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Abstract The thermal stratification of the Dead Sea was observed in high spatial and temporal resolution

by means of fiber-optics temperature sensing. The aim of the research was to employ the novel high-

resolution profiler in studying the dynamics of the thermal structure of the Dead Sea and the related proc-

esses including the investigation of the metalimnion fluctuations. The 18 cm resolution profiling system

was placed vertically through the water column supported by a buoy 450 m from shore, from 2 m above to

53 m below the water surface (just above the local seafloor), covering the entire seasonal upper layer (the

metalimnion had an average depth of �20 m). Temperature profiles were recorded every 5 min. The May to

July 2012 data set allowed quantitative investigation of the thermal morphology dynamics, including objec-

tive definitions of key locations within the metalimnion based on the temperature depth profile and its first

and second depth derivatives. Analysis of the fluctuation of the defined metalimnion locations showed

strong anticorrelation to measured sea level fluctuations. The slope of the sea level versus metalimnion

depth was found to be related to the density ratio of the upper layer and the underlying main water body,

according to the prediction of a two-layer model. The heat content of the entire water column was calcu-

lated by integrating the temperature profiles. The vertically integrated apparent heat content was seen to

vary by 50% in a few hours. These fluctuations were not correlated to the atmospheric heat fluxes, nor to

the momentum transfer, but were highly correlated to the metalimnion and the sea level fluctuations

(r5 0.84). The instantaneous apparent heat flux was 3 orders of magnitude larger than that delivered by

radiation, with no direct correlation to the frequency of radiation and wind in the lake. This suggests that

the source of the momentary heat flux is lateral advection due to internal waves (with no direct relation to

the diurnal cycle). In practice, it is shown that snap-shot profiles of the Dead Sea as obtained with standard

thermal profilers will not represent the seasonal typical status in terms of heat content of the upper layer.

1. Introduction

Many lakes show dynamic vertical stratification of their water masses where surface water becomes buoy-

ant due to heating because of a net positive energy balance. Primary energy fluxes are typically gained

from solar radiation and heat loss by longwave radiation, as well as transfer of sensible and latent heat with

the atmosphere. In contrast, deeper layers of a water body are shielded from the major sources of heat

[Boehrer and Schultze, 2008]. Once stratified, the upper layer may become chemically distinct from lower

layer. For instance, a surface source might reduce or increase salinity, and in absence of water input salinity

generally will increase due to evaporation, which is prominently the case of the current configuration of the

Dead Sea. Both temperature and salinity affects the density of the water, while the density gradient

between the layers determines the stability of the stratification [Kunze, 2003]. The Dead Sea is a terminal

desert lake, located at the lowest terrestrial area on Earth, with its water level at 427 m below mean sea level

(in 2013). The lake was meromictic in the past, and became holomictic in the last 30 years, due to the near

elimination of inflow from the Jordan River resulting in �1 m/yr drop in the water level, and increasing

salinity. During the winter, the Dead Sea is fully mixed for about 4 months due to cooling to the atmosphere

and salinity increase continuously due to evaporation; during the warm season, the Dead Sea is thermally

stratified, despite salinity increase due to evaporation [Anati, 1987; Gertman and Hecht, 2002]. In spring and

summer, thermal stratification develops and a metalimnion is located at a depth of about 20 m. The maxi-

mum temperature and salinity difference between the bottom and upper layer during summer are 12�C

and 2.5 kg/m3, respectively [Gertman and Hecht, 2002]. The study of the thermal structure and its dynamics
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in a stratified lake, such as the Dead Sea, is needed for understanding the physical processes, including heat

and water balances, transport of heat, density, momentum, and internal waves. Quantifying these processes

is essential for any plan that involves change of the water or salt balances of the Dead Sea [Gavrieli et al.,

2011; Lensky et al., 2010].

1.1. The Transition Layer

Systematic studies of the transition zone’s thermal structure of a layered lake demand definitions of location

and intensity parameters, which represent significant properties on the morphology of the depth temperature

profile. The transition layer between the upper water body (epilimnion) and the lower water body (hypolimn-

ion) in a stratified lake is referred to as the ‘‘metalimnion,’’ whereas if a single depth is to be reported to repre-

sent the division between layers, the section of highest temperature gradient with depth within the

metalimnion is often employed, and may be referred to as the ‘‘thermocline’’ [Bates and Jackson, 1987]. It

should be noted that the term thermocline may also be used to represent the whole transition layer, but for

the sake of this discussion, we shall employ the definitions presented. While the maximum slope (negative)

definition of the thermocline is simple, in practice, smoothing of data (e.g., cubic spline) is typically applied in

order to obtain a well-defined derivative [Fiedler, 2010; Kim and Miller, 2007; Palacios et al., 2004]. Beyond the

difficulty in computing this value from discrete spatial data, it should be emphasized that the maximum slope

is often located just below the upper mixed layer, which is in the upper part of the metalimnion, and thus the

location of the thermocline often does not provide representative information of the bulk location or thermal

structure of the metalimnion [Wang et al., 2000]. For this reason, the depth of a representative isotherm is

commonly used in oceanography as a proxy for determining the depth of the transition layer or the thermo-

cline; the essentially subjective ‘‘representative isotherm’’ is chosen for each region of the ocean [Donguy and

Meyers, 1987; Fiedler, 2010; Kessler et al., 1995; Meyers, 1979; Pizarro and Montecinos, 2004;Wang et al., 2000].

Regardless of where the metalimnion or thermocline depth had been identified, any one-parameter descrip-

tion cannot provide insight into intensity or shape of the transition layer. A more complete description

requires the definition of parameters, which represent at least the location, intensity, and gross shape of the

transition. The first requirement of a systematic description is the location of the transition, necessary, for

example, for carrying out a mass balance on the layer. Such a location might be defined in many ways, with

common definitions including those presented above (a particular isotherm or the depth of maximum rate of

temperature change), or may be more complex including dynamic definitions such as the depth of the iso-

therm of weighted average temperature. The intensity of the temperature gradient (i.e., �C/m) is highly associ-

ated with the rate of thermal transfer across the interface, and thus is critical to the computation of a layer-by-

layer heat budget. The magnitude of the thermal gradient, for instance, can illuminate whether the energy

exchange between levels is via thermal diffusion, turbulent shear mixing, or unstable double diffuse mixing.

Finally, many times the transition is asymmetrical being sharper either immediately below the upper layer, or

immediately above the lower layer [Wang et al., 2000]. These asymmetries are also diagnostic of the nature of

the mixing processes at the interface, and are useful to quantify it in a reproducible manner.

In this study, we search for a quantitative description of the thermal structure of the transition layer in the

Dead Sea, a stratified lake, as representing physical processes related to lake thermal layering. To illustrate

the implementation of such metrics, we employ data obtained from a high-resolution temperature sensing

observation system, and examine several objective definitions for distinct parameters (locations and inten-

sities) within the metalimnion, and explore the dynamics of these parameters.

1.2. Transition Layers’ Depth Fluctuations

The link between the fluctuations of the transition layers’ depth and sea level is described in many papers,

mostly in ocean studies: anticorrelations are typically found between thermocline depth and sea level (as

the sea level rises the thermocline deepens). For example, Bray et al. [1997] found that over the Indian, Indo-

nesian, and equatorial Pacific basins, sea level and thermocline seasonal variations were negatively corre-

lated. Chaen and Wyrtki [1981] using the 20�C isotherm depth as their definition of the layer division found

high (anti) correlation (correlation coefficient of 0.92) to sea level, in the western equatorial pacific from

1970 to 1975 with monthly resolution.

The anticorrelations of transition layer depth (or the thickness of the upper layer) to sea level is explained

using a simplified ‘‘two layer system’’ with known densities and thicknesses, where sea level changes are
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synchronized with thermocline depth while approaching hydrostatic conditions by equalizing pressure in

the lower water body. Rebert et al. [1985] explored the correlations between sea level, thermocline depth,

and heat content, along with other parameters, also finding negative correlation between sea level and to

thermocline depth. They showed that correlations to thermocline depth were significantly stronger when

the thermocline was sharper. The spatial and temporal resolution of these oceanographic studies were

coarse (tens of meters in depth and monthly averaged depths and levels). In lakes, the metalimnion depth

fluctuations are of frequencies of hours (e.g., the study in Lake Kinneret by Boegman et al. [2003]) and the

spatial resolution required for exploring these fluctuations must be in a scale that is significantly smaller

than the metalimnion thickness (which is typically of only few meters). Accordingly, much greater spatial

and temporal resolution of temperature profiling is needed for exploring the metalimnion fluctuations and

their correlations to surface level, heat content and water movements in lakes, such as the Dead Sea pre-

sented in this study.

1.3. Detailed Temperature Profiling—Using DTS/Fiber Optics

Examining the details and dynamics of temperature profiles in the Dead Sea was done by means of Distrib-

uted Temperature Sensing (DTS) using optical fibers. The method of temperature sensing is based on the

‘‘Raman’’-type scatter of light in optical fibers, where certain properties of the backscattered light are related

directly to the temperature at the location of reflection on the fiber. The method is explained in detail by

Selker et al. [2006].

This technique has been employed in many environmental applications, e.g., stream-aquifer interaction

[Vogt et al., 2012], snow energy balance [Selker et al., 2006], soil moisture measurements [Ciocca et al., 2012],

borehole monitoring [Freifeld et al., 2008; Henninges et al., 2003] aquifer characterization [MacFarlane et al.,

2002], and often provides a solution for cases where high resolution is needed, in time and space simultane-

ously. The method was also implicated in lake studies; air-water interface profiles of high resolution were

investigated in focus of the first two shallow meters [Selker et al., 2006; Vercauteren et al., 2011], and a rela-

tively coarse measurement of a deep (�400 m) profile that crossed the stratified lake Tahoe [Tyler et al.,

2009], though, neither focused on the stratification of the water body and on the area of the transition layer,

between the two main water bodies. Su�arez et al. [2012] applied a particularly high-resolution DTS for stud-

ding the stratification in thermohaline-driven shallow ponds. This was done with an engineered, small-scale

system, in different from the current study that focused on a natural, big-scale system as the Dead Sea.
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Figure 1. Depth profiles of (a) temperature, and the (b) first and (c) second derivatives, using the original CTD resolution (0.4 m black

curves) and degrading resolution (1 m red, 2 m blue), measured in the Dead Sea 21 July 2013 in EG55. Note the degradation of the profile

thermal morphological features with the degradation in spatial resolution.
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The temperature profile of the Dead Sea has been continuously monitored with a chain of 12 sensors over

the upper 40 m for the past two decades [Gertman and Hecht, 2002]. The existing monitoring provides the

access to seasonal and long-term variations in the thermal structure of the Dead Sea, which is the basis for

heat and water budget calculations [Lensky et al., 2005], and for limnological modeling [Gavrieli et al., 2011].

Yet, the resolution of this monitoring is too coarse for analyzing the dynamics of the irregular thermal strati-

fication, the location of different parts of the metalimnion, and their relation to sea level fluctuations. To

demonstrate the requirement of high-resolution temperature profiling for metalimnion research, we pres-

ent in Figure 1a conductivity-temperature-depth (CTD) temperature profile with computed first depth deriv-

ative (sharpness) and second derivative (curvature), using the original spatial resolution (0.4 m) and

degradation of resolution of the same profile (1 and 2 m). The figure clearly demonstrates that as the resolu-

tion coarsen, more and more features of the thermal morphology are lost (sharpness, curvature, asymmetry,

exact location of the thermocline, stairs). It is this critical gap which we seek to fill by applying the fiber optic

method to provide finer spatial (submeter) and temporal (minutes) profiling, which covers the upper mixed

layer, metalimnion and the lower water body (down to 53 m depth).

1.4. Aims

The aim of this study is to present an experimental methodology of high-resolution thermal profiling, com-

bined with analytical metrics computed from the observations, for understanding the thermal dynamics in

a stratified lake. This development is motivated here by the following two specific objectives for the Dead

Sea:

1. The exploration of the dynamics of the Dead Sea’s thermal structure and the related processes employing

a high spatial and temporal resolution temperature sensing method. Using the detailed profiles to define

objective parameters of different parts of the metalimnion and examining their dynamics with relation to

processes in the lake, e.g., double-diffusive fingered mixing.

2. Investigating, based on the high-resolution approach, the dynamics of the depth fluctuations of the met-

alimnion and it’s relation to sea level fluctuations, to heat content and atmospheric boundary conditions.

2. Methods

2.1. System Setup

A high-resolution temperature profiler was designed to continuously record the Dead Sea thermal stratifica-

tion. The profiler is based on fiber-optics temperature sensing and was designed to cover the entire

DTS+ 

SBE39 

60 m 

2m 

SBE39 

-426 m 

loop termina�on  

Level meter- 
Cambel CS 455 

HR cable 

Marine cable 

Figure 2. Schematic illustration of the fiber-optic temperature profiling measurement system.
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epilimnion and metalimnion and the upper part of the hypolimnion. The lake’s metalimnion is located in

average at 20–30 m deep [Gertman and Hecht, 2002], so a 53 m profile was employed to capture the three-

layer structure.

Two cables and a connection box were specially designed by Brugg Cables (Brugg, Swizerland), to fit

the required resolution of this study and to function in the aggressive hot and salty conditions of the

Dead Sea. The 55 m profiler is a high-resolution (HR) optic fiber (‘‘BRUsens 70�C high resolution’’). The

upper 2 m of the profiler were above the water surface, with 53 m submerged. The profiler was 2.5 cm

in diameter, helically wrapped high spatial resolution optic fiber cable, hung in the water down from a

specially designed anchored buoy, located 450 m offshore near Ein Gedi (Figure 2). The wrapping was

about a central 21 mm diameter steel cable with plastic jacketed core. The two wrapped fibers were

encased in 2 mm plastic tubes, with one fiber in each tube, which resulted in 1.1 m of each of the two

fibers for each 0.1 m of profiler length. The helical wrapping was protected by a 1.5 mm thick urethane

jacket. The light was brought to the profiler via a second duplex optical cable, a 600 m long, 10 mm

diameter marine cable (Brugg BRUsens Submarine, Brugg, Switzerland). A 316L stainless steel connection

box contained E200 barrel which joined the two cables. Both cables were produced using Corning

ClearCurve bend-optimized fiber, and terminated with E2000 advanced piston corer (APC) connectors.

The polyurethane jacket for both cables was chosen for high mechanical strength and for been smooth,

almost entirely preventing halite crystallization, whereas other steel and nylon covered cables quickly

become deeply covered by halite. The cables were operated in duplex mode with the light traveling

from the shore to the sea to the bottom of the HR cable and (continuously) coming back to the buoy

and back to the DTS onshore. The calibration of the vertical cable employed the data from two high-

precision data logging pressure and temperature sensors (Seabird 39, accurate to 0.001�C and 0.002 m

of water head) attached to the cable 10 and 53 m below the water surface. The pressure data were col-

lected to determine the vertical offsets of the cable due to: (i) vertical offsets of the buoy during wavy

times, and (ii) currents that may tilt the cable. The vertical offsets measured were up to 0.15 m, which

assures that the offset due to buoy motion is within the range of the vertical spatial (sampling) resolu-

tion (69cm) of the optic profiler. A single event of pressure decrease due to current that laterally

dragged the cable was observed in the 4th of May 2012 (as will be discussed in the results). This offset

can be geometrically corrected in the temperature profile. To conclude, the pressure monitoring assures

that the vertical resolution is limited by the profiler resolution (9 cm) and that the buoy and lateral

drag of the cable introduce only a minor vertical offset, that if needed can be corrected by pressure

data. Changes in gross sea level were simultaneously measured by a pressure sensor (Campbell CS

455 Submersible Pressure Transducer) placed at seafloor in about 3 m of water depth near the shore

(Figure 2).

The DTS instrument used in this study was a Sensornet Oryx1 (Sensornet, London, England). The

sampling interval was 1 m, and the reported resolution of the device was 2 m. The DTS used in this study

was set to record averaging over 5 min balancing minimization noise (found to be 0.02�C in this configura-

tion) while maintaining high enough frequency to observe structural changes in the temperature profile.

The absolute accuracy of the DTS temperature measurement depends on the calibration procedure (see

below).

The buoy was a catamaran designed to be able to support 1300 kg, ample for carrying the optical cables

system and the anchoring cables, including the expected added weight on the anchoring cables due to salt

precipitation. The connection box was attached to a vertical pole in the center and top of the construction.

Down from the connection box the HR cable was hung vertically and into the water, and the marine 10 mm

cable was directed along the buoy construction and into the water toward the shore. The profiler was

placed in the center of buoy, which kept vertical offsets smaller than the spatial resolution of the profiler

(9 cm). The buoy was secured using four 500 kg concrete anchors attached to the buoy by 8 mm steel

cables.

2.2. Calibration

DTS systems must be calibrated to obtain accurate temperature data from the optical signals. Following

the procedure described by Hausner et al. [2011], calibration requires solving the relation between the ratio

of Stokes to Anti-Stokes intensities and the temperature. At position z along the cable, the power of the
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measured Raman Stokes, PS(z), and anti-Stokes, PaS(z), signals are translated into temperatures

according to:

TðzÞ5
c

ln
PSðzÞ
PaSðzÞ

� �

1C2Daz
(1)

where c, C, and Da (the differential attenuation between the anti-Stokes and Stokes signals) are calibration

parameters obtained by fitting computed temperatures of equation (1) at locations where the true tempera-

ture is known (here via the sensors at 10 and 53 m depth). The magnitude of the signal attenuation is an

attribute of the fiber and varies between cables but is usually constant within a single fiber; hence, a specific

single-ended calibration was done for the HR vertical cable. Calibration issues related to the special design

of the cables are discussed in a technical note (A. Arnon et al., Correction of temperature artifacts in transi-

tion to a wrapped optic 1 fiber: Example from Dead Sea, submitted to Water Resources Research, 2013). The

absolute accuracy of DTS measurements depends on correct calculation of the temperature offset, which

accounts for instrument-specific sensor and laser performance. This value is obtained through the data

employed in the single-ended attenuation determination, using one of the known temperature points as a

reference to calculate an offset of the entire data set.

A spatially constant, time-dependent offset between the SBE39 sensors temperature and the fiber tempera-

tures was observed after employing static calibration parameters. This offset was associated with extreme

changes in temperature in the optical connectors within the connection box that was exposed to dramatic

heating and cooling during the day and night. The effect was a pure offset, and thus was corrected by add-

ing the difference between the lower SBE sensor measurement and the static calibrated temperature data

on the fiber to each of the measurements along the fiber for every reading.

The calibrated profile data sets represent 55 m of cable with 9 cm spacing (of �640 measurement points),

which were found to be accurate to 60.02�C, for 5 min integration time. The data from each profile were

analyzed to quantitatively investigate the thermal structure dynamics to obtain: (i) the depth of isotherms

within the metalimnion; (ii) dT/dz profiles; (iii) d(dT/dz)/dz profiles; and (iv) the integral of temperature (for

later computation of profile heat content).

3. Results and Discussion

3.1. The Temperature Profiles: Three Regions

Three major regions with different thermal characteristics appeared in the water column of the Dead Sea

during the observation period of May to July 2012 (Figures 3 and 4).

The lower water body was quasi isothermal at a temperature of 23.1�C (as seen in Figures 3–5). This implies

that during the presented period the lower water body was effectively thermally isolated from the atmos-

phere and other heat sources.

The upper water body exchanged heat and mass with the atmosphere and the temperature changed

accordingly. Its depth averaged 20 m during the observation period, and warmed up from a maximum tem-

perature of 26�C at the water surface to 36�C over the period of observation (from spring to mid-summer).

Daytime shortwave radiation accumulated heat in a relatively shallow layer (<5 m) which warmed about

3�C each day (Figures 3 and 4). During nighttime, the diurnally warmed layer would mix with the entire

roughly 20 m deep upper layer. Occasionally, remnants of the daily warm shallow water did not fully mix,

typically leaving less than 1�C in thermal contrast in the upper layer. The temporal mixing pattern fits the

typical wind diurnal cycle above the lake, in which the wind is active during nighttime [Nehorai et al., 2009;

Gertman and Hecht, 2002]. The diurnal warming of the shallow waters followed by nighttime vertical mixing

results in the gradual warming of the whole upper water body.

Finally, the metalimnion transition layer between the relatively uniform upper and lower water bodies con-

sisted of a major thermocline, including a relatively thin layer generally found in its upper portion in which

most of the temperature difference occurs including the highest temperature gradient, which we define in

this paper as the thermocline. Below the thermocline, the ‘‘tail’’ of the metalimnion appears as a relatively

gradual monotonic temperature decrease with depth (Figures 3 and 4). The lower boundary of the metalimn-

ion is gradual to the point of sometimes being indistinct, but given the stable temperature at depth may be

defined as the isotherm that is significantly higher than the temperature of the lower water body.
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3.2. Metalimnion Morphological Definitions

The thermal structure of the metalimnion is highly dynamic in time, including fluctuation in the depth of

the metalimnion and changes of the internal structure within a few hours (Figures 3 and 4). Also, the steep-

ness of the temperature change varies dramatically from a metalimnion that is focused over a few meters in

the 3rd of May, to a smeared metalimnion in the 4th of May which spreads over 50 m thickness with no

clear thermocline, returning to a sharply changing metalimnion in the following days. Seasonal variations

were also observed, for example the May and July temperature profiles are different in the structure and in

intensity of change (Figure 4). The morphological changes of the metalimnion profile likely indicate condi-

tions and processes related to lake stratification. Objectively identification of states and transitions in these

features is possible here using the high spatial resolution of observation. The first and second derivatives of

temperature are well defined and highly informative (Figure 6):

1. The thermocline depth is defined as the location of maximum temperature gradient (dT/dZ) (red arrow).

2. The top of the thermocline is defined as the location of the minimum value of the second depth deriva-

tive of temperature, or the maximum convexity of the profile, typically just above the thermocline depth

(green arrow).

3. The bottom of the thermocline is similarly defined as the location of the maximum value of the second

derivative of temperature, or the maximum concavity of the profile, typically just below the thermocline

depth (black arrow).

4. The upper boundary of the metalimnion is defined as the location along the profile where 10% of the tem-

perature difference between the typical upper and lower water bodies is obtained, starting from the top (yellow

arrow). This is also considered the base of the upper layer. The temperature of the upper and lower water bodies

should be properly defined for each profile. The choice of 10% is somewhat arbitrary, and can be adjusted.

5. The bottom boundary of the metalimnion is similarly defined as the location of which 90% of the temper-

ature difference between the typical upper and lower water bodies is obtained, starting from the top

(purple arrow). This is also

defined as the upper boundary

of the lower water body.

Another group of parameters that

can be investigated over time are

parameters related to the shape of

the temperature profile. For exam-

ple, in Figure 7, we show the

dynamics of sharpness of the ther-

mocline by presenting the time

series of the value of maximum

gradient in the profile. The degree

of asymmetry of the metalimnion

around the major thermocline can

be computed as the following

ratio: the distance from the maxi-

mum gradient to the top bound-

ary of the metalimnion, over the

distance from thermocline to the

bottom boundary of the metalimn-

ion. If the thermocline is located in

the upper part of the metalimnion

a value smaller than 1 is obtained,

and if it is located in the deeper

part of the metalimnion the ratio is

bigger than 1. In a symmetric case

where the thermocline is centered

the value will be close to 1.
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Another approach is to treat the temperature transition like a cumulative probability function, so the deriva-

tive of the temperature would be the equivalent of the probability density function for the temperature gra-

dient. Using this approach, one can compute the first (central location), second (standard deviation, or

width of the distribution), and third moment (skew, or asymmetry of the distribution). These moments of

distribution also address the location and structure of the metalimnion, such as its sharpness (the variance

or standard deviation), and asymmetry (skewness). The advantage of this approach is that a classical shape

analysis is applied to a high-resolution temperature profile. However, since the calculation of the second

and third moments is based on the first central moment, which is equivalent to the location of the tempera-

ture weighted average, they do not refer to the location of the maximum gradient in the profile. As for a

substitute for the second moment—the width of distribution, we think the intensity of the thermocline

itself (value of maximum gradient in the profile) better represents the sharpness of the metalimnion or ther-

mocline, and provides an appropriate metric for examining this feature. Similarly the asymmetry parameter

around the thermocline better represents the metalimion’s asymmetry, compared to skewness, which is

based on the asymmetry around the first central moment.

More definitions could be considered for each case, such as the location of specific isotherms, and the

intensity of the temperature-depth second derivatives. In addition, a special treatment should be taken for

‘‘stairs’’ like thermal structure, in which more than one dominant thermocline exists.

The dynamics of the metalimnion thermal structure, as illustrated using the parametric framework we pro-

pose, is presented in Figure 7. The temperature gradient profile time series (Figure 7b) clearly emphasizes

the variation in metalimnion location, and also its internal structure; thermocline ‘‘stairs’’ are readily appa-

rent with high (absolute) gradient values whereas uniform areas have low gradient values. It is also clear

that the metalimnion thermal structure is typically asymmetrical, with the thermocline at its upper part, and

a more moderate temperature decrease below it. This asymmetric structure is expressed in values of degree
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of symmetry far less than 1, shown on Figure 7e. The asymmetric is also noticed in Figure 7c, where four

out of the five parameters are relatively clustered a couple of meters around the thermocline depth at the

upper metalimnion part through the observed period, while the ‘‘bottom of the metalimnion’’ is located rel-

atively far beneath them (�15 m). Sharpening (and smearing) of the metalimnion is reflected in shrinkage
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(and expanse) of the entire metalimnion thickness (Figure 7b), and in the degree of convergence of the five

parameters (Figure 7c). Also, the value of the maximum gradient (minimum for z directed downward) in the

profile increases with sharpening, and decreases with smearing, as seen in the bottom of Figure 7c (e.g., in

the 12th of July during the afternoon, at which all five parameters are converging, including the 90% tem-

perature difference representing the bottom of the metalimnion. The metalimnion thins and the gradient

values rise due to the sharpening).

The diurnal thermocline cycle is also clearly apparent in combining the temperature and temperature gradi-

ent time series (Figures 7a and 7b), where high gradients develop around noon time at the top 5 m and

deepen afternoon with the increasing of wind intensity (see Figure 9a for wind pattern expressed by the

waves amplitude), until it disappears at night. This paper, though, focuses more in the seasonal metalimnion

and we will not extend the discussion about the shallow diurnal thermocline.

The dynamics of the metalimnion’s structure, as expressed in the time series presented in Figure 7, is likely

to be meaningful in understanding processes that are related to the metalimnion depth fluctuations, and

the sharpening and smearing of the temperature profiles, such as vertical currents and stair cases due to

double-diffusive advection of heat and salt.

The most significant event of deformation of the metalimnion structure in the presented period appeared

in the period from the 3rd to the 6th of May 2012, where a metalimnion that was just a few meters thick

suddenly ‘‘smeared’’ and expanded to more than 50 m, then a couple of days later was again a relatively

thin structure. Simultaneously, a rare single event of tilting of the optical cable by currents was recorded

(Figure 8). We thus relate the smearing event to strong currents which resulted in intensive vertical mixing

and deformation of the thermocline (and pycnocline). It should be noted that this rare event occurred at

the beginning of the layering onset, where the density difference across the pycnocline is still low (as will

be presented below). As the upper layer warmed up along the summer, it became less dense, the density

gradient increased and the vertical mixing across the pycnocline diminished. The Richardson number (Ri)

expresses the ratio of potential to kinetic energy, or the tendency of the lake to remain stratified under

shear; when Ri< 1/4 velocity shear can overcome the tendency of a stratification, and some mixing (turbu-

lence) will generally occur. Indeed, in the event of May, the conditions favored vertical mixing, with Ri�0.22
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(density difference �0.5 sigma, current intensity considered �0.3m/s), while later in mid-summer (July), the

stability of layering was dominant, with Ri> 0.67 (density difference �1.5 sigma, and same current value).

3.3. Thermocline Depth Fluctuations

3.3.1. Anticorrelation of Thermocline Depth to Sea Level Fluctuations

In addition to the changes in the structure of the metalimnion, the location of the entire metalimnion (as

expressed in the location of the defined parameters) fluctuates significantly throughout the measured peri-

ods within hours (Figures 3 and 7). The amplitude of the metalimnion fluctuations is up to 15 m during May

and up to 7 m during July. These fluctuations change the average 20 m thickness of the upper warm water

layer by up to 28% and 60%, respectively. Thus the calculated heat content of a measured profile changes

dramatically during these fluctuations, and the resulted heat content will depend on the metalimnion depth

at the observation time. We found systematic anticorrelation between metalimnion depth fluctuations and

the sea level fluctuations. We define this as anticorrelation since the movements of the two interfaces are in

opposite directions, when the water level rise the thermocline deepens and vice versa. The sea level time

series was detrended in order to filter out level decline due to the negative water balance of the lake, before

performing the correlations. In addition, we filtered out the short period (seconds) wave action signal. The

results of the anticorrelations of sea level to metalimnion depth in the five parameters discussed above are

presented in Table 1. The highest anticorrelation of sea level was obtained with the thermocline depth

(maximum dT/dZ). In addition, we checked the anticorrelation of the depth fluctuations of isotherms within

the metalimnion (from 24�C to 32�C in steps of 0.25�C) to the level changes. Interestingly, isotherm 28�C,

which is located below the ‘‘thermocline depth’’ during the presented period, reveals the highest anticorre-

lation with level changes (r5 0.84), even higher than the thermocline depth (r5 0.74).

Figure 9 presents the time series of the metalimnion depth (represented by isotherm 28�C), and level fluctu-

ations throughout the period of 8–17 July. The high anticorrelation of the two series (0.84) is clear, and is

expressed in the major as well as in the minor trends of the series. The diurnal atmospheric forcing of radia-

tion and wave intensity throughout the observed period are presented on the upper part of the figure.

These atmospheric forcing time series are not correlated to sea level fluctuations nor to metalimnion depth

(level and metalimnion depth, R< 0.2).

The movement of the metalimnion, as the boundary between the two layers, changes the ratio between

the mass of cold-dense water and the warm-less dense water in the measured water column. As mentioned

in the introduction, the location of this boundary is shown to be anticorrelated to the sea level, related to

maintaining hydrostatic conditions when the mass (and therefore the pressure) of the water column

changes due to addition/reduction of water following wind patterns that form level changes. In an ideal

two-layer system with an upper layer of depth D, density q1, and a lower layer of density q25q11Dq, and

hydrostatic conditions are fulfilled, changes in sea level Dh and changes in the upper-layer depth DD are

related by Dh5DD � Dq
q1

[Wyrtki and Kendall, 1967]. In the case of the Dead Sea, we found that as the upper

layer becomes less dense along the warm season (from spring toward mid-summer), the amplitudes of the

upper-layer depth decrease (from �15 m in May to �7 m during July), while the lake level fluctuations

remains in the same range (61 cm).

Figure 10 presents the measured level fluctuations versus the depth of the metalimnion (represented by

isotherm 28�C), showing a linear trend, where the slope of the linear regression is the measured Dh/DD

ratio typical for the examined period. This ratio is equal to the density ratio Dq/q1, if hydrostatic conditions

are achieved. The density of the upper and lower water masses were measured along the season, using a

density meter Anton-Paar DMA5000 (following the procedure of Gertman and Hecht [2002]). Table 2

Table 1. Anticorrelation of Metalimnion Depth to Sea Level

Boundary Depth Criterion Anticorrelation to Level

Max dT/dZ 0.74

Max second derivative (top of thermocline) 0.72

Min second derivative (bottom of thermocline) 0.58

Top of metalimnion—90% difference 0.58

Bottom of metalimnion—90% difference 0.43

Isotherm 28�C 0.84

Heat content 0.84
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includes the ratio Dh/DD, calculated for three periods in May, June, and July 2012 from the fiber data and

sea level measurements throughout each period. In addition, Table 2 gathers data of typical temperature,

salinity, and density of the two water bodies with the ratio Dq/q1 measured on three sampling days, each

within the fitting period of continues profiling. We found that the measured ratios Dh/DD and Dq/q1 are

very similar for each period. Thus the two-layer system hydrostatic model explains the majority of the fluc-

tuations of the metalimnion in the Dead Sea with level changes, through the seasonal thermohaline devel-

opment of the layers.

This section described three important phenomenon in the lake: (a) Dramatic fluctuations of the upper-

layer depth (as expressed in the dynamics of all five location parameters and the isotherms), (b) very high

correlation of those fluctuations to level fluctuations, and (c) a seasonal adjustment to the stability increase
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of the lake. These three phenomenon require the existence of significant lateral flow of water occurring in

relation to maintenance of hydrostatic pressure compensation. In the next section, we will discuss the

lateral flow and lateral heat advection.

3.3.2. The Heat Content in the Water Column and Net Heat Flux

In introducing this new approach to profiling lake temperatures, we would like to also demonstrate the

transformative opportunities that these data afford. We will introduce a metric of total profile heat content

(TPHC), which reveals the fundamental importance of including effects of internal waves in the Dead Sea

system. The TPHC of the water column was calculated by integrating the departure of the entire tempera-

ture profile from a 0�C profile. In these calculations, the heat capacity of the Dead Sea fluid was taken as

3,030,000 J/(�C�m3), [Steinhorn and Gat, 1983]. The calculations were ‘‘area-specific heat’’ made on a per

square meter basis. The small changes of density across the thermocline (�1/1240) are negligible in the

context of the TPHC calculations, and thus density was taken as constant along the profile. From this, we

could compute the net heat flux into or out of the profile as the time derivative of the heat content (based

on 5 min intervals) (Figure 11). In stratified aquatic systems, the major heat flux is typically from the atmos-

phere through the water-air interface. Nevertheless there is no correlation (<0.2) of the TPHC time series to

the net radiation heat flux, nor to the wave’s amplitude, which mix the heat into the upper layer. The heat

content time series is highly correlated to the thermocline depth time series (Figure 11), with fluctuations of

50% and more in the TPHC and thermocline depth in periods of a few hours. The two time series were

found to be 84% correlated (during the same period of July 2012). This integrative approach revealed better

correlations to sea level fluctuations than the parameters of the differential approach including the depth

of maximum temperature depth gradient. The improvement of the correlation can be understood by

Table 2. Correlation Slope and Densities for Three Following Periodsa

Dh/DD
q22q1

q1
TUL (

�C) TBL (
�C) SUL (r32) SBL (r32) qUL (kg/m

3) qBL (kg/m
3)

R (correlation

strength)

May 0.0006 0.00066 26.7 23.1 1238.58 1237.90 1240.86 1241.68 0.70

June 0.0013 0.00144 31.6 23.1 1239.73 1237.89 1239.92 1241.72 0.74

July 0.0015 0.00145 34.5 23.2 1241.22 1238.13 1240.13 1241.93 0.84

aTUL, SUL, and qUL stand for the temperature, salinity, and density of the upper layer. TBL, SBL, and qBL—the same for the bottom layer.
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recognizing that TPHC calculation takes into account the entire variations of heat, and therefore density, in

the upper layer, including daily changes of the very shallow waters. These daily variations in heat and den-

sity are not necessarily expressed in the fluctuations of the main thermocline or any other isotherm.

The net heat flux was calculated from the heat storage time derivative in two ways: (i) the momentary net

heat flux time series (5 min represented by a pair of successive measurements); and (ii) running 10 days

averaged net heat flux, both presented in Figure 11. The momentary net heat flux is very noisy with

momentary heat fluxes in the range of 640,000 W/m2, and amplitude up to 40 times higher than the maxi-

mum incoming solar radiation. The flux polarity is not correlated to the diurnal radiative net heat flux. How-

ever, there is a general trend of increasing stored heat, reflecting the net heat flux gained from the

atmosphere through the lake surface. The slope of the general linear trend is of 6.63 106 J/m2*d, which is

150 W/m2, distributed along the upper �20 m water column (since the gradual rise in temperature charac-

terizes the upper water layer only). The same value of average net heat flux is achieved from the average

daily temperature increase of �0.1�C/d as measured in the 10 m deep thermometer (placed on the fiber),

multiplied by the average thermocline depth (and heat capacity and density).

The momentary heat flux is more than 2 orders of magnitude larger than the daily averaged heat flux. Also,

the heat storage in the upper 53 m correlates well with the thermoclines fluctuations. Thus we suggest that

the rapid shifts in the heat content did not represent the gain or loss of heat from the atmosphere, but

rather lateral heat advection within the upper layer. The vertical offsets of the thermocline are compensated

by lateral advection, following heat and mass conservation. It should be noted that the heat advection from

water inflows (tributaries etc.) into the Dead Sea are negligible [Lensky et al., 2005].

In conclusion, we hypothesize that the correlation of thermocline depth with the heat content of the entire

water column and the sea level fluctuations is a dynamic phenomenon of internal waves which explains the

measured net heat flux. The thermocline fluctuations represent a complicated 3-D motion of the thermo-

cline surface, which keeps a relationship to sea level to approximate hydrostatic conditions. Applying a 1-D

heat balance calculations without considering these factors based on a single profile could result in signifi-

cant errors (60% in the heat storage) with respect to the representative temporally averaged value.

4. Summary and Conclusions

The morphology of thermal stratification in water bodies is complex, reflecting the many processes contrib-

uting to their formation and destruction. In the case of saline systems such as the Dead Sea during summer,

for instance, an upper layer may become both more buoyant and higher in salinity, giving rise to double-

diffuse instability at the lower interface. This behavior greatly influences the energy balance of the upper

layer, and thus heat balance and rates of evaporation and changes in salinity. To understand these complex

processes requires that they be observed across the scales at which they are manifest, typically 0.1 m to

10’s of meters. The goal of this work was to present a methodology for such observations based on temper-

ature, and explore how to employ these data to draw meaningful conclusions. High-resolution (18 cm at

640 nodes; 5 min over 3 months; 0.02�C) temperature profiles were achieved using DTS under the harsh

conditions of the Dead Sea.

Depth profiles of temperature and temperature gradients are presented, including their time series, from

which the thermal structure and its dynamics is expressed graphically and serve as a first-order strategy for

identification of formative processes. We examined objective parameters for quantifying the thermal mor-

phology of the metalimnion, such as the width of the transition zone, its sharpness, curvature, the degree

of asymmetry. Using these parameters, the dynamics of the thermal morphology can be computed based

on the high-resolution data. The parameters examined here include the following:

Metalimnion: (i) the depth of top and bottom boundaries of the transition zone, where chosen here are the

10% and 90% isotherms relative to the total change in temperature over the metalimnion; (ii) asymmetry/

skewness of the metalimnion (the ratio of distance from the thermocline to the top and bottom boundaries

of the metalimnion).

Thermocline: (i) depth of center of thermocline is located at max dT/dz; (ii) sharpness maximum is the

value of max dT/dz; (iii) depth of top and bottom thermocline boundaries are located at d2T/dz2 max

and min.
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These parameters are presented as time series, which are used to follow the dynamics of the thermal mor-

phology along time, and can be used to examine hypotheses on the dynamics of thermohaline stratification

(e.g., the relation of the thermal structure to saline-thermal mass and energy transfer processes seen in

hypersaline water bodies).

We found that in the Dead Sea, over the onset of summer conditions, the metalimnion shape and depth

changes dramatically. Metalimnion depth fluctuated by �10 m within periods of a few hours, negatively

correlated (r520.84) to sea level, which fluctuated by �1 cm. We examined these fluctuations in the

framework of a two-layer hydrostatic model which well predicted the magnitude of the negative correlation

of the thermocline depth to sea level. We also found that the thermocline depth is not correlated to the

diurnal heat fluxes across the upper boundary of the lake (r5 0.2). The amplitude of the thermocline fluctu-

ations was strongly seasonal, from 15 m in May to 7 m in July. These amplitudes are related to the density

ratio of the upper and lower layers with correlation coefficients of >0.74.

The heat content of the water column was calculated for each 5 min profile by integrating the total thermal

energy in the water column, and were highly correlated to thermocline depth and to sea level, but not cor-

related to the diurnal atmospheric heat fluxes. The net apparent heat flux of the vertical thermal profile (the

time derivative of heat content) fluctuates by640,000 W/m2 within hours. These fluctuations are not corre-

lated in time to the atmospheric heat fluxes, and are about 3–4 orders of magnitude higher than the flux

exchange across the air-water boundary. As pointed out above, these fluxes were highly correlated to sea

level fluctuations (r5 0.84) and thermocline depth. Therefore we suggest that measured net heat flux (tem-

perature integral), which represents the thickness changes of the upper layer, derives from lateral advection

source rather than from heat fluxes from atmosphere. The diurnal cycle, which is influenced by atmospheric

fluxes, is recognized only in the upper 5–10 m, separated from the location of the dominant thermocline.

Because the advected energy fluxes were commonly 3–4 orders of magnitude greater than energy fluxes

across the sea surface, the influence of the external energetic forcings (i.e., net radiation and latent heat) on

the entire upper layer could be identified and estimated only when looking at periods of many days.

Here we have focused on distinguishing between processes using purely analytical strategies (e.g., an

energy balance). We see the potential of these high-resolution data to be even greater in combination with

numerical simulations of the complex mixing occurring at the thermodynamically unstable high-shear inter-

faces found in many saline systems. The instrumentation used here was entirely adequate for this investiga-

tion, but by no means represents the limits of this technology. DTS systems with 8 times greater spatial

resolution and more than 10 times greater temporal resolution are now on the market which raise the pos-

sibility of observation of turbulent mixing on the 1 s time scale, opening the possibility of even greater

power to distinguish between subtle processes in such fascinating and important hydrodynamic systems.
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