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Abstract — Riparian forests have a strong influence on groundwater levels and groundwater sustained
stream baseflow. An empirical and a hydraulic version of a new method were developed to calculate
evapotranspiration values from riparian zone groundwater levels. The new technique was tested on the
hydrometeorological data set of the Hidegviz Valley (located in Sopron Hills at the eastern foothills of
the Alps) experimental catchment. Evapotranspiration values of this new method were compared to
the Penman-Monteith evapotranspiration values on a half hourly scale and to the White method
evapotranspiration values on a daily scale. Sensitivity analysis showed that the more reliable hydraulic
version of our ET estimation technique is most sensitive (i.e., linearly) to the values of the saturated
hydraulic conductivity and specific yield taken from the riparian zone.

evapotranspiration / riparian zone / water resources / alder forest

Kivonat — Evapotranszspiracié szamitasa a vizfolyasmenti zona talajvizmérlegiib A ligeterds
tarsulasok hatdsa jelést a vizfolyasmenti zéna talajvizmérlegére és igy a vizfolydsok
talajvizutanpoétlasbol szarmazé alapvizhozamara is. A vizfolyds menti zona talajvizszint valtozasanak
vizsgéalata alapjan egy hidraulikus és egy empirikus almodszerélkd U eljarast fejlesztettiink ki az
ottani vegetacié csapadékmentesssithkokban jellem elssorban a talajvizid taplalkozo
evapotranszspiraciéjanak szamitasara. Az Uj modszert a Sopron melletti Hidegviz-volgy kisérleti
vizgyijt6jének adatain teszteltik. A modszer &ltal szolgaltatott evapotranszspiracios értékeket
6sszehasonlitottuk a Penman-Monteith-féle egyenlettel szamolt adatokkal fééefimitasban, és a
White maodszer Aaltal szolgaltatott adatokkal napiéfetbontasban. A modszerre készitett
érzékenységvizsgalat szerint a talaj telitett hidraulikus $kepességnek és fajlagos hozamanak a
pontos ismerete nagyon fontos a modell medfetélkodéséhez.

evapotranszspiracio / vizfolydsmenti zéna / vizkészletek / égerliget

1 INTRODUCTION

Riparian vegetation (especially riparian forest gstems) typically has a great influence on
groundwater levels and groundwater-sustained stream baseflow, therefore calculation of

’ Corresponding author: zgribo@emk.nyme.hu; H-9400 SOPRON, Bajcsy-Zs. u. 4.


https://doi.org/10.37045/aslh-2008-0009

96 Gribovszki et al.

correct evapotranspiration values is very importeorh the point of view of nature protection
and utilization of water resources. Numerical hygymamic models demand exact
groundwater evapotranspiration data also to caleufagional or local water balances.
Therefore vegetation influence on the riparian gowater resources and on the baseflow
regime has been intensively investigated in alnadisparts of the world in the last decades
(e.g. Federer 1973, Goodrich et al. 2000 etc.Hungary at the Komldsi telep experimental
station of VITUKI, the evapotranspiration impactterihe groundwater investigated, and a
method developed to estimate groundwater evapgiratisn based on the daily groundwater
level readings of piesometer nests (Major 1974).

In the summer season, there is a strong diurneiuftion of groundwater level§igure
1 uppej and stream base flowrigure 1 lowe}j exists. As a rule, in the case of base flow, the
maximum discharge occurs around seven o’clock énntlorning and the minimum about in
the middle of the afternoon. A detailed descriptdrihis characteristic signal and vegetation
impact on riparian groundwater balance in case wfaxperimental catchment (Hidegviz
Valley) can be found in Gribovszki et al. (2006 dfalicz et al. (2005).

In early investigations the main driving force bétdiurnal signal was thought to be the
diurnal temperature change-induced successionagaation and condensation processes in
a shallow groundwater environment (Ubell 1961).ekatt was confirmed that this fluctuation
is mainly caused by the evapotranspiration of igmazone vegetation (Portge 1996).
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Figure 1. Diurnal fluctuation of riparian groundwet levels and stream base flow
in 2005 in the Hidegviz Valley

Several authors have investigated the linkage tetweparian transpiration and
streamflow rates (Troxell 1936, Croft 1948, Tsclehik963, Reigner 1966, Portge 1996,
Lundquist and Cayan 2002) but only a few attempoegistimate the evapotranspiration (ET)
rate of the riparian zone (White 1932, Bond e280D2) by using the observed streamflow and
groundwater fluctuations, or to provide an anabjtdescription of these signals (Czikowsky
2003, Czikowsky - Fitzjarrald 2004).

Acta Silv. Lign. Hung. 4, 2008



Evapotranspiration Calculation on the Basis of Riparian Zone Water Balance 97

It can readily be established that the diurnalttlation of the riparian zone groundwater
table and stream base flowigure 1 and Figure Rare due to the transpiration needs of the
plant life (because evaporation is negligible ia tiparian forest in dry periods). The water to
supply these needs can be drawn from the inflothécarea or from groundwater storage, or
from both. For example, during highest groundwédeels, the water table remains constant
for a short period. This means that during thisqeethe inflow to the groundwater table is
sufficient to supply all the transpiration demandssinking part of the groundwater levels
transpiration not only uses all the inflow but alssavily utilizes the groundwater supply. At
the minimum point the transpiration losses haveaised to a level where the inflow is again
sufficient to supply these needs. At the risingt mdrthe curve the transpiration needs are
much less than the inflow, and surplus water isestocausing a rise in the groundwater table.
It is thus apparent that the groundwater recordasely an accumulative curve of the rates of
inflow and the transpiration-use (Troxell 1936).
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Figure 2. Schematic model of riparian zone

The maximum transpiration will occur at the poirftowing the maximum rate of
decrease in the groundwater table. This point ofimam use occurs at or near the time of
maximum temperature. Likewise the period of minimtranspiration begins when there is
the point showing the maximum rate of rise in theugdwater table. This point agrees fairly
well with the beginning of the night, and therefdever temperature period, without
significant net radiationHjgure 1).

Walter N. White (1932) suggested that it was pdedibdetermine the daily transpiration
by means of groundwater records diurnal fluctuat(émgure 3). If the transpiration is
assumed to be practically zero during the earlyfiofithe morning, about 2:00 to 4:00 a.m.,
then the rate of rise in the groundwater tablerduthat period would be the rate of recharge.
A tangent was then drawn to the curve at this pmiatkedr [L]. This represents the rate of
recharge of the groundwater table. If this rate veasontinue throughout the 24 hours and
there were no transpiration or other losses, themiable would rise an amount equivalent to
the distance marke@4r. Transpiration occurred, of course, and insteadrisihg, the
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groundwater table dropped the distasgk] during the day. Consequently, the transpinatio
loss would be the following equation (1).

ET=S,(24r 9 (1)

Where §is the readily available specific yield of a sail which the fluctuation takes
place. The readily available specific yield is takas 50% of its specific yield (Meyboom
1964). A reduction is certainly justified sincegakes some time for the drainage to adjust to
any new conditions introduced.

Groundwater level [m]
37160 37165 371.70 371.75

12:00 00:00 12:00 00:00 12:00

Time [hours ot day]
Figure 3. Basic principle of White method

2 MATERIAL AND METHODS

Although White method might provide a fairly goostimate, they are subject to a certain
error. This error is based on the assumption tmatrate of recharge continues as a straight
line throughout the 24 hours (Troxell 193B)gure 4 shows a typical daily fluctuation of the
riparian zone groundwater table. Late at nightanyein the morning, when transpiration is
practically nothing, the height of the groundwdtdle and the static head are nearly the same
and the processes are similar to those in the darseason. In early morning, when the
groundwater table in the riparian zone is the teghihe difference between the static head
and the ground water level the smallest, so the ghrecharge will be the minimum at this
time. The increase of the transpiration drain angloundwater supply causes a depression in
the riparian zone. As the water table drops, tretadce between the static head and the
ground water increases. This increase in differexideeight causes an increase in the rate of
recharge, so that in the afternoon the rate of rechargkebeithe maximum.

Thus it is evident that the rate of recharge not a straight line but a curve which ranges
from zero at the height of the static head to aimam some distance below that point. In
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view of Figure 4 it is not unreasonable to expect that at thetpmfimaximum groundwater
levels, the rate of recharge will be a minimum a@tdhe point of minimum groundwater
levels, the rate will be a maximum.

Evapotranspiration rates were calculated from ibendl cycle of groundwater levels. A
simplified water balance equation (2) and Dupuitisory equation (3) (Kovacs 1972) were
used for the evapotranspiration calculation.

dS/dt=Q,

net

ET )

_ _ — k 2 _ K2 _L 2 _ K2
Qnet - Qinﬂow Qoutflow - 2(L _I) (H h ) (h ho ) (3)

WhereS[L?] is the stored volume of a unit area of the riparzone ET [L*T? is the
evapotranspiration rate a@he: [L*T] is the net inflow rate (which represents the sxgl
rate and is defined as the difference betweerQnmno() and outflows (Q.) to the unit area of
the riparian zonek [LT ] is the average saturated hydraulic conductivitihe riparian zone
aquifer,H [L] is the groundwater levels far enough [L]) from the riparian zone where
diurnal fluctuation or its impact is close to zelq|L] is the position (distance from the
stream) andh [L] is the water levels of the riparian zone growader well,hg [L] is the water
levels in a streamHgure 2). dS/dtcalculated frondh Sy/dt. H, h andhg are taken relative to
an assumed horizontal impervious layéiigre 2), not necessarily at the stream-bed
elevation. The method is moderately sensitive ® dlevation of this impervious layer as
datum. With every 0.1 m lowering of the datum (witthe 0-0.5 m interval, which seems
realistic in our geomorphological situation), theélg ET estimates increased by only 3—-5%.

We assumed that in a small scale catchment thegbdt@ireamwater levels (only a few
cm) compared to riparian zone groundwater levetedigible (=0). Therefore equation (3)
can be simplified to equation (3a).

_[(H?-h*) h*
Qnetinflow - k[ 2(L _I) 2l ] (3a)

The method oET calculation has the following sted&Sidure 4):

First derivatives of groundwater levels were mabdalf( hourly interval). This curve
represents the rate of change in the riparian ghoater table, or the rate Qe minusthe
rate ofET are divided by§,.

Qnetvalues were calculated with two different methaglmgirical and hydraulic).

In the empirical method the maximum @fe: for each day was calculated by selecting
the largest positive time rate of change valudhedgroundwater level readings suchs~
S dh / dt while the minimum was obtained by calculating thean of the smallest time rate
of change inh taken in the predawn hours. The resulting valdeth® Qnet maximum and
minimum inFigure 4then were assigned to those temporal locationsemte groundwater
level minimum and maximum took place. It was folemhby a spline interpolation of tl@e:
values to derive intermediate values between thexipd extrema. Most probably the
resulting empirical maxima are somewhat smallen ttiee corresponding actual maximum
supply rates by virtue of tHeT term being unaccounted for in Eq. 6 in this engpirmethod.

At the same time, the estimated minima are somelahgeér than the actual minimum supply
rates, due to the necessary averaging and duesenaional evidence that groundwater
levels reach their maxima somewhat later, i.ewbeh 6 and 8 a.m. in the summer. However,
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thedh / dtvalues of this period (i.e., between 6 and 8 astmould not be used because by that
time ET may have already become significant, thus leattingcreasedih / dtrates.

In thehhydraulic methodve use Dupuit’'s assumption (3) to calcul@g; (Figure 4. The
values ofk, h, |, H, andL are required for calculating & The values ok, handl are
known from local measurements, bitandL must be estimate¢ values can be determined
from the assumption, that in the late night hourdiemv ET is around zero,
dS /dt= Qet (4).

2
H =\/[d_51+h_J2(L—|)+h2 @)
dt k 2

Only oneH value (between 2 and 4 am) can be calculated foh elay. We must
interpolate between thedd values so as to get as muéhdata as we need. (Spline
interpolation was used.)

If we have information about the exact directiortiod groundwater flow in the riparian
zone at the baseflow period, we can better desthibeeal situation if we lay down the cross
section in the main direction of the groundwateowfl This is important when the
groundwater streamlines become parallel to strezem the steam channel.

Half hourly ET values were computed from the difference betw@gnvalues and the
stored volume changed® of the riparian zone Hgure 4) as rearranging Eq. 2.

ET=Q,, —dS/dt.
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Figure 4. Groundwater levels, their derivative ahe transformed Q: (recharge)
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Before the application of the hydraulic theory, dres to decide about the location at
which the groundwater levels must be observed, iésdemporal derivatives must be
computed. As Bauer et al. (2004) and Loheide et28I05) demonstrated, the middle part of
the riparian zone expresses the least spatialtarsaand represents average conditions as
long as the riparian-zone vegetation is fairly hgemeous. They also note that boundary
condition effects (such as a heavily damped sighaliurnal groundwater level fluctuations
near the channel) typically die out within a fewters from the stream.

It is important to note, that the exactness andstumdbed state of the basic groundwater
level data set is very important, because diffeatioh of the groundwater level record may
invoke large errors in the resulting ET estimatimnenever the original groundwater level
measurements are inaccurate. Therefore in moss ¢asenecessary to smooth data with a
low pass filter. But you must care about the widftithe filter window and the type of the
filter, so not to loose too much information. Orfetlee solutions to get a better data set is to
collect as frequent data as possible, and aftenaasttonger filter can be used (e.g. if you
need hourhET data, you must sample groundwater data at leasy éen minutes).

3 RESULTS

We compared diurnal patterns of vegetation traatipm with riparian groundwater levels in
our study site (6 kimthe Hidegviz Valley watershed in Sopron Hills)Western Hungary
(Figure 5). A detailed description of the study catchmenarebteristics can be found in
Gribovszki et al. (2006).

: &
HIDEGVIZ VALLEY ie.,
r 0 = 00y Group of piezometers
500 m RIDEGBERC O Lo
@ —— e — LHALOM 1 m 5m
iHALOW o ™ g |

ILHALOM

IV.HAL( [}

ASZTALEG
BIKARET

VORUSBERC
o\* o
VORDS VXILEY » 2+.
NAGY ZUNAYAG X
FAGhAS a(LEY \
*le
8.
LEGEND: \o
VADKAN VALLEY / ®

WATERSHED BOUNDARY ]
1STVAN 1.
—— FOREST ROAD AKNA °

— STREAM ® GROUNDWATER WELL ®

@ wmaN BUILDING @ GAUGING STATION streambank
o]
@ EXPERMENTAL FOREST PLOT (®) HYDROMETEOROLOGICAL STATION gauge

(® SAMPLING SPOT (¥) MICROMETEOROLOGICAL STATION MAGASBERC

Figure 5. The study catchment and the locatiomefgroup of groundwater wells

The geology of the catchment is crystalline bedrdekosited in the tertiary (Miocene)
period, and fluvial sediment, which is strongly lassified. The fluvial sediment was
deposited in five layers.
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Only the two upper layers appear on the surfaceth®rhilltop and hill slope a Felstddl
Gravel Formation is found. It is 2050 meters thick. This contains coarser gravelsferedt
loam, and is therefore strongly unclassified. Oa v¥hlley bottom, the finer material of the
Magasbérc Sand Formation appears everywhere. Tlhgees are a good aquifer, so the
valleys have a perennial streamflow (Kishazi-lvace4981-85).

The riparian zone vegetation is an alder [Alnugigasa (L.) Gaertn.] dominated forest
ecosystem. The mean height of the young to midgkel aiparian forest stand is 15 m and the
mean diameter of the trees is 13 cm.

The groundwater levels distance form the soil serfehanges between 0.6-0.9 m in the
riparian zone in dry periods. Therefore the roatezof the trees can reach groundwater levels
(or at least the zone of capillarity) every dayhs year.

Groundwater levels were measured close to thetquaiaet of the main study catchment
(where a group of wells were bored some years bg®ensors functioning on the principle
of water pressureF{gure 5). We used the data of one groundwater well (dehbie2+ in
Figure 5), which is situated in the middle of an approxieta20-m wide riparian zone of the
west bank of the stream.

The above mentioned parameters of our site, wiiemacessary for thET calculation
can be found iTable 1 H values come from the computation. Thealues were measured in
the groundwater well of the riparian zone.

Table 1. Parameters for ET calculation

k (m/s) S | (m) L (m)
Used values 1.8 10 0.05 9.4 30
Range 1.1186-2.910 0.01-0.1 - 20 - 110

k saturated hydraulic conductivjtgtetermined from several (16) slug tests (Thydle1 983, Schwartz-Zhang 2003).

S, readily available specific yield, computed frogi2n where gis the drainable porosity (we assumed that in
case of shallow groundwater table the drainablesityr and specific yield is nearly the same).

I, the position (distance from the stream) of tpanian zone groundwater well

L, the distance from the stream, where diurnal flatton probably has no impact on the water table

Representative rainless periods in the year 200% Haeen chosen from hydro-
meteorological data sets for analysis. Some miceteorological models (Monin-Obukhov,
Svedrup, Thornthwaite-Holzmann, Penman-Monteithyewaesed to calculate the riparian
evapotranspiration and results were compared vatih @ther. The Penman-Monteith model
(Allen et al.,, 1998) was the best correlation watapotranspiration values which were
determined from groundwater levels. Therefore is waed in the further analyses. Parameters
(which were used for the Penman-Montieth methodjewaeasured some hundred meters
from the group of groundwater wells.

Firstly three dry periods (a spring, a summer amaéwaumn) was chosen for the analysis
of the new method. Half hourlgT values were computed and these values were cothpare
with the Penman-MonteitET values Figure 6). This comparison showed that the Penman-
Monteith ET values are similar in daytime but lower at nighart empirical and hydraulic
diurnal methodET values.

A problem can be seen around the time of the maxshenge of groundwater levelST
values of the new method go to zero or below zeérthia time. This mistake was caused
because the calculat&ge rate is not able to follow the strong change of @ recharge
rate. The problem is most obvious on hot days dmbst negligible in the first part of the
recession periods.
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Figure 6. Half hourly ET values for three charadstic periods

The White method was used for calculation of corapbe dailyET values (Eq. 4).
Daily ET values of new methods were computed from summindhalf hourly ET data
and compared with the WhiteT values Figure 7). Both empirical and hydraulic diurnal
methods give higher dailgT values than the White method. These differencesectsom
the basis of the methods. The White method takesomstant recharge rate into
consideration for the whole day, and this rechaege comes from the minimum recharge
period (in the late night), when groundwater ledéferences between the riparian zone
and the background is minimal. Empirical and hytimamethods calculate a periodical
changing recharge rate, which is maximal in therathon and minimal in the late night or
early morning. Therefore they give higher dady rates Figure 6). Making a comparison
between the hydraulic and empirical methods, wendoahat different methods give
different values in different seasons. Generally ca@ say that mistakes in water table
records influence empirical method values more.ré&toee the hydraulic method values
are more reliable.
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Figure 7. Daily ET values of White, empirical angdhaulic method

Sensitivity analysis Tabled of the above mentioned hydraulic method showeat th
changing of the hydraulic conductivitk)(values has a strong influence &1 values.
Changing oL cause only a slight modification BfT values

Table 2. Sensitivity analysis of the method fondt b (test period 29.08 to 09.09)

k (m/s) S ET value (mm/day)
k minimum 1.1x 10° 0.01 1.32
k median 1.8x 10° 0.05 8.51
k maximum 2.9x 10* 0.1 55.10

L (m) ET value (mm/day)
L (side of the riparian zone) 20 9.43
L (proper distance) 40 8.51
L (a magnitude further) 110 7.93

Syis also changed, because it is strongly relatéd to

L (side of the riparian zone) means that distancd ffom the stream is exactly the same as the witlthe
riparian zone

L (proper distandemeans the distance, where the riparian diurnaliation has no significant impact on
groundwater levels any more.

L (a magnitude further) means that | distance is one magnitude longer thafside of the riparian zone)
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4 CONCLUSIONS

The newET estimation method is a modified version of thegioial White method (1932).
This new method is based on the diurnal fluctuatbrgroundwater and can give daily or
more frequenET values. Thes&T values can be estimated from the record (in dessn
period) of one correctly situated groundwater wel.o sub methods were developed (called
an empirical and a hydraulic method). FSF determination using the hydraulic method we
need only high frequent groundwater levels data angasonable value of riparian zone
saturated hydraulic conductivity. If you had nosa@able value of hydraulic conductivity,
you should use the empirical method Edr calculation.

The new hydraulic method is sensitive to the exdetermination ofk (hydraulic
conductivity) andS, (specific yield) values. If we want to use thistheo& for hourly or more
frequentET determination, we must note that the method (whiomes from the main
principle of the assumption) always giM€$ values around zero at late night.
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