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Abstract

This study deals with a lysimetrical-meteorological data series collected on the large-
scale lysimeter site “St. Arnold”, Germany, from November 1965 to April 2007. The
particular relevance of this data rests both upon its perdurability and upon the fact that
the site is comprised of a grassland basin, an oak/beech and a pine basin1.5

Apart from analyzing secular trends of the meteorological measurements, the pri-
mary objective of this study is the evaluation of precipitation in connection with leachate
quantities and potential and actual evapotranspiration. The latter are based upon the
Penman and the Penman-Monteith approaches, respectively.

The main results of this survey are that, on a long-term average, the grassland basin10

turns more than half (53%) of its annually incoming precipitation into leachate and
only 36% into water vapour, while the deciduous forest exhibits a rather balanced ratio
with 37% for leachate and 44% for evapotranspiration, and the evergreen coniferous
forest shows the highest evaporation rate (56%) and the lowest leachate rate (28%).
Concerning these water balances, considerable differences both between basins and15

between seasons stand out. While summer periods exhibit high evapotranspiration
rates for the forests and moderate ones for the grassland, winter periods are charac-
terised by considerable leachate quantities for grassland and the deciduous forest and
moderate ones for the coniferous forest. Following the analysis of the climatic devel-
opment in St. Arnold, trends towards a milder and more humid regional climate were20

detected.

1 Introduction

Due to the growing importance of hydrological topics for an efficient water resource
management and better understanding of the water cycle, this paper is meant to give

1According to a survey conducted by Lanthaler in 2006, only 1% of all European lysimeters
are planted with forests. Leading varieties are fields (63%) and grassland (21%).
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a deeper insight into the water balance of grassland in comparison to deciduous and
coniferous forest, in this case represented by Quercus robur (English Oak), Fagus
silvatica (European Beech) and Pinus strobus (Eastern White Pine).

Research venue is the large-scale lysimeter site St. Arnold (52◦13′06′′ N, 7◦23′24′′ E,
height a.s.l.: 52 m), located in North Rhine-Westphalia, Germany. The site, which5

records both meteorological and lysimetrical data on a daily basis, is administered
by the Office for the Environment (Staatliches Umweltamt Münster) and was commis-
sioned in November 1965. It consists of three monolithically filled, non-weighable lysi-
metrical basins, each incorporating a surface area of 20×20 m2 and a depth of 3.5 m
and being covered with the forecited vegetational layers. In all three cases, the soil type10

is a medium-sandy podzol, and the vegetation is in reasonable condition, although, as
a result of the winter gale “Kyrill”, the stock figure of the coniferous forest decreased
conspicuously in January 2007. Below each basin, a leachate collecting vessel, holding
up to 400 litres, is being metered daily. Beside leachate and vegetational development
measurements, St. Arnold also collects daily data on air temperature, precipitation,15

global radiation, sunshine duration, relative humidity, wind speed and tree develop-
ment, thus providing excellent premises for water balance studies.

To date several studies have focused on St. Arnold, numerous of them accomplished
by Schroeder (1975, 1976, 1983, 1984, 1987, 1988, 1989, 1990, 1992) who investi-
gated about various aspects of the water cycle, e.g. precipitation, leachate quality,20

groundwater recharge, interception loss and potential and actual evapotranspiration.
Other surveys were conducted by Wesseling et al. (1991), Weiss (1992), Klein (2000)
and Graf et al. (2006), dealing with soil acidification, climatological trends, evapotran-
spiration and water balance modelling.

This study is assigned to perpetuate the henceforth 40 y of investigation conducted25

on the large scale lysimeter site St. Arnold. The focus lies on the water balance,
the comparison of the differently planted basins, data quality assessment, and the
identification of trends over the 40 y of uninterrupted measurement.
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2 Data sets and methods

The data sets used for this survey mostly comprise daily values from 1 November 1965
through 30 April 2007. All data is treated by hydrological definition viz., winter periods
begin on 1 November and summer periods on 1 May. Daily values are accordingly
totalled and averaged. Concerning trends, unless denominated as “insignificant”, all5

regression lines comply with a confidence interval of 95% and are thus statistically
significant (q.v. Cislaghi et al., 2005).

Figures 1, 2 and 3 present the annual and biannual developments of the meteoro-
logical data collected in St. Arnold from 1966 through 2007. All measuring devices are
located directly adjacent to the grassland basin and therefore primarily represent this10

area. Nevertheless, their data also formed a basis for the calculation of evapotranspi-
ration of the forest basins.

• Air temperature (Fig. 1): The temperature measurement is conducted at a height
of 2 m a.g.l. Yearly averages vary from a minimum of 6.8◦C in 1972 to a maximum
of 11◦C in 1995, and show a slight upward trend with a gradient of 0.05◦C/a.15

While the long term average determined by Schroeder in 1992 was still at 9.0◦C,
it is now computed as 9.4◦C. Comparing seasons, the mentioned upward trend
can be identified more clearly in winter than in summer periods, that is to say
that predominantly due to warmer winters, the climate in St. Arnold has become
slightly milder over the years. This development reflects the forecast for Germany20

released by the German Meteorological Service in 2001 (cp. Rapp, 2001).

• Relative humidity (Fig. 1): Like the air temperature, relative humidity is recorded
at 2 m height a.g.l. The minimum annual value observed between 1966 and 2007
emerged in 1990 at 72% and the maximum in 1967 at 87%. Trends are slightly
negative, with a gradient of −0.09%/a for the annual averages and more pro-25

nounced for summer than for winter periods. Due to the temperature difference,
the former show lower average values for relative humidity than the latter.
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• Sunshine duration (Fig. 2): The sunshine duration in St. Arnold is plotted by
a Campbell-Stokes sunshine chart recorder at a height of 6 m a.g.l. During the
observation period, the annual sums ranged between 938 h/a (1981) and 1796 h/a
(2003), with an overall average of 1335 h/a. There is an annual upward trend
with a gradient of 9.5 h/a, almost equally dispersed between summer and winter5

periods. Regarding the yearly patterns, Schroeder (1992) observed a positive
correlation between sunshine duration and relative humidity.

• Global radiation (Fig. 2): Until 1997, the incoming short wave radiation in
St. Arnold was measured analogly by a Robitzsch radiation chart recorder which
was subsequently replaced by a digitally recording solarimeter. As only the data10

from 1966 to 1983 could be retrieved for this survey, global radiation was addition-
ally assessed from the sunshine duration data, using a regression equation devel-
oped by Kohsiek (1971) in conjunction with the Angström method (cp. e.g. Sahin,
1998). These computed results were compared to the measured data. Although
there are discrepancies of 20–30 W/(m2 ∗a) during the first 8 y, as from 1975 to15

1983, both charts show a fairly similar tendency. A reason for the discrepancies
might be based on the fact that the regression equation does not incorporate the
tree development. Due to the initially low height of the forests, the measured
global radiation exhibits relatively high values at the onset and then, in analogy to
the growth process of the trees, continually decreases until finally reaching simi-20

lar values as the calculated global radiation data. Thus, for the period of 1984 to
2007, all evapotranspiration values mentioned in this survey are based upon the
calculated global radiation data.

Concerning the long term development of the global radiation, the calculated data
shows a long term average of 99 W/(m2 ∗a) and an upward trend of 0.30 W/(m2 ∗a),25

while the measured data, after its relatively strong decline until 1980, settles down
at an average of 95 W/(m2 ∗a).

• Wind speed (Fig. 3): Regarding the wind speed it must be pointed out that,
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albeit qualitatively unobjectionable, the data collected in St. Arnold has to be han-
dled with care in the calculation of potential evapotranspiration using the Penman
approach. Due to the sheltered location of the lysimeter site (it is almost en-
tirely surrounded by mature forest), wind speeds in St. Arnold are considerably
lower than they would be under Penman’s precondition of an “extended surface of5

green crop” (cp. Klein, 2000). In order to avoid errors in this matter, external wind
speed data from circumjacent meteorological stations2 was averaged and thus in-
tegrated into the calculation of potential evapotranspiration in this survey. In order
to coevally reflect the actual situation in St. Arnold, the original wind speed data
(measured in 9 m height above ground) was used in the determination of actual10

evapotranspiration.

The wind speed chart in Fig. 3 illustrates the differences between the values ob-
tained in the meteorological stations and in St. Arnold at heights of 3 m and 9 m.
While the former average out at 3.0 m/s, the latter average out at 1.0 m/s and, as
a result of the increasing tree heights (q.v. Fig. 5), show annual downward trends15

of −0.021 m/(s∗a) in the case of 3 m height and of −0.024 m/(s∗a) in the case of
the measurement effected in 9 m height.

• Precipitation (Fig. 3): In order to avoid measurement losses due to high wind
speeds3, precipitation in St. Arnold is measured within ground level. As visible in
Fig. 3, it shows considerable annual variations ranging from 552 mm in 1976 to20

1140 mm in 1966. While the long term precipitation average for Germany amounts
to 750 mm/a (cp. Albrecht, 2001), St. Arnold averages out at 792 mm/a. The out-
standingly high value in 1966 was reappraised by Klein (2000) who compared it

2German Meteorological Service (Deutscher Wetterdienst), station 1153 (Münster), sta-
tion 1151 (Greven) and station 1132 (Lingen).

3According to Sevruk (1981), a precipitation measurement performed at a height of merely
1 m already produces a measuring fault of about 5–10%, compared to a measurement on
ground level.
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with data from the nearby meteorological station Greven and obtained the same
result. Although showing such a high value at the onset, the annual precipita-
tion sums in St. Arnold are subject to a slight upward trend with a gradient of
1.3 mm/a. However, given the inter- and intra-annual variability, this trend is in-
significant. Another interesting observation in this context is that the precipitation5

heights of the summer periods often outrange those of the winter periods. Taking
a closer look at the daily data, it becomes clear that this mainly ascribes to the
fact that, especially during the last decade, intense rain events have become much
more frequent during summer than during winter periods. A study conducted by
Böwer (2007) about regional climate change in North Rhine-Westphalia confirms10

this and suggests that it particularly applies to the autumnal months of the hydro-
logical summer periods.

Figures 4 and 5 demonstrate the tree development on the two forest basins in
St. Arnold.

Regarding tree quantities (Fig. 4), the provided data only ranges from 1976 to 2007,15

but according to Schroeder (1992), a plantation of several new deciduous trees took
place in 1970. This causes the slight diminishment of the average tree height curve
in the deciduous forest chart (Fig. 5) in the said year. According to the available tree
quantity data, a strong decrease from 275 deciduous and 280 coniferous trees in 1976
to merely 51 deciduous and 37 coniferous trees in 2007 took place. Reasons for this are20

the natural decease of weak trees in the case of the oak/beech forest and professional
thinnings in case of the pine forest (cp. Schroeder, 1992). Moreover, severe gale events
such as “Verena” in 1993 (cp. wind speed chart in Fig. 3) and the aforementioned “Kyrill”
in 2007 provoked losses in the stock figures.

Comparing the tree development charts in Fig. 5, the different growth processes of25

the two forest types stand out. While the deciduous forest pursues a slowly accelerat-
ing growth scheme, the coniferous forest is subject to an initially rapid growth, slowing
down over the years. This pattern is furthermore reflected in the increase in diame-
ters. While the latter are disregarded within the Penman-Monteith calculation of actual
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evapotranspiration, tree heights and, in addition, leaf area indexes (LAI), are required.
Being deciduous and hence defoliate during half of the year, the oak/beech forest ex-
hibits a much lower LAI (1–3) than the evergreen pine forest with its large total needle
surface (LAI 8–13). The LAI values used in this survey were provided by the University
of Osnabrück and emanate from both leaf litter countings, a light profile measurement5

carried out in 1999 and the adoption of estimator functions by Deblonde (1994) and
Fulton (1993).

Figures 6 and 7 represent the annual and biannual leachate quantities measured on
the three lysimeter basins in St. Arnold. While the low growing grassland shows an av-
erage infiltration rate of 420 mm/a, the deciduous oak/beech forest produces 295 mm/a10

and the pine forest merely 217 mm/a, which attributes to the fact that its needles pro-
vide an all-seasonal shelter from precipitation.

All basins exhibit long term downward trends, but as a result of the rising tree heights,
the leachate quantities of the forests decrease much more significantly than those
of the grassland. The downward trend of the grassland basin merely amounts to15

−0.4 mm/a and is insignificant. The trend of the deciduous forest basin amounts to
−6.8 mm/a and of that the coniferous forest basin to −3.6 mm/a.

Concerning seasons, winter periods produce almost the entire annual leachate
amounts. Summer periods record averages of merely 95 mm/a for grassland, 70 mm/a
for the oak/beech forest and 51 mm/a for the pine forest.20

Apart from the herein before mentioned meteorological, vegetational and lysimetri-
cal measurement values, this study also incorporates calculated values of the potential
evapotranspiration (PET) and the actual evapotranspiration (AET), determined by the
approaches of Penman (1948) and Penman-Monteith (1965). The measurement val-
ues mandatorily required for these calculations are air temperature, wind speed, rela-25

tive humidity, sunshine duration, plus, in case of the AET, leaf area indexes (LAI), tree
heights and measurement heights of wind speed and relative humidity.
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The Penman equation is as follows:

PET=
∆

∆+γ
∗
QS−B

L
+

γ
γ+∆

∗ f (U) ∗ e
∗−e
L

(1)

with ∆ as the slope of the saturated vapour pressure versus temperature curve, γ as
the psychrometer constant, Qs as the net radiation, B as the soil heat flux4, L as the
latent heat of evaporation, f (U) as the transfer coefficient for water vapour, e∗ as the5

vapour pressure at saturation and e as the actual vapour pressure.
The Penman-Monteith equation is as follows:

AET=
∆∗(QS−B)+δ∗cp ∗ e∗−e

ra

L∗γ∗
(

1+ rs
ra

) (2)

with ∆, γ, Qs, B, L, e∗ and e as in Eq. (1) and with δ as air density, cp as the specific
heat capacity of humid air under constant pressure, ra as the aerodynamic resistance10

and rs as the stomatal resistance.
As quoted above, the determination of the stomatal resistance requires information

on the LAI. Yet, calculating the AET for short vegetation (and grassland, respectively),
ra and rs can be avoided by using linear regressions for the ventilation of humidity over
grassland:15

Ea=a∗(b+c∗u)∗(e∗−e) (3)

with a, b, c as parameters slightly varying in literature, u as the wind speed and e∗ and
e as in Eq. (1).

According to Baumgartner and Liebscher (1990), a, b and c are the following:
a=0.35; b=0.50; c=0.5420

4On a yearly basis, the soil heat flux averages around zero and can thus be disregarded (cp.
Ayana Gebul, 2001).
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According to Häckel (1993), they are:
a=0.26; b=1.00; c=0.54

For this study, the version of Baumgartner and Liebscher (1990) was adopted.
The application of this regression to the Penman formula hence produces the Pen-

man formula for short vegetation:5

AETsv=
∆∗QS−B

L +γ∗Ea

∆+γ
(4)

The results of the calculated evapotranspiration values will be discussed in-depth within
the following section (cp. Figs. 10 and 11). Due to the missing LAI data as of 2000, the
actual evapotranspiration of the forest basins could only be calculated for the period of
1966 to 1999. While the PET in St. Arnold averages at 578 mm/a, the long term AET of10

the grassland amounts to 283 mm/a, that of the deciduous forest to 351 mm/a and that
of the coniferous forest to 440 mm/a. With exception of the grassland, all evapotran-
spiration curves exhibit long term upward trends. Those amount to 11.1 mm/a in case
of the deciduous forest, to 8.4 mm/a in case of the coniferous forest and to 5.0 mm/a in
case of the PET. Concerning the grassland AET, the trend amounts to −1.3 mm/a. It is15

furthermore noticeable that the AET rates are significantly lower in winter than in sum-
mer periods. This especially applies to the deciduous forest which produces a biannual
average of 323 mm during estival and a mere 28 mm during hibernal seasons.

3 Results and discussion

As precipitation, leachate and evapotranspiration form the central part of the water cy-20

cle, this paragraph is meant to give a more detailed look into the long term trends and
characteristics of these three variables in St. Arnold. Unfortunately, no data of through-
fall and stemflow was available, so that canopy interception could not be estimated.

Figures 8 and 9 compare the annual and biannual development of the three leachate
varieties and the gross precipitation measured in St. Arnold from 1966 to 2007.25
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Examining the leachate curves in the annual chart (Fig. 8), the development of the
two forests and their abovementioned diverse growth schemes become obvious. Be-
cause of the initially low tree heights, the three basins show only little difference in
leachate quantities during the first 4 y. From 1969 onwards, they begin to take dissimi-
lar paths: Whereas the fast growing, evergreen pine forest directly declines its leachate5

sums, while the more temperately growing oak/beech forest aligns with the grassland
until 1976 and then slowly decreases its leachate quantities. As of 1990, the forests
seem to have reached similar canopy closures, that is, their annual leachate sums
converge again, this time being clearly outbalanced by the grassland.

Apart from the forest growth aspect, the decisive role regarding leachate quantities10

is naturally being played by precipitation. As visible in Fig. 8, particularly the grassland
basin exhibits a clear correlation between precipitation and leachate sums. Neverthe-
less, in the case of St. Arnold, the grassland basin is surrounded by both the forests on
and those around the lysimeter site. This leads to the forecited slight diminishment in
leachate quantities over the years (cp. Fig. 6). The shelter provided by the tree popula-15

tions hence provokes a slight distortion of the leachate rates measured on grassland.
This shelter also affects the actual evapotranspiration rates of the grassland basin (cp.
Fig. 10), causing them to exhibit the aforementioned slight downward trend.

On annual average, 53% of the gross precipitation measured in St. Arnold percolate
into the grassland basin, 37% into the deciduous and 28% into the coniferous forest20

basin. Comparing this to the biannual charts (Fig. 9), it becomes apparent that although
hibernal and estival precipitation quantities are rather similar, the leachate curves of the
two forests show considerably lower rates for summer periods. This attributes to the
fact that both air temperature and tree water demand are articulately higher during
the vegetation period. Consequently, evapotranspiration increases and leachate is25

reduced (q.v. surveys by Barsch and Flügel, 1988 and Zirlewagen, 2002).
Figures 10 and 11 represent the long term annual and biannual developments of

evapotranspiration and precipitation in St. Arnold.
Analogously to the leachate development in Fig. 8, the growth process of the trees
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is equally reflected in the annual AET rates (Fig. 10). While the grassland is subject
to constantly low evapotranspiration rates with the slight downward trend commented
on above, the growing forests exhibit perennial AET increases, whereas the evergreen
pines at all times outbalance the deciduous oaks and beeches. Salihi (1984) deter-
mined the water balance of an oak/beech and a pine forest in Eastern Germany over a5

period of 15 y and observed that the annual AET rates of the coniferous forest almost
consistently outbalanced those of the deciduous forest by 19%. In St. Arnold, this ratio
amounts to 11 to 25%, depending on tree ages/heights, and thus integrates well into
Salihi’s results.

Examining the forest development in St. Arnold, it is furthermore noticeable that10

during the first 10 y of the observation period, the AET sums of the deciduous forest
are lower than those of the grassland. Reasons for this discrepancy might be the
initially minor canopy closure of the former, causing more precipitation to drain away
than on grassland.

In contrast to its correlation with the leachate rates, precipitation does not show much15

connection to the evapotranspiration sums. This might be based upon the more com-
plex relations: While (under moderately humid conditions) leachate is almost directly
connected to precipitation, evapotranspiration depends much more strongly on meteo-
rological parameters such as temperature, sunshine duration, relative humidity, global
radiation and wind speed (q.v. Steiner et al., 1991). Möller and Stanhill (2007) inves-20

tigated about this aspect comparing the AET and precipitation of a site with a humid
climate in Ireland to a site with a semi-arid climate in Israel and obtaining the result that
correlations between these two variables solely occur during periods of water stress.
Yet, as this never occurred in St. Arnold, there is hardly any likeliness for such corre-
lations. In fact, with annual precipitation rates of at least 550 mm/a, even arid years in25

St. Arnold (e.g. 1976, 1985, 1989, Fig. 10) still provide sufficient humidity for regular or
even slightly elevated evapotranspiration rates.

A further-reaching point in this context was made by Salihi (1984), who closely anal-
ysed the AET and precipitation rates of forests during extreme years and observed that
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not only extremely arid (cp. supra, Möller and Stanhill, 2007) but also extremely humid
years can produce AET rates below average. While the former lack the water, the latter
are stressed by its surplus and thus lack the energy required for evapotranspiration (q.v.
Stephenson, 1990). Furthermore, the under such conditions reduced vapour pressure
gradient (e∗–e) might be another reason for low evapotranspiration rates. Examining5

the precipitation rates in St. Arnold (Fig. 10), with 1984, 1993 and 1998 as particularly
humid years (>940 mm/a), it stands out that the corresponding AET sums indeed show
relatively low values (<260 mm/a, whereas the long term forest AET averages amount
to 350–450 mm/a).

With regard to average evapotranspiration values, St. Arnold conforms with the re-10

sults of comparable surveys. Ladekarl (2001), for instance, evaluated evapotranspira-
tion rates of different forest sites in Europe (Denmark, France, Germany, United King-
dom) and found average values of 420–490 mm/a for oak forests and 487–655 mm/a
for beech forests. With a long term AET average of 351 mm/a for the oak/beech basin,
St. Arnold is classed considerably lower, but it also has to be regarded that this value15

represents the entire and still uncompleted growth process of the forest. Compris-
ing only the last 10 y of the observation period, the deciduous forest in St. Arnold
shows an average of 475 mm/a and thus already corresponds with the rates compiled
by Ladekarl (2001). Nevertheless, it has most likely not reached its upper limit yet.

Comparing seasons (Fig. 11), the influence of the air temperature on evapotranspira-20

tion becomes evident. Although precipitation is sufficiently provided at almost all times,
temperature differences cause the evapotranspiration rates to be lower during hibernal
and higher during estival seasons. Next to this, autumnal leaf loss naturally plays a
major role regarding evapotranspiration quantities. On account of its thereby strongly
reduced evapotranspirational surface, the deciduous forest shows the aforementioned25

extremely low AET rates during winter periods. During summer periods, the opposite
occurs. While the grassland AET shows rather regular, constantly low values, the AET
rates of the forests increase significantly and occasionally even reach similar heights
as the PET (cp. summer period chart, Fig. 11). Regarding the AET rates of the forests
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during estival terms, it is furthermore noticeable that the AET of the deciduous forest
occasionally outbalances the one of the coniferous forest. This takes place especially
during relatively dry summers (e.g. 1989, 1996) and is based upon the fact that decidu-
ous trees tend to root much deeper than coniferous trees and thus exhibit a significantly
higher tolerance to arid conditions (cp. Klein, 2000).5

According to Zenker (2003), about 60% of the annual precipitation in Central Europe
returns into the atmosphere through evapotranspiration. Figures 12 and 13 illustrate
the long term annual and biannual water balances of the three lysimeter basins in
St. Arnold, based upon the following water balance equation (cp. Milly, 1994):

P=L+AET+B (5)10

with P as precipitation, L as leachate, AET as actual evapotranspiration and B as
balance term.

Figure 12 indicates that in the case of St. Arnold, the ratio mentioned by
Zenker (2003) only applies to 36–56%. Nevertheless, it also has to be factored in
that the AET calculated for St. Arnold is based upon considerably low wind speed val-15

ues. Furthermore, North Rhine-Westphalia exhibits a relatively cold, humid climate in
comparison to other Central European regions. Thus, on an annual basis, St. Arnold
cannot comply with Zenker’s proposition. Still, for the summer periods in St. Arnold
(Fig. 13) this ratio amounts to 54–77% and thus integrates well into average Central
European conditions.20

Figure 12 furthermore demonstratively presents the differences between the three
lysimeter basins in terms of leachate and evapotranspiration. While the grassland turns
more than half of its annually incoming precipitation into leachate and only 36% into
water vapour, the deciduous forest produces almost equal leachate and AET rates and
the evergreen coniferous forest evaporates more than half of the annual precipitation.25

The “Balance Term” (q.v. Eq. 5) refers to the part of the precipitation neither
assignable to leachate nor to AET and thus presumably at least to some extend be-
ing stored within soil and vegetation. As logically expected, the forests outbalance the
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grassland in this regard. Nevertheless, these ratios must be handled with care. In
the long run, a forest cannot perpetually increase its stored water amounts over the
years. Thus, the balance term might also represent inaccuracies concerning precipi-
tation measurement or the parameterisation of the AET. Overall, it is a direct indicator
for the bias in the water balance and thus for the uncertainty of this analysis (q.v. Ea-5

gleson, 1978). As mentioned above, one of the problems concerning the preciseness
of the parameters used for this survey was the lack of information on throughfall and
stemflow. Hence, canopy interception could not be determined and gross precipitation
data had to be applied for all three basins. For the forests, this provokes a deviation
from the real water balance, which certainly figures in the here introduced “balance10

term”.
The long term biannual water balances for St. Arnold are represented in Fig. 13. In

comparison to the annual chart (Fig. 12), they show rather strong contrasts in leachate
and AET ratios both within individual basins and between seasons. Regarding sea-
sons, the high estival AET rates stand in clear opposition to the considerable hiber-15

nal leachate quantities, the latter however with exception of the evergreen pine forest.
Grassland and deciduous forest thus show similar ratios during winter periods. During
summer periods however, the deciduous forest exhibits similar water balance charac-
teristics as the coniferous forest, while leaving the grassland clearly outbalanced in
terms of AET quantities.20

Examining the biannual balance terms, the relatively high percentages of the forest
basins during hibernal seasons stand out. Apart from the abovementioned uncertain-
ties due to the missing interception data, a reason for this might be estival dehydration
of the soil due to high water demands during the vegetation period. Subsequently,
hibernal re-saturation needs to take place until the soil water retrieves its capacity to25

contribute to groundwater recharge. In addition to that, according to Jenssen (2008),
water storage and consumption on account of litter accumulation and decomposition
have to be factored in.
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4 Conclusions

The fundamental idea of lysimetrical and hence water balance research is the transfer
of small scale results onto a regional basis in order to obtain universally applicable
statements (q.v. Granier et al., 2000). To meet this, a detailed analysis of all the an-
tecedents is of vital importance. Regarding the large-scale lysimeter site St. Arnold, its5

sheltered position poses an obstacle. Due to the directly adjacent surrounding forests,
the wind speed is low and causes evapotranspiration rates to be slightly lower than
those presumed under standard conditions (cp. Van Bavel, 1961). A possible circum-
vention of this problem is the adoption of external wind speed data, as was done for
the calculation of potential evapotranspiration (PET) in this survey. Yet, due to the10

associated uncertainty regarding applications of external data, the actual evapotran-
spiration (AET) calculated in this survey is based upon internal data and thus reflects
the evapotranspiration rates of this specific lysimeter site.

Regarding generally applicable observations, St. Arnold excellently exemplifies the
long term water balance characteristics of the three differently planted lysimeter basins15

concerning their ratios of leachate and evapotranspiration. During summer periods,
the AET rates of the deciduous and the coniferous forest are almost equally high,
while the more permeable grassland shows considerably lower rates. During winter
periods, leachate becomes prevalent for all basins and groundwater recharge takes
place. Yet, the evergreen pine forest continues being subject to a considerable amount20

of evapotranspiration.
In terms of long term trends and possible future developments it can be presumed

that, due to the pronounced tendencies towards a milder and more humid regional
climate (q.v. Leuchs and Bergmann, 2008), evapotranspiration rates in St. Arnold are
likely to continue their already existent upward trends, whereas leachate quantities25

might consequently perpetuate their present downward trends. Possible detriments
to this could be vegetational degradation due to either soil dehydration or increasing
intense rain events. Other negative influences might be perturbances of the natural
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litter degradation process and, due to mild hibernal conditions, mass reproduction of
insects during vegetation period.

For future studies in St. Arnold, it would be recommendable to extend the wind speed
data collection to an additional measuring point above the forest canopies. Only this
would enable an approximation to standard conditions and thus a possible transferabil-5

ity of evapotranspiration data from St. Arnold onto other sites. Another benefit would
be the resumption of the LAI measurements as these are of high relevance for the AET
calculation using the Penman-Monteith approach.
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anlage St. Arnold, German Memorandum of Hydrology, 31(1), 23–27, 1987.

Schroeder, M.: 15 Jahre Messungen an der Großlysimeteranlage St. Arnold, Scientific series
of the National Board of Water and Waste Management North Rhine-Westphalia, 44, 1–66,
1988.10

Schroeder, M.: Interzeptionsmessungen an der Großlysimeter-Anlage St. Arnold in den Jahren
1984 bis 1987 und die Extrapolation der Messwerte mit Hilfe eines Rechenmodells, German
Memorandum of Hydrology, 33(2), 56–64, 1989.

Schroeder, M.: Verdunstung von Land- und Wasserflächen in St. Arnold bei Rheine in den
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Fig. 1. Development of air temperature and relative humidity in St. Arnold from 1966 to 2007.
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Fig. 2. Development of sunshine duration and global radiation in St. Arnold from 1966 to 2007.
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Fig. 3. Development of wind speed and precipitation in St. Arnold (and neighbouring sites)
from 1966 to 2007.
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Fig. 4. Quantity of trees in St. Arnold from 1966 to 2007. The deciduous forest consists of
Quercus robur (English Oak) and Fagus silvatica (European Beech) and the coniferous forest
of Pinus strobus (Eastern White Pine).
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Fig. 5. Height, leaf area index (LAI) and diameter of trees in St. Arnold from 1966 to 2007.
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Fig. 6. Development of leachate from grassland in St. Arnold from 1966 to 2007.
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 Fig. 7. Development of leachate from deciduous and coniferous forest in St. Arnold from 1966
to 2007.
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Fig. 8. Annual sums of leachate and gross precipitation in St. Arnold from 1966 to 2006.
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Fig. 9. Biannualsums of leachate and gross precipitation in St. Arnold from 1966 to 2007.
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Fig. 10. Annual sums of evapotranspiration and gross precipitation in St. Arnold from 1966 to
2006.
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Fig. 11. Biannual sums of evapotranspiration and gross precipitation in St. Arnold from 1966
to 2007.
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 Fig. 12. Long term annual water balance of grassland and forests in St. Arnold from 1966 to

2006.
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Fig. 13. Long term biannual water balances of grassland and forests in St. Arnold from 1966
to 2007.
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