less and
the only changes in temperature that occurred on monthly–seaso-
nal timescales were cooling events in fall and winter (Fig. 4).

4.1.1. Summer: late May–August
During early summer (late May–June) the variability in the

stratificationwas dominated by periodic, semi-diurnal internal tides
and episodic pulses of warm water (Figs. 2 and 6). The long-term
moored thermistors recorded rapid warming events, at times up to
2 1C in about a week's time, with semi-diurnal variability super-
imposed (Fig. 2). The MPC temperature profiles in late June 2011
recorded a unique combination of events: large-amplitude (�30 m)
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semi-diurnal internal tides, low-frequency displacements of the
base of the thermocline, and a pulse of advected heat during the
latter half of the deployment (Fig. 6). The base of the thermocline
gradually moved up and down over 100 m over approximately
5 days at the beginning of the deployment (Fig. 6). The shallow
waters (35–50 m) warmed by �0.25 1C over approximately 1 week,
most likely in response to surface heat flux while the pulse of
advected heat, in contrast, increased the temperature of the shallow

waters (35–70 m) by �0.5 1C from one day to the next (Fig. 6).
These warm, buoyant waters rapidly increased the heat content of
the water column and pushed water recently near the surface down
to depths of 80–100 m (Fig. 6).

The arrival of the warm pulse also coincided with a short
(�2 days) disruption in the amplitude and phase of the internal
tide (Fig. 6). The low-frequency oscillation of the base of the
thermocline, corresponded to the spring–neap cycle observed in

Fig. 2. Sea surface temperature at the IUI (red line; data courtesy of the Israel National Monitoring Program), temperature recorded on mooring DM2 at 30 m (green line),
80 m (dark blue line), 100 m (light blue line), and 200 m (yellow line) from 26 August 2008 to 23 September 2009. Panel (a) shows 1 h averages while panel (b) shows the
low-pass filtered data. The dashed-vertical lines correspond to the timing of the CTD profiles at Station A (see Fig. 5). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 3. De-trended temperature time series (see Section 3) at 30 m (a), 80 m (b), 100 m (c), and 200 m (d) from 26 August 2008 to 13 September 2009 show that the
amplitude of the variability displayed depth and seasonal dependence. During early fall (September–November 2008) the amplitude was �11 at 80 and 100 m and roughly
half that at 30 and 200 m. In late fall (late November–December 2008) the upper three instruments were in the surface layer and variability was negligible. At this time, the
amplitude of the variability at 200 m more than doubled.
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sea level with neap tide observed on 26 June 2011 near mid-day (not
shown). Thus, the change in amplitude and phase of the internal tide
occurred prior to neap tide conditions, suggesting that the pulse of
warmer water temporarily disrupted the internal tidal signal.
Furthermore, the oscillation of the base of the thermocline in
response to the spring–neap cycle and the pulse of advected heat
highlight the importance of high-frequency profile data. Neither
monthly hydrographic data nor fixed-depth thermistors could have
captured such a unique superposition of variability.

In late summer (i.e. August) the temperature variability was
dominated mostly by the semi-diurnal internal tide (Figs. 2,
and 7a and b). The fixed-depth moored thermistors recorded a

stably stratified water column with semi-diurnal variability super-
imposed on synoptic scale variability (Figs. 2 and 7a and b). The
temperature of the shallowest instruments slowly increased until
a peak of �27 1C was reached in mid-late August (Figs. 2 and 7a
and b). The amplitude of the internal tide was largest (0.5–0.75 1C)
at intermediate depths (90–150 m) and smaller (o0.3 1C) both
near the surface and below 150 m (Figs. 2 and 7a and b). The long-
term moored thermistors show that summer 2009 was slightly
cooler than summer 2008 (Fig. 2). During summer 2010, the
deepest recorded temperatures (415 m) were slightly warmer than
21 1C and exhibited minor semi-diurnal variability of �0.02 1C
(Fig. 7a and b).

Fig. 4. The length of significant linear temperature changes during from September
2008 to September 2009 is shown. The event lengths on the y-axis are shown on a
logarithmic scale (0.5–60 days) to resolve the numerous short-term events as well
as the few longer-term events. Cooling events are shown in blue and warming
events in red. The changes at 30 m, 80 m, and 100 m are denoted by circles,
squares, and diamonds, respectively. The results presented here were computed
using the following parameters: R2¼0.9; minimum length¼12 h; maximum
length¼1440 h; initial length¼72 h. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Profiles of potential temperature at Station A during the long-term mooring deployment period (September 2008–August 2009; data courtesy of the Israel National
Monitoring Program). The SLD estimate for each month is indicated by a red circle. The criteria established in Section 3.3 located the SLD in most cases. The pulse of warm
water in December that was likely caused an eddy (Section 4.1.5) resulted in an erroneous SLD estimate. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 6. Filled color contours of temperature in the upper 200 m of the northern Gulf
of Eilat in late June 2011 (see Fig. 1 for location) show large amplitude internal
waves as well as the introduction of a new water mass in the latter half of the
deployment that disrupted of the amplitude and phase of the internal tide. (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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4.1.2. Fall: September–December
During fall (September–December), surface waters cooled in

response to the surface heat flux and the surface mixed layer
formed, in accordance with previous observations (Figs. 2 and 7c
and d). The mooring data, however, show that the initial decrease
in temperature in shallow waters was not slow and gradual (Figs. 2
and 7c and d), but rather was prone to considerable variability at
synoptic-scales (i.e. several days to a week; Fig. 4). The initial
synoptic-scale variability is correlated with atmospheric variability
and was likely due to the initial sensitivity of the warm surface
waters to the surface heat flux (see Section 4.3). The influence of

atmospheric variability on the surface layer decreased as the
surface layer decreased in temperature and increased in volume.
By mid-November 2008 the surface layer cooled to �23–24 1C and
exceeded 100 m in depth (indicated by the convergence of the
temperature time series in Fig. 2). At this time, the surface layer
became less sensitive to high-frequency variability in the surface
heat flux and shorter period variability ceased, giving way to
seasonal cooling (Figs. 2 and 4).

While the surface layer cooled and deepened, the stratified
intermediate layer (i.e. the layer separating the surface from the
deep water) exhibited large amplitude (1–1.5 1C) semi-diurnal

Fig. 7. The raw temperature time series from moored instruments during the summer 2010 deployment period (a) and (b), the fall 2010 deployment period (c) and (d), and
the winter 2010 deployment period (e) and (f). The 500 m and 200 m mooring temperature data are shown in the left and right columns, respectively. The depths of the
instruments are reflected in the progression of colors. From shallowest to deepest: red, blue, green, magenta, yellow, and cyan. The progression begins with solid lines and
starts over with dashed lines. See Tables 2–4 for instrument depths. (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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temperature fluctuations (Figs. 2, 3 and 7c and d). The exact
mechanism responsible for this transition is unknown but it
appears to be linked to the deepening of the surface layer as the
large amplitude fluctuations were observed as the SLD approached
the depth of a given thermistor (Figs. 2 and 7c and d). These
findings are new to the Gulf and their repeated observation in fall
2010 (Fig. 7c and d) suggests that they are a recurring feature and
not an isolated event. Unfortunately, the CTD profiles at Station A
in November and December 2008 occurred before and after the
observations of the large amplitude temperature fluctuations. This
phenomenon will be the subject of future studies.

4.1.3. Winter: January–March
The winter season can be separated into early winter, when the

surface layer cools to �22–23 1C (Figs. 2,5, 7e and f, and 8) and
extends to depths exceeding 200 m, and late winter, when mixing
is maximal. Late winter conditions exhibit interannual variability
in temperature and vertical structure and, therefore, are more
difficult to generalize.

4.1.4. Early winter
During early winter, the surface layer continued to decrease in

temperature and increase in volume, yet minor, short-term warming
events also occurred, along with small-amplitude semi-diurnal
variability (Figs. 2 and 7e and f). As the surface layer cooled and
deepened the intermediate water was reduced to a sharp interface
and the water column became a two-layer fluid (Figs. 5 and 8). The
MPC temperature profiles from winter 2011 show that the surface
layer was slightly warmer than 22 1C and cooled in response to
surface cooling, decreasing in temperature from �22.8 1C to
�22.5 1C during the week-long deployment (Fig. 8). The lower layer
was slightly colder than 21.6 1C and the interface separating the two
layers was relatively thin (�40 m; Fig. 8). The interface showed the
influence of the internal tide, oscillating at semi-diurnal frequency
with amplitudes of 20–30 m. The mean height of the interface was
non-stationary suggesting the influence of low-frequency forcing
(Fig. 8). For instance, at the beginning of the deployment the
interface did not oscillate about a mean value but shifted upwards
by approximately 50 m over the course of a day (Fig. 8).

4.1.5. Winter-time eddies
The long-term, fixed-depth moorings captured a rapid warm-

ing event of the upper 100 m in early December 2008 (Fig. 2).
Interestingly, the December 2008 CTD profile at Station A occurred
at the same time and, when compared to the November 2008 CTD
profile, shows no change in temperature of the upper 100 m and
an increase in temperature of �1 1C from 100 to 200 m (Fig. 5).
The temperature time series, however, show this to be a short-
lived increase of �0.6 1C (Fig. 2). The rapid warming event was not
correlated to any meteorological variable and, therefore, was not a
result of atmospheric warming but rather due to the advection of
warmer water into the Northern Gulf by a short-lived eddy.

Eddies with spatial scales comparable to the width of the
Northern Gulf and time scales of several days have been observed
in the Northern Gulf in fall and winter (Afargan, 2010; Afargan and
Gildor, in preparation; Gildor et al., 2010). Numerical simulations
have shown that the initial stage of eddy formation is in some
cases associated with a northward intrusion of warmer along
the east coast of the Northern Gulf (Afargan, 2010; Afargan and
Gildor, in preparation). This warm intrusion propagates cycloni-
cally around the Gulf, eventually forming an eddy that persists
for around 1 day (Afargan, 2010; Gildor et al., 2010). Thus, both
the timing and the duration of the warming event observed in
December 2008 suggest that such an eddy was responsible. The
wind speed decreased before the increase in temperature and
the decrease in temperature occurred after an observed increase in
wind speed that likely terminated the eddy (Fig. 9). Currents
observed at 10 m depth by an ADCP on mooring DM1 also show
that the increase in temperature coincided with strong
(40.4 ms�1) northward currents (Fig. 9).

4.1.6. Late winter
The long-term fixed-depth temperature time series show that

the temperature of the surface layer continued to decrease in
February and March 2009, with the exception of a few minor
warming events (Figs. 2 and 4). After a �14 day cooling event at
the end of March 2009 (Figs. 2 and 4) all thermistors recorded a
minimum temperature of approximately 21.1 1C in early April
2009 (Fig. 2). The timing of minimum temperature and the onset
of stratification also differed dramatically from most previous
studies that found minimum temperatures and re-stratification
to occur in February and March, respectively. The monthly tem-
perature profiles from Station A at this time also show shallow
(o400 m) maximum winter mixing depths (Fig. 5). Clearly the
minimal temperature and maximal mixing occurred later than in
previous studies (e.g. Paldor and Anati, 1979; Wolf-Vecht et al.,
1992; Lindell and Post, 1995; Cornils et al., 2007; Ben-Sasson et al.,
2009; Biton and Gildor, 2011a, 2011b, 2011c) and was likely due
to warmer air temperatures (see Fig. 9 of Carlson et al., 2012).
Furthermore, the winters of 2009, 2010, and 2011 deviated from
previous observations of the annual cycles of stratification, mixing,
and tidal currents in that the surface layer was slightly warmer
than usual, the mixing was relatively shallow, and tidal currents
were observed throughout the entire winter (Carlson et al., 2012
and references therein).

The month-long MPC deployment in March–April 2012 cap-
tured both maximal mixing conditions in late winter and the
spring transition (Fig. 10). These measurements highlight the
difficulty in establishing an exact timing of the transition from
winter to spring. The water column was a nearly homogenous
20.94 1C at the beginning of the deployment followed by a weak
pulse of advected heat that warmed the water column by �0.05 1C
(Fig. 10). While this technically signified the beginning of the
spring season, surface cooling rapidly negated any effect of the
warming and cooled the entire water column to �20.9 1C in

Fig. 8. Color contours of potential temperature from CTD profiles obtained every
4 h over approximately 4 days in early February 2011. The white squares
correspond to quantitative SLD estimates (see Section 3.3) and show good visual
agreement with the vertical displacement of the interface. The three white areas in
the upper layer indicate missing data. (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 last week of March 2012 (Fig. 10). Strong (410 ms�1) diurnal
wind forcing generated vertical motions at diurnal frequencies
that extended from near surface down to depths in excess of
500 m (Fig. 11). The deep mixing likely resulted in negligible semi-
diurnal tidal currents (Carlson et al., 2012) and, as a result, the
diurnal wind forcing dominated the variability.

The exact cause of the strong diurnal winds observed during
this time is unclear. Saaroni et al. (2004) found that a sea breeze
can develop in Eilat in July and August when the synoptic pressure
gradient weakens. Berman et al. (2000) showed that the winds in
the Gulf exhibit diurnal variability due to daily heating and
cooling, with weakest winds at night and increasing during the
day (Berman et al., 2000). Berman et al. (2000) also found that
their simulated free surface height exhibited diurnal variability in
response to the diurnal wind stress.

4.1.7. Spring: April–early May
Rapid warming of the shallow waters due to episodic pulses of

advected heat from the Northern Red Sea occurs during spring.
The March–April 2012 MPC salinity data allows changes in tem-
perature due to advected heat to be distinguished from changes in
temperature due to the surface heat flux (Fig. 10). The two pulses
of advected heat recorded in March–April 2012 were associated
with a slight decrease in salinity while salinity remained largely
unchanged during the week of surface cooling and convective
mixing observed in late March (Fig. 10). The weak pulse of advected
heat in mid-March, followed by cooling and deep convective mixing

at the end of March, shows that cold weather systems in late
winter/early spring can overshadow the initial phase of spring
warming and can delay the reconstruction of the stratified upper
layer (Fig. 10). The water column remained approximately 20.9 1C
until early April 2012 when a stronger pulse of advected heat
warmed the upper 150 m by �0.4 1C in one week (Fig. 10).

Biton and Gildor (2011b) showed that the pulses of advected
heat take 12–40 days to travel the length of the Gulf (Biton and
Gildor, 2011b). Episodic pulses were observed by all four long-term
thermistors on mooring DM2 beginning in early April 2009
(Figs. 2 and 3). The temperature change event lengths also reveal
the transition from cooling to warming in early April (Fig. 4).
In agreement with Biton and Gildor (2011b), the initial time
between pulses was short (approximately 10 days) and increased
with time (Figs. 2 and 3). The onset of stratification occurred
somewhat later in the year in 2009 than previously reported (see
Section 4.1.6). The temperature variability was similar at all four
depths from mid-April 2009 to early May 2009 when the 200 m
temperature separated from the others (Fig. 2). Monthly tempera-
ture profiles at Station A show slight surface warming in April
2009 but obviously cannot resolve such episodic pulses of
advected heat (Fig. 5).

4.2. Assessments of the stratification

Variability in the stratification has significant impacts on the
dynamics and the ecosystem in the Gulf (see Section 1.1). Reliable
estimates of the stratifications are also crucial in order to identify

Fig. 9. Observations of (a) SST (red line), and temperatures recorded at 30 m (green line), 80 m (dark blue line), and 100 m (light blue line), (b) meridional wind speed
component of the wind, and (c) meridional component of the currents at 10 m observed at mooring DM2 during December 2008. Rapid increases in temperature of
approximately 1 1C and 0.5 1C were observed on the 7th and 24th of December 2008, respectively. These jumps in temperature were likely due to short-lived winter time
eddies as they were preceded by weak or southerly winds, as indicated by the meridional component of the wind, and coincided with strong (40.4 ms�1) northward
currents. (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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long-term trends (e.g. warming/cooling) in the Gulf. Given the
new observations of high-frequency variability in the stratification,
estimates of the SLD (Section 3.3; Carlson et al., 2012) from
monthly measurements are likely subject to significant error.

4.2.1. SLD estimates from single-cast hydrographic data
The Gulf can often be approximated as a two-layer fluid

(Monismith and Genin, 2004; Paldor and Anati, 1979; Wolf-Vecht

et al., 1992; Biton and Gildor, 2011c). Monismith and Genin (2004)
found that the semi-diurnal tidal currents observed in the Northern
gulf are due to the internal tide, with negligible contribution from
the barotropic tide. Monismith and Genin (2004) proposed that the
sill/contraction at the Strait of Tiran acts as a wave maker as tidal
flow over the sill vertically displaces the interface between the
upper and lower layers and this displacement propagates north-
ward into the Gulf, as the tide relaxes, at the appropriate internal
wave speed. A single CTD profile cannot capture the variability of

Fig. 10. Profiles of potential temperature (a), salinity (b), and potential density (c) from 11 March–11 April 2012 depicted as colored contours. The MPC completed a profile
cycle every 3 h, providing the first high temporal and vertical resolution profile data of the winter–spring transition in the Northern Gulf of Eilat. Two pulses of warmer,
buoyant water were observed 15–20 March and 5–11 April. Surface forcing dominated in between these pulses (21 March–4 April) and the entire water column cooled and
showed the influence of strong diurnal wind forcing. (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 interface height due to the internal tide. The amplitude of such
interface displacements can be estimated using a given density
profile and a simple two-layer model.

Invoking the shallow water and Boussinesq approximations and
assuming that the lower layer is at rest, crude estimates of interface
displacements can be obtained using

h¼ � 1
α
η ð2Þ

where h and η correspond to the interface and free surface heights,
respectively and α¼ ρ2�ρ1=ρ2 (Kundu and Cohen, 2004). The
subscripts 1 and 2 correspond to the upper and lower layers,
respectively, and the upper layer extends to the SLD and the lower
layer is below. Eq. (2) can be used to estimate interface displace-
ments generated by any free surface displacement present long
enough for adjustment to occur. For instance, free surface changes
due to wind setup and the semi-diurnal tide will generate a
response in the interface, while high-frequency surface gravity
waves will not. The persistent northerly winds over the Gulf can
set up a sea level difference, from north to south, of approximately
5–7 cm (Berman et al., 2000; Afargan, 2008; Monismith and Genin,
2004), but as tidal sea level oscillations are several times larger we
expect a larger amplitude response from the tides. Additionally,
although the lower layer in the Gulf is not absolutely motionless, as
implicitly assumed by the above approximation, observations pre-
sented by Carlson et al. (2012) show that during stratified condi-
tions currents at 330 m (i.e. in the lower layer) are several times
smaller than currents in the upper layer. The theoretical basis
behind Eq. (2) does not apply perfectly and the behavior of the
interface in the Northern Gulf reflects the combination of the
incident and reflected waves, as well as possible interaction with
the wind-driven circulation (Monismith and Genin, 2004), therefore
these interface displacements should be treated as crude estimates.

The monthly profiles at Station A show that α ranges from
1.7�10�3–2.8�10�3. The semi-diurnal tide has amplitude of
�0.25–0.5 m in sea level (Monismith and Genin, 2004). A con-
servative sea level change of 0.25 m shows that total possible

interface displacements in excess of 100 m are possible in the
Northern Gulf, in good agreement with observed and estimated
interface displacements (see Sections 4.2.2 and 4.2.3).

4.2.2. Isotherm displacements from vertical profiles and
moored thermistors

Isotherm displacements estimated from the combination of the
monthly vertical temperature profiles at Station A and moored
temperature observations at 200 m (see Section 3.2) during fall
2008 and summer 2009 suggest that the base of the seasonal
thermocline likely oscillated in response to the internal tide. The
amplitudes ranged from 10 to 30 m in fall 2008 and 10 to 20 m in
winter 2009 (Fig. 12). The amplitude increased as fall progressed,
likely as a result of the decrease in density between the two layers
(Section 4.2.1). Isotherm displacements were only estimated from
the 200 m thermistor data from mooring DM2 in September–
November 2008 and June–August 2009 as this particular thermistor
was often situated at or near the base of the seasonal thermocline
(see Fig. 5). Thus, isotherm displacements estimated at 200 m
provide some information about high frequency variability in the
depth of the interface that separates the warmer surface water from
the colder, deep water.

4.2.3. SLD deepening in fall and winter observed
by moored thermistors

The moored thermistors show the precise time that the surface
layer (mixed layer; see Section 3.3) reached a certain depth in fall.
For instance, the temperature time series in fall show the deepen-
ing of the surface layer as the shallowest curves merge (Figs. 2 and
7b and c). The SLD reached 80 m in mid-October 2008 and 100 m
in early November 2008, as indicated by the collapse of the
appropriate curves, and, presumably, continued to deepen as the
layer temperature steadily decreased (Fig. 2). All four curves
merged briefly in early December 2008 until a short-lived warm-
ing event occurred in the upper 100 m (Section 4.1.5), at which
time the temperature at 200 m resumed large amplitude, semi-

Fig. 11. Diurnal motions observed in the March–April 2012 MPC deployment (Fig. 10) are highlighted here and compared with wind data. Strong diurnal winds, indicated
both by the along-shore wind speed (a) and forced diurnal motions that extended through the entire water column, as seen in contours of potential density (b). (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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diurnal oscillations (Fig. 2). The four curves merged again in early
January 2009 at �22.5 1C, as the SLD reached 200 m (Fig. 2).
The SLD depth reached 70 m in early November 2010 as indicated
by the convergence of the solid red and green lines (Fig. 7c and d).
By the end of the fall 2010 deployment the SLD depth extended to
approximately 90 m and the temperature decreased by �1 1C
(Fig. 7c and d).

4.2.4. SLD estimates from profiling moorings
The high-frequency temperature profiles obtained by the MPC

reveal large vertical displacements of the SLD in February 2011 at
both diurnal and semi-diurnal frequencies (Fig. 8). The SLD moved
from 300 m to 200 m over 1 day at the beginning of the deploy-
ment (Fig. 8). The SLD increased to over 300 m during the second
day of the deployment (Fig. 8). Smaller amplitude semi-diurnal
variability dominated during the remainder of the deployment
(Fig. 8). The combination of large amplitude diurnal and semi-
diurnal variability of the SLD during winter is another new find-
ing in the Northern Gulf and was observed as a result of high-
frequency profiling. The SLD was estimated using the method
described in Section 3.3. The SLD estimates agree well with the
observed displacements of the interface between the surface and
deep layers (Fig. 8) suggesting that the proposed metric is
appropriate for winter conditions in the Northern Gulf. The SLD
in June 2011 cannot be evaluated using the MPC profiles as the
base of the seasonal thermocline was deeper than 200 m.

4.3. Response of surface layer to atmospheric forcing

The low-pass filtered temperature time series in fall 2008
and winter 2009 show the progressive cooling and deepening of
the surface layer (Fig. 2) in response to atmospheric cooling of
the ocean surface (Biton and Gildor, 2011a). The linear segmenta-
tion of the moored temperature data shows that the longest

cooling events began in mid-late October 2008, first at the surface
and then at greater depths (Fig. 4). Similar segmentation of the
corresponding air temperature time series (not shown) suggests
that the long-term cooling of the upper ocean is due mainly to
the cumulative effects of the surface heat flux and that most of
the observed variability in the ocean is due to internal ocean
dynamics.

We attempt to quantify this result through lag-correlation of the
low-pass filtered moored thermistor data (Fig. 2b) with low-pass
filtered air temperature (not shown). The sub-sets of data used for

Fig. 12. Isotherm displacements estimated by comparing the temperature time series from the 200 m thermistor on mooring DM2 (Fig. 2) to the vertical temperature
gradient observed by the monthly CTD cast at Station A (Fig. 5). Estimation of isotherm displacements was only possible when a measurable temperature gradient was
present at 200 m. Thus, isotherm displacements were only estimated during fall 2008 and summer 2009 (b). (a) The red, green, and blue curves represent the isotherm
displacements in September, October, and November, respectively; (b) The red, green, and blue curves represent the isotherm displacements in June, July, and August,
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 5a
Lagged correlation of temperatures measured at the sea surface, 30 m, 80 m, 100 m,
and 200 m with air temperature during early fall: 26 August–16 October 2008 (see
Fig. 2). The critical value of the correlation coefficient was computed using the
method of Ebisuzaki (1997). A correlation coefficient, ρ is significant if jρj4ρcrit . All
results are shown for the 0.05 significance level.

Measurement depth (m) ρcrit ρ Lag (h)

0 0.5745 0.8298 1
30 0.5119 0.6196 65
80 0.5187 0.5987 17

100 0.4499 0.4136 18
200 0.2565 �0.4770 56

Table 5b
Similar to 5a, but for late fall: 1–31 December 2008.

Measurement depth (m) ρcrit ρ Lag (h)

0 0.6919 0.8715 113
30 0.6919 0.8704 117
80 0.6607 0.8605 110

100 0.6476 0.8520 104
200 0.48207 0.4641 20
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lagged cross correlation analysis were selected based on the SLD.
For instance, the first sub-set corresponds to shallow SLD during the
transition from heating to cooling. Significance was determined
using the method of Ebisuzaki (1997) at a significance level of 0.05.
The maximum correlation, lag, and critical value for early fall (26
August–16 October 2008), late fall (1–31 December 2008), and early
winter (1–31 January 2009) are shown in Table 5a–c.

Surface cooling began in September 2008 and the surface layer
was shallow (o30 m) until mid-October (Fig. 2). SST had the
largest correlation coefficient (ρ¼0.83) at a lag of 1 h (Table 5a).
The correlation coefficients decreased with depth and the lag-
times showed no apparent pattern, suggesting that surface waters
are more sensitive to atmospheric cooling in early fall when
surface temperatures are maximal prior to the formation of the
surface layer.

In late fall (1–31 December 2008) the surface layer temperature
decreased to 23–24 1C and the surface layer depth extended to
100 m (Figs. 2 and 5). The lagged correlation coefficients reflect
these conditions, with similar values of �0.87 in the upper 100 m
at lags of 104–117 h (4.333–4.875 day; Table 5b). While SST took
only 1 h to respond to air temperature in early fall, the upper
100 m took nearly 5 days to respond in late fall.

Duringwinter (January–March), when air temperatures are coldest,
the steady decrease in the temperature of the surface layer is not
correlated with air temperature. In January 2009 the SLD reached and
exceeded 200 m (Fig. 2) and gradually cooled to 21–22 1C. Tempera-
tures in the upper 200 m during this time were strongly correlated
and out of phase with air temperature (ρ��0.8; Table 5c). The
increase in the volume of water forced by the atmosphere acts as a
low-pass filter, weakening the effects of atmospheric forcing once the
surface layer reaches a certain volume/mass.

4.4. Heat content

The results presented above have shown that the temperature
stratification in the Northern Gulf exhibits significant variability.
While the nature and amplitude of the variability change through-
out the year, most of the changes in temperature, however, occur
over timescales of less than one month yet many previous studies
used monthly, single-cast CTD profiles to characterize the strati-
fication in the Gulf for a particular month. Many parameters have
been related to the strength and structure of the stratification in
the Gulf and, in light of the results presented here, many of these
relationships should be re-evaluated. We now estimate the error
associated with using monthly temperature profiles to calculate
the heat content of the water column, as performed by Ben-Sasson
et al. (2009).

The heat content of a 1 m by 1 m column of water 200 m deep is
estimated using high frequency temperature profiles during the last
2 weeks of June 2011 (see Section 2.1.3) using Eq. (1). Here, Zmin and
Zmax are 35 m and 200 m, respectively. Logistical considerations
prevented the MPC from reaching shallower depths. As expected
from the temperature profiles (Fig. 6) the heat content varied in
response to the internal tide and advected heat (Fig. 13). At the
beginning of the deployment the average heat content of the water
column was approximately 1.52�1010 J while the amplitude of

internal waves resulted in 0.5–1.6% variability in heat content over a
tidal cycle. The pulse of advected heat increased the heat content of
the water column by over 2% in approximately 1 day. For compar-
ison with Ben-Sasson et al. (2009), the heat flux of the upper 200 m
increased by 6.5 Wm�2 over 2 weeks. Thus, in addition to the
errors inherent in bulk formulae, the use of single-cast CTD profiles
to characterize a given season can result in an error of similar
magnitude.

5. Conclusions

Seasonal transitions in temperature variability were due to the
seasonality of the various forcings. Internal tides and advected heat
dominated the variability in summer (Section 4.1.1). The surface
heat flux dominated in shallow waters during fall while, at the
same time, the amplitude of the internal tide increased in the
stratified intermediate layer (Section 4.1.2). During early winter,
before maximal mixing conditions, the water column behaved like a
two-layer fluid with the interface undergoing large-amplitude,
semi-diurnal oscillations (Section 4.1.4). Short-lived eddies (gyres)
were observed in the Northern Gulf (Afargan, 2010; Gildor et al.,
2010; Afargan and Gildor, in preparation) and such an eddy was
likely responsible for the �1 1C increase in temperature observed in
the upper 100 m December 2008 (Section 4.1.5). During maximal
winter mixing conditions the vertical temperature gradient was
small and wind-driven diurnal motions generated large amplitude
isotherm displacements at depths up to 500 m (Section 4.1.6). The
onset of stratification began abruptly in spring with intermittent
pulses of warm, buoyant water that warmed the upper 100–150 m
by several degrees and forced colder, denser surface water down to
depths of 100–150 m in a matter of days (Section 4.1.7).

Comparison of the long-term temperature time series and the
temperature profiles (dashed vertical lines in Fig. 2 indicate the
timing of the temperature profiles in Fig. 5) shows that monthly
profiles alone produce a “snap-shot” of the vertical structure that
cannot adequately characterize hydrographic conditions during a
given season (Section 4.2). Furthermore, the low-pass filtered
temperature time series (Fig. 2b) show that many low-frequency
changes in temperature were nearly linear and the successive
linear least squares fits to the data (Section 3.1) indicate that the
majority of these events occurred on time scales of 5 days or less

Table 5c
Similar to 5a and b, but for early winter: 1–31 January 2009.

Measurement depth (m) ρcrit ρ Lag (h)

0 0.6404 �0.8177 201
30 0.7125 �0.8413 225
80 0.7326 �0.8445 230

100 0.7371 �0.8467 232
200 0.6428 �0.8309 201

Fig. 13. The heat content of the one square meter water column extending from
200 m to 35 m during June 2011 shows the influence of high frequency internal
tides and advected heat. The heat content was computed using the high-frequency
temperature profiles (Fig. 6) and Eq. (1).
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(Fig. 4). The only seasonal trends were observed in fall and early
winter (Fig. 4) and were not always correlated with atmospheric
conditions (Section 4.3).

Previous observational studies have highlighted important rela-
tionships between the seasonally varying stratification and the
underlying physics, chemistry, and biology of the Gulf. The strati-
fication was usually assessed from monthly, weekly, or irregularly
spaced CTD profiles. If multiple CTD profiles were collected during a
given month they were often averaged to produce a representative
profile for that month (supposedly approximating climatology) and
such practices were deemed adequate as the available data showed
that the stratification varied slowly or, for instance in summer, was
in steady state (e.g. Farstey et al., 2002; Ben-Sasson et al., 2009;
Steinbuck et al., 2010). Parameters like the SLD, MLD, the depth of
the seasonal thermocline, or the maximum mixing depth in winter
were used to assess the stratification and were subsequently related
to other variables. Historical measurements, however, were usually
not conducted over a tidal cycle and, therefore, could not capture
large amplitude isotherm displacements due to internal tides, for
example, that could bias assessments of the stratification.

Put simply, single cast CTD profiles, whether monthly, weekly,
or even daily, cannot adequately resolve the inherent variability in
the stratification. The moored observations of temperature (both
fixed-depth and profiling) have clearly shown that the stratifica-
tion in the Gulf varies on a wide range of time scales and that
changes in both period and amplitude have strong dependencies
on both depth and season. The semi-diurnal internal tide produces
large amplitude (�50 m) isotherm displacements that cannot be
fully resolved by a single-cast CTD profile. Episodic variability is
also present and significant in the Gulf as restratification in spring
occurs via pulses of advected heat (Fig. 2; Biton and Gildor, 2011b).

Most numerical simulations of the Gulf published so far were
forced by monthly average climatological surface heat fluxes. Such
simulations (e.g. Biton and Gildor, 2011a, b, c) have provided much
needed insight but did not include the high frequency variability
presented here. We have begun to model internal wave dynamics
in the Gulf and results from high resolution simulations using the
MITgcm will be presented soon. Furthermore, the relationships
between the ecosystem and the stratification presented in pre-
vious studies suggests any future ecological models of the Gulf
should reproduce the high frequency variability reported here.
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