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Impact of evapotranspiration on discharge in small catchments
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Abstract: We apply the Linear Storage Model (LSM) to simulate the influence of the evapotranspiration on discharges.
High resolution discharge data from two small catchments in the Czech Republic, the Teply Brook and the Starosuch-
dolsky Brook catchment are used. The results show the runoff process is simpler in a deeper valley of the Starosuch-
dolsky catchment where the soil zone is deeper and the valley bottom recharges runoff even during very dry periods.
Two-soil zone model is adequate to simulate the diurnal runoff variability. Three-soil zone model is needed in the Teply
Brook catchment due to the absence of water transport in the most-upper soil zone. Time delays between minimum and
maximum discharge during the day reach up to about 20 hours. Evapotranspiration and hydraulic resistances are as high
as 14% of catchment daily runoff in the urbanized Starosuchdolsky Brook catchment and 25% of catchment daily runoff
in the forested, less impacted Teply Brook catchment.
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(LSM).
INTRODUCTION

Because discharge fluctuations quantitatively reflect rainfall
inputs to the catchment, it is natural to ask whether they also
reflect evapotranspiration losses from the catchment (Kirchner,
2009). Hydrologists have developed several strategies for using
discharge measurements during streamflow recession to study
evapotranspiration rates (Bond et al., 2002; Burt et al., 2010;
Dvotéakova and Zeman, 2010a, 2010b; Szilagyi et al., 2007). In
a catchment, dynamic systems have comparable but opposite
effects on catchment storage and thus on streamflow (Kirchner,
2009). High-resolution measurement of fluctuating discharges
can be used to study temporal patterns of catchment-scale evap-
otranspiration. A smoothly harmonic diurnal or seasonal dis-
charge fluctuation is caused mostly by evapotranspiration of
riparian vegetation. This process can be described simply by the
sine curves or more sophisticatedly by the Fourier series or
other harmonic functions (Dvotékova et al., 2012; Kovar et al.,
2014).

The interaction between vegetation and the hypodermic
zone, or shallow groundwater, is an important part of ecosystem
dynamics in a riparian zone. Where the catchment area supplies
alluvial groundwater, there can be a significant reduction in the
volume of water actually reaching the stream, which was often
described earlier (e.g., Troxell, 1936). When analysing the
hydrological response during the summer drought of 1976, Burt
(1979) noted that observations of short-term step discharges
showed a clear diurnal fluctuation. He characterised this phe-
nomenon as a response to intense evapotranspiration during the
day, and a resumption of downslope water movement at night.
Bren (1997) studied the effect of the removal of slope vegeta-
tion on the diurnal variations of a small mountain stream in
Australia. He concluded that the amplitude of the variation
diminishes in time and is insensitive to changes in slope hydrol-
ogy. Bond et al. (2002) described the time lag between base
flow and actual flow and used it to estimate the zone, or area of
riparian vegetation that influenced the daily streamflow pat-
terns. Loheide et al. (2005) and Winsemius et al. (2006) investi-

gated evapotranspirative consumption of groundwater using the
concept of readily available specific yield based on diurnal
fluctuations in discharge. They described the method of specific
yield determination based on soil texture and the master reces-
sion curve. When Fenicia et al. (2006) published the results of
their research, important progress was made in understanding
the dynamics of unsaturated and saturated zones, and also evap-
otranspirative consumption by phreatophytes, taking into ac-
count diurnal water table fluctuations. The results triggered
discussion about the general use of a linear groundwater reser-
voir in hydrological modelling. There are also papers available
that provide results at catchment scales where almost no impact
of riparian vegetation during low flows can be observed. A
comparison of two catchments of this kind was made in Tanza-
nia (Mul et al., 2007), one covering less than 1 km’, the other
covering approximately 25 km®. At a larger scale, the influence
of this hydrological process is no longer visible.

The objective of our work is to analyse the impact of evapo-
transpiration from riparian vegetation on runoff in two small
catchments, the Teply Brook and the Starosuchdolsky Brook
catchments that have a different geomorphology.

METHODOLOGY
Simulation of evapotranspiration by the Linear Storage
Model LSM

The LSM model is based on approximation of catchment
runoff during rainless period by an equation representing
depletion of the linear storage (Fig. 1). The model describes the
behaviour of catchment areas by using the idea of two or three
soil zones that form vertically interconnected water storages.
Flow of water between the storages is given by the difference in
their saturation. Contribution of individual zones into the
channel is proportional to the immediate amount of free water
in the zones. Water is withdrawn by evapotranspiration from the
upper-, middle- and lower- soil-zones and evapotranspiration is
considered as a diurnally periodical process.
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Two- and three-zone alternative models are described by
equations (1) and (2) respectively:

t t

Os(f)=A-e " +B-¢ © +Dsin(wi +y) (1)

t t t
Or(t)y=A4A-¢e "+B-e 2 +C-e B +Dsin(wt+y) )

where, subscripts s and ; identify the names Starosuchdolsky
and Teply Brook catchments, then Qg(¢) and Qy(?) are catchment
discharges (l-s’l); A,B,C are initial relative water storages in the
upper (4), middle (B) and lower (C) soil-zone of the catchment;
7;, T5, T3 are half-term duration to be achieved on 1/e, with ¢ - the
Euler constant for water storage in zones 4, B, C (day). Practi-
cally it is also the exhaustion time for water storage in each soil-
zone; D is actual daily evapotranspiration which reduced
catchment discharge 1-s™"); wt is duration of the time lapse for a
one-day period (w = 24 h, 1 day); y is time delay between the
daily maximum and minimum streamflow (hours).
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Fig. 1. Scheme of the LSM model. h; is relative groundwater
level (-); h, is relative subsurface soil-zone water level (—); h;
is relative most-upper (surface) soil-zone water level (-); V; is
relative volume (porosity) of groundwater reservoir (-); V, is
relative volume (capacity) of subsurface soil-water reservoir (-);
V3 is relative volume (capacity) of most-upper (surface) water
reservoir (—); 1i1is discharges (measured value at the catchment’s
outlet profile) (l~s’1); i) is flow from groundwater to subsurface
soil-zone water (l-s’l); i3, is flow from subsurface soil-zone
water to upper-most (surface) soil-zone water (I's'); ( is
evapotranspiration coefficient (-); i;; is groundwater contribu-
tion to streamflow (I's™'); 1y, is subsurface (hypodermic) water
contribution to streamflow (1~s’1); 133 is surface water contribu-
tion to streamflow (1's™).

The values of 4, B, C, D, 7; and y resulting in the best ap-
proximation of measured discharges are determined through

calibration. Calibration is done, ab initio, i.e. the extra calibra-
tion is carried out for every day. Calibrated values are later
presented in annual graphs. The least squares method is used to
evaluate the performance of the simulation. Coefficients 4 to C
provide information on the soil zones saturation and total capac-
ity. The values D and y characterizing actual daily evapotran-
spiration and time delay between daily maximum and minimum
streamflow are of special focus in this study. It is assumed that
the evapotranspiration is characterized by the sine function; it is
independent on meteorological conditions and dependent on
available water in soil-zone storages. It is assumed that the
yearly periodical change of 7; characterizes the exhaustion time
for zone A.

Studied area and data

Two small catchments (the Teply Brook, the Starosuch-
dolsky Brook) in the Czech Republic are studied. Catchment
characteristics are given in Figs. 2 and 3 and in Table 1. The
Teply Brook catchment is mostly forested. The lower part of its
valley is covered mainly by deciduous forest. The oak-
hornbeam forest dominates in the upper part of the catchment
and the alluvium is overgrown with the ash-alder forest. In
general, the composition of vegetation is not natural. It is repre-
sented by three levels and was influenced by man-made activi-
ties. The most common tree level species are Quercus robur and
Q. petrea, Acer campestre, Larix decidua, Robinia pseudoacca-
cia and close to the stream Alnus glutinosa and Fraxinus excel-
sior. The scrub level is dominated by Sambucus nigra, Corylus
avellana and Crataegus sp.; the herb level is on the catchment
bottom dominated by nitrophilous species, such as Urtica dioi-
ca, Aegopodium podagraria, Poa palustris etc. According to
long-term phenological observations the vegetation season
starts in the middle of April and ends in the middle of Novem-
ber (Larcher, 1988; Roznovsky et al., 2006).

The prevailing land use in the Starosuchdolsky Brook
catchment is represented by arable land (50 % of catchment
area) and urbanised areas (38 %). Forested area is a mixture of
semi-naturals. The downstream part of the catchment is envi-
ronmentally protected in its riparian belts by a valuable canopy.
These river belts, situated on both sides of the Starosuchdolsky
Brook contain typical local forest species represented by Alnus
glutinosa, Fraxinus excelsior, Quercus robur, and rarely
Carpinus betulus.

Diurnal discharge fluctuation during a hot and dry summer
period occurs in both studied catchments. Soil moisture meas-
urements show that the main difference in runoff depletion
between the two catchments is that the upper-most soil-zone of
the Teply Brook catchment is sometimes completely exhausted
from water. Thus, this zone does not contribute to the stream-
flow. The upper-most soil-zone of the Starosuchdolsky Brook
catchment is always partially saturated owing to its deep valley
morphology. Therefore, it permanently contributes to the
streamflow.

The Starosuchdolsky Brook catchment is described as a two-
zone system (eq. (1)), while the Teply Brook catchment is rep-
resented by the three-zone system (eq. (2)). High time resolu-
tion discharge data in the Teply Brook catchment was measured
from 2004 to 2007. The Starosuchdolsky Brook catchment has
been monitored since 2011. The available data is used to cali-
brate the LSM model. The discharge data is obtained from the
water table data measured every two seconds at the outlet of the
catchments using the V-notched (Thomson) weir equipped with
the Vegawell 71 submersible water level gauge. The gauge
measures water pressure with high resolution sensitivity.
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Table 1. The characteristics of the Teply Brook and the Starosuchdolsky Brook catchment.

Physiographical factors Teply Brod Starosuchdolsky Brod
A Catchment area km? 1.56 2.95
L Length of thalweg km 1.41 3.7
Ly Length of brook km 1.1 0.58
P Length of water divide km 5.13 9.1
Iy Average slope of brook % 13.0 5.4
Is Average catchment slope % 15.1 20
Hinax. Maximum catchment elevation ma.s.l. 595 335
Hin. Minimum catchment elevation (outlet) m a.s.l. 417 211
Rq River network density - 2.4 0.33
Annual precipitation mm 650-750 350-400
Annual runoff mm 220-250 120-140
Annual average temperature °C 7 8.8
Land use categories
Arable land % 12.8 50.2
Forest % 80.0 35
Urbanized area % 0 379
Permanent grassland/greenery % 7.2 8.4
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Fig. 2. The Teply Brook catchment and its selected characteristics.
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Fig. 3. The Starosuchdolsky Brook catchment and its selected characteristics.

RESULTS

For each individual day in the Julian calendar years, we have
acquired the coefficients A, B, C, variables D, resp., then z;, and
w for the respective year.

Examples of runoff simulation by the LSM model are shown
in Fig. 4. They prove that the model successfully reproduced
measured runoff in different hydrometeorological conditions
including the periods when evapotranspiration is not the domi-
nant process influencing catchment runoff (e.g. in winter).
Fig. 4a represents hot dry day that followed the rainy day.
Fig. 4b shows catchment discharge that occurred after the rainy
day, too but that day remained cold. Fig. 4c shows typical dis-
charge variability during a hot day of longer dry period. Dis-
charge shown in Fig. 4d represents a typical wet and cold winter
day.

The goodness of fit between the measured and computed
discharge values is excellent. The coefficients of determination
(CD) in selected rainless periods never lie outside the scope:
0.95 < CD < 1.00. Matrix inversion (i.e., the least squares

method) is the best method of the LSM parameters optimisa-
tion.

On the basis of the LSM model coefficients 4, B, C, D, v,
and 7;, we have established the yearly ordinates of discharges Q
“consumed” by other hydrologic processes. D is the most im-
portant value representing actual evapotranspiration. A, B, (C)
are water storages in the soil-zones. The coefficients z; are ex-
haustion times for water storages in the individual soil-water
zones and y is time between maximum and minimum discharg-
es in the LSM model.

Fig. 5 shows the water amounts consumed by actual evapo-
transpiration and by hydraulic resistances which would other-
wise contribute to catchment runoff.

Fig. 6 shows that calculated daily evapotranspiration was as
high as 14% of catchment daily runoff in the urbanized
Starosuchdolsky Brook catchment and 25% of catchment daily
runoff in the forested, less impacted Teply Brook catchment.
Higher values for catchment evapotranspiration were calculated
in both catchments for period approximately between the
beginning of June and mid-July.
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Fig. 4a. Comparison of the measured and computed discharges
Q (I's™). Starosuchdolsky Brook catchment, 15 June 2011; hot and
dry day preceded by the rainy day.
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Fig. 4b. Comparison of the measured and computed discharges
Q (s™h. Starosuchdolsky Brook catchment, 25 April 2012; cold
day preceded by the rainy day.
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Fig. 4c. Comparison of the measured and computed discharges
Q (I's™). Teply Brook catchment, 14 May 2004; hot and dry day
during a longer dry period.
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Fig. 4d. Comparison of the measured and computed discharges
Q (I's™). Teply Brook catchment, 28 December 2004; typical win-
ter day — wet and cold.
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Fig. Sa. Reduction of daily discharge by actual evapotranspiration and hydraulic resistances in the Starosuchdolsky Brook catchment, 2011.

Fig. 7 shows the differences in hydrological responses of the
two studied catchments. The time delay between minimum and
maximum daily discharges in the Starosuchdolsky Brook
catchment show a certain pattern, while in the Teply Brook
catchment it is not the case. The time delay in the
Starosuchdolsky Brook catchment tends to reach about 20 hours

in the warm period of the year (approximately between the mid-
April to mid-October). Maximum values of the time delay in the
Teply Brook catchment also reach about 20 hours. However, the
correlations are week in both catchments. Much better correla-
tion could be reached if separated hot and rainless events were
analyzed.
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Fig. 5b. Reduction of daily discharge by actual evapotranspiration and hydraulic resistances. Teply Brook catchment, 2004.
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Fig. 6a. The ratio of calculated evapotranspiration to total measured catchment runoff; Starosuchdolsky Brook catchment, 2011.
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Fig. 6b. The ratio of calculated evapotranspiration to total measured catchment runoff; Teply Brook catchment, 2004.

DISCUSSION

Discharges, as output of runoff process, can be described as
an aggregated component of a water balance equation of the
entire catchment (Kirchner, 2009). Ratios of catchment evapo-
transpiration to catchment runoff and time delays between max-
imum and minimum streamflows obtained in this study are
comparable to those presented e.g. by Bond et al. (2002) and
Loheide et al. (2005). Interpretation of the results presented in
Figs. 5 and 6 should acknowledge that catchment runoff for-
mation is influenced also by hydraulic resistance which slows
down water percolation. Compared to evapotranspiration, the

influence of hydraulic resistance is smaller. Our computation
indicates that contributions of hydraulic resistance to reduction
of catchment runoff reaches up to 15%. The major effect of
hydraulic resistance is the delay evapotranspiration influence on
catchment discharge. Data on free water evaporation would
enhance better understanding of the combined effect of hydrau-
lic resistance and evapotranspiration.

Figs. 5 to 7 show the whole-year results. It is obvious that the
influence of evapotranspiration on catchment runoff is dominant
in summer during the rainless periods. Further research will be
focused on these events.
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Fig. 7a. Time delay between the daily maximum and minimum streamflow (coefficient ), Starosuchdolsky Brook catchment, 2011.
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Fig. 7b. Time delay between the daily maximum and minimum stream

Both experimental catchments react similarly in the begin-
ning of depletion process when surface and hypodermic water is
still available. The overall discharge level after rain has a ten-
dency to diminish fast. The notable difference between the
catchments is the fact that the Starosuchdolsky Brook A and B
zones are never entirely exhausted. Thus, they always contrib-
ute to the catchment discharge, allowing to restructure the three-
zone model to the two-zone model. Soil moisture content in a
soil-zone of riparian vegetation during dry periods usually var-
ies from 0.28 to 0.37 when it is close to the field capacity (i.e.,
0.37). This is probably due to fact, that the Starosuchdolsky
Brook catchment has a different morphology and the deeper
soil-zones than the Teply Brook catchment. The Starosuch-
dolsky Brook catchment has a downstream catchment much
deeper, with wetlands which could explain the difference in the
LSM model structures.

Both versions of the LSM models (for two zones and for
three zones) are compatible with the threshold idea (Mul et al.,
2007), as they can be explained by the combination of thresh-
olds (e.g. borders between soil-zones) with linear storage be-
tween them. After calibration, the two versions show a compa-
rable efficiency.

CONCLUSION

Influence of evapotranspiration on catchment runoff is an in-
teresting and not very often studied hydrological phenomenon.
Water use by riparian vegetation is closely linked to streamflow
diurnal variability. The LSM model used in this study worked

flow (coefficient ), Teply Brook catchment, 2004.

well in both studied catchments. Modification of the model by
applying the two- or three- zones versions was necessary to take
into account the differences between the catchments. Time
delay between minimum and maximum catchment discharges
shows a certain pattern in the urbanized Starosuchdolsky Brook
catchment. No clear pattern is observed in the forested Teply
Brook catchment. Employment of free water evaporation data
could improve the methodology of this research in future.
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