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Lake Kinneret, Sea of Galilee, Israel

 The most important surface water
resource in Israel,

« Lake Kinneret provides
approximately 35% of the annual
drinking water, through the National
Water Carrier (NWC).

 The area of the Lake Kinneret
Watershed is ~2730 km?, where
~2000 km? are in Israel, and the rest
of the area is in Syria and Lebanon.

 The average area of the LK surface
Is 166 km?, the average volume is
' rd 4,100 Mm3, the average annual

) available water is ~470 Mm3, and the
average residence time is ~8.3

S years.™
m=3 =0.000810713 ac*ft ; Mm?3=810.713 ac*ft ; 470 Mm3=381,035.11 ac*ft ; About 0.25 of the CA

", Kinneret,
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Lake Kinneret usages

Fishing Water supply




Recreation and
tourist attraction
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Inflow of saline springs into Lake
EESEE)

*The salinity of Lake Kinneret (190- S O -
300 ppm CI), is significantly higher
than the salinity of the water from

the surface streams that flow to the EEru=—_G:"

)/
/
v

eit Tsaida

lake (10-40 ppm CI).

*The relatively high salinity of the
lake is a result of the activity of
saline springs located near the
shoreline, and offshore springs at
the bottom of the lake.

*The salinity of LK is considered as
a major environmental problem in
Israel, and reducing it is of high
Interest.




The annual average and standard deviations of water
and chloride balances of Lake Kinneret 1987-2010

Characteristic Units Average SD

Annual water inflows
Direct rainfall 10% m? 66.65 18.66
Streams 106 m? 487.59 198.79

Groundwater 109 m? ‘ 71.41 31.23
23.30

Artificial recharge 10° m? 11.30

Total 105 m? 648.95 202.41
Annual water outflows

Evaporation 10 m? 242.16 18.25
Pump and release 10 m? 415.41 142.83

Total 10° m’ 657.58 143.99
Annual chloride inflows

Direct rainfall and fallout 10° kg 333.25 93.29
Streams 10° kg 9.140.61 5.447.17
Groundwater 10° kg 91.712.39 16.976.82
Artificial recharge 10° kg 3.145.91 1.524.96
Total 10° kg 104.332.16 17.894.64
Annual chloride outflows

Pump and Release 10° kg 08.623.57 33.018.22
Lake

CI” concentration mg L™ 241.76 2497
Average chloride mass 10° kg 920.693.57 48.728.32
Average residence time Year 10.50 3.95

SD standard deviation




The history of Lake Kinneret salinity
200 . Measurements

= 380" 2* o -
2 360 *o4 ¢ salinity
S 340 | ¢ @ @)
320 *
o 2 g 10
£ 300 {Joo** (5)0 ( ‘.) (12)
> 2807 (8) . +*
& 240 © "”"”0 ” o o 9 ¢¢** Tt
220 | o “’o“ ot *** o
*
200 I I I |
1950 1960 1970 1980 (7)1989 1999 2009
1. During the years 1954-1962 significant increase.
2. Between 1961-1963 reaching peak values of ~390 ppm CI;
3. In 1964, the NWC became operative, chloride content began to drop;
4. SWC was fully operated in January 1965, preventing an average of ~55,000 ton Cl- from flowing
to the lake, salinity drop enhanced.
5. Lake salinity further enhanced by the exceptionally rainy winter of 1968-69 (inflows of 200%
compared to an average year).
6. The lowest lake salinity, 192 ppm CI-, reported in May 1988.
7. Increased to 250 ppm CI- following three dry winters.

Increased to ~290

10 Following the extreme winter of 2002-2003 the salinity reduced to ~230
11. From 2004 to 2011 the salinity bounced again to ~280 ppm CI-.



[Cl'] mass exported from Lake Kinneret
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What happened to
the salinity of the
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é§§§ §§§ | < D/ ’ *The CI concentration in the coastal
150 - 50 P4 aquifer is 50 — 600 mg/Il. This salinity

e increase annually with 1 mg/l.
| *The irrigation with the relatively high Lake
Note that the D Kinneret water, and the strong evaporation
more saline 1y R processes in the region adds significantly
areas are In 1o < to the salinization of the aquifer
theeastol  aaxon RS Domestic use usually adds 100 mg/l of Cl
to the waste water.
*[rrigation with treated waste water, and
the techniques of storing them in ground
water (SHAFDAN project) adds salinity to
groundwater
*Regular waste water treatment plants do
not remove salinity from the water, and
therefore waste water are usually more

saline than original Lake Kinneret water.

—

‘the aquifer,
1v(yhic:h is far
from the sea




|CI-] concentration changes In the
Coastal Aquifer 1950-2008
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What Is the source of the solutes

Right: Map of lakes from the
past (20,000 years ago) and
present along the Dead Sea
Rift. Maximum coverage of
Lake Lisan, with salinity of
100 to 300 g\liter. Maximum
lake level was about 180
meters below sea level, for
few thousand years.

Left: Salinity and flow
directions during the stage
that Lisan level was 180
meters below sea level. The
development of salinity profile
within 1200 meters deep
bedrock, for 3,000 years as a
result of the penetration of
high salinity water from the
surface. Bottom: 17,000

E::_ ; years Si
10 15 20 Lisan.
km :




Lake Kinneret Is a fresh water lake

J)

n a solute ground

Salinity measured using TDEM at
A different depths (5, 10 15 and 20
+ o meters) below the bottom of the Sea
A of Galilee in 1999. Red indicates the
high salinity of ~10,000 mg/liter, and
blue indicates the relative washed
areas where salinity iIs less than 500
mg/liter. Black dots indicate the
points at which the survey was
conducted.

Hurwitz, S., Stanislavsky, E., Lyakhovsky, V., & Gvirtzman, H.
(2000). Transient groundwater-lake interactions in a continental
rift: Sea of Galilee, Israel. Geological Society of America Bulletin,
112(11), 1694-1702.

Hurwitz, S., Goldman, M., Ezersky, M., & Gvirtzman, H. (1999).

Geophyw elect
a shallow brine’beneath a freshwate
Israel. Water Resources Research, 35(12), 3631-
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Practices to reduce Lake Kinneret
salinity

. Capture the most saline springs in the west
side of the lake and divert it around the lake
to the Lower Jordan River (the saline water
carrier SWC)

. Pump the saline water near the lake directly
from the aquifer, and direct it to the SWC.

. Study the mechanism of salinization and
decide on water management rules that will
minimize lake salinization.

L —



1. The saline
water carrier
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3. Study the mechanism of salinization

Gravitational flow model (GFM)

Dry winter = Low runoff

Self potential model (SPM)

maximal level

maximal level

low level

low lake
level

low level

mal

— pressure on the = from saline
brine

Low lake level

with saline
discharge

maximal level

Small dilution

low level

Lake Salinity increase

maximal level

low level

springs




Self potential model (SPM)-
Major arguments

1. Fresh groundwater levels in the Eastern
Galilee (west of the lake) make a
counterbalance to the driving pressure E
and therefore should not be decreased.
Consequently, pumping of groundwater g
from this area should be limited.

2. The lake level should not be reduced
below a prescribed level. Lowering the
water levels in both the lake and adjacent
aquifers will increase the hydraulic
gradient between the saline water and
lake, and thus intensive seepage of saline
water through the lake sediments will take

" place. > - -




Gravitational flow model (GFM)
Major arguments

1. The flow of saline springs depends
on a ~ 100-m head difference
between aquifers in the Eastern
Galilee and Lake Kinneret, and
therefore the 1-4 m change in the
lake water level has negligible effect
on this flow.

2. Reduced hydraulic heads in deep
aquifers in the Galilee will lead to
reduction of the pressure applied on
the deep saline reservoir, and
therefore salt flux into the lake will

© decrease. ) N ‘




The implications of the SPM-GFM
arguments on operational decisions

1. The SPM theory was dominating.

2. Pumping of groundwater from the Eastern
Galilee area was limited by the Israeli Water
Authority for four decades (1960-2000).

3. The lake level should not be reduced below
a prescribed which was posed for
many years on — 212 m, and later on — 213
m a.m.s.l.

- T T -




New studies in 1995-2000

A series of studies during the years 1995—
2000 came up with an important
understanding that the GFM mechanism
controls the discharge of the saline
springs. These findings resulted in the
decision to lower the during
1999-2001 without the fear of enhanced
salinization.

_ | —



Incoming monthly solute mass vs

lake level for the years 1969-2000
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| ake Kinneret level
and the
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Understanding the historic salinity
200 pattern of Lake Kinneret
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1. During the years 1954-1962 significant increase.
2. Between 1961-1963 reaching peak values of ~390 ppm CI;
3. In 1964, the NWC became operative, chloride content began to drop;
4. SWC was fully operated in January 1965, preventing an average of ~55,000 ton Cl- from flowing
to the lake, salinity drop enhanced.
5. Lake salinity further enhanced by the exceptionally rainy winter of 1968-69 (inflows of 200%
compared to an average year).
6. The lowest lake salinity, 192 ppm CI-, reported in May 1988.
7. Increased to 250 ppm CI- following three dry winters.

Increased to ~290

10 Following the extreme winter of 2002-2003 the salinity reduced to ~230
11. From 2004 to 2011 the salinity bounced again to ~280 ppm CI-.



_ake Salinit
Model (LS

1. Rimmer, A. (2003). The Mechanism of Lake Kinneret
Salinization as a Linear Reservoir. Journal of Hydrology, 281/3
pp. 177-190.

2. Rimmer A., M. Boger, Y. Aota and M. Kumagai, 2006. A Lake
as a Natural Integrator of Linear Processes: Application to
Lake Kinneret (Israel) and Lake Biwa (Japan). Journal of




The Lake Salinity Model (LSM)

Cl and water
Inflows from
surface sources

solute flux
through the
outlet of the
lake iIs
proportional
with solute
storage

L L

Cl and water |nflow from saline springs




Schematic lake salinity response to
change In solute inflow (S;,)

Sino | | | Sin1

Sin

Sudden drop in solute
Inflows (operation of the
SWCQC) will cause an
exponential decrease of |
solute mass and salinity. The
full change takes ~25 years -

Solute mass in the lake, S




The actual step change in solute
Inflow (S;,) starting in 1964
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Model result for 1964-87

The reduction in solute mass and salinity between 1964 and
1987 is an obvious result of the operation of the SWC in 1964
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Schematic lake salinity response to
gradual change in water inflow (Q;.)
Qino [~

Water infloyy

Qin

Gradual decrease In
water inflows will
cause an non linear
Increase of solute mass
and salinity.

Solute mass in the lake, S




The actual gradual change in water
Inflow (Q;,) since 1951

Annual exchange of water in the lake is reducing
1600 ; continuously in the last 60 years

1400 = Avallable Water
N AW = -3.54xYear + 576.55
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Changes In solute mass in Lake
Kinneret 1963-2010

Solute mass in the lake (Ton)
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Conclusions

Salinity changes are the full lake salinity response to both
gradual reduction in water inflows and step reduction of
solute inflows

Since the middle of the 1980° a slow increase in lake
salinity is observed as a result of reduced amount of inflows
(and outflows).

During the the 1980s the influence of the reducing water
Inflows became more significant than the effect of the step
reduction of solute, 20 years earlier.

We are now withess of the gradual increase of lake salinity
due to the continuous reduction of inflows
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Predictions of future lake salinity:

Example

The salinity of the lake Is expected to increase
significantly if reduction of inflows will continue

Lake Kinneret salinity

— Predicted C_LAKE
Clake calculated
= C_LAKE
Clake+Errors
Clake-Errors

Lake Kinneret salinity (mgCI/l)

170 -

120 T T T T T T T
1960 1970 1980 1990 2000 2010 2020 2030 2040

year
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The historic
record of lake
salinity during

1950-1964

1. During the years 1954-1962 significant increase.
2. Between 1961-1963 reaching peak values of ~390 ppm CI-;
3. In 1964, the NWC became operative, chloride content began to drop;



Few more questions

 Why Lake Kinneret salinity increased
during the 19507

 How It Is connected to the LSM theory?
 How It Is connected to the
policy?

—“



Why Lake Kinneret salinity increased
during the 19507

Various academic references noted that the 50's and

beginning of the 60’s were relatively dry, and
therefore relatively little fresh water reached the a
lake and caused increased salinization.

Is this a complete explanation?

Calculations from 1 October 1954 to 1 October 1962
suggest additional solute inflows during this period. From
solute balance calculations, it is possible that during this
8-year period, the input of solutes to the lake increased
to an annual average of ~ 168,000 t of Cl—, i.e., 8,000t
higher than any calculated average measured since
1960 (see detalls in the solute balance section).



Lets test the LSM and GFM through the
eyes of the decision makers at that time:

Self potential model (SPM)

maximal level maximal level maximal level

low level low level low level

22R R
Ta e small hydraulic High discharge Lake
level —> pressure on the =— from saline — Salinity
brine springs increase

All conditions to support the SPM were filled: low lake
level, relatively high solutes flow, and increasing salinity!
Conclusion: The lake level drop should be limited in
der to preve creased solt red line
required!




However,

During the 1950s, the State
of Israel carried out intensive
research on the Lake
Kinneret salinity, in
preparation to develop and
operate the NWC. As part of

this research effort, at least
60 new boreholes (IHS
database) were drilled in the
region of the west coast of
the lake, from which at least
28 boreholes were drilled
offshore In the bottom of the

|

11111

99999




What was the result of drilling
dozens of wells In and around the

| ake Kinneret?

Massive drilling during the 1950s
resulted in a temporary
disturbance to the steady
hydrological system of the lake-
aquifer and a temporary increase
In solute flux to the lake (~ 2,000 t
Cl- per offshore borehole). The
effect of these boreholes faded
throughout the years after they
were abandoned,




Summary

« Since the operation of the “National Water Carrier” in
1964, the Lake Kinneret salinity causes major
environmental problem. The following two aspects
were discussed:

 Description of the case study: (1) the lake salinity
as a source of solute export by the Israeli water
supply system; (2) the hydrogeological causes for
lake salinity; (3) history of salinity measurements;

« Management and operational aspects: (1) the
proposed mechanisms of lake salinization, and the
determination of policy to ensure minimum
allowed lake level; (2) a complete mixing type model
to predict the future salinity of the lake; (3) summary
of the current knowledge and operation of Lake
Kinneret salinity. (4) Is there a justification for the

_ policy from the salinization point oOf wenh
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