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Abstract
An unusual combination of natural and anthropogenic conditions initiated the need for renovate the acknowledge about the mechanism of
salinity process in Lake Kinneret. The issue was intensively studied in the past and two major parameters were concluded: deep underground
solutes are major contributors of salinity and the significant impact of lake management is affected by changes in climate conditions and
national demands. Nevertheless, the dynamic properties of the process are disputed between:
•

Dryness and water scarcity as primary factor and

•

Runoff discharge and underground flux and consequent length of Hydrological Residence Time i.e. the rate of water exchange as on
top of importance. Fifty years record of river Jordan discharge, Lake Kinneret Chloride concentration (salinity) and total load, lake
Water Level and total volume, and Hydrological Residence Time are evaluated followed by future management recommendations.
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Introduction:

Table 1: Morphometric parameters of Lake Kinneret with respect to
Maximal Water Level (WL) legislation, 208.80 meters below sea level
(mbsl) [1].

Lake Kinneret, the only natural freshwater lake in Israel. It is
a multipurpose utilized body of water: Water supply, fishery,
recreation, and intra and International tourism. It is a warmmonomictic lake located below Sea level. The lake is located
in the northern part of the Syrian -African Graben in northern
Israel occupies a rectangle limited by the latitudes 320 42` 15``
N and 320 53` 44`` N, and by the longitudes 350 30` 52`` E
and 350 38` 55`` E. The lake is stratified from May through
mid - December of 7-8 summer months when three water
layers are defined: Epilimnion, Metalimnion (Thermocline)
and Hypolimnion. During summer the Hypolimnion is anoxic
and during the 3 winter months the lake is fully mixed. Recent
changes in climate conditions were indicated as stressors
which change Hydraulic features and consequently the length
of HRT as well as water quality. Several physical parameters
of Lake Kinneret are given in Table 1.

Units

Value
169.5

Water Surface

km

Maximum Depth (M) ,
latitude

meter
mbsl

48
256

2

Mean Depth

Meter

26

Mean/Maximal depths
Ratio

No dimension

0.54

Volume

km3

4.471

Maximal Length

km

22

Maximal Width

km

12

Shore line length

km

55

Shore line development
Value (D)

No dimension

1.19

and biological composition).The HRT significantly affects the
dynamic trait of conservative and non-conservative substances
and consequently plankton composition and density. The
ecological impact of HRT includes significant influences on
the entirely ecosystem. HRT value reflects the arithmetic ratio

Hydraulic Residence Time (HRT) is a limnological factor
that influenced the entire ecosystem structure. It is somewhat
different from Chemical (nutrients) Retention Time (CRT). The
HRT has an impact on the CRT but without a feedback effect.
The HRT is affected by climate conditions (precipitation,
river discharge) and management (withdraw pumping,
outflow) resulting in water quality implications (chemical
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between the rates (volume per time unit) of water income into
timely respective volume of the water body. In other words,
the theoretical time duration is required to accomplish a full
water exchange in a body of water (pond, lake, reservoir, etc.).
Q = Total water income per time (day, week, month season)
unit
V = The volume of the water body at a respective time

•

Climate Conditions Changes (CCC) implications,
especially drought frequency enhancement;

•

Severity and acuteness of water supply demands;

•

Amplification of sea water desalinization supply.

•

Future perspective of agricultural usage of Kinneret
waters which perform enhancement of salinity.

Within that complexity of natural and anthropogenic committed
conditions a prominent factors are critical: The suitability of
water with increased salinity for agricultural irrigation and the
optimal usage of surplus supply of desalinized water. Previous
studies were focused on external lake factors of runoff and
underground discharges concerning solute features whilst the
present paper evaluate internal lake conditions resulting from
water balance.

HRT = V/Q pronounced at the respective time frame.
The geohydrological mechanism of salt input into Lake
Kinneret was intensively studied previously [1-7]. Intensive
disputable discussions about the management of Lake
Kinneret are presently carried out where the following reasons
stand behind:

Material and Methods:
Data Sources:
Annual (1970-2020) Reports, Kinneret Limnological
Laboratory (LKDB IOLR 1970-2020), annual reports of
the Israeli National Meteorological Service and the Israeli
National Hydrological Service (National Water Authority)
(WA-HS 1970-2020), Annual Reports by Mekorot Water
Supply Company Ltd. (Nazareth, Israel) Monitoring Unit
Jordan District, Data on the Jordan River nutrient loads,
concentrations, and discharge were taken from the annual and
temporal reports published by Mekorot, the National Water
Company [8-11].
Statistical Methods:
Statistical analyses, LOWESS Smoother; 0.8 bandwidth
and Linear Regression; 95% Ci were carried out using
STATA 17.

Results:
Figures 2, 3 indicate a simultaneous trend during the 2000’s
of higher WL, HRT prolongation, River Jordan discharge
reduction and increase of Chloride concentration in Lake
Kinneret.
Figures 4,5 indicate low level of significance with RT length
and total chloride load (Figure 4) and indicates a higher level of
significance, with HRT duration. Nevertheless, exceptionally
heavy rainfall and discharge capacities (2017-2020) were
probably accompanied by intensive solute flushing which
enhanced salinity (see discussion). The rainy period of 20172020 and solute flushing intensification followed by 5 years of
dryness were correlated with HRT shortening.
The distinct reduction of RT length with respect to Lake
Volume is prominently presented in Figure 6 and similarly
HRT length decline with respect to increase of River Jordan
discharge (Figure 7).

Figure 1: Geographical map of the Lake Kinneret Watershed.
The major headwaters, Dan, Snir,and Banyas are indicated. The
Hula Valley Region is squared; H = Huri sampling station of River
Jordan. Dotted lines indicate local basin boundaries.
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Figure 2: Line scatter plot of temporal (1970-2020) fluctuatuations of annual means of RT values (years) (right) and Water Level (mbsl) (left)
in Lake Kinneret

Figure 3: Line scatter plot of temporal (1970-2020) fluctuatuations of annual means of Jordan River Discharge (mcm/y) (left) and Chloride
concentration (ppm) (right) in Lake Kinneret.

R2=0.1203;
p=0.0127
Low significance

Figure 4: Regression plots between annual means (1970-2020) of HRT values (years) And Chloride loads (10^3 ton) in lake Kinneret:
Smoother LOWESS (0.8 band width) (left) and Linear (Ci 95%) (significance parameters are given) (right).

J Geol Geosci

3

Volume 5(1): 2021

Gophen M (2021) Correlative Relations between Salinity and Hydraulic Residence Time (HRT) in Lake Kinneret (Israel)

R2=0.2591;
p=0.0001

Figure 5: Regression plots between annual means (1970-2020) of RT values (years) And Chloride concentration (ppm) in lake Kinneret:
Smoother LOWESS (0.8 band width) (left) and Linear (Ci 95%) (Significance parameters are given) (Right).

R2=0.2747;
p=0.0001

Figure 6: Regression plots between annual means (1970-2020) of RT values (years) and Lake Volume (mcm) in lake Kinneret: Smoother
LOWESS (0.8 band width) (left) (left) and Linear (Ci 95%) (Significance parameters are given) (Right).

R2=0.23906;
p<0.0001

Figure 7: Regression plots between annual means (1970-2020) of RT values (years) and Jordan (Huri) Discharge (mcm) in lake Kinneret:
Smoother LOWESS (0.8 band width) (left) and Linear (Ci 95%) (significance parameters are given) (right).
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R2=0.1421
p=0.0064
Not Significant

Figure 8: Regression plots between annual means (1970-2020) of Lake Volume (mcm) and Jordan (Huri) Discharge (mcm) in lake Kinneret:
Smoother LOWESS (0.8 band width) (left) and Linear (Ci 95%) (significance parameters are given) (right).

Results in Figure 8 indicate an abnormal result of high
discharge accompanied by lake volume decline: 1991 and
2003 when the outlet option (south dam) was close and open
respectively. Moreover, prior to the heavy rain winter of
1991 and 2003, the WL was low (212 mbsl) and high (209
mbsl) respectively. Therefore, during 1991 the WL (and Lake
Volume) increased whilst during 2003 WL (and Lake Volume)
elevation was less. Furthermore, the annual mean of Chloride
concentration in 1991 increased by 15 ppm compared to
previous year whilst during 2003 it was lowered from 2002 by
35 ppm. And the HRT length in 2003 (5.1 years) was shorter
than that of 1991 (8.7 years). Solute flushing intensification as
a result of discharge enhancement occur in 1991 (842 mcm) as
well as in 2003 (807 mcm), but due to the Dam`s open policy
in 2003, salinity was lower.

exceptional dry seasons occur, in 1951 (364 mm), 1955 (386
mm) and in 1960 (377 mm) and a trend of Rainfall enhancement
initiated later. Nevertheless, no significant temporal trend of
rainfall fluctuations was documented during 1970-2020 (Figure
9; right).It is also presented in Table 2.
Results presented in Figure 10 indicate not significant relations
between rainfall capacity and Chloride concentration in Lake
Kineret.
Results presented in Figure 11 indicate significant reduction
of the length of HRT in relation to respective value of Rainfall
capacity: The higher the rainfall capacity the shorter is the
HRT.

Discussion:
Several conceptual models of salt flux into the lake water
were suggested. One of their initials was concluded by the
assumption of the relation between WL and sub-lacustrine
solute fluxes through hydraulic pressure [2]. Since the late

Temporal changes of Rainfall during 1948-1968 (Figure 9; left)
indicate the followings: Until 1960, when Degania Dam is in
use and, before intensive lake water withdraw (pumping), three

Figure 9: Precipitation in (mm/y) Northern Hul Valley (Dafna Station): During 1948-1968 (left) and 1970-2020 (right).
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R2= 0.0394
P= 0.1627

Figure 10: Regression plots between annual means (1970-2020) of Chloride concentration (ppm) in lake Kinneret: and annual rainfall (mm/y) in
northern Hula Valley (Dafna Station): Smoother LOWESS (0.8 band width) (left) and Linear (Ci 95%) (Significance parameters are given) (Right).

R2 = 0.3344
P < 0.0001

Figure 11: Regression plots between annual means (1970-2020) of HRT (years) and annual rainfall (mm/y) in northern Hula Valley (Dafna
Station): Smoother LOWESS (0.8 band width) (left) and Linear (Ci 95%) (Significance parameters are given) (Right).
Table 2: Periodical distribution of Rainfal in northern Hula Valley (Dafna)during 1970-2020: number of years in respective precipitation range.
a

Period

Mean Lake Volume (mcm)
(106 m3))

Annual Mean of water
input (Jordan River)
(mcm/y)

RT (years)

Periodical WL amplitude
of change (mbsl)

1988-1991

4217

358

11.8

210.40-208.89

1995-2003

4059

338

12

211.06-209.72

2005-2010

3823

381

10

210.86-212.66

2014-2017

3773

168

22.9

212.85-213.59

Results given in Table 2: indicates the irrespective relation of RT length and WL (i.e. Lake Volume) but corelated to water balance.
b
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Annual Rainfal Range (mm/y)

Number of Years

<450

9

450-550

10

551-650

11

651-750

12

>750

10
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system includes the basic feature of input runoff water salinity
is more than 10 times lower than the lake water level [1]. A
Geohydrological (deep strata)-Hydrological (runoff) model
of the salinity fluctuations in Lake Kinneret were presented
previously [12-15] [18, 19] [13]. Nevertheless, conclusions
indicated a dispute about the mechanism of solute contribution
under enhancement and reduction of rain/discharge capacities
[6] [20-22]. Prediction of lake salinity increase as a result
of prolongation of dryness conditions was given in [13].
On the contrary, the predicted outcome of heavy rain and
consequently underground and runoff discharges intensify
solute input into Lake Kinneret [14, 15]. This paper is focused
on a different concept where the rate of water exchange, i.e.
HRT length, is the dominant factor that controls the salinity
changes. Enhancement of salinity during dryness conditions
is due mostly to management policy of diminishing pumping
and outflow resulting from HRT prolongation and partly also
undoubtedly to diminishing freshwater inputs (dilution effect)
resulting elevation of salts concentration whereas total lake
load become lower. The idea of salinity enhancement as a
result of HRT length reduction and salts accumulation was
also supported by [17].

1999`s, the investigations are have been focused on lake water
balances as affected by underground and runoff inputs flows.
Moreover, the deep ground solutes [6, 7] [12, 13] contribution
and consequently the respective impact of lake water exchange
(HRT) as well as their interphase contact with geological deep
solutes [3] [14, 15].
Since the Mid 1980`s changes in climatic conditions in the
Watershed of Lake Kinneret were documented: precipitations
and river discharges declined, and temperature elevated.
Further modifications of nutrient inputs enhanced the change
of phytoplankton community structure. The outburst of Bleak
fishes and the onset and offset of vegetation on beaches are
also attributed to change in climate conditions. Climate
conditions fluctuated as an alternate between dryness and
heavy precipitation. During 1969 the Dam was fully open
whilst during 1992 fully closed, therefore the same water input
of app. 1 billion m3 during winter months the 1992`s HRT was
longer. Moreover, during 1969, (open dam) and 1992 (close
dam) salinity (as Chloride) declined by 49 (300 to 251) and 39
(250-216) ppm during 1969 and 1992 respectively [3][19, 20].
Chloride is a conservative ion that is not affected by internal
biological factors and the impact of internal physical and chemical
on its concentration fluctuations is probably negligible. The long
record (1948 – 2020) of salinity (as Chloride concentration) in
Lake Kinneret indicates major elevation periods during 19481968, 1988 – 1991, 1995 – 2003, 2005 -2010 and 2014 – 2019.
Whilst decline was recorded during 1964 – 1988, 1992, and
2003. There is no water input data prior to the 1960`stherefore
HRT computation was done just later. Nevertheless, it is
suggested that an increase of salinity between 1948-1964 is due
to the not fully open Dam policy which resulted in upward trend
of the WL and consequently HRT prolongation and increase
of salinity. The long period of Salinity decline causation is the
diversion management of salty springs: Ein Nur 1&2, annual
discharge of 20X106 m3 with 2000 ppm Chloride (total load app.
40,000 tons) [2] [13] [16-18]. It is suggested salinity changes are
affected by water balance (and not WL solely) with consequent
HRT fluctuations (Table 2).

Conclusively three models are suggested for the evaluation of
salinity in Lake Kinneret:

It should be considered that HRT might be prolonged when
WL is high if the discharge is low; HRT is defined not solely
by discharge or lake volume (WL) but as the relation between
them; It is possible that HRT becomes shorter when WL is low
(low lake volume) if the rate of discharge is high., moreover,
shortening of HRT under high WL might be enhanced by lake
water release (open dam) or pumping withdraw. Due to the
unique ecological position of the very common conservative
chloride ion (salinity, NaCl) it will be the representative
parameter for the study of HRT evaluation impact (Table 2, a,b).
The study of geohydrological mechanism of Lake Kinneret
salinization was carried out since long period [13]. The
geological-geo-hydrological-structure of the Lake Kinneret
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•

The Rimmer-Nishri Model (RNM) [13]: Drought
seasons enhance salinity and the 1948-1968 case
of the elevation of chloride concentration is due to
solute flushing enhanced various degrees of salinities
contributions resulted by artesian pressure release
caused by drilling Boreholes [4] [16] [13] [21].

•

The “Gvirtzman-Hurvitz Model” (GHM) [22]:
Salinity is enhanced by precipitation and consequent
underground (and runoff) enhancement which
accelerate solute flushing al [14, 15].Nevertheless, an
increase runoff discharge and underground flux might
respectively intensify lake water exchange and shorten
HRT. HRT shortening was not tentatively included in
the GHM model implication but is part of the model.

•

The HRT model given in this paper: This model is
a combination between GHM (Gvirtzman - Hurvitz
-model) and the Water Exchange-HRT length. Heavy
rain followed by river discharges enhancement and
HRT prolongation aimed at water accumulation create
an increase of salinity and vice versa, shortening HRT
by enhanced water exchange diminishing salinity is
the rational. Partial support was previously published
[3] [17] [19, 20] which concluded that the increase of
Kinneret salinity (396 Cl ppm) [9] during 1948-1968
was resulted from water and salts accumulation (WL
elevation) due to partial close Dam policy. On the
contrary a suggested model [13] evaluated borehole
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drilling accelerated released of artesian pressure which
resulted in excess salts through solute flushing and the
lake salinity increase is due to solute enhancement. The
practical implication from the artesian release model [13]
might be an intensive blocking of the borehole residuals.

2. Simon E and Mero F (1992) The salinization mechanism of Lake
Kinneret. J Hyrol 138: pp327-343. [View Article]

Results given in this study represent the prominent relation
between salinity and lake water exchange that is to say HRT
prolongation: the shorter the HRT is the lower (or increase
output) is the salinity. It is also supported by [13] who
suggested decline of water withdraw relative to Lake Volume
might be resulting in salinity elevation. The present study
suggests that the reason is HRT prolongation. Nevertheless
the major causation for salinity increase is the reduction of
water input. The present study suggests that salinity increase
as a consequence of input decline may be slow down because
the solute flux is naturally reduced and careful withdrawal
(pumping) might be helpful.

4. Rimmer A (2003) The mechanism of Lake Kinneret salinization
as a linear reservoir. Journal of Hydrology, 281: pp173-186.
[View Article]

3. Gophen M (2021) The Role of Hydraulic Residence Time in Lake
Management Design: Lake Kinneret Case Study. J Biomed Res
Environ Sci. pp888-889. [View Article]

5. Rimmer A, Hurwitz S and Gvirtzman H (1999) Spatial and
temporal characteristics of saline springs: Sea of Galilee, Israel.
Groundwater, 37: pp663-673. [View Article]
6. Marcus I, Slager J (1985) The Sedimentary-Magmatic sequence
of the Zemach 1 Well (Jordan – Dead Sea Rift, Israel), and
its Emplacement in Time and Space. Israel Journal of Earth
Sciences; 34: pp1-10. [View Article]
7. Hurwitz S, M Goldman, Ezersky M and Gvirtzman,H (1999)
Geophysicall (TDEM) delineation of a shallow brine beneath
a fresh-water lake, Sea of Galilee, Israel. Water Resources
Research, 35: pp3631-3638. [View Article]

In a complicated situation where environmental geohydrological – and anthropogenic factors are involved as
in the Lake Kinneret ecosystem a process of water salinity
fluctuations are common. For the efficiency of management
design and implementation scaling priorities is crucial.
Therefore, this paper conclusively suggests placing the HRT
and water exchange on top of future management design
presently. The present constrained conditions of the lake
Kinneret management include climate condition change,
lowered pumping withdraw, and desalinized water availability,
besides prevention of salinity increase for future utilization.

8. TAHAL (1959) Chloride concentrations in Lake Kinneret; 10p;
Annual Report (in Hebrew). [View Article]
9. Oren O.H (1961-1967); Lake Kinneret Chemistry, Interim
Report, Fishery Department Agriculture Ministry. [View Article]
10. Hydrological Service Israel (2000) Report: The development’
utilization and Present condition of water resources in Israel until
Fall 1999. Israel Water Commission, Jerusalem. [View Article]
11. KLL-LKDB (1970-2020) Lake Kinneret Annual Reports.Israel
Oceanographic and Limnological Research Co.Ltd. [View
Article]

Conclusive Remarks:

12. Goldman M, H Gvirtzman and S Hurwitz (2004) Mapping of
saline groundwater beneath the Sea of Galilee and its vicinity
using the Domain electromagnetic (TDEM) geophysical
technique; Isr J Earth Sci 53: pp187-197. [View Article]

The rate of salt flushing from deep ground solutes is not
controlled by Hydraulic pressure (i.e. WL amplitude).
•

•

Controversial models of salinity enhancement in Lake
Kinneret are suggested: A) The result of plentiful rain
and consequent aquifer flows, and B) Shortage lake
water balance.

13. Rimmer A and A Nishri (2014) “Salinity” “Lake Kinneret –
Ecology and Management”. Zohary T, Sukenik A, Berman T and
Nishri A [eds] Springer, Heidelberg. [View Article]
14. Hurwitz S, Stanislavsky E, Lyakhovsky V, Gvirtzman H (2000),
Transient groundwater-lake interactions in a continental rift:
Sea of Galilee, Israel Geo Soc Am Bul 112: pp1694-1702. [View
Article]

The suggestions given in this paper: The process of
Kinneret water salinization is primarily controlled by
the water exchange regime, i.e. the length of HRT.
Prolongation of HRT decelerates enhanced salinity
either under dryness or under plentiful rainfall level.

15. Hurwitz S, Stanislavsky E, Lyakhovsky V, Gvirtzman H (2000)
Transient groundwater-lake interactions in a continental rift: Sea
of Galilee; Water Res 36: 101-107 [View Article]
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