
t'Jabricl. K. R.& H. Kesten. 1963. Statistical analysis ofannual rainfall inJerusalem 1860-1960. Bull.
Res. Counc. Israel IIG:3. 142-145.

Gat. 7.. & Z. Paster. 1974. The Agroclimate of the Golan Heights (A rainfall analysis). Isr.
Metcorol. Serv.. Agromet. Rep. 2/74 (in Hebrew).

Hard. M. & D. Nir. 1963. Geography of the Landof Israel. Tel Aviv. Am Oved Publ. (in Hebrew).
Hutchinson. G. E. 1957. A treatise on Limnology. I: John Wiley & Sons. New York. 1014 p.
Johnson. J. 1945.Termisk hydrologiska studier: Sjon klammingen. Geogr. Ann. Stockh. 28: I-154.
Katsnelson. J. 1955. Rain intensities in Palestine. Isr. Meteorol. Serv. Ser. E. No. 3 (in Hebrew).
Katsnclson. J. 19,64. The variability of annual precipitation in Palestine. Archiv. fur Metcorologic,

Geophysik und" Bioklimatologie. Ser. B. Band 13. 2 Heft. Wicn 163-172.
Katsnclson. J. 1967. Regional Climatology of Palestine. Israel Meteorol. Serv. Ser. A. No. 23 (in

Hebrew).

Katsnelson. J. 1969. Rainfall in Israel as/basic factor in the water budget of the country. Isr.
Meteorol. Serv. Ser. A, No. 24 (in Hejafew).

Koppen. W. 1931. Grundriss der Klim/kunde. Berlin-Leipzig.
Neumann. J. &Y. Mahrer. 1975. Atheoretical study orthe lake and land breezes ofcircular lakes.

Mo. Wea. Rev. 103:474-485.
Odum. E. P. 1971. Fundamentalsifjf Ecology 3rd Edition. W. B.Saunders Co.. Philadelphia. 574p.
Schein. Z. & Buras. N. 1970. Analysis of rainfall intensities in Israel. Isr. Inst. Tech.. Agricult.

Engin. Fac. Haifa (in Hebrew).
Scrruya. S. 1975. Wind, wate/ temperature and motions in Lake Kinneret. Verh. Internal. Vercin.

Limnol. 19:73-87. /
Shaia. J. 1964. Characteristics of the 500 millibar surface over Beer Ya'aqov on rain days. Isr.

Meteorol. Serv. Ser. A. No. 20.
Stanhill.G. 1967. The clirnate of Lake Kinneret: A review or existing data. TAHAL Intern. Report.
Stanhill. G. 1969. The temperature of Lake Tiberias. Isr. J. Earth Sci. 18:83-100.
Thornthwaite, C. W. 1948. An approach towards a rational classification of climate. Geogr. Rev.

38:55 94. / \

Sources of climatologies! data

Publications of Israel Meteorological Service
Series B. Meteorological Notes
No. 3B. Climatqiogical normals. Part One-B. Temperature anr^relative humidity (2nd edition).

1961 (reprintpd 1964).
No. 21. Climatoiogical standard normals of rainfall. 1931-1960 (1967).

Series B. Observational Data
Monthly weatfer report. Published since November 1947 (1948 omitted)
Annual weather report. Published since 1948.
Annual rainfall summary. Published since 1947/1948.

Agro-Meteorological Reports
No. 3. Gat. JZ. &J. Lomas. 1968. Agroclimatic analysis of Lake Tiberias Valley (in Hebrew).

86

tV Hydrology

F. Mero

A The watershed on
B The superficial waters «,
C The thermo-mineral springs 95
D The water balance 99

87



A. The watershed

The Jordan Valley is the inland drainage with the lowest base level in the world
(400 m below sea level at the Dead Sea). Lake Hula and Lake Kinneret represent
intermediary base levels. Lake Kinneret drains a catchment area of 2,730 km2
from an altitude of 2.800 m (Mount Hermon) down to a base level of 209 m below
MSL.

The Kinneret watershed can be subdivided into four sectors (Fig. 31): (i) The
catchment area of the tributaries of the Jordan: Hermon, Dan. Snir and Ayun
rivers. This sector represents an area of 820 km2, (ii) The Hula Basin, collecting
the waters of Sector (i) and the Golan Heights. These waters are collected in the
canals of the presently regulated Jordan River. This sector is approximately
648 km2, (iii) Small catchments along the banks of the Jordan River in the portion
of the river between the Pardes Huri station and the lake. This sector includes a
narrow strip of 122 km2, (iv) Catchment areas draining their waters directly into
the lake through wadis, ground water or shore and sublacustrine springs. This sec
tor is located in the immediate vicinity of the lake and covers an area or 968 km2.

Each of the hydrological sectors includes one or more superficial catchment
units drained by a central river or wadi. The underground flow system is much
more complex. The stratigraphical discontinuities due to the considerable faulting
and block type tectonics explain why the underground aquifers are divided into
numerous and discontinuous units. The natural outlets of these aquifers are the
springs located on the fringes of the Rift Valley, along the faults and on the lake
bottom.
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Fix. 31. The main hydrological units of the Kinneret watershed. PH = Pardes Huri, station of the
hydrological service.
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[B. The superficial waters

1. The Jordan River

TheJordan River is the most important inlet to the lake. It results from thejunc
tion of three rivers: the Snir (Hatsbani River), the Dan River and the Hermon
River (Banias River). Formerly, the Jordan River used to flow into the swamp
area of Lake Hula. In 1957, the artificial drainage of the Hula plain was com
pleted and the river regulated. It now flows into two canals (western and eastern
canals) which drain the plain on both sides and join into a single canal which ends
at the gauging station of Pardes Huri.

The average yield values (Pardes Huri station, period 1959-1960/1970-1971)
range from 7.9 mVsec in August to 29.6 mVsec in February (Table II). The
maximum known discharge was 214m3/sec on 23 January 1969, and the
minimum was 0.80 mVsec on 10 July 1973.

Table II. Yields ot the Jordan River at Pardes Huri station.

Monthly averages for the 1959-1960/1970-1971 period.*

Yields Yields

mVsec m'/sec

October 9.5 April 24.6

November 11.6 May 17.6

December 15.9 June 11.6

January 23.5 July 8.1

February 29.6 August 7.9

March 29.0 September 9.0

* Data from the Hydrological Service.

The base flow of the Jordan River is not higher than a few cubic meters per
second and its regime is of the flood type. Its yields are consequently very variable
from year to year, as shown in Fig. 32 for the yield ofthe Jordan River during the
period 1965-1974.

2. Other rivers and wadis

The western watershed isdrained mainly by Wadis Amud and Tsalmon which are
completely dry in summer. The central partof the Golan Heights, which forms the
eastern watershed of the lake, is drained essentially by the Meshushim River. Its
average yield is generally below 1m'/sec, although the maximum known yield
reached 115m3/sec on 4 April 1971. The other wadis are of secondary
importance.
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Fig. 32. Monthly yields or the River Jordan. (Data from the Hydrological Yearbook or Israel.)

3. The springs

The very recent tectonic disturbances have caused the discontinuity of water
bearing layers which find an outlet in numerous freshwater springs. In Table 12, a
list of the main springs of the lake vicinity can be found, together with their main
characteristics. Their location is shown in Fig. 33.

Table 12. List or freshwater springs in the lake vicinity. Serial numbers indicate location or spring in
Fig. 33. Data from the Hydrological Yearbook or Israel.

No. Name

3 Meron

4 Bar-Yohay
5 Taron

6 Yaqim

7 Zetim

8 Amud

9 Parod

10 Ravid

II Nun

12 Arbel

13 Sanabir

14 Sheikh Husein

15 Dardare

16 Qutsbiya-el Jedida
17 Hush me

18 Fahem

19 Tanuriya
20 Umm-a-Dannir

21 Umm a Dapun

22 Mantsura

23 Mujahiya
21 Rapid 1

25 Rapid 2
26 Uulmiya
27 Bcja
2K BctsctJuhader

24 Sahina

JO Magcla
31 Balzam

33 Po'em

34 Ramiel

36 Re'ah

• Inlerannual average.

♦ Values of October 1972.

•Average
discharge tCI

Elevation m l/sec mg/l

+ 695 23 24

+ 655 - -

+ 530 4 22

+ 520 24 23

+ 705 3 26

-100 - -

+ 480 12 26

-100 121 30

-192 70 54

-140 17 45

+ 310 38 26

+ 260 4 57

-130 3 30

+ 445 44 24

+ 790 3 23

+ 710 142 22

+ 630 30 22

+ 600 9 22

+ 590 16 22

+ 560 20 18

+ 100 26 3 7

+ 700 - -

+ 730 9 2X

+ 695 11 25

+ 660 26 30

+ 570 52 -

-120 300 72

-160 128 53 2

-150 182 330

+ 515 - -

+ 630 - -

-100 - -
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Fig. 33. Location orfreshwater springs. The numbers correspond to the list orTable 12. (data from the
Hydrological Yearbook or Israel).
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C. The thermo-mineral springs

Although the main source of water of the lake, the Jordan River, presents the 'nor
mal' ionic sequence of most of the inland freshwater bodies (Ca > Mg > Na > K
and HCOj > S04 > CI), a completely different chemical pattern characterizes the
lake water (Na > Mg > Ca > K and CI > HCQ3 > S04) as shown in Fig. 34.

HCOj

meq/l
-i root

Fig. 34. Comparative chemical composition or the Kinneret, River Jordan and Hot Springswaters.
(FromC. SerruyaA U. Pollingher, 1971,Mitt. Internat. Verein. Limnol., 19.)
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Fig. 35. Location ofthe thermo-mineral springs in the Kinneret vicinity.

Moreover, the chloride concentration of the Jordan water does not exceed 20
ppm. whereas in the lake, it amounts to 250 ppm. These considerable differences
between the chemistry of the lake water and the water of its main inlet aredue to
the presence of thermo-mineral springs on the shores and on the bottom of the
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Table 13. Main features or the thermo-mineral springs

c • ^. Chloride Mean CI" Temn °C
Spmgname D.schargesmVsec concentration ppm discharge
andlocatron Max. Min. Ave. Max. Min. Ave. IQ-Mons/yr Max. Min.
Westerncoast:

EinShcvaGroup 0.210 0.080 0.135 1,400 400 1050 4500
(201.87-253.11) ,iW

EinNurGroup 0.893 0.486 0.700 2.500 1,300 1,970 43,500

EinFuliya

Group -0.500 -0.05 -0.350 1,300 -600 -1 100
(199.63-246.00)

HamciTveria

(20Cir8O3P24..40) °'°35 ^ ^ l6'5°° l8'2°° '7'90° 'M0° 61 «
Total known

springs on

western coast

Suhlacuslrim
springs:
Barbulim Group
(201.40-251.70)

Ma'agan Group

Salineseepages
along eastern
and western

shores of lake

Estimated total

1.156 0.638 1.214

-1.60

4,000 1,100 -2,500

2,400 1,100 1,800

22,000 1,000 ?

-2,000

-76.550

-71,000

29 21

30 22

-12,150 32 27

31 26

36 33

lake. The location of these springs is shown in Fig. 35, and the characteristics of
the main springs are listed in Table 13.

The exact location of three groups of sublacustrine mineral springs was deter
mined during the bathymetric measurements carried out in the 1960's by TAHAL
(Water Planning for Israel).

The Barbutim group in the NW sector of the lake consists of aseries of 'craters'
within a general NE-SW directed depression. The largest crater is located at the
southern part of the depression and has the strongest discharge. The Ma'agan
group, situated 800 moffshore of the Tiberias fisheries port, consists of six cir
cular funnels. The largest one is approximately 40 mwide and 20 mdeep (Fig
36). The luliya group consists of various sublacustrine springs emerging at about
150 mfrom the shore or close to the shore. Although their discharge is modest in
comparison with other sources of water, the chloride balance indicates that the
springs bring to the lake an annual amount of 150,000 tons (+20%) of chloride
As can be seen from Table 13, only half of the saline influx originates from springs
on or close to shore. The other half is contributed by sublacustrine springs and



seepages. The danger that this salt represents to the quality of the lake water
explains the detailed investigations which have been conducted in order to clarify
the origin of the salty water and the hydraulic mechanisms which bring it back to
the surface. The results of these studies are reported in Chapter V.
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D. The water balance of Lake Kinneret

In the Kinneret watershed, the amount of precipitation ranges from 400 mm/yr in
the lake area to 1,200 mm/yr in the Hermon mountains, and reaches a total
average volume of 2,160 MCM/yr. The deviation from this average value is con
siderable: 160 to 30% of this amount is received by the watershed in very wet and
very dry years respectively.

Approximately 75% of the total superficial runoff is of underground origin, and
corresponds to the rather uniform baseflow of rivers and springs. The remaining
25% comes from storm runoff and surface flow occurring during and after the
rainy period.

The considerable interannual variations of the discharge are caused by the
nearly direct response of the surface flow to the rainfall amounts and their time
distribution.

The generalized water balance presented in Table 14 has been established ac
cording to the average precipitation and discharge data of the period 1959-1974.
The water inflow of the drainage area of the Jordan River accounts for 66% of the
total lake inflow. It is interesting to note that the average net Jordan inflow (558
MCM) is practically equal to the average lake outflow (546 MCM). This means
that the 295 MCM of water lost annually by evaporation must be compensated
for by an equivalent additional inflow coming from the immediate vicinity of the
lake (the 282 MCM of the Kinneret Basin). If we subtract the amount of annual
precipitation on the lake (70 MCM), weobtain an amount of water corresponding
to the surface flow of the wadis and to the freshwater and saline springs (212
MCM). Since the saline flux is estimated to be 90 x 10* m'/yr, it follows that the
freshwater supply of the basin close to the lake amounts to 122 MCM.

An attempt has been made to determine the contribution of each geological for
mation of the Kinneret Basin, which was divided into four areas: (i) An area
covered with basalts in the northern and western sectors of the basin. It covers

125 km2 and includes minor aquifer units, (ii) An area of 85 km2 where the domi
nant Eocene limestone forms confined aquifers of medium size, (iii) The
Turonian-Cenomanian karstic formations extending over 180 km2. The water of
this aquifer seems to mix with the saline water and consequently plays a role in the
final chemical composition of the mineral springs, (iv) An area of 205 km2 along
the eastern shore of the lake. It is covered with basalts and includes a minor

aquifer giving rise to numerous springs.
The known hydrological features of each formation allowed the estimation of

the superficial and underground annual influx through each formation for the
period 1959-1960/1973-1974 (Table 15).

The average total influx (217 MCM) is in excellent agreement with the con
tribution of the Kinneret Basin (212 MCM) calculated in the overall water balance
of Table 14. We note also that the Golan Heights contributes as much as 60% of
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Table 14. Generalized water balance of Lake Kinneret

Name ofwatershed or river basin

)rainage Aver.

area prec.

10'km2 mm/yr

(1) Upper Jordan:
HermonRiver 141.0

Dan River

(mainly ground water) 24.0*
Snir River 623.0

Ayun River 32.0

Total: 820.0

(2) Hula Basin:

Easlernbordercatchments 237.0

Western border catchments 254.0

Hula Valley 157.0

Total: 648.0

Total Jordan at Pardes Huri

gauging station 1468.0

(3) Jordan-KorazimVaUey\ 122.0

Total Jordan into Lake Kinneret

(undiverted) 1.590.0

Estimated upstream uset -

Total net Jordan inflow 1.590.0

(4) Kinneret Basin:

Eastern catchments (S. Golan)t 583.0
Western basinsandspringst 385.0
Lakesurface(directrain)t 169.0

Total Kinneret Basin

contributiont 1,137.0

Total net lake inflow:): 2,727.0

(5) Evaporation losses from lake
(calculated by energy balance) 169.0

Total or average lake outflow

7

7

7

-1,200

881

720

551

703

980

460

955

955

615

620

415

587

793

1,740.0

Yearly discharges (MCM)

summer totalwinter

82.0 35.0 117.0

150.0 114.0 264.0

98.0 32.0 130.0

9.0 0.3 9.3

339.0 181.3 520.3

-40.0 20.0 60.0

35.0 14.0 49.0

-16.0 8.0 24.0

91.0 42.0 133.0

430.0 223.3 653.3

-10.0 -5.0 -15.0

440.0 228.3 668.3

-15.0 -95.0 -110.0

425.0 133.3 558.0

91.0 12.0 103.0

71.0 38.0 109.0

70.0 -
70.0

232.0 50.0 282.0

662.0 188.0 840.0

-101.0 -193.0 -294.0

-546.0

• The indicated catchment area for the Dan springs refers to the surface catchment only. The extent of the ground
water catchment area is unknown. Its extent is about 500 km:. estimated from water balance considerations.

t Discharges are estimated averages, obtained by hydrometeorological and conventional water balances.
1 Based on daily water balances, lake levels, outflow measurements, etc.
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MAAGAN
MAAGAN 1.

Fig. 36. Topography ofthe Tunnels orthe Ma'agan sublacustrine springs.

the total influx. Although one can hardly speak ofbasaltic aquifers, large amounts
of water pass through the basalts and find their way through underlying
formations.
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lality of the lake water
ucted in order to clarify
is which bring it back to
tpter V.

D. The water balance of Lake Kinneret

In the Kinneret watershed, the amount of precipitation ranges from 400mm/yr in
the lake area to 1,200 mm/yr in the Hermon mountains, and reaches a total
average volume of 2,160 MCM/yr. The deviation from this average value is con
siderable: 160 to 30% of this amount is received by thewatershed in very wet and
very dry years respectively.

Approximately 75% of the total superficial runoffis of underground origin, and
corresponds to the rather uniform baseflow of rivers and springs. The remaining
25% comes from storm runoff and surface flow occurring during and after the
rainy period.

The considerable interannual variations of the discharge are caused by the
nearly direct response of the surface flow to the rainfall amounts and their time
distribution.

The generalized water balance presented in Table 14 has been established ac
cording to the average precipitation and discharge data of the period 1959-1974.
The water inflow of the drainage area of the Jordan River accounts for 66% of the
total lake inflow. It is interesting to note that the average net Jordan inflow (558
MCM) is practically equal to the average lake outflow (546 MCM). This means
that the 295 MCM of water lost annually by evaporation must be compensated
for by an equivalent additional inflow coming from the immediate vicinity of the
lake (the 282 MCM of the Kinneret Basin). If we subtract the amount of annual
precipitation on the lake (70 MCM), weobtain an amountof water corresponding
to the surface flow of the wadis and to the freshwater and saline springs (212
MCM). Since the saline flux is estimated to be 90 x 106 m3/yr, it follows that the
freshwater supply of the basin close to the lake amounts to 122 MCM.

An attempt has been made to determine the contribution of each geological for
mation of the Kinneret Basin, which was divided into four areas: (i) An area
covered with basalts in the northern and western sectors of the basin. It covers
125 km2 and includes minor aquifer units, (ii) An area of 85 km2 where the domi
nant Eocene limestone forms confined aquifers of medium size, (iii) The
Turonian-Cenomanian karstic formations extending over 180 km2. The water of
this aquifer seems to mix with the saline water and consequently plays a role in the
final chemical composition of the mineral springs, (iv) An area of 205 km2 along
the eastern shore of the lake. It is covered with basalts and includes a minor
aquifer giving rise to numerous springs.

The known hydrological features of each formation allowed the estimation of
the superficial and underground annual influx through each formation for the
period 1959-1960/1973-1974 (Table 15).

The average total influx (217 MCM) is in excellent agreement with the con
tribution of the Kinneret Basin (212 MCM) calculated in the overall water balance
of Table 14. We note also that the Golan Heights contributes as much as 60% of
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Drainage Aver. Yearly discharges(MCM)

Name ofwatcrshcd or river basin

area

10'km2

prec.

mm/yr winter summer total

(1) UpperJordan:
llennon River 141.0 7 82.0 35.0 117.0

Dan River

(mainly ground water)
Snir River

Ayun River

24.0*

623.0

32.0

7

7

150.0

98.0

9.0

114.0

32.0

0.3

264.0

130.0

9.3

Total: 820.0 -1,200 339.0 181.3 520.3

(2) Hula Basin:

Eastern border catchments

Western bordercatchments

Hula Valley

237.0

254.0

157.0

881

720

551

-40.0

35.0

-16.0

20.0

14.0

8.0

60.0

49.0

24.0

Total: 648.0 10} 91.0 42.0 133.0

Total Jordan at Pardes Huri

gauging station 1468.0 980 430.0 223.3 653.3

(3) Jordan-Korazim Valleyf 122.0 460 -10.0 -5.0 -15.0

Total Jordan into Lake Kinneret

(undiverted) 1,590.0 955 440.0 228.3 668.3

Estimated upstream uset - -
-15.0 -95.0 -110.0

Total net Jordan inflow 1,590.0 955 425.0 133.3 558.0

(4) Kinneret Basin:

Eastern catchments (S.Golan)t
Western basins and springst
Lake surface (direct rain)t

583.0

385.0

169.0

615

620

415

91.0

71.0

70.0

12.0

38.0

103.0

109.0

70.0

Total Kinneret Basin

contribution! 1,137.0 587 232.0 50.0 282.0

Total net lake inflow^ 2,727.0 793 662.0 188.0 840.0

(5) Evaporation losses from lake
(calculated by energy balance) 169.0 1,740.0 -101.0 -193.0 -294.0

Total ofaveragclakeoutflow -546.0

• The indicated catchment area for the Dan springs refers tothe surface catchment only. The extent ofthe ground
watercatchmentarea is unknown.Its extent is about 500 km', estimated fromwaterbalanceconsiderations,

t Discharges arc estimated averages, obtained by hydrometeorological and conventional water balances.
t Based on dailywater balances,lake levels, outflowmeasurements, etc.
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Fig.36. Topography of the funnelsof the Ma'agan sublacustrine springs.

the total influx. Although one can hardly speak ofbasaltic aquifers, large amounts
of water pass through the basalts and find their way through underlying
formations.
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Table .5. Contribution of the different geo.ogical formations to the lake inflow. Results in MCM.
* - superficial flow.

VJV* — 6'
uu

West & North

jasalts Eocene Cenoman Golan Total

GW 1.4 25.7 53.3 22.5 102.9

1959/60 SUR

TOTAL

1.8

3.2

1.9

27.6

3.9

57.2

10.5

33.0

18.1

121.0

GW 2.2 17.8 49.4 36.1 105.5

1960/61 SUR

TOTAL

2.8

5.0

1.4

19.2

3.0

52.4

27.5

63.6

34.7

140.2

1961/62

GW

SUR

TOTAL

17.9

10.2

28.1

25.1

4.4

29.5

57.1

7.9

65.0

85.4

55.1

140.5

185.5

77.6

263.1

GW 5.6 18.9 52.2 70.5 147.2

1962/63 SUR

TOTAL

3.7

9.3

2.3

21.2

4.1

56.3

40.5

111.0

50.6

197.0

1963/64

GW

SUR

TOTAL

8.7

6.3

15.0

17.8

3.1

20.9

49.9

4.4

54.3

78.2

46.8

125.0

154.6

60.6

215.2

1964/65

GW

SUR

TOTAL

20.3

10.3

30.6

25.7

4.7

30.4

56.9

8.1

64.0

96.4

49.9

145.8

199.3

72.5

271.8

1965/66

GW

SUR

TOTAL

3.0

3.1

6.1

13.3

1.3

14.6 •'?

45.6

1.9

47.5

39.9

19.9

59.8

101.8

26.2

128.0

GW 14.0 21.4 50.8 96.7 182.9

1966/67 SUR

TOTAL

7.8

21.8

3.9

25.3

5.6

56.4

59.4

156.1

76.7

259.6

1967/68

GW

SUR

TOTAL

7.2

4.4

11.6

20.0

3.5

23.5

51.8

5.5

57.3

75.1

41.9

117.0

154.1

55.3

209.4

1968/69

GW

SUR

TOTAL

34.7

23.5

58.2

40.5

13.6

54.1

69.5

21.1

90.6

165.1

131.7

296.8

309.9

189.9

499.7

1969/70

GW

SUR

TOTAL

4.6

3.5

8.1

20.6

2.4

22.0

55.7

3.7

59.4

71.3

35.2

106.5

152.2

44.8

197.0

GW

SUR

TOTAL

18.6 51.2 85.8 163.3

1970/71 -.2

14.1

2.9

21.5

3.8

55.0

63.3

149.1

76.4

239.7

1971/72

GW

SUR

TOTAL

1.7

1.9

3.6

15.0

1.6

16.6

46.0

1.6

47.6

67.8

32.2

100.0

130.5

37.3

167.8

1972/73

GW

SUR

TOTAL

0.0

0.6

0.6

7.3

0.5

7.8

35.5

0.5

36.0

38.8

21.8

60.6

81.6

23.4

105.0

1973/74

GW

SUR

TOTAL

6.0

3.7

9.7

16.7

3.5

20.2

45.3

5.5

50.8

91.1

62.7

153.8

159.1

75.4

234.5

Average

Average

Average

GW

SUR

TOTAL

9.1

5.9

15.0

20.3

3.4

23.7

51.3

5.4

56.7

74.7

46.5

121.2

155.4

61.2

216.6
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p. F.nergy balance and evaporation
ri. StanhiU & J. Neumann
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I|ie radiation balance at the lake's surface and the thermal regime of its waters
arc the two major elements determining the lake's energy balance and evaporation
joss. The different flux components of the energy balance are considered in this
chapter using the following balance equations:

here: Q*

Li

Li

R

LE

S

A

V

M

Q, = Ki + Li_Lt-R = LE + S + A + V + M

,s the net radiation balance at thewater surface
is the global, short-wave radiation from sun and sky
is the atmospheric, long-wave radiation from the sky
s the long-wave radiation emitted by the water surface
s theshort-wave radiation reflected by the water surface
s the latent heat of evaporation
is the change in heat storage in the water
isthe sensibleheat exchange with the air
is the net advective heatexchange viathewater fluxes
is the change in metabolic heat storage

Ml fiLxcs are expressed per unit water surface area, positive values representing
\ es to the water surface.

i. Global radiation

In the absence of direct measurements, 25 years of observations of the cloud
cover at Degania Awere used with the following empirical equation:

Ki = Kn (0.7985 - 0.0311 C - 0.001 C2)

ulu-re: Ki ismean global radiation in cal cm2 day-1
Ki. is mean solar radiation at the topof the atmosphere in the same

units
C ismean cloud cover from observations at08. 14 and 20 hours local

time, in tenths of sky covered

Ihe equation was derived from 94 pairs of monthly data obtained prior to 1960
from three stations in unpolluted areas of Israel (StanhiU. 1962). As no difference
was found between the relationships at the three stations, despite an altitude
difference of more than 700 m. it may be assumed that the relationship will also
\ icld monthly estimates for Lake Kinneret with amean standard error of 4.4%, as
observed at the other three stations.

The annual total insolation calculated, 199.3 Kcal cm^yr"1. agrees to within
of the nearest measured value at Amir, 52 km to the north of the lake in the

per Jordan Rift (StanhiU. 1970). The calculated mean monthly values at Lake
173
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Kinneret, listed in Table 21, are somewhat higher in the winter and slightly lower
in the summer than those measured at Amir.

2. Reflected short-wave radiation, R

The short-wave radiation reflected from the lake has not been systematically
measured. In Table 21, the values presented are calculated with the mean monthly
albedo values listed by Kondratyev (1972), appropriate to the latitude and mean
cloud cover of the lake. Two days of measurement in the center of the lake during
the early summer of 1966 gave a mean albedo of 6.0%, in good agreement with
the tabulated values for that time of the year.

3. Long-wave emission, Lt

Emission was calculated as Lt = sal *, where T is the water temperature on the
absolute scale. The values used are mean monthly values, each based on an
average of six dates of measurement, each of which is based on 15 points of
measurement selected to sample the lake surface (StanhiU, 1969). a is the
Stefan-Bolzmann constant and e is the emissivity of the water surface; the value
used for e was 0.97 (U.S. Geological Survey, 1954).

4. Net radiation balance, Q*

Data from four years of continuous measurement of the radiation balance over
the water surface are available from a special station established at Ginnosar as
part of the Lake Kinneret Evaporation Project, initiated by Water Planning for
Israel Ltd. under the supervision of the late Dr. J. Frenkiel, and now under the
supervision of F. Miro. A description of the instrumentation, exposure and
calibration procedures can be found in the first report (Miro & Kahanovitz,
1969). The mean monthly values presented in Table 21 are taken from data
presented in three progress reports (Miro & Kahanovitz, 1972, 1973, 1974).
Fluxes for the individual periods are shown in Fig. 68.

The areal variation in the radiation balance is probably small. Measurements
during August 1964 near the shore at Ginnosar and Ein Gev show a 5%
difference in the mean daily total (Fig. 69), almost certainly due to the difference in
water surface temperature occurring in the summer months (StanhiU, 1969).

5. Long-wave sky radiation, Li

Values of this flux, calculated as the difference from the radiation balance equa
tion, are listed in Table 21. It may be noted that the values calculated exceed those
for the short-wave global radiation received at the water surface.

6. Heat storage change in the water, S

Four series of lake water temperature measurements are available from which this
flux may be calculated. The first, presented by Ashbel (1945), is for a 14-month
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fit OS Measured values of net radiation balance over Lake Kinneret at Ginnosar and heat storage
changes in the Lake for correspond^ periods. Original data in Miro &Kahanovitz, 1972 and 1973 and
Kahanovitz & Kami, 1974.

period between 1943 and 1945 and is published as mean monthly values for 5
depths based on two fixed points of measurement near the shore at Ein Gev and
Hamei Tiberias and an unspecified number ofpoints on the lake. The annual heat
storage change, i.e. the sum of changes through the calendar year neglecting signs,
totalled 67,000 Kcal cm"2 yr1.

Oren (1962) reports the results of a series of measurements taken during 27
months between 1948 and 1951. Twenty sets ofmeasurements were made at four
depths along two transects, one from Tiberias to Ein Gev and asecond from Gin
nosar to El-Kursi. The annual flux totalled 47,433 Kcal cm~2 yr '.

A third series of measurements presented by StanhiU (1969) consists of 72 sets
ofdata collected at ten depths at 15 stations chosen tosample representatively the
lake's volume. The fluxes for the two years ofmeasurement, from 1965 to 1967,
were 40,000 and 47,240 Kcal cm~2 yr"1. The standard deviation of temperature
differences were used to calculate the error of the estimates of heat storage
change. For the great majority of the periods examined, the coefficient of variation
was less than 3%.
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Fig. 69. Measured values of net radiation balance over Lake Kinneret at Ginnosar and Bin Gev, mean
monthly values for August 1964.

The heat storage changes shown in Fig. 68 and presented as mean monthly
values in Table 21 are based on the 40 sets of measurements taken over the same

time periods as the net radiation measurements. During the four-year period, the
number of sampling stations varied, starting at 15 and increasing to 45 during the
last two years of the period. There were ten depths of measurement. The original
data are presented in the same reports referred to for the net radiation data. The
annual heat storage fluxes averaged 50,321 Kcal cm-2 yr-1.

The degree of annual variation in heat storage can also be seen in Fig. 57,
reproduced from Serruya (1975), which shows the isotherms measured in the
center of the lake.

7. Advective heat exchange, V

Heat is advected into the lake in the water entering the lake through surface flow,
rainfall and subterranean springs, and out of the lake in evaporating water vapor
and in the water pumped into the National Water Carrier. Neither the
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temperature nor the volume of the various terms are precisely known; an estimate
can, however, be made based on the estimates of the lake's water balance (Negev
& Keller, 1964), measurements of water temperature in the Jordan and the
assumption that the water pumped from the lake is at surface temperature. The
annual totals of heat advected into the lake are 4.72 Kcal cm-2 lake surface in

Jordan inflow, 3.05 Kcal cm-2 via the subterranean hot springs and
0.41 Kcal cm""2 in rainfall. The heat advected from the lake in evaporation was
calculated to be 4.20 Kcal cm-2 and in the pumped water, 5.00 Kcal cm-2. Thus
the net advective heat exchange is 1.00 Kcal cm-2 yr-1 from the lake.

8. Metabolic heat, M

The solar radiation fixed metabolically by algal photosynthesis (primary produc
tion) forms a very small fraction of the incident global radiation, less than 0.2%),
but is of great significance for the quality of the lake's water and also provides the
food base for the 1,672 tons offish harvested from the lake each year. Average
values of primary production (Lake Kinneret Report, 1974), with the heat of com
bustion of algae (5.5 Kcal g~l), gave a total annual net metabolic heat fixation of
0.32 Kcal cm-

April.
lake surface, with a maximum flux of 1.4 cal cm 2 day ' in

9. Latent heat of evaporation, LE

Approximately the same volume of water leaves the lake in water vapour as is
pumped from the lake into the National Water Carrier. No doubt because of its
significance in the national water balance, the size of this flux has been the subject
of numerous investigations using a variety of methods. The results have been sum
marized in Table 22 in the form of the various estimates of annual evaporation.
The average of the six estimates is 175 cm yr-1, equivalent to a latent heat flux of
103.25 Kcal cm-2 yr-1. The 7% variation between the estimates includes the
various errors of measurement and estimation involved in each method plus the
year-to-year variation introduced by considering different periods. Data given in
the references numbered 2, 4, 5 and 6 in Table 22 suggest that this year-to-year
variation can be considerable, as do the values of year-to-year variation in the size
of the heat storage term previously presented.

Estimates of monthly evaporation obtained by the different investigations show
much more variation than do the annual totals. The first energy balance estimate,
based on Ashbel's early heat storage measurements (Neumann, 1953), showed an
autumn maximum and late spring minimum, whereas all other estimates indicate
midsummer maxima and early winter minima. Estimates by the combined water
balance and mass-transfer method (StanhiU, 1969) differed in that the midsummer
maximum (353 mm in July) was almost 50% more than the amount estimated in
the other three investigations (nos. 2, 3 and 6 in Table 22). These three estimates,
all based on the more recent series of heat storage measurements, show a fair
agreement on monthly values.

All three energy balance estimates contain a systematic error by ignoring the
unmeasurable but marked diurnal variation in the heat storage term. The most re-
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Table 22 Estimates ofannual Evaporation from Lake Kinneret

Method of estimation

Annual

evaporation,

1. Energy Balance
Lakeside climatological data Ashbel's thermal
survey data

2. Energy Balance
Lakeside climatological dataOren's thermal
survey data

3. Combined Energy Balance and Mass Transfer
Lakeside climatological dataOren's thermal
survey data

4. Combined Water Balance and Mass Transfer
Lakeside climatological data Lakewater
balance data

5. Evaporation Pan
Class A evaporation panand reduction constant,
meanof five lakeside stationsfor three
years

6. Energy Balance
Micrometerorological measurements atGinnosar with
concurrent thermal surveys,4 year mean

163

178

171

184

167

187

Reference

Neumann 1953

Neumann 1961

StanhiU 1963

StanhiU 1969

Bezer 1970

Miro & Kahanovitz,

1969-1973

Kahanovitz & Kami,

1974

cent estimate (no. 6, Table 22) is the most precise in that micrometeorolog.cal
measurements made at Ginnosar over the water surface were used to derive hour
ly values of Bowen's ratio needed to partition the available energy between latent
and sensible heat fluxes. In contrast, the earlier estimates used mean monthly
climatological values from lakeside stations and thermal survey data for the same

Unfortunately, the greater precision of the Ginnosar measurements introduces
the problem of areal variation in evaporation over the lake, the Ginnosar data
representing predominantly windward shore conditions. The marked increase in
vapour pressure at the eastern shore, in particular during midday ... the summer
months, has already been referred to in a previous chapter. Further evidence for
the areal differences in atmospheric evaporation potential can be found in the
values of Class Aevaporation measured at the different lakeside stations (Bezer,
1970) The annual value measured at Migdal, 3km south of Ginnosar, was 18%
more than that measured at Kafer Aaqeb, almost on the same latitude on the
downwind, eastern bank, and 13% more than that measured at Ha'on, on the
southern section of the eastern shore.

Clearly, accurate estimates of the seasonal variation in evaporation from the
lake require detailed information on a diurnal basis of the areal variation in the
factors controlling this flux. In the absence of such information, and because, for
the previously stated reasons, evaporation at Ginnosar is believed to be higher
than over the lake as a whole, the lower, earlier estimates of evaporation based on
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Table23. A Comparison of the AnnualRadiation and Energy balancein three Mid-latitude Lakes

Mean annual values in cal cm-2 day~'
Negative values represent fluxes from surface

Lake Kinneret Mead* Hefner*
Coordinates 33°N,35°E 36°N, U4°W 35°N,97°W
Altitude -210m 400 m 375 m

Flux components
Global radiation K, 546 506 420
Reflected short wuve R -37 -37 -26
Emitted long wave Lt -874 -842 -781
Sky radiation Li 658 672 619

Net radiation balance Q. 293 299 232
Advective V -3 52 4
Latent heat LE -277 -344 -222
Sensible heat A -13 -5 8

Evaporation mm day"' 4.7 5.8 3.8

• Data from Harbeck el al. (1958).

lakeside climatological data (StanhiU, 1963) have been used for the monthly
values given in Table 21.

10. Sensible heat exchange with the air, A

There is a small sensible heat flux from the lake to the air totalling
4.58 Kcal cm-2 yr-1. The monthly values of this flux given in Table 21 should be
regarded as an approximate indication only, being calculated by difference and in
corporating all the uncertainties in the heat balance. The values suggest that the
lake warms the passing air from late summer to early winter, with a marked
cooling effect confined to late spring. This pattern is consistent with the
previously-noted variation in air temperature around the lakeside,but it is believed
that other factors, including the topographical influences discussed elsewhere, and
the much greater sensible heat exchange from the land surfaces during the
summer months, are probably of greater significance.

11. Conclusions

The size of the major terms in the annual heat balance of Lake Kinneret are by
now well established. A comparison of these data with that of other lakes shows
that the annual flux ofradiant heat and the changes in its heat storage are, per unit
area, among the highest recorded (Table 23). The seasonal variation of the radia
tion balance components and ofthe changes in heat storage are also satisfactorily
established, but the accuracy of the latent and sensible heatfluxes is less accurate
ly known. To obtain this information, a detailed study of the areal and diurnal
variation in these heat fluxes is required, information which is also needed to
model the circulation of heat, water and momentum in the lake and its
surroundings.
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D. The water balance of Lake Kinneret

£-

h^
In the Kinneret watershed, the amount of precipitation ranges from 400 mm/yr in
the lake area to 1,200 mm/yr in the Hermon mountains, and reaches a total
average volume of2,160 MCM/yr. The deviation from this average value is con
siderable: 160 to 30% of this amount is received by the watershed in very wet and
very dry years respectively.

Approximately 75% of the total superficial runoff is of underground origin, and
corresponds to the rather uniform baseflow of rivers and springs. The remaining
25% comes from storm runoff and surface flow occurring during and after the
rainy period.

The considerable interannual variations of the discharge are caused by the
nearly direct response of the surface flow to the rainfall amounts and their time
distribution.

The generalized water balance presented in Table 14 has been established ac
cording to the average precipitation and discharge data of the period 1959-1974.
The water inflow ofthe drainage area ofthe Jordan River accounts for 66% ofthe
total lake inflow. It is interesting to note that the average net Jordan inflow (558
MCM) is practically equal to the average lake outflow (546 MCM). This means
that the 295 MCM of water lost annually by evaporation must be compensated
for by an equivalent additional inflow coming from the immediate vicinity of the
lake (the 282 MCM of the Kinneret Basin). Ifwe subtract the amount ofannual
precipitation on the lake (70 MCM), we obtain an amount of water corresponding
to the surface flow of the wadis and to the freshwater and saline springs (212
MCM). Since the saline flux is estimated to be 90 x 10* mVyr, it follows that the
freshwater supply of the basin close to the lake amounts to 122 MCM.

An attempt has been made to determine the contribution of each geological for
mation of the Kinneret Basin, which was divided into four areas: (i) An area
covered with basalts in the northern and western sectors of the basin. It covers
125 km2 and includes minor aquifer units, (ii) An area of 85 km2 where the domi
nant Eocene limestone forms confined aquifers of medium size, (iii) The
Turonian-Cenomanian karstic formations extending over 180 km2. The water of
this aquifer seems to mix with the saline water and consequently plays a role in the
final chemical composition of the mineral springs, (iv) An area of 205 km2 along
the eastern shore of the lake. It is covered with basalts and includes a minor
aquifer giving rise to numerous springs.

The known hydrological features of each formation allowed the estimation of
the superficial and underground annual influx through each formation for the
period 1959-1960/1973-1974 (Table 15).

The average total influx (217 MCM) is in excellent agreement with the con
tribution ofthe Kinneret Basin (212 MCM) calculated in the overall water balance
ofTable 14. We note also that the Golan Heights contributes as much as 60% of
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Drainage Aver. Yearly lischarges(MCM)

area prec.

Name of watershed or river basin 10'km2 mm/yr winter summer total

(1) UpperJordan:
llcrmon River 141.0 ? 82.0 35.0 117.0

Dan River ^*

(mainly ground water) 24.0* ? 150.0 114.0 264.0

Snir River 623.0 7 98.0 32.0 130.0

Ayun River 32.0 ? 9.0 0.3 9.3

Total: 820.0 ~1,200 339.0 181.3 520.3

(2) Hula Basin:
Eastern border catchments 237.0 881 ~40.0 20.0 60.0

Western border catchments 254.0 720 35.0 14.0 49.0

Hula Valley 157.0 551 ~16.0 8.0 24.0

Total: 648.0 703 91.0 42.0 133.0

Total Jordan at Pardes Huri

gauging station 1468.0 980 430.0 223.3 653.3

(3) Jordan-Korazim Valley^ 122.0 460 ~10.0 ~5.0 ~I5.0

Total Jordan into Lake Kinneret

(undiverted) 1.590.0 955 440.0 228.3 668.3

Estimatedupstream usef - - -15.0 ~95.0 ~ 110.0

Total net Jordan inflow 1,590.0 955 425.0 133.3 558.0

(4) Kinneret Basin:

Easterncatchmcnts(S.Golan)t 583.0 615 91.0 12.0 103.0

Western basinsand springsf 385.0 620 71.0 38.0 109.0

Lakcsurfaccfdirect rain)t 169.0 413 70.0 -

70.0

Total Kinneret Basin

contributionf 1,137.0 587 232.0 50.0 282.0

Total nel lake inflowt 2,727.0 793 662.0 188.0 840.0

(5) Evaporation losses from lake
(calculated by energy balance) 169.0 1,740.0 -101.0 -193.0 -294.0

Total ofaverage lake outflow ~546.0

• The indicated catchment area for theDan springs refers tothesurface catchment only. Theextent oftheground
water catchment area is unknown. Its extent is about 500 km', estimated from water balance considerations,

t Discharges areestimatedaverages, obtainedby hydrometeorological andconventional waterbalances.
XBased on daily water balances, lake levels, outflow measurements, etc.

100

MAAGAN 1.

Fig. 36. Topography of the funnels of the Ma'agan sublacustrine springs.

the total influx. Although one can hardly speak ofbasaltic aquifers, large amounts
of water pass through the basalts and find their way through underlying
formations.
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Table 15. Contribution ofthe diffecemj^Mogical formations to the lake inflow. Results in MCM.
GW= ground water flow. SUR = superficial flow.

West & North

basalts Eocene Cenoman Golan Total

GW 1.4 25.7 53.3 22.5 102.9

1959/60 SUR

TOTAL

1.8

3.2

1.9

27.6

3.9

57.2

10.5

33.0

18.1

121.0

GW 2.2 17.8 49.4 36.1 105.5

1960/61 SUR

TOTAL

2.3

5.0

1.4

19.2

3.0

52.4

27.5

63.6

34.7

140.2

GW 17.9 25.1 57.1 85.4 185.5

1961/62 SUR 10.2 4.4 7.9 55.1 77.6

TOTAL 28.1 29.5 65.0 140.5 263.1

GW 5.6 18.9 52.2 70.5 147.2

1962/63 SUR

TOTAL

3.7

9.3

2.3

21.2

4.1

56.3

40.5

111.0

50.6

197.0

GW 8.7 17.8 49.9 78.2 154.6

1963/64 SUR

TOTAL

6.3

15.0

3.1

20.9

4.4

54.3

46.8

125.0

60.6

215.2

GW 20.3 25.7 56.9 96.4 199.3

1964/65 SUR

TOTAL

10.3

30.6

4.7

30.4

8.1

64.0

49.9

145.8

72.5

271.8

GW 3.0 13.3 45.6 39.9 101.8

1965/66 SUR 3.1 1.3 1.9 19.9 26.2

TOTAL 6.1 14.6 nT 47.5 59.8 128.0

GW 14.0 21.4 50.8 96.7 182.9

1966/67 SUR

TOTAL

7.8

21.8

3.9

25.3

5.6

56.4

59.4

156.1

76.7

259.6

GW 7.2 20.0 51.8 75.1 154.1

1967/68 SUR

TOTAL

4.4

11.6

3.5

23.5

5.5

57.3

41.9

117.0

55.3

209.4

GW 34.7 40.5 69.5 165.1 309.9

1968/69 SUR 23.5 13.6 21.1 131.7 189.9

TOTAL 58.2 54.1 90.6 296.8 499.7

GW 4.6 20.6 55.7 71.3 152.2

1969/70 SUR

TOTAL

3.5

8.1

2.4

22.0

3.7

59.4

35.2

106.5

44.8

197.0

GW 7.7 18.6 51.2 85.8 163.3

1970/71 SUR

TOTAL

7.2

14.1

2.9

21.5

3.8

55.0

63.3

149.1

76.4

239.7

GW 1.7 15.0 46.0 67.8 130.5

1971/72 SUR

TOTAL

1.9

3.6

1.6

16.6

1.6

47.6

32.2

100.0

37.3

167.8

GW 0.0 7.3 35.5 38.8 81.6

1972/73 SUR

TOTAL

0.6

0.6

0.5

7.8

0.5

36.0

21.8

60.6

23.4

105.0

GW 6.0 16.7 45.3 91.1 159.1

1973/74 SUR

TOTAL

3.7

9.7

3.5

20.2

5.5

50.8

62.7

153.8

75.4

234.5

Average

Average

Average

GW

SUR

TOTAL

9.1

5.9

15.0

20.3

3.4

23.7

51.3

5.4

56.7

74.7

46.5

121.2

155.4

61.2

216.6

I*-*-
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1) Energy balance and evaporation

<;. StanhiU & J. Neumann

C«c4v"«?Vn \

Ihe radiation balance at the lake's surface and the thermal regime of its waters
are the two major elements determining the lake's energy balance and evaporation
loss. The different flux components of the energy balance are considered in this
chapter using the following balance equations:

0> = Ki + Li-Lt-R = LE + S + A + V + M

Vrc: Q,
Ki

Li

Li

R

LE

S

A

V

M

s the net radiation balance at the water surface
s the global, short-wave radiation from sunand sky
s the atmospheric, long-wave radiation from the sky
s the long-wave radiation emitted by the water surface
s the short-wave radiation reflected by the water surface
s the latent heat of evaporation
is the change in heat storage in the water
s the sensible heat exchange with the air
s the net advective heat exchange via the water fluxes
s the change in metabolic heat storage

Ml flL.xcs are expressed per unit water surface area, positive values representing
\cs to the water surface.

I. Global radiation

In the absence of direct measurements, 25 years of observations of the cloud
cover at Degania A were used with the following empirical equation:

Ki = Ku (0.7985 - 0.0311 C - 0.001 C2)

where: Ki is mean global radiation in cal cm2 day-1
K i. is mean solar radiation at the top of the atmosphere in the same

units

C is mean cloud cover from observations at 08, 14 and 20 hours local
time, in tenths of sky covered

I he equation was derived from 94 pairs of monthly data obtained prior to 1960
from three stations in unpolluted areas of Israel (StanhiU, 1962). As no difference
was found between the relationships at the three stations, despite an altitude
ilitference of more than 700m, it may be assumed that the relationship will also
yield monthly estimates for LakeKinneret with a mean standarderror of 4.4%, as
unserved at the other three stations.

The annual total insolation calculated, 199.3 Kcal cm-2 yr"1, agrees to within
of the nearest measured value at Amir, 52 km to the north of the lake in the

per Jordan Rift (StanhiU. 1970). The calculated mean monthly values at Lake
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Kinneret, listed in Table 21, are somewhat higher in the winter and slightly lower
in the summer than those measured at Amir.

2. Reflected short-wave radiation, R

The short-wave radiation reflected from the lake has not been systematically
measured. In Table 21, the values presented are calculated with the mean monthly
albedo values listed by Kondratyev (1972), appropriate to the latitude and mean
cloud cover of the lake. Two days of measurement in the center of the lake during
the early summer of 1966 gave a mean albedo of 6.0%, in good agreement with
the tabulated values for that time of the year.

3. Long-wave emission, Lt

Emission was calculated as Lt = eal 4, where T is the water temperature on the
absolute scale. The values used are mean monthly values, each based on an
average of six dates of measurement, each of which is based on 15 points of
measurement selected to sample the lake surface (StanhiU, 1969). a is the
Stefan-Bolzmann constant and t is the emissivity of the water surface; the value
used for i was 0.97 (U.S. Geological Survey, 1954).

4. Net radiation balance, Q*

Data from four years of continuous measurement of the radiation balance over
the water surface are available from a special station established at Ginnosar as
part of the Lake Kinneret Evaporation Project, initiated by Water Planning for
Israel Ltd. under the supervision of the late Dr. J. Frenkiel, and now under the
supervision of F. Miro. A description of the instrumentation, exposure and
calibration procedures can be found in the first report (Miro & Kahanovitz,
|y69). The mean monthly values presented in Table 21 are taken from data
presented in three progress reports (Miro & Kahanovitz, 1972, 1973, 1974).
I-luxes for the individual periods are shown in Fig. 68.

The areal variation in the radiation balance is probably small. Measurements
during August 1964 near the shore at Ginnosar and Ein Gev show a 5%
dillerence in the mean daily total (Fig. 69), almost certainly due to the difference in
water surface temperature occurring in the summer months (StanhiU, 1969).

5. Long-wave sky radiation, Li

Values of this flux, calculated as the difference from the radiation balance equa
tion, are listed in Table 21. It may be noted that the values calculated exceed those
for the short-wave global radiation received at the water surface.

6. Heat storage change in the water, S

Four series of lake water temperature measurements are available from which this
flux may be calculated. The first, presented by Ashbel (1945), is for a 14-month

174

600

NET RADIATION BALANCE

400

200

x

r- 0 -

-200 - HEAT STORAGE CHANGE
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Fig. 68. Measured values ofnet radiation balunce over Lake Kinneret at Ginnosar and heat storage
changes in the Lake for corresponding periods. Original data in Miro &Kahanovitz, 1972 and 1973 and
Kahanovitz & Kami, 1974.

period between 1943 and 1945 and is published as mean monthly values for 5
depths based on two fixed points of measurement near the shore at Ein Gev and
Hamei Tiberias and an unspecified number ofpoints on the lake. The annual heat
storage change, i.e. the sum ofchanges through the calendar year neglecting signs,
totalled 67,000 Kcal cm'1 yr1.

Oren (1962) reports the results of a series of measurements taken during 27
months between 1948 and 1951. Twenty sets of measurements were made at four
depths along two transects, one from Tiberias to Ein Gev and a second from Gin
nosar to El-Kursi. The annual flux totalled 47,433 Kcal cm"2 yr'.

A third series or measurements presented by StanhiU (1969) consists of 72 sets
ofdata collected at ten depths at 15 stations chosen tosample representatively the
lake's volume. The fluxes for the two years of measurement, from 1965 to 1967,
were 40,000 and 47,240 Kcal cm"2 yr"'. The standard deviation of temperature
differences were used to calculate the error of the estimates of heat storage
change. For the great majority ofthe periods examined, the coefficient ofvariation
was less than 3%.
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temperature nor the volume of the various terms are precisely known; an estimate
can, however, be made based on the estimates of the lake's water balance (Ncgev
& Keller, 1964), measurements of water temperature in the Jordan and the
assumption that the water pumped from the lake is at surface temperature. The
annual totals of heat advected into the lake are 4.72 Kcal cm-2 lake surface in

Jordan inflow, 3.05 Kcal cm-2 via the subterranean hot springs and
0.41 Kcal cm-2 in rainfall. The heat advected from the lake in evaporation was
calculated to be 4.20 Kcal cm-2 and in the pumped water, 5.00 Kcal cm-2. Thus
the net advective heat exchange is 1.00 Kcal cm-2 yr-1 from the lake.

8. Metabolic heat, M

The solar radiation fixed metabolically by algal photosynthesis (primary produc
tion) forms a very small fraction of the incident global radiation, less than 0.2%,
but is of great significance for the quality of the lake's water and also provides the
food base for the 1,672 tons offish harvested from the lake each year. Average
values of primary production (Lake Kinneret Report, 1974), with the heat of com
bustion of algae (5.5 Kcal g_1), gave a total annual net metabolic heat fixation of
0.32 Kcal cm-2 lake surface, with a maximum flux of 1.4 cal cm-2 day"' in
April.

9. Latent heat of evaporation, LE

Approximately the same volume of water leaves the lake in water vapour as is
pumped from the lake into the National Water Carrier. No doubt because of its
significance in the national water balance, the size of this flux has been the subject
of numerous investigations using a variety of methods. The results have been sum
marized in Table 22 in the form of the various estimates of annual evaporation.
The average of the six estimates is 175 cm yr-1, equivalent to a latent heat flux of
103.25 Kcal cm-2 yr-1. The 7% variation between the estimates includes the
various errors of measurement and estimation involved in each method plus the
year-to-year variation introduced by considering different periods. Data given in
the references numbered 2, 4, 5 and 6 in Table 22 suggest that this year-to-year
variation can be considerable, as do the values of year-to-year variation in the size
of the heat storage term previously presented.

Estimates of monthly evaporation obtained by the different investigations show
much more variation than do the annual totals. The first energy balance estimate,
based on Ashbel's early heat storage measurements (Neumann, 1953), showed an
autumn maximum and late spring minimum, whereas all other estimates indicate
midsummer maxima and early winter minima. Estimates by the combined water
balance and mass-transfer method (StanhiU, 1969) differed in that the midsummer
maximum (353 mm in July) was almost 50% more than the amount estimated in
the other three investigations (nos. 2, 3 and 6 in Table 22). These three estimates,
all based on the more recent series of heat storage measurements, show a fair
agreement on monthly values.

All ihree energy balance estimates contain a systematic error by ignoring the
unmeasurable but marked diurnal variation in the heat storage term. The most re-
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Table 22,' Estimates of annual Evaporation from Lake Kinneret

Mei:thod of estimation

Annual

evaporation,
cm

1. Energy Balance
Lakeside climatological data Ashbel's thermal
survey data

2. Energy Balance
Lakeside climatological data Oren's thermal
survey data

3. Combined Energy Balance and Mass Transfer
Lakeside climatological data Oren's thermal
survey data

4. Combined Water Balance and Mass Transfer
Lakeside climatological data Lake water
balance data

5. Evaporation Pan
ClassA evaporation pan andreduction constant,
mean of fivelakesidestations for three
years

6. I-ncrgy Balance
Micrometerorological measurements atGinnosar with
concurrent thermal surveys, 4 year mean

163

178

171

184

167

187

Reference

Neumann 1953

Neumann 1961

StanhiU 1963

StanhiU 1969

Bezer 1970

Miro & Kahanovitz,

1969-1973

Kahanovitz & Kami,

1974

cent estimate (no. 6, Table 22) is the most precise in that micrometeorological
measurements made at Ginnosar over the water surface were used to derive hour
ly values of bowen's ratio needed to partition the available energy between latent
and sensible heat fluxes. In contrast, the earlier estimates used mean monlhly
climatological values from lakeside stations and thermal survey data for the same
purpose.

Unfortunately, the greater precision of the Ginnosar measurements introduces
the problem of areal variation in evaporation over the lake, the Ginnosar data
representing predominantly windward shore conditions. The marked increase in
vapour pressure at the eastern shore, in particular during midday In the summer
months, has already been referred to in a previous chapter. Further evidence for
the areal differences in atmospheric evaporation potential can be found in the
values of Class A evaporation measured at the different lakeside stations (Bezer,
1970). The annual value measured at Migdal, 3km south of Ginnosar, was 18%
more than that measured at Kafer Aaqeb, almost on the same latitude on the
downwind, eastern bank, and 13% more than that measured at Ha'on, on the
southern section of the eastern shore.

Clearly, accurate estimates of the seasonal variation in evaporation rrom the
lake require detailed information on a diurnal basis of the areal variation in the
factors controlling this flux. In the absence of such information, and because. Tor
the previously stated reasons, evaporation at Ginnosar is believed to be higher
than over the lake as a whole, the lower, earlier estimates of evaporation based on
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Table 23. A Comparison of the Annual Radiation and Energy balance in three Mid-latitude Lakes

Mean annual values in cal cm-2 day"1
Negative values represent fluxes from surface

Lake Kinneret Mead* Hefner*
Coordinates 33°N, 35°E 36°N. II4°W 35°N, 97°W
Altitude -210 m 400 m 375 m

Flux components
Global radiation K. 546 506 420
Reflected short wave R -37 -37 -26
Emitted long wave Li -874 -842 -781
Sky radiation Li 658 672 619

Net radiation balance Q. 293 299 232
Advective V -3 52 4
Latent heat LE -277 -344 -222
Sensible heat A -13 -5 8

Evaporation mm day"' 4.7 5.8 3.8

• Data from Harbeck rt al. (1958).

lakeside climatological data (StanhiU, 1963) have been used for the monthly
values given in Table 21.

10. Sensible heat exchange with the air, A

There is a small sensible heat flux from the lake to the air totalling
4.58 Kcal cm-2 yr-1. The monthly values of this flux given in Table 21 should be
regarded as an approximate indication only, being calculated by difference and in
corporating all the uncertainties in the heat balance. The values suggest that the
lake warms the passing air from late summer to early winter, with a marked
cooling effect confined to late spring. This pattern is consistent with the
previously-noted variation in air temperature around the lakeside, but it is believed
that other factors, including the topographical influences discussed elsewhere, and
the much greater sensible heat exchange from the land surfaces during the
summer months, are probably of greater significance.

II. Conclusions

The size of the major terms in the annual heat balance of Lake Kinneret are by
now well established. A comparison of these data with that of other lakes shows
that the annual flux ofradiant heat and the changes in its heat storage are, per unit
area, among the highest recorded (Table 23). The seasonal variation of the radia
tion balance components and ofthe changes in heat storage are also satisfactorily
established, but the accuracy of the latent and sensible heat fluxes is less accurate
ly known. To obtain this information, a detailed study of the areal and diurnal
variation in these heat fluxes is required, information which is also needed to
model the circulation of heat, water and momentum in the lake and its
surroundings.
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The geological history of Israel was determined by the position of the area
between the Precambrian Arabo-Nubian crystalline massif in the south and the
pre Mediterranean Sea in the north and west.

The Precambrian massif outcrops in the region of Eilat. It is composed of a
thick sedimentary formation mctamorphized into gneiss and micaschists and in
jected with magmatic rocks. The general tendency to uplift of the massif which
prevailed in Paleozoic times caused its erosion and the accumulation ofcontincn.nl
series, the Nubian Rocks, in the area extending north ofthe massif.

The Mesozoic Seas transgressed over the continental series. In the Triassic and
Jurassic periods, the coastline was located in the present northern Negev where
shallow marine rocks of this period outcrop. Jurassic rocks of a much deeper
faces constitute the core of Mount Hermon in the northern part of the Lake
Kinneret watershed. The transgression which took place from early Cretaceous
until Middle Eocene covered the entire Middle East.

The tectonic movements which occurred in the Eocene period brought to an
end the mam marine phase in Israel. The Neogene transgressions were much more
limited in space and duration and were separated by freshwater episodes. After
the last Pliocene regression, lakes became a permanent feature, especially in the
R.n Valley, as will be described in the following sections. We see that although
mcks belonging to the most ancient geological series of the Earth are found in
Israel, the stratigraphy of the Lake Kinneret area concerns relatively recent
formations.
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2\ mI r it. \K,m,eret Ca" bC diVJded im° three areas: ,he northern
Saceou^P "thC ^ °f Jur3SSiC limeS,°ne °f Mount Herm°" a"d the
cSSTSTsenes °> ount Naphta,i: the western area' comP°sed of
SS baTalts (413?" *3nd thC MStern arC8' alm°St COmp,e,dy COVCrcd
lh^ll°ll0WiT^ HaVC dcliberate|y limited °"r stratigraphic description to
(Hgs 4andT °UtCr°P " "* **** °f the 'ake (WCStern and eastern area*

I. Upper Cenoman (Ce3): Sakhnin formation

Crey, karstic dolomite, 200 m thick.

2. Turon (t): Bina formation

KdoSr,Tf'iSOm th,'Ck: fadeS fr°m fine'y CryStallized to 'ithographic,
make itvihl\^t T° hWe" Stratified; itS high density and hard"<^make it valuable to the marble industry.

3. Senon (S): Mount Scopus formation

lri'tf •J?1? a"d bituminous shales with local horizons of flint. This group
mny reach a thickness of 290 mand is found in the Sfad and Ein Zei.im areas

4. Lower-Middle Eocene (e):

a. Bar Kochba formation

\\2'tZ\ "'"I fl,nt hr'Z°nS' eSpeCia"y abundant in the lower Part of the forma.
TchL , r^6 "Sr^ Vcrystallized- rich in nummulites and may be karstic. It
nS„v mand °UtCr°PS in ,hc arCa bclow Sfad and in the Arbel«no cana an mountains.

These four formations outcrop only on the western side of the lake.
b. Zora formation

formZn°n the;aS'er"side of the ,al« *"d »the equivalent of the Bar Kochba
imTstone wl!S \ «1 T "* *"* AdU'am Unit <Zad>' COmPosed °f chalky.mestone, well stratified and mcluding flint horizons, and the upper Maresha unit

^::zzior unbcddcd marl and chaik-The z°ra formation rCach« a
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5. Upper Eocene-Oligocene (d): Flq formation

Shales, detrital limestone, marls and glauconitic limestone showing traces ofero
sion. This formation is 50mthick and rests in unconformity on the Zora beds; it
is known only on the eastern side of the lake.

6. Miocene (m):

a. Susita formation (Su) (Oligocene-Middle Miocene)

Sandy dolomite, detrital limestone, lumashels, quartzite and shales which were
deposited by a marine transgression intruding from the Persian Gulf into the Jor
dan depression. This formation, which reaches 150 m, has been found also in
South Syria but is not known in areas west ofthe Jordan depression.

b. Ein Gevformation (E.G.S.) (Middle Miocene)

Yellow quartz sand with a few beds of sandstone which were deposited during
rainy periods in limited areas of active erosion and may reach 90 m. The E.n Gev
sands are known in the southeastern bank of the lake and rest in unconformity on
the Susita formation.

r. Horodus formation (H){Middle-Upper Miocene)

Sandstone, conglomerates, limestone and reddish, yellow, green and white clays.
This formation constitutes the cliffs on both sides ofthe southern part ofthe lake.
The environment of deposition was fluvio lacustrine. On the eastern side of the
lake, on the Golan Heights, the Horodus formation is 250 mthick. On the western
side, in the Poriya area, it exceeds 400 m. Three to four basalt flows (lower basalt)
are intercalated in the sediments of the Horodus formation, which rests in uncon
formity on older layers.

7. Pliocene-Pleistocene (p-q):

a. Bira marlformation (BM)

The marls and gypsum or this formation give a landscape of smooth hills. These
sediments were deposited in lagoons or shallow seas which resulted from a
transgression of the Mediterranean Sea through the Qishon Bay and the Jezreel
Valley, and supplied marine fossils (Ostrea). This formation is known in the area
southwest of the lake. On the eastern side of the lake, only relicts of Ostrea
lumashels are known.

b. Gesherformation (ge)

This formation consists of Otolithic limestone and marls with freshwater fauna
21
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both sides of the present lake and reach 80 m in thickness.

c. Fijjas luff (FT)

This formation corresponds to the stratified tuff outcropping between Poriya and
the lake. Its thickness reaches 50-70 m.

d. Cover basalt (CB) (Upper Pliocene-Lower Pleistocene)

These basalts, which rest in unconformity on previous formations, cover the
Golan Heights and the Poriya area. They reach a thickness of 200 m near
Yavniel but are only a few meters thick on the hills near Huqqoq.

e. Young basalt (YB) (Middle and Upper Pleistocene)

These younger basalts arc a few hundred meters thick and are found in the Yar-
mouk Valley and in the central and northern part of the Golan Heights.

/. Ubediyya formation (Ub) (Middle Pleistocene)

This formation, composed of layers of chalk and marls containing freshwater
fauna, is restricted to the Jordan depression, where it reaches 200 m. This is the
youngest layer which has been influenced by the tectonic activity of the graben.

g. Lisan marls (LM) (Upper Pleistocene: 70,000 to 20,000 years beforepresent)

The Lisan beds are composed of varved marls and clays. The layers are horizon
tal and lay in unconformity on the Ubediyya formation. The Lisan formation is
restricted to the Jordan depression; its northern limit is the Tiberias area.

8. Alluvium (from Pleistocene to recent) (sec Section D)
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1 Thepaleogeography ofthe Kinneret area based on theconcept of
the tensional riftvalley byH. Michelson

2 Theconcept ofthesinistral megashear by R. Freund
3 Conclusion .......

More than a century of controversy has accompanied the tectonical intcrp
of the Jordan-Dead Sea area. In 1869, Lartet interpreted the Jordan Val
sinistral wrench, an idea which was developed later by Dubertret (19.'
Ereund (1968, 1970, 1973). Conversely, Picard (1943, 1970) sees in the
Valley a tensional rift valley. It is clear that the paleogeography of the ares
different in both conceptions.



Table 6. Key Stations

No. of years
Coordinates Israel during period

Station Long. E Lat.N grid Elev.m 1931-1960

Galilee

Kefar Gil'adi 35° 34' 33° 15' 204 294 340 30

Kefar Hananya 35° 25' 32° 56' 189 260 410 30

Na7arcth 35° 18' 32° 43' 178 235 445 30

Tavor.Agr. School 35° 24' 32° 42' 188 234 145 25

Kefar Tavor 35° 25' 32° 41' 189 232 120 25

Golan

Kuncitra 35° 49' 33° 07' 227 281 940 •

Jordan I'allev

Ayyelct HaShahar 35° 34' 33° or 204 269 175 30

1 ihcrias 35° 32' 32° 48' 200 244 -110 30

Mi7. pa 35° 30' 32° 47' 198 243 75 30

Deganya 35° 34' 32° 43' 204 235 -200 30

* Six years beginning in 1967/68.

3. Annual rain amount

Although this area is relatively small (2,760 km2), its diversified topography
divides it into three main climatological units: Galilee Hills, Jordan Valley and
Golan Heights-Mount Hermon.

Generally speaking, there are similar rain patterns in the Galilee, Golan Heights
and Mount Hermon. However, in the Golan, becauscofits more homogeneous struc
ture, the areal variability is smaller. The areal rain distribution is less variable in the
Jordan Valley than in the other subregions except for short periods (less than one
day), because of cloudburst phenomena.

Most of the rainfall differences among the subregions are due to topography, as
indicated by the increases of amount of precipitation with altitude (Fig. 25).

Rain in the Kinneret area is mainly of cyclonic origin, but local conditions may
produce local rain phenomena. In the mountainous part of the watershed, rainfall
is mostly of cyclonic-orographic nature, whereas it is partly of convective origin
in the Jordan Valley, which explains the variation of rain intensities between both
areas.

a. Average (median) annual rainfall

Although it is recommended to base rainfall analysis on accumulative frequency
distributions rather than on averages and standard deviations, we could use these
latter parameters since, in the case of the Kinneret area, the deviation of the
averages from the medians is small (Table 7). The reason is that the distribution of
annual rainfall is well represented, even for extreme values, by the statistical
parameters based on normal distribution. Thus, P ± 1.28r/ (P = average annual
rainfall and a = standard deviation) is 239-529 mm at Deganya while equivalent

V TLr "*>

600

<3?
500

§> Scale 1500 000500*57 ^

rig. 25. Average annual rainfall(j93l-l960). The underlined numbers correspond to the yearly
amount of precipitation at thebase stations. All results inmm peryear.

percentage centered on the median (Med ± 40%) is 241-529 mm, and P ± I.65rr
is 198-570 mm while the equivalent percentile interval (Med ± 45%) is
216-614 mm.

The variations of rainfall due to topography are shown in Fig. 25. In the
Galilee, the annual rainfall ranges from 500 to 1,000 mm (rainfall in the moun
tainous Upper Galilee being usually above 800 mm). It varies from 400 to
700 mm in the Lower Golan and from 700 to 1,000 mm in the higher part ofthe
plateau; reaching 1,000 to 1,300 mm in the Hermon 'area: The northern part or
the Jordan Valley receives 1,000 mm; the decrease in altitude from north tosouth,
superimposed on the general decrease ofrainfall from north to south, explains the
rapid dropof rainfall along thevalley down to 350-400 mm inthe southern part of
lake Kinneret.



1 \ jydortly ^ <7^ J tvv^ Se< •<- \jUlj <^-
^

UoJce. Kxn n^-et

v y
'-^cO^cr Co->^«^ vt^c^'oo n^n t4-<^ C;a,Ct ^^cv^

-^e< •j ^*-<-\ °- r-.i^>k.

Uxtce > coc^W fe^ecvj^ — *-/, coa m>lt^-o- cu^ic- v%^e,^er-<
lv>W,

11,^ i-«_i- (X V-x v-s. K^_o^Jl cXo.s_c,xp e >^c-

Co\ce *^>-<tSO <-*v"e^,

C CV() O. C- •' ^—v. (W* 'Wo^e «*"[ vJ.'v^Hi- f Ccod LOa_-fe_r

"-^S1 ^-t ^vji_U^, r^f*r<~ roVi'tcVro C<^\. Ccc^k

A^«- erf S-6^ Ujw- o!«.4c<-..

\4 <j_r^fNtrv-N, v\^V

<: co-><,

^.Vsc c^ V. UV AA^it^c

\ >^
"\

—-^ >oc>-̂ ^^vij / _> jeX* ^ Sw^^rViS^e~C Vi"ca^_> t^j <x5kj"s
v><^f S>



1

*1

m

topnn Titici *o* .rn^n trnn romn

ToUl wiUr consumption by »grlcultur»I region Otltlee Region



Ar^ ; ££2_uf*A.-cY\ (*-»£*-aaaJU'c
=v\

:^V» vbprjc£ALctCCep^.cv. ( \°lS5 tH *>. fov^ £2^ t.vC^

&T(* C\. 6JJ^ S^. uj

>T lOeWrexJ-, ^e^rci^WtcJl ^CcV, ^Ut^) ' 5 rw» lcv\_p

-iV

51 W*-r~i ci<rco.w%Ve-c<rco-w\Ve-o«Lk^ c<2_

\<e&-

(yO_r>cxC..-Vu

\<oS t^1- ct4 s,^



WcYn

«^f AVUS rC \S<b.eP

r
GvOLO*f<^V\

i2S5

Ev^ercx-V^Cv-i -W<nvv ©pcr-i vOctW<- 'Surface.
-A on >jk^P -A sj «uvyve. IHO-I^O cvn.

^

£ro

-J u>-6o <4«JC '̂0kJ<_ c^.D - o3oL CW!

^ W\W bc^c~Ai nof^ Sk<Jt«- 22.-ZM c*t}̂

*>t\e*Su>c c^ "Pe^N-kbJp f^cWoSf ica.fx<*\ meai^v^
os w^l^w s-,.^^^ ce^ A ^o-^kcw p*^

Ufe l VVj?





£

I

Pi

CO

2-J
i

j
& £ *

y>

1v

G 3

^i -

i

<^3

1

c B
~7

d

<
0

\j^

WOK*"*'- bUj«hUJ''>U

Le^r^ Cn AJ - S r«v, "LI Vil^

%

Ui aJt

•K ,'VV. v'oa Cu, vn

/^ , 21.C «.«, b

W\ l VA 'IM

UoJ- ^ S.^- a-^Wc^O
^V7-"

*••«• • •-•- ^ •' _^0 >

RucV^-VMrAS ^ (JJ0.W (Js.o-<ii ca^^ b-M voo-." cx.-k irv> *, cf C^f(cno' "^

•n

£*<<«., , .̂"wL<S

ALS: t»AAiJi-3 C" ^
e.

i
C*-^C <^CXyv ivnovi •>.Wi

"̂ **- "te, £m^ <vcv">

levo -l-.-r\ 4 Pf 3 civ-w /^.
— !••• —••"•m-MPkliinHaaBiv mi m • >"ju.k ^

\\ C07"^?jy,,., •-rggrgf^T^ ^> Vol^w^ erf Uice ; pcec»o

(42c L*^*"

2^0.


