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ABSTRACT

The majority of the existing studies on the surfgocaundwater balance in lakes assume
stationarity of the groundwater flow at monthly even annual scales. However, the
groundwater exchange is closely connected to thierwflows at the lake surface due to
precipitation/evaporation, which are characterizieg higher frequencies of temporal
variability. Thus, the exchange between lake watet groundwater needs a non-stationary
treatment. Whereas components of the water balantlkee lake surface—the precipitation
and the evaporation—can be estimated with reasenalscuracy from the standard
meteorological observations, it is difficult to abt the temporal variability of the
groundwater flow in/out a lake from the field dataaccount of its high spatial heterogeneity.
We present a method to estimate net groundwatert inpo the lake water budget as a rest
term in the total water balance derived from higkealution water level measurements by
bottom-mounted pressure loggers. The method hasm&nated its reliability for estimation
of the lake level variations on periods from subrdal to perennial ones. The net
groundwater flow revealed a pronounced seasonalpooent superimposed by perennial
variations between wet and dry years, as well asybgptic effects of lake water exfiltration
into the groundwater aquifer following strong ppatation events. A strong relationship is
derived between the groundwater flow and the watdance at the lake surface - the
supposedly inherent feature of enclosed lakes swthll watersheds.
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INTRODUCTION

In lakes without surface in- and outflow the growader flow is one of the most important
components of water budget and external input s$alved substances (Hoed al, 2006;
Nakayama and Watanabe, 2008). Both, experimentdiest (Winter 1976; Leet al, 1980;
Krabbenhoft and Anderson 1986; Cherkauer and Zd@8&9; Isiorho and Matisoff, 1990) as
well as numerical modeling (Sacks al, 1992; Cheng and Anderson, 1993; Genereux and
Bandopadhyay, 2001) were performed to study lakefmwater interactions, often in
combination with transport of solutes (Stephensial, 1994; Sholkovitzt al, 2003).
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Most of the existing studies on the surface-grouatéwbalance in lakes assume a stady-state
groundwater flow (Cheng and Andersson, 1994; Nutemet al, 2003). However, the
groundwater exchange is driven by the time-depengmundwater recharge and is closely
connected to the water flows at the lake surface tduprecipitation/evaporation, which are
characterized by higher frequencies of temporalabdity. The precipitation events are
typically followed by the intensification or everhanging of the direction of the net
groundwater flow. This effect takes place on sklaity or hourly time scales and remains out
of scope of the methods with coarser time resalutidence, groundwater-surface water
interactions are highly dynamic and a steady-sthteild not longer serve as a central, default
assumption (Millyet al, 2008). The exchange between lake water and greated varies
with time and therefore needs a non-stationarytrtreat. Experimental techniques for the
measurement of exchange between groundwater aedwater can only with difficulty be
used for the total water budget (Nakayama and Véa@n2008). An alternative method for
the evaluation of this budget could be the estiomatif groundwater exchange as the residual
in the balance between the water balance at the takface, in- and outflows, and lake
volume (Pollmanet al, 1991). This method does not calculate the indiaidvalues of
inflowing and outflowing components of groundwateuat provides valuable information on
the net groundwater contribution to the water buddé¢he lake as an integral characteristic of
the lake-groundwater interaction. Generally, charigghe groundwater recharge and the lake
water level take place on temporal scales from giyadqcaused e.g. by local precipitation
events) to seasonal (connected to variations ingtbendwater recharge in the hydrologic
year) to perennial ones (arising from variationgha annual sum precipitation-evaporation
balance at the watershed). Thereby, the main tesmhpoales of this variability are determined
by the regional climate, but the variability rangendividual for every lake, depending on the
watershed characteristics.

In this paper we estimate the groundwater climéteake Stechlin — a small enclosed lake
without surface in- and outflows, located in noehstern Germany. The estimation method
consisted in determining of the net groundwatertrdoution into the lake water budget as a
residual term in the total water balance derivednfthe known water level fluctuations in the
lake. The water level fluctuations, in turn, werbtaoned from time-resolved pressure
measurements at the lake bottom with sufficienuesxy and high temporal resolution. The
dataset comprised two subsequent years 2006-20@Gharacterized as “extremely dry” and
another as “extremely wet” compared to the annegional precipitation mean of 36 years.
By this means, we were able to estimate the ramgeeogroundwater flow variability on
climatic scales that, complemented with the esthbli seasonal and synoptic patterns,
allowed us to reveal the typical features of grouaigdr interactions and to develop a simple
relationship between them and the water balandbefake surface.

METHODS

Study area

Lake Stechlin is situated in NE Germany 183N, 1302'E) about 100 km north of Berlin
and has a surface area of 4.25kamd an average volume of 96.88-® (Koschel and
Adams, 2003). The lake is a deepest one in thed®rdvurg region with maximum and the
mean depths of 68.5 m and 22.8 m respectively.\ildter level of Lake Stechlin is regulated
by ground water inflow, by precipitation and evag@n, and by temporal runoffs through
the surrounding sand layers (Richter, 1997; Nutamah al, 2003). The 80% of the
12.57 kn? lake watershed is covered by forest. The subseifiaatershed is also rather small
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with the sharp rise of the groundwater table ingbeth—east and in the north—west directions.
The summary discharge of in- and outflows is nelglég(0.004 m3s).

To study the hydrologic budget of Lake Stechlirtadisnary coupled water and chloride mass
balance model has been developed before (Nutzmanml.e 2003). A steady-state
groundwater modeling study of Lake Stechlin watedsthowed that with respect to different
annual rainfall situations the subsurface flow megiis also changing (Holzbecher, 2001).
According to this model, the groundwater flGxin Lake Stechlin is expected to reveal high
temporal variability and to change its sign in tb&l water balance of the lake:

dv
5 S(pmer g A 1)

wheredV/dt [m3 s] is the rate of change of the lake volumMdm?] is the lake surface area,
p ande [m s'] are is the precipitation rate and the evaporatie, correspondingly. Here, the
precipitation ratep refers to the water volume falling directly on tlage surface, where the
inflow from the land surface assumed to be nedkgib

Estimation of the water balance components

Lake volume variations. We have used pressure measurements at the bdticakeoStechlin

in order to estimate directly the fluctuations loé twater level and, consequently, of the lake
volumedV/dt (Eg. 1). Data on the water level fluctuations weodlected in two subsequent
years, from 27 January to 20 September 2006 amd 2® March to 4 September 2007 by a
pressure sensor (TDR-2050 RBR Canada, absoluteaayc0.03 db, resolution < 0.0006 db)
installed at 30m depth in the southern part of L&kechlin at few centimeters above the
sediment, and sampling continuously with 10s recoterval. The annual precipitation rates
amounted in these years at 489 mm/year in 2006aarilD6 mm/year in 2007, which are
representative for wet and dry years, correspomgifige annual precipitation in 1958-1994
varied between 427 mm and 815 mm with the mearevall658 mm (Richter, 1997)). Thus,
among with the resolution of the less-than-seastina scales, the dataset provided the
opportunity for comparison of th@ variability in dry and wet conditions.

The time variations in the water levhl, were determined from the hydrostatic balance,

d d

pgTht“a(pN— ) (2)
wherepy is the measured pressure at the lake botam, is the atmosphere pressure, and
is the freshwater density. Taking into account skeep morphometry of Lake Stechlin and
small amplitudes of the level fluctuatiohg, the associated variations in the lake surfaca are
A assumed to be negligible, and the volume variatiavere estimated simply as

av _ 90, 3
dt dt
with A taken as 4.25 kinUnder this assumption, Eq. (1) reduces to
M p-er g 4
o , @
and the lake water level at any momeistgiven by
h,(t)=h,(t)+P- E+ G, 5)

t
0

wheret, is the time of the observations start, aﬁtﬂt) :jt p(T) dar, E(t) =J:) E(T) ar,

t
and G(t) :L g(r) dr — are the accumulated precipitation, evaporatioth @roundwater

input correspondingly.

118



A non-stationary lake water budget approach

Precipitation-Evaporation balance p - e. Data on the precipitation rappand meteorological
characteristics necessary for estimation of thepenagion ratee were adopted from the
standard weather observations at the near-shotiersfarovided by the German Weather
Service (DWD) for the period 1957-2003 and by therr@an Environmental Agency (UBA)
for 2004-2007. The small area of the lake suggesgligible difference between the
measured precipitation over the land surface aatidier the lake that is also supported by
Richter’'s (1997) estimations.

Evaporation rate is, along with the lake-groundwater exchange, ointhe most uncertain
components of the water balance (4) owing to cormpleeractions at the air-lake boundary.
Apart from direct evaporation measurements, whighrarely available and are difficult to
interpret at the lake-wide scale, a number of wideded approaches exist for estimatiore,of
ranging from simple bulk-formulae to coupled modafithe atmospheric and lake boundary
layers. The choice of an appropriate method foerdam lake depends usually on available
observational data and characteristic regime ofaindake interaction. In particular, such
factors as the fetch-dependent roughness of the dakface, strong stability of the lower
atmospheric boundary layer over the colder lakéasarin summer and typically very low
wind speeds in small wind-shadowed lakes are anfmmgroblems resulting in the lack of a
universal parameterization efsuitable for any lake. Richter (1997) had obtaineahthly
evaporation totals at Lake Stechlin in 1958-200thgisneasurements by evaporation pans
installed directly over the lake surface. This datawhen coupled with the meteorological
observations at the lake shore and with the surfe®erature measurements, gave us the
opportunity of comparing different methods focalculation in order to choose the one with
sufficient accuracy for Lake Stechlin conditions.

The evaporation measurements were compared witlputsutfrom several empirical
evaporation formulae recognized in the literatital{iner and Martin, 1957; Kazmann, 1965;
Richards and Irbe, 1969; Orlob and Selna, 197MhtRic 1997), all of the form:

E=COf(u{e- o), (6)
wheref(u) is a function of the wind speerl measured at the heightabove the lake level.
[ is the saturated water vapor pressure at wateacgje, is the water vapor pressure

at air temperatureg is an empirical coefficient.

The wind measurements at 10 m height from the skare station were adjusted zpfor
each corresponding formula assuming the logarithmind profile within the surface
boundary layer.

In addition to the 5 bulk evaporation formulaedtabove, a more advanced scheme of the
latent flux calculation was used, based on the inadethe surface boundary layer of
Zilitinkevich (1991) and implemented in the surfavedule of the lake temperature model
FLake (Mironovet al, 2010). In the scheme, the Monin-Obukhov simijarglations (see
e.g. Yaglom, 1977) are used to compute turbulames of moisture. In case of strong
stability in the surface air layer, when the gradiRichardson number exceeds its critical
value and the Monin-Obukhov similarity relationglg zero fluxes, crude estimates of fluxes
of momentum and of sensible and latent heat arairsdad, assuming that the transport of
momentum, heat and mass in the surface air layeonsrolled by the molecular transfer
mechanisms. A decision between turbulent and mt@eduxes and between fluxes in forced
and free convection is made on the basis of flugmitade.

The testing of the evaporation models was perforatetie data from the period 1998-2001,
for which daily water temperature measurements veweaglable in addition to the standard
meteorological observations.
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RESULTSAND DISCUSSION

Evaporation estimates

In order to arrive at a reliable method for estioratof evaporation during the water level
measurements in 2006-2007, we have compared tlbernas of several evaporation models
against the monthly evaporation rates in 1998-28@dilable from direct measurements with
an evaporation pan installed on the lake surfaceh(®, 1997). Generally, the data from the
evaporation pan provide higher values than estonatgiven by all models tested (Fig. 1).
This result can be referred, at least partiallya kcnown systematic overestimation of the true
evaporation rate by the evaporation pan measuranfévinter, 1981; Eichinger, 2003). On
the other hand all estimations given by non lakecgjg models yield similar values, which
are several times lower than the measured evaporaties, especially in summer (Fig. 1).
The inconsistency is apparently conditioned by $ipecific features of the atmospheric
boundary layer over the lake surface: a strongilgtalon account of the temperature
difference between the summer air in summer anadke surface of the deep lake, and low
winds caused by the small lake area and the sutmogrforest. Most of bulk-formulae are
based on typical winds and stratification data dagge open water bodies, particularly, over
the ocean, and fail in these conditions. The Mddbukhov theory for the developed
turbulent boundary layers underlying the FLake athm is also inapplicable for strongly
stratified boundary layer (Chengt al, 2005). Still, the air-lake exchange of scalars, i
particular, the water vapor, includes the transpgrthe intermittent turbulence in the strongly
stratified air, and is essentially higher than fvatvided by the purely molecular exchange. In
the absence of a theory adequately describingettéhange, the empirical formulae derived
explicitly for such small and deep lakes are thestnappropriate alternative for estimation of
evaporation rates. The two formulae based on thellslake data are close to the pan
measurements data, with the latter formula of Méazmann, 1965) fitting slightly better to
the data (RMS error 16.12 mm vs. 19.33 mm for tiehter (1997) formula). Therefore, the
Meyer formula is adopted in the following for atenations of the evaporation from the
measured lake surface temperatures, and is couwpledhe lake model FLake instead of its
standard algorithm for calculation of the lateratigux in the model scenarios.
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Figure 1. Monthly evaporation means from Lake Stechlin: poration pan measurements
(gray bars) and those calculated after Richardsldoed 1969 (thick solid line), Orlob and
Selna, 1970, dashed line), Haltiner and Martin,71@m®tted line); the Monin-Obukhov based
Flake algorithm (Mirono\et al, 2010, line with circles), and the two lake-spiecégmpirical
formulae: Richter (1997, line with triangles) an@yér (Kazmann, 1975, line with squares).
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Figure 2. The water balance components in Lake Stechli@)jr2006 and (b) 2007. Thick
solid line: precipitation-evaporation balance; dasline: water level variability; gray bars:
net groundwater inflow; thin gray line: approxinaatiof groundwater inflow by Eg. (8).

Groundwater flow: short-term and seasonal fluctuations.

Qualitatively, the evolution of the lake level aébg follows the cumulative precipitation-
evaporation balance at the lake surface in 20@%etisas in 2007 (not shown). Among others,
this fact demonstrates that the surf&eeE balance determines, to a large degree, the short-
term (days to months) variability of the water lewe dry, as well as in wet conditions
(Fig. 2). On the other hand, there is an additigquaitive component in the water balance in
both years (the water level is higher that it wotdtlow from the evaporation-precipitation
balance only). In the absence of an appreciablmgeent surface runoff, it is consistent to
ascribe this discrepancy to the groundwater inflopproximating the accumulated
groundwater inflowG by a linear fit, one arrives at a nearly constanbugdwater
contribution to the water level change at seastmad scales of 1.45 mm/day in 2006 and
0.86 mm/day in 2007, which correspond to the netigdwater inflow of 6.17 fn®day and
3.67 10m*day, respectively. The residual variability in tlgroundwater inflow has
remarkable differences between 2006 and 2007. yncdnditions of 2006 a pronounced
seasonality persists (&, which is fairly well described by the sine furocti

é:—Asin(z?n(t—'I;)j [mm], 7)
or, correspondingly,
g= —aco{z?n(t— 'I;)j , [mm/day], (8)

with the periodTl of 6 months, and the starting poiitset to 01 May (or 01 November) of the
corresponding year. The seasonal amplitude amourts A=35mm, or
a=271T*A=1.2 mm/day. The same seasonal pattern is alsepr in 2007; is, however,
much less expressed (the corresponding amplituges & 10 mm andh = 0.35 mm/day). In
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addition, the seasonal periodicity in the wet y2@07 is masked by short-term oscillations of
G, which are closely linked to the precipitation etgein a particular manner: relatively strong
precipitation events are immediately followed bygatveg and corresponding drop & (cf.

the precipitation and groundwater lines in FAg). Thus, the precipitation produces short
events ofexfiltration of the lake water into the aquifer. That is, app#ly, a result of the
lake-groundwater pressure gradient produced afteng rains, which do not affect
immediately the groundwater level, but increasehiydrostatic pressure in the lake by raising
its water level.

Generally, the results demonstrate a direct relaligpp between the groundwater flgnand
the water balance at the lake surfgees): the higher evaporation in dry conditions is,the
larger negativep—€ are, the stronger is the groundwater inflow;umf{ when precipitation
prevails over evaporatiomp<e > 0) the groundwater flow changes its sign to tiegaBased

on the data from both 2006 and 2007, this relatigndairly agrees with the direct
proportionalityg = -0.6f—€) (Fig. 3), i.e. the net groundwater exchange c¢ttss roughly
60% of the water balance at the lake surface aadgds its sign according to it. The absolute
data scatter around the approximating straight Imelarger during exfiltration, when
precipitation prevails over evaporation. This candxplained by higher non-stationarity of
the water budget and by a certain role of the sarfanoff during the precipitation events,
which is not accounted for in Eq. 1. Still, for bagiositive and negativg-e), the correlation
between the approximation and the data is 0.68bout 42% of the relative variability is
explained by the proposed relationship. The largestter around the straight line is found in
the vicinity of the zero point (empty circles ingFB): excluding them from the correlation
estimation increases the predictive ability of ttedationship up to 60%. Adopting this
dependence aj on the surface water balance, the variations ®fldke water level in Lake
Stechlin can be expressed from (1) in a simple agy

dhy /dt = 0.4p—€). 9
According to (9), the water level changes in theelalue to evaporative water losses and
precipitation are damped to 60% by the lake-growatdwexchange, and the rest 40% should
result in perennial water level variability (assuhtle level is not artificially regulated).

20

151
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50

p-e, mm day’1

Figure 3. The net groundwater flow $g$ in both 2006 and72ptted against the surface
water balance (p-e) (circles). Open circles comadpto the weak precipitation events with
0<(p-e)<5 mm/day. The solid line corresponds toréte g = -0.6(p-e).
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CONCLUSIONS

One aim of the present study was testing of théimelypressure measurements by standard-
accuracy sensors as a tool for estimation of tke lavel variations in a wide range of
temporal scales. The analysis of the net water éudgmponents in Lake Stechlin has
demonstrated a close relationship between the vioaance at the lake surface and the net
groundwater flow in the lake. This relationship eals itself at different time scales and
produces distinct variations in the lake-groundwatechange with periods from synoptic
(driven e.g. by the strong precipitation events), deasonal (connected to the mean
groundwater level), to perennial ones (conditiormsdthe interannual differences in the
regional precipitation-evaporation balance). That that these variations are to a large degree
determined by the concurrent variations in the afpheric drivers suggests that the pattern of
the net groundwater flow variability in Lake Stdohlcan be extrapolated, at least
qualitatively, at the majority of enclosed lakeshasmall watershed:

ACKNOWLEDGEMENTS

This study is part of the priority program AQUASHIRhat is funded by the German Science
Foundation (DFG projects KI-853-3, BE-1383-7). Wrartk the German Environmental
Agency (UBA) and the German Weather Service (DWW )ie observational data.

REFERENCES

Cheng, X. and Anderson, M.P. (1993). Numerical $ation of ground-water interaction with lakes aliog for
fluctuating lake levels. Ground Watgt, 929-933.

Cheng, Y., Parlange, M.B. and Brutsaert, W. (200&thology of Monin-Obukhov similarity in the stabl
boundary layer, J. Geophys. Res., 110, D061011@di029/2004JD004923.

Cherkauer D.S. and Zager J.P. (1989). Groundwateraiction with a kettlehole lake: relation of otvsgions to
digital simulations. Journal of Hydrolod9: 167-184.

Eichinger, W.E., Nichols, J., Prueger, J.H., Hipp§., Neale, C.M.U., Cooper, D.l. and Bawazir, A(3003).
Lake evaporation estimation in arid environmeritdRl Technical Report No. 430.

Genereux, D. and Bandopadhyay, I. (2001). Numeiivadstigation of lake bed seepage patterns: effett
porous medium and lake properties. Journal of Hpdro241, 286—303.

Ginzel, G. (1999). Hydrogeological investigatiomsthe Stechlin-Nehmitz catchment area. IGB Reparta\
43-60 (in German).

Haltiner, G.J. and Martin, F.L. (1957). DynamicadaPhysical Meteorology. Mc Graw Hill, New York, 3B,
470 pp

Holzbecher, E. (2001). The dynamics of subsurfaatemdivides — watersheds of Lake Stechlin andhimigng
lakes. Hydrological Processd$, 2297-2304.

Hood, J.L., Roy, J.W. and Hayashi, M. (2006). Intapnce of groundwater in the water balance of amalp
headwater lake, Geophys. Res. L&8,,L.13405, doi:10.1029/2006GL026611.

Isiorho, S.A., and Matisoff, G. (1990). Groundwatecharge from Lake Chad. Limnology and Oceanograph
35(4) , 931-938.

Kazmann, R. G. (1975). Modern Hydrology, Secondi&aj Harper & Row, New York.

Kirillin, G., Engelhardt, C. and Golosov, S. (2008)mesoscale vortex in a small stratified lakeyiEanmental
Fluid Mechanics, 349— 366, doi:10.1007/ s10652-008-9101-8.

Koschel, R. and Adams, D. (Eds.), 2003. Lake SteebhhAn Approach to Understanding an Oligotrophic
Lowland Lake, Arch. Hydrobiol., 58E. Schweizerb&tyttgart, Germany.

Krabbenhoft, D.P. and Anderson, M.P. (1986). Usenoimerical ground-water flow model for hypothesis
testing. Ground Wate#4(1), 49-55.

Lee, D.R., Cherry, J.A. and Pickens, J.F. (1980puBdwater transport of a salt tracer through agdakebed.
Limnology and Oceanograpt®s(1),45-61.

Milly, P.C.D., Betancourt, J., Falkenmark, M., Hins R.M., Kundzewicz, Z.W., Lettenmeier, D.P. ariduier,
R.J. (2008). Stationarity is dead: whither watenagement? Scien&9, 573-74.

123



Kirillin et al.

Mironov, D., Heise, E., Kourzeneva, E., Ritter, Bchneider, N. and Terzhevik, A. (2010). Implemgotaof
the lake parameterisation scheme flake into nuraknieeather prediction model COSMO. Boreal
Environ. Res15, 218-230.

Nakayama, T. and Watanabe, M. (2008). Simulatiogrotindwater dynamics in North China Plain by cedpl
hydrology and agricultural models. Hydrological 8esse®2, 1150-1172. DOI: 10.1002/hyp

Nutzmann, G., Holzbecher, E. and Pekdeger, A. (RB3aluation of water balance of Lake Stechlinhvitie
help of chloride data. Arch. Hydrobiol. Spec. issiAdvanc. Limnol58, 11-23.

Orlob, G.T. and Selna, L.G. (1970). Temperatureiatians in deep reservoirs. Proc. Am. Soc.Civ. Eng.
96(HY?2), 391-410.

Pollman, C.D., Lee, T.M., Andrews, W.J., Sacks, .l.&herini, S.A. and Munson, R.K. (1991). Prelinmna
Analysis of the Hydrologic and Geochemical Controis Acid-Neutralizing Capacity in Two Acidic
Seepage Lakes in Florida, Water Resources RES), 2321-2335.

Richards, T.L. and Irbe, J.G. (1969). Estimatesonthly evaporation losses from the Great Lake9165.968
based on the mass transfer technique. paper pedsedth Conf. Great Lakes Res., Ann Arbor, Mich.,
Internat. Assoc. Great Lakes Res., May 5-7.

Richter, D. (1997). Bericht des Deutschen Wetterstie201: Das Langzeitverhalten von Niederschlag und
Verdunstung und dessen Auswirkungen auf den Waasshialt des Stechlinsees, Offenbach am Main.

Sacks, L.A., Herman, J.S., Konikow, L.F. and Vefal.. (1992). Seasonal dynamics of groundwater-lake
interactions at Donana National Park, Spain. Jdwiidydrology 136: 123-154.

Sholkovitz, E., Herbold, C. and Charette, M. (2008) automated dye-dilution based seepage metethéor
time-series measurement of submarine groundwatehaige. Limnology and Oceanography, Methods
1. 16-28.

Stephenson, M., Schwartz, J.W., Melnyk, T.W. andiydka, M.F. (1994). Measurement of advective water
velocity in lake sediment using natural helium geats. Journal of Hydrologys4, 63—84.

Winter, T.C. (1976). Numerical simulation analysié the interaction of lakes and ground water. USGS
Professional Paper 1001.

Yaglom, A.M. (1977) Comments on wind and tempemafiux-profile relationships, Boundary-Layer Metl,
89-102

Zilitinkevich S.S. (Ed.) (1991). Modelling of Airdke Interaction. Physical Background. Springer, 429

124





