Theor. Appl. Climatol. 69, 199-212 (2001)

' GKSS Research Center, Geesthacht, Germany
2 University College Cork, Cork, Ireland

Theoretical
and Applied
Climatology

© Springer-Verlag 2001
Printed in Austria

Evaluation of the hydrological components added to
an atmospheric land-surface scheme

H.-T. Mengelkamp', G. Kiely’, and K. Warrach'

With 9 Figures

Received October 25, 2000
Revised February 16, 2001

Summary

Discharge from a small grassland catchment in Ireland is
simulated with the atmospheric land-surface scheme SEW-
AB. Hydrological processes are parameterized to represent
surface runoff and baseflow generation and soil moisture
storage changes. Surface ponding and infiltration are expli-

citly described in order to account for the rapid response of

streamflow to precipitation events. The annual discharge, the
evapotranspiration and individual flood flows are accurately
modelled. The simulation of soil moisture at various depths
is close to the observations from time domain reflectometer
measurements. An analysis of the significance of individual
hydrological processes for discharge simulation from the
small catchment found the ponding process to be essential
for time periods of less than 12 hours. A depth dependent
saturation hydraulic conductivity improves the simulations
on all time scales.

1. Introduction

A fundamental difficulty in evaluating surface
hydrological processes in an atmospheric land-
surface scheme (LSS) arises from a scale mis-
match of available observations. We define the
surface water balance as the water balance of a
soil column down to the bottom of the soil model,
including the water on the surface and in the
interception reservoir:

P—E—dS/dt =R (1)
Precipitation P, evapotranspiration £ and the
change in soil moisture storage dS/dr are

measured by micrometeorological methods at plot
scale. At this scale measurements of runoff R are
usually not available. Runoff is the excess water
per surface unit calculated as the excess of precip-
itation over evapotranspiration and local moisture
storage change. In hydrological terms this is
“runoff generation” or “‘effective precipitation”
(Graham et al., 2000). Runoff is an instantaneous
value without translation or transformation by
storage or transport processes. The observable
variable (o compare simulated runoff with is
streamflow, which is measured at gauging stations
in a river channel system. Streamflow represents a
regional or larger scale catchment area. A routing
model is needed to translate runoff into stream-
flow. Because of this scale distinction, evapotran-
spiration and runoff are commonly not validated
simultaneously, although they are interdependent.

There are two major difficulties in using
streamflow to validate the runoff generation
process in a LSS. Firstly, the routing model needs
calibration to adequately describe the horizontal
water movement in a catchment. This calibration
may compensate for errors in the simulated
runoff. Secondly, inhomogeneous soil and vegeta-
tion characteristics and forcing data cause an
inaccurate determination by simulations as well as
measurements of P E and dS/dr on catchment
scale.
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Our study focuses on the local scale. We had
streamflow data available from a very small
catchment, which can be considered homoge-
neous with respect to vegetation cover, soil type
and atmospheric forcing. Application of a routing
model is not suitable for such a small catchment.
However, calibration of the parameterization
schemes for horizontal water transport processes
is still required for temporal scales smaller than
the typical residence time of water in the
catchment. Surface ponding and baseflow storage
are included to account for horizontal water
movement.

In a General Circulation Model (GCM) Hage-
mann and Diimenil (1999) represent the lateral
waterflow by single linear reservoirs for overland
flow and baseflow, respectively, and a cascade of
equal linear reservoirs for riverflow. Lohmann
ct al. (1996), Habets et al. (1999), Lobmeyr et al.
(1999) and Benoit et al. (2000) coupled an atmo-
spheric land-surface scheme and a horizontal
routing scheme in order to study the surface water
budget on catchment scale. The grid size of their
models ranges from about 10 to 400km”. The
horizontal water flow is separated into the trans-
formation inside a grid box and the flow in the
river channel system. All these studies aim at
calculating streamflow on a daily basis and
corresponding large spatial scales. On the meso-
scale Molders and Raabe (1997) coupled a hydro-
logical model to an atmospheric mesoscale model
and found that surface hydrology influences cloud
and rainfall formation on the regional scale even
in a 24 hour simulation. No attempt, however, was
made to validate runoff generation.

The Project for Intercomparison of Land-sur-
face Parameterization Schemes (PILPS) focuses
on evaluating and improving land-surface schemes
for climate and weather prediction models
(Hendersen-Sellers et al., 1995). An intercompar-
ison of model simulated runoff for the site of the
Cabauw micrometeorological tower in the Nether-
lands (PILPS phase 2a, Chen et al., 1997) showed
a large variation among the participating land-
surface schemes even on an annual time scale.
This local scale study was followed by a regional-
scale experiment, with a focus on the surface
energy and water balance in the Arkansas-Red-
River basin (PILPS phase 2c, Wood et al., 1998).
To compare runoff with streamflow a routing
scheme was applied to transport runoff into, and

through, the river channel system to gauging
stations (Lohmann et al., 1998). Considerable
differences were found among the participating
schemes in the spatial pattern of mean annual
runoff and the timing of selected hydrographs,
although the same routing scheme was used for all
models. Koster and Milly (1997) investigated the
consequences of different evaporation and runoff
formulations in several land-surface schemes.
They conclude that “if the formulation of runoff
in a land-surface scheme (LSS) is poor, the LSS
will produce unrealistic annual evaporation rates
regardless of the quality of the evaporation for-
mulation™ (Koster et al., 2000).

Often only evapotranspiration and the sensible
heat flux were subject of validation experiments
for 1-dimensional LSS with no attention paid to
runoff (e.g. Chen et al., 1997; Noilhan and Planton,
1989). This study focuses on the validation of the
runoff generation process using streamflow data,
which represents the same spatial and temporal
scale as evaporation measurements.

The land-surface scheme SEWAB (Surface
Energy and Water Balance, Mengelkamp et al.,
1999) solves the coupled surface energy and water
balance equations and simulates the vertical heat
and water fluxes within the soil. Since its partici-
pation in PILPS phases 2a and 2c SEWAB runoff
calculation for large-scale applications has been
improved. A variable infiltration capacity is in-
cluded for surface runoff generation (Warrach
et al., 1999) and storage compartments are added
to account for the fast and slow baseflow com-
ponent, respectively (Mengelkamp et al., 2000). In
this paper we attempt to simulate streamflow from
a small catchment which can be considered a plot
scale area. The time step is 20 min. These scales
are similar to the scales being represented by
surface measurements of the remaining compo-
nents of the surface water and energy balance.

The paper is organized as follows. The param-
eterization schemes for the surface water balance
components are described in section 2. The field
site is described in section 3. Section 4 outlines
the parameters describing the site characteristics
and the model calibration procedure. The simula-
tion of surface water components and temper-
atures is discussed in section 5, while the
significance of single hydrological processes is
investigated in section 6. A summary is given in
section 7.
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2. Hydrological components of SEWAB

2.1 The surface water balance

The land-surface scheme SEWAB solves the
coupled system of the surface energy and water
balance equations. The energy balance compo-
nents are parameterized in a way similar to the
land-surface schemes of Noilhan and Planton
(1989) and Deardorff (1978) and described in
detail by Mengelkamp et al. (1999). In this paper
we focus on the hydrological components of the
soil-surface processes (Fig. 1).

In Eq. (1) the evapotranspiration E[kgm=2s~!]
includes transpiration and evaporation from the
interception reservoir and bare soils. Rkgm s !]
represents runoff which comprises surface runott,
subsurface runoff and baseflow. dS[kgm=2] is the
change in soil moisture storage during a time
interval dt[s]. Storage of water in the interception
reservoir and on the surface as ponded water
are included in the storage term. In the annual
water balance the change in storage is assumed
negligible but on time scales smaller than 1 year
changes in all storage components are taken into
account. Precipitation as an external forcing
parameter is provided from measurements for
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Fig. 1. Hydrological components of the land surface

scheme SEWAB. a, b and c represent overland surface
runoff, subsurface runoff and baseflow, respectively

fast component

off-line simulations. In this study precipitation
measurements at 20 minute intervals are used.

2.2 Evapotranspiration

The evapotranspiration is formulated from Noil-
han and Planton (1989) as the sum of the evapo-
ration from bare soil £, and the wet foliage £, and
the transpiration from the dry part E,,:

E=E, +6.E + (1 —6,)E, (2)

A detailed description of the formulation of E,. E,
and E,, is given in Mengelkamp et al. (1999). The
fraction of the foliage surface coated with mois-
ture 6,, is formulated as a function of the maxi-
mum interception reservoir (Deardorff, 1978)
which depends on the leaf area index LA/ being
assumed to vary seasonally. For this study there is
no bare soil and E, = 0.
The stomatal resistance Ry is described as

Ry = =Mt p gV ES R (3)

with the factor F; describing the influence of the
photosyiithetically active radiation (Dickinson,
1984)

L+f

F :fiJr@ (4)

Rsmax
with f = 0.55 (R /Rc1)(2/LAI) where Rgy is a
limiting value depending on vegetation type and
set to 90. R is the incoming solar radiation. A
minimum stomatal resistance of 80sm ! accord-
ing to literature data for grassland (Peters-Lidard
et al., 1997) and a maximum value of 1000sm™!
are assumed.

The factors F», F3 and F take into account the
effect of water stress, the effect of water vapor
deficit and the air temperature dependence on
the surface resistance, respectively (Noilhan and
Planton, 1989).

2.3 Diffusion, drainage and vertical
redistribution of water

The vertical diffusion of water in the soil is
described by Richards equation for unsaturated
flow in porous media:

dn d an
a0z (D” o K") G)
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where 7{m’m™3| is the soil moisture content,
D,[m*s~!] the hydraulic diffusivity and K, [ms ']
the hydraulic conductivity.

The functional relationships between the soil
moisture potential W, D, and K, represent the
soil moisture characteristic curves (Clapp and
Hornberger, 1978). The hysteresis effect, stating
that the equilibrium soil wetness at a given suction
is greater in the drying than in the wetting phase
(Hillel, 1982) is neglected here as well as any
influence of temperature on the moisture transport
and vice versa.

As the soil moisture characteristics (hydraulic
diffusivity, conductivity and soil moisture poten-
tial) change exponentially with soil moisture, and
in order to avoid excessively small time steps due
to the very thin uppermost layer, Eq. (5) is solved
by the semi-implicit Thomas-algorithm of
Richtmyer and Morton (1967). At the upper
boundary. the soil moisture of the uppermost
layer is updated every time step according to the
difference between infiltration, evaporation and
runoff out of this layer. At the lower boundary
only gravitational drainage is allowed. The gravi-
tational drainage term of Eq. (5)

an B oK,
o oz (6)

is calculated explicitly.

A depth dependent saturation hydraulic con-
ductivity after Beven (1984) is included to ac-
count for a vertically varying pore size:

Kr;S - Ki}SU EXP(_fZ) (7)

The non-dimensional parameter f is supposed
to vary between 1 and 13m~! according to soil
characteristics. K5 is the saturation hydraulic
conductivity at the surface (see Fig. 1).

To avoid negative 7-values for large time steps
in Eq. (6) Bonan (1996) applied partial time steps
for Ar > 10min adjusting K, to decreasing 7
values. We use a simpler approach in order to
save simulation time by multiplying the right
hand side of Eq. (6) by a factor equal to 0.5+
(1 — (n/n:)"). This factor which is found by trial
and error reduces the drainage term for large 1 and
K, values.

Any soil water in excess of saturation is parti-
tioned into one part being redistributed succes-
sively to the soil layer above and a second part
which contributes to horizontal runoff. In each

layer, the partitioning between water going to
storage and water going to runoff is achieved
through calibration. The redistribution of water
simulates a rising ground water table.

2.4 Ponding, infiltration and surface runoff

The Variable Infiltration Capacity approach (VIC
approach, Wood et al., 1992) was initially used for
this small Irish catchment and was found unsatis-
factory. The VIC scheme allows runoff generation
before total saturation of the uppermost layer of
the model grid box. The opposite effect, namely
delayed runoff generation after saturation of the
soil, was found to occur during heavier rainfall
events over the small field site. Surface water
accumulates above the soil column when the
rainfall rate exceeds the rate of infiltration. This
ponded water forms surface runoff in a delayed
mode. If the allowable height of the ponding
storage, hg'™*, is exceeded the excess water
instantaneously forms runoff.

With hf being the height of the ponding storage
at time step n the maximum infiltration rate /.
(the total amount of available water to infiltrate
per time step) is

ho
Inax = K -+ P(] —veg) + Ry (8)
1
veg denotes the fraction of vegetation and
P(1 — veg) is the precipitation onto bare ground
(veg = 1 in this study). Rj; describes leaf drip.
The potential infiltration rate /,,, depends on the
soil moisture characteristics of the uppermost
soil layer with thickness Az, (Mahrt and Pan,
1984):

(T].\ — )2

Ipm‘ - Km + Dn\. Az
1

(9)
The actual potential infiltration rate /,, is the
minimum of /,, and the amount of water which
can occupy the empty pore space:

. ns — i) Az
Iy, = min [I,,,J,.(—%} (10)
The actual infiltration rate is
[a('l = min Upmu- [max} (1 1)

The difference between the total amount of water
falling onto the ground and the actual infiltration
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rate is added to the ponding storage

P(l —veg) + R
P

W =y + — L | A1 (12)

Discharge from the ponding storage is assumed
to depend linearly on the amount of water in
the ponding storage and is formulated after Hall
(1968):

H=+ 1

wond
! T;mud

In2 ;
hy (13)

The recession coefficient (In2/T),,,,) describes
the outflow behaviour. The time constant 7,
is the decay time by which the amount of water
in the ponding storage reduces to 50 percent of
saturation. Discharge at the surface comprises
Ryona and any amount of rain in excess of the
maximum ponding storage capacity.

2.5 Subsurface runoff and baseflow

A linearly increasing outflow between field
capacity and saturation is applied to the subsur-
face soil layers. Subsurface runoff is formulated
similar to the ARNO model conceptualization
which is widely used for baseflow generation
processes (Francini and Pacciani, 1991: Diimenil
and Todini, 1992). Below saturation, runoff from
these layers follows Eq. (14). The outflow rate of
any layer k is proportional to the current soil water
storage in that layer:

In2 5
Rs, = — i Azp, (14)

Ty,
where the half life 73, is the time for subsurface
flow to recede to 50 percent of saturation from an
initially saturated state and is determined by
calibration. As the response time of surface runoff
to rainfall events is much smaller than the re-
sponse of subsurface flow, 7;, is much larger than
Toona. Any water in excess of saturation is added
to runoff.

The baseflow component of runoff is modelled
using two linear groundwater storages with a slow
and a fast component. respectively (see Fig. 1).
These storages are filled by Darcian flow R, from
the lowest soil layer. The non-dimensional param-
eter 0 <~ <1 partitions the water entering the
two storages. Runoff R, ;[kem2s~'] and stored

water 8! [kgm 2| of the slow (s) and fast (f)
storage at time step 1 are calculated as

R, =
A 14
In(2) . & S +RpAL
MIN S L ARp AN =~
Tsy el Fipit) Ar
' (15)
Styr = SU7 + (WRp — Ryyp) At (16)

For the fast component + is replaced by (1 — ~).
T and ~ are used as calibration paramelers.
Parameter values used in this study are given in
section 4.

3. The field site

The research arca is sited near Donoughmore,
25 km Northwest of Cork, in the south of Ireland.
It encompasses a 14.5ha grassland subcatchment
(about 300 x 480m?, elevation 210m amsl) of
the Dripsey catchment which is in turn a sub-
catchmept of the river Lee watershed, Runoff
from the site drains to a small stream where the
flow is monitored at a capital notch weir. The site
is agricultural grassland, typical of the landuse
and vegetation in this part of the country. The
grassland type can be described as high, and
moderately high. quality pasture and meadow. The
grass height varies from a low of 5 c¢m 1o a high of
about 40 ¢m. The grass is cut about three times per
year. The bedrock at about 2m to 4m depth is
Devonian Sandstone. The soil profile is charac-
terised by a top 5 cm humus layer overlving a dark
brown A horizon of sand texture to a depth of
20cm. The yellowish-brown B horizon of sand
texture grades into a brown gravely sand parent
material at about 30 cm. The site is gently sloping
at about 4 percent grade to a stream.

The climate is temperate and humid and influ-
enced by the warm Gulf Stream of the North East
Atlantic. Mean annual precipitation in the Cork
region is about 1100 mm. The rainfall regime is
characterised by long duration events of variable
intensity which occur at any time of the year.
Short duration, high intensity events, occur mainly
in summer (Kiely et al., 1998). Over the 12 month
study period the maximum daily rainfall was
75mm on August 3, 1997 and the peak hourly
intensity was 11.6mm on August 26, 1997.
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The field instrumentation comprises nine water
content time domain reflectometers (TDRs)
spread out over the field site over a depth of
60cm, a rain gauge, a class A evaporation pan, a
stream water level recorder, and an automatic
weather station including net radiometer, air tem-
perature, relative humidity. barometric pressure,
surface temperature, soil temperature, soil heat
flux plates, wind speed and wind direction. Data is
recorded continuously at 20 minute intervals. In
this study. data from the period July 1, 1997 1o
June 30, 1998 are used. Streamflow is used to
calibrate the model. Soil temperature at 4cm
depth. surface temperature and soil moisture
readings at 7 depth points from 2cm to 60cm
depth are used for validation purposes.

4. Model set up, data availability
and calibration

4.1 Model configuration

The 1-dimensional SEWAB represents the entire
catchment. The model soil column is partitioned
into eight soil layers with increasing thickness
from 4cm (close to the surface) to 20 cm for the
bottom layer which is centered at 1.14m depth
(Fig. 2). Based on site inspections we assume 35
percent of the roots in the first layer, 40 percent in
the second and 25 percent in the third one.
Transpiration water is extracted from these three
layers only.

Conceptually the model is not able to describe
the soil layering appropriate for the actual soil
profile described in section 3. The soil parameters
correspond to a mixture of sand and clay soil.
In situ measurements of the saturated hydraulic
conductivity ranged from 1.7-10°ms™' 1o
3.2:10%ms™". In the model we use
2.0-10 ®ms~! for the surface saturated hydrau-
lic conductivity and applied equation (7) with
f =06 for the remaining layers. The saturated
volumetric water content is 0.452m*m 3, the
moisture potential —0.4 m and the wilting point is
assumed at 0.18m*m . The field capacity is
0.34m*m~* and the non-dimensional pore size
distribution b in the Clapp and Hornberger (1978)
relations is 11.4. The thermal diffusivity and
the heat capacity are 8.4-107"m?s ' and
2.1-10°Im * K™, respectively (values for these
parameters can be found e.g. in Stull (1988)).

layer depth thickness
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Fig. 2. Vertical grid configuration of the soil model. The
black squares indicate the depth of the soil moisture
measurements

Vegetation parameters representative for agri-
cultural grassland are used. During the growing
season the grass increases to a height of approx-
imately 40cm before it is harvested. We neglect
these short term changes, but prescribe a seasonal
cycle for the leaf area index with the minimum of
1 in January and a maximum of 3.2 in July. For
the totally vegetated grassland catchment the
roughness length was estimated to 0.02m, the
emissivity is 0.95 and the albedo 0.25.

The model is run with a time step of 20 min
corresponding to the averaging period of the ob-
servations. Soil temperature is initially set uni-
formly to 286 K which is the observed surface
temperature while the soil moisture initially is
assumed to be saturated at the bottom varying
linearly to 0.8 7, at the surface. The soil moisture
at the bottom is fixed at its saturation value. At the
lower boundary a seasonal cycle is prescribed for
the soil temperature with a mean value of 283 K
and an amplitude of 6 degrees.
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4.2 Data availability and calibration

Forcing data and streamflow data were available
from July 1, 1997 to June 30, 1998. The first half
of this time series until December 31, 1997 is used
for calibration, the second half for validation.
Additional data sets comprise measurements by
an evaporation pan from July 1 to September 31,
1997, measurements of soil moisture content in
seven depths from February 20 to June 30, 1998
and surface temperature measurements by an
infrared transducer during the period November
13-30, 1997.

The parameterization schemes for the surface
atmosphere exchange processes require no cali-
bration once the appropriate vegetation and soil
parameters are fixed. The vegetation parameters
were checked by inspection of the annual water
balance which justifies the assumption of a vanish-
ing soil moisture storage change as described in
the next section. The transformation of model
generated runoff to streamflow includes the highly
complex processes of water storage and water
transport. For temporal scales less than the resi-
dence time, these processes can only be ade-
quately simulated through calibration for the
particular watershed. In this study the transforma-
tion is simulated through ponded water and
groundwater storages and adjusting their respec-
tive time constants.

With the soil and vegetation parameters left
unchanged, the hydrological processes are cali-
brated comparing the measured and simulated
time series of streamflow for the period July 1 to
December 31, 1997, Calibration is performed by
tuning the appropriate parameters manually. The
baseflow component is adapted by varying the
time constants of the fast and slow storage com-
partment, respectively. The factor which partitions
the drainage flow from the lowest soil layer into
the two storage compartments is fixed at v = 0.5.
Previous experience has shown that results are
insensitive to this parameter except if it is close to
0 or 1. Time constants of 0.3 days and 4 days for
the fast and slow storage, respectively, are found
to describe the baseflow component acceptably.
Surface runoff is calibrated by adjusting the maxi-
mum ponding height (A = 0.03m), the time
constant for the ponding storage (T],r,,,d =
0.25days) and the time constant for the upper-
most soil layer (7, = 15days). From the inter-

mediate layers only little runoff is allowed through
a time constant of 300 days. Streamflow is most
sensitive to 4 out of the 7 calibration parameters,
namely the time constants for the ponding storage
and the two baseflow compartements as well as to
the maximum ponding height. Because surface
runoff and baseflow are calibrated separately,
effectively only 2 parameters had to be adjusted at
a time.

4.3 The annual water balance

Except for the saturation hydraulic conductivity,
which is taken from measurements, all parameters
describing soil and vegetation characteristics are
literature data (e.g. Stull (1988) and Peters-Lidard
et al., 1997). Whether their combination is appro-
priate to simulate the surface water balance
reasonably well is evaluated by considering the
annual means. It is assumed that the soil moisture
storage is the same at the beginning and the end of
the experimental period. Table 1 summarizes the
annual water balance components. Because pre-
cipitation is input to the model the concurrence of
observed and simulated streamflow indicates a fair
simulation of the evapotranspiration on an annual
time scale. The change in soil moisture storage is
small, as required.

From time series statistics over more than 50
years Kiely (1999) found a mean annual pre-
cipitation range of 1000-1400kgm~> for the
western part of Ireland and about 700 kg m~* for
the east. Compared to this, our investigation period
shows above average precipitation. Roughly a
quarter of the total precipitation is transported
back to the atmosphere through evapotranspiration
and 3/4 goes into runoff. Only about one percent

Table 1. The annual surface water balance components for
the period July 1, 1997 to June 30, 1998, all units are in

-2

kgm™~

Element Observed Simulated
Precipitation 1617 1617
Total river runoff 1239 1208
Surface runoff 408
Baseflow 800
Evapotranspiration (378) 388
Intercep. evaporation 119
Transpiration 269
Change in soil

moisture storage 21
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Fig. 3. Cumulative time series of evapotranspiration.
(SEWAB: solid, evaporation pan: dashed). Cumulative
simulated evaporation is 92 percent of pan evaporation

is left for soil moisture storage change in the
simulations. For mean irish conditions the evapo-
transpiration from grassland amounts to about 30
percent of precipitation (Kiely, 1999). Since the
evapotranspiration part is lower for our field site
during the experimental period, we suggest that
with increasing precipitation (above the mean
value) the portion which evaporates decreases and
an increasing portion goes into runoff. This is
evident for soils close to saturation and close to
potential evapotranspiration for most of the year.

H.-T. Mengelkamp et al.

From July to September 1997 the evaporation
rate was estimated by measuring the water level in
an evaporation pan. Over the whole 3-months
period the simulated total evapotranspiration by
SEWAB is 92 percent of pan evaporation (Fig. 3).
Potential evapotranspiration at this site using
Penman-Monteith is approximately 90 percent of
pan evaporation. Because of the continuously
moist soil conditions the evaporation is considered
to be close to the maximum potential for most of
the year. No further measurements of evapotran-
spiration are available from the field site.

5. Model validation

5.1 Simulation of the streamflow time series

Streamflow from this small catchment reacts im-
mediately to precipitation. Sharp peaks in the time
series reflect single heavy precipitation events
(Fig. 4). The peaks of streamflow are simulated by
inclusion of the ponding process in the model. The
maximum ponding height and the time constant
for the, outflow from the ponding storage are
determined by calibration together with an appro-
priate tuning of the time constant for the linear
outflow from the uppermost soil layer. The model
performs well for most of the year with the peaks
being modelled accurately. However, the model
performs less well in January 1998. This may be
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Fig. 4. Time series of simulated and observed runoff and precipitation (top axis) for the period July 1. 1997 1o June 30. 1998
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1.6

Observed runoff ( mm /20 min )

T
1.2
Simulated runoff ( mm /20 min )

due to a period of frozen ground. This period is
associated with a sharp drop of the air temperature
from 15°C to 3°C and a very cold period after-
wards.

An appropriate calibration of the time constant
for the slow and fast groundwater storages leads to
a realistic simulation of the baseflow component
of the streamflow. The transition from surface pro-
cesses dominated streamflow to baseflow domi-
nated streamflow after rainfall events is simulated
rather abruptly, in contrast to the smooth change
seen in the observations. However, this discre-
pancy becomes less important for increasing
catchment areas because overland flow processes
become less significant. The scatter diagram of the
20-min accumulations of simulated and observed
streamflow (Fig. 5) shows no bias and no trend of
a deviation over the range of flow values.

5.2 Simulation of soil moisture time series

The change in soil moisture storage contributes
significantly to the surface water balance for time
scales less than 1 year. The soil water content was
measured by TDR at different depths during the
last 130 days (February 20 to June 30, 1998) of
the investigation period. The soil water content

Fig. 5. Scatter diagram of runoff data.
1.6 20min averages for the time period July, 1
1997 to June 30, 1998

analysis 1s restricted to a comparison of measured
and simulated time series. In Fig. 6 the simulated
data represent the water content in the whole
respective layer from 4 cm thickness for layer 1 to
20 cm thickness for layer 5. The depths of TDR
measurements in these layers are indicated. Rain-
fall events and drying periods are reflected con-
sistantly in both the measured and the simulated
soil moisture time series for layers 1 to 4. Higher
moisture contents at the beginning of March and
at the beginning and end of April are apparent in
the model and observations for layers 1 to 4.
These high moisture contents are also simulated
for layer 5 but are not visible in the observations.
Small variations in June 1998 can be identified in
both curves for layer 5. In exceptionally dry
periods (around May 27) the model overestimates
the moisture content. In situ observations indicate
that a particular porous layer at about 10 cm depth
tends to dry faster than the adjacent soil layers.

5.3 Simulation of air and soil temperature

Evaporation links the surface water and the sur-
face energy balance. Soil water processes are also
influenced by the soil temperature. Only net radi-
ation is measured directly as one component of
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Surface Temperature
Measured (IR-Transducer) versus modeled (SEWARB)
November 13-30, 1997
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the surface energy balance. Together with the
observed air temperature, net radiation is provided
as a forcing variable to the model. There are no
direct measurements of the sensible heat flux and
the soil heat flux, but these fluxes depend on the
difference between the air and the surface tem-
perature and the surface and soil temperature,
respectively. While the soil temperature at 4 cm
depth was measured continuously for the whole
period, the surface temperature was measured by
an infrared transducer from November 13 to
November 30, 1997. The scatter diagram of the

25

20 1~

10 oo

Observed soiltemperature ("C) (4 cm depth)

0+ T
0 5 10 15 20 25
Simulated soil temperature (*C) (4 -12 cm depth)

Fig. 8. Scatter diagram of the simulated and observed soil
temperature. 20-min averages for the whole study period

12

Fig. 7. Scatter diagram of the simu-
lated and observed surface tempera-
ture. 20-min averages for the period
November 13-30, 1997

measured and simulated surface temperature
shows no systematic deviation (Fig. 7). The model
seems to slightly overestimate surface tempera-
tures for lower values. However, the good overall
correlation gives reason for the assumption that
the sensible heat flux is simulated realistically.
The change in soil temperature and its difference
to the surface value determine the heat storage and
the soil heat flux. The matching of the simulated
and measured soil temperature (Fig. 8), indicates a
reasonable estimation of the soil heat processes by
the model when we assume that the surface tem-
perature is adequately simulated over the whole
period.

6. The relevance of single hydrological
processes

In its basic version, SEWAB generates runoff as
an immediate response to saturation excess. The
water which drains out of the lowest soil layer also
immediately contributes to runoff. A constant
value for the saturation hydraulic conductivity is
applied for all soil layers. These assumptions
basically determine surface runoff and baseflow
generation as well as the diffusion and the gravi-
tational drainage of water. The sensitivity of
simulated streamflow to the formulation of these
processes is investigated by repeating the one year
simulation applying six different combinations of
parameterization schemes. Case A represents the
basic version of SEWAB with no particular con-
sideration of hydrological processes, case F is the
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Table 2. Case studies for different combinations of the
hydrological components

Surface runoff Baseflow K,
Case A sat, excess free drainage const,
Case B sal. excess free drainage fiz)
Case C sal, excess storages const.
Case D ponding storages const.
Case E sal, excess storages f(z)
Case F ponding storages f(z)

simulation run described in section 5 and cases B
lo E represent various combinations as listed in
Table 2.

As a measure of the performance of a model
Nash and Sutcliff (1970) defined the efficiency R’
by

, F3—F?
Fq
with the initial variance Fjj defined by
F,E, — Z(f]_\ —(.-‘u}l (18)

i=]

where gq is the mean discharge of n observations
and
< )
FF =Y (¢~ q)’ (19)
i=]
the sum of squared deviations between simulated
(¢,) and observed (gqq) discharge values. The
efficiency and the square correlation are a function
of the integration time. For times larger than the
residence time of the water in the catchment these
quantities should not depend on the particular
model physics. Figure 9 shows the efficiency and
the square correlation as a function of the inte-
gration time for all six cases of Table 2. The time
period ranges from the measurement averaging
period of 20 min over 1, 3, 6 and 12 hours to 1, 2,
3. 5. 10 and 30 days.

For an averaging period 7" of more than 10 days
all simulations have little error. During this time
period almost all the rainfall has entered the river
and the single hydrological process is insignif-
icant. However, even for such a relatively long
period (with regard to the catchment size) case F
shows the highest efficiency and correlation while
case A appears to have the lowest performance.
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Fig. Y. Efficiency and square correlation as a function of the

averaging time for six combinations of the hydrological
compaonents

For T > 1 day the better performance of case E
compared to case D indicates that a depth de-
pendent saturation hydraulic conductivity is more
relevant than the ponding process. Al time scales
less than 12 hours ponding is the most relevant
process (cases D and F) while for all other cases
the efficiency decreases rapidly. Cases D and F
differ with regard to the vertical profile of the
saturation hydraulic conductivity. For K, varying
with depth substantial improvement is obvious for
all 7" when combined with the ponding process
and the baseflow storages.
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The main results of the comparison are:

e case F which includes ponding, baseflow
storage compartments and a depth dependent
saturation hydraulic conductivity performs best
for all averaging periods

e the ponding process is essential for averaging
periods of less than 12 hours

e a depth dependent saturation hydraulic con-
ductivity improves the simulation in any case

e the baseflow storages improve the simulation in
any case

7. Summary

Hydrological processes of soil water movement
are added to the 1-dimensional atmospheric land
surface scheme SEWAB. Ponding and infiltration
are explicitly described to account for fast re-
sponses of the surface runoff to single precipitation
events. Baseflow is simulated as the sum of the
subsurface runoff and the outflow from a fast and
slow water storage which are filled by Darcian
flow from the lowest soil layer. A depth dependent
saturation hydraulic conductivity accounts for a
varying pore size.

The parameterization schemes describing the
hydrological processes are calibrated with respect
to streamflow from a small grassland catchment in
Ireland. The calibration is performed for a six
month period from July to December 1997 by
tuning parameters manually, until simulated and
observed streamflow coincide. Streamflow data
from January to July 1998, soil moisture measure-
ments, surface temperature and soil temperature
for shorter periods are used for validation pur-
poses. A comparison between simulated and ob-
served soil water content at various depths
indicates reasonable agreement in general but an
overestimation by the model during exceptionally
dry periods. Differences also result from the model
characteristic of assuming one particular soil type
for the whole column while in situ observations
show layers of different porosity. Rainfall events
and drying periods are reflected consistantly in
both the simulated and measured soil moisture
time series. :

With the net radiation given as a forcing vari-
able the similarity of the modelled and observed
surface and soil temperature indicates a reason-
able estimation of the surface energy balance
components by the model.

This paper is based on the assumption that a
sound parameterization of runoff generation is
essential to realistic simulate evapotranspiration
(Koster et al., 2000). The intention is to validate
the runoff generation process in SEWAB on small
temporal and spatial scales as they are commonly
applied for the validation of the evapotranspira-
tion. We have chosen a very small catchment which
can be considered homogeneous with respect to
vegetation, soil type and forcing variables to
minimize the uncertainty of spatial inhomogene-
ity. The discharge from this small catchment re-
sponds immediately to single precipitation events.
This behaviour is simulated by including ponding
as an additional process into the .LSS. For
temporal scales greater than about 12 hours, how-
ever, this seems to be less relevant than the
vertical profile of the saturation hydraulic con-
ductivity. For temporal scales greater than about
10 days the particular hydrological process is
irrelevant because this period exceeds the usual
residence time of the water in the catchment,
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