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Abstract

Recent developments have made land-surface models (LSMs) more complex through the inclusion of more processes and controlling variables,
increasing numbers of parameters and uncertainty in their estimates. To overcome these uncertainties, prior to applying a distributed LSM
over the whole Toce basin (Italian Alps), a field campaign was carried out at an experimental plot within the basin before exploring the skill
and parameter importance (sensitivity) using the TOPLATS model, an existing LSM. In the summer and autumn of 1999, which included both
wet (atmosphere controlled) and dry (soil controlled) periods, actual evapotranspiration estimates were performed using Bowen ratio and, for
a short period, eddy correlation methods. Measurements performed with the two methods are in good agreement. The calibrated LSM predicts
actual evapotranspiration quite well over the whole observation period. A sensitivity analysis of the evapotranspiration to model parameters
was performed through the global multivariate technique during both wet and dry periods of the campaign,. This approach studies the
influence of each parameter without conditioning on certain values of the other variables. Hence, all parameters are varied simultaneously
using, for instance, a uniform sampling strategy through a Monte Carlo simulation framework. The evapotranspiration is highly sensitive to
the soil parameters, especially during wet periods. However, the evapotranspiration is also sensitive to some vegetation parameters and,
during dry periods, wilting point is the most critical for evapotranspiration predictions. This result confirms the importance of correct

representation of vegetation properties which, in water-limited conditions, control evapotranspiration.
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Introduction

The exchange of heat and moisture between the land surface
and the atmosphere controls surface water and energy
balances, which are critical to both hydrological models
(flood forecasting, water resources planning and irrigation)
and atmospheric models (e. g. Rosso, 1994; Brubaker and
Entekhabi, 1995; Hu and Islam, 1996).

Land-surface models (LSMs) have been developed for
estimating latent and sensible heat fluxes between the land
surface and atmosphere in conjunction with a local water
and energy balance (Noilhan and Planton, 1989; Famiglietti
and Wood, 1994; Wigmosta et al., 1994; Albertson and
Kiely, 2001; Montaldo and Albertson, 2001). Recent
developments have made LSMs more complex by inclusion
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of more processes and controlling variables (Franks et al.,
1997). These parameter additions are justified on the basis
that the inclusion of additional controlling mechanisms
should both improve predictive skill and make the parameter
values more easily estimated on the basis of physiological
characteristics or measurements. But these parameters are
difficult enough to estimate in an experimental basin; in
ungauged catchments lacking specific field campaign data
the task is daunting. Moreover, in distributed applications
of LSMs, the LSM parameterisation has to be applied at
larger spatial scales, increasing the uncertainty of the
parameterisation (Beven, 1995; Giorgi and Avissar, 1997;
Bashford et al., 2002).

Indeed, results from the Project for Intercomparison of
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Land surface Parameterization Schemes (PILPS)
(Henderson-Sellers et al., 1993) showed a wide range in
predicted water and energy balances, highlighting the great
uncertainty in the modelling of latent heat flux by LSMs
(Pitman ef al., 1999). Koster and Milly (1997) studied the
wide disparity in LSM predictions of PILPS and found most
differences between water and energy balances to be due to
the relationships relating drainage and evapo-transpiration
to soil moisture.

To overcome these uncertainties, significant efforts are
being made to: (1) measure land surface fluxes and soil
moisture for quantifying the partitioning of the water and
energy balance at the land surface (e.g. Jackson, 1997;
Halldin et al., 1999; Lai and Katul, 2000; Albertson and
Kiely, 2001); (2) reduce model parameterisation and
simplify the models through sensitivity analysis of LSMs
to model parameters (e.g. Hu and Islam, 1996; Franks et
al., 1997; Finch, 1998; Cayrol et al., 2000). With this last
objective, Franks et al. (1997) performed a sensitivity
analysis of evapotraspiration to parameters of a simplified
LSM, using an innovative global multivariate technique,
which allows for investigation of the sensitivity to each
parameter, while varying all the other parameters. They
identified some parameters that were much less important
than others, thus suggesting the possibility of reducing the
number of parameters. However, their model is arguably
oversimplified, especially with respect to the dependence
of plant transpiration on soil moisture, thus limiting
somewhat the applicability of the conclusions.

Finch (1998) performed a univariate sensitivity analysis
(variation of a single parameter at a time) of the groundwater
recharge simulated by a LSM for a 23-year observation
period of a wet climate site in England. He found sensitivity
to the vegetation canopy type (i.e. short vegetation v. forest),
and to soil parameters, but relatively reduced sensitivity to
vegetation functional parameters. The Finch finding is quite
possibly limited to the prevailing wet conditions of the study.
Along these lines, Albertson and Kiely (2001) demonstrated
distinctly different sensitivity of the structure of soil moisture
time series to model parameters in wet conditions, when
drainage is the dominant process, than in drier conditions,
when transpiration is the dominant loss mechanism.

The Toce basin analysis is a case study of the RAPHAEL
(Runoff and Atmospheric Processes for flood HAzard
forEcasting and controL) European Union research project,
whose overall objective was to improve flood forecasting
in complex mountain catchments, and with a specific
objective to improve techniques for distributed land surface
flux estimations. The points raised in the literature review
and the need to support accurate distributed modelling for
the RAPHAEL project, combine to form the motivation for

this study. Therefore, prior to applying a distributed LSM
over the whole Toce basin, a 1780 km? catchment located
in the Italian Alps, a field campaign was first conducted on
an experimental plot within the basin, located in Pieve
Vergonte, and the data used to explore the sensitivity of
evapotranspiration to major model parameters in this region.
The observation period was during the summer and autumn
of 1999, which included both wet and dry periods, and was
part of the Mesoscale Alpine Program Special Observing
Periods (MAP-SOP).

Measurements of meteorological variables and energy
fluxes were performed. On the basis of the data set collected
here, the skill and parameter importance (sensitivity) was
explored in an existing LSM, the TOPLATS model of
Famiglietti and Wood (1994), which is widely used by the
meteorological and hydrological communities (Houser et
al., 1998; Endreny et al., 2000; Bashford et al., 2002;
Pauwels ef al., 2002). In this case study the TOPLATS model
is applied at the local scale and a comparison made between
measured and simulated evapotranspiration rates to evaluate
the LSM performance. Finally, using the global multivariate
technique, a sensitivity analysis of the evapotranspiration
to model parameters is performed separately for wet and
dry periods (Albertson and Kiely, 2001), thus allowing a
view of the conditional sensitivities. In this way, the
following objectives were addressed: (1) test the
performance of TOPLATS for evapotranspiration estimates
in an Alpine field trough; (2) investigate the relative
importance of TOPLATS parameters with respect to
evapotranspiration estimates, conditioned (i.e. segmented)
on mean hydro-meteorological conditions, including both
atmosphere-controlled and water-limited periods.

Pieve Vergonte field campaign

STUDY SITE

The research field site is at Pieve Vergonte (8.283° Longitude
and 46.017° Latitude), in the Toce valley (North Piedmont,
Italy). The Toce catchment is an alpine basin with steep
hillslopes bounding a narrow valley, with a total drainage
area of about 1780 km?, and an elevation range of 193—
4615 m a.s.l. The research field is principally grassland
(fraction of vegetation cover ~ 0.8) located at an elevation
of approximately 210 m a.s.1. The grass heights vary through
the growing season from 20 cm to 100 cm. The root zone
depth is estimated at about 50 cm.

The local climate is typically Alpine, humid with higher
precipitations in autumn and spring and lower in winter.
The mean annual precipitation is approximately 1500 mm.
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SOIL PROPERTIES

The soil texture composition is estimated using the USDA
classifications from the particle size distribution curve (e.g.
Kutilek and Nielsen, 1994). Soil samples were taken at
depths of 0-5, 10-15, 15-20, 30-35, 4045 and 4650 cm
and the particle size distribution curve was estimated for
each sample using the dry sieving method. The soil can be
classified as sandy loam in the first 40 cm and as loamy
sand below.

A direct measurement of the saturated hydraulic
conductivity was also performed in the field with a Guelph
permeameter (Reynolds ef al., 1985; Reynolds and Elrick,
1985), model 2800KI of the Soil Moisture Equipment Corp.
(Santa Barbara, CA. USA). Measurements at two soil depths,
20 and 50 cm, were performed and values of the saturated
hydraulic conductivity were equal to, respectively, 3.4 x
10° ms!and 2.7x10° ms™.

EVAPOTRANSPIRATION ESTIMATES

Meteorological measurements and evapotranspiration
estimates were performed from the 29th of June to the 9th
of July and from the 4th of August to the 10th of November
1999.

The micrometeorological station was equipped with two
aspirated dry/wet bulb psychrometers H301 (at heights of
1.7 m and 2.8 m), a wind speed anemometer A100R (at
3.2 m), a wind vane potentiometer W200P and a wind
monitor 05103 (at the height of 2.8 m), a net radiometer
Q7, two soil heat flux probes HFT3, two soil temperature
probes TCAV (at a depth of 5 cm), a tipping bucket raingauge
ARG100, and a barometric pressure sensor PTA427; the
datalogger recording all the measurements was a CR10, with
one multiplexer AM416, by Campbell Scientific Inc. (Logan,
Utah). All the data were recorded as averages over a half-
hour time resolution.

During the first observation period (days 180—189 of
1999) measurements of latent and sensible heat exchange
between the land and the atmosphere were performed with
an eddy correlation system. It was equipped with a Krypton
Hygrometer KH20, a three-dimensional sonic anemometer
CSAT3 and a fine wire thermocouple FWTCSAT, joined
together through a 21X datalogger (all supplied by Campbell
Scientific Inc. Systems, Logan, Utah). Bowen ratio estimates
of evapotranspiration rates are available for the full
campaign period (Montaldo et al., 2001).

Actual evapotranspiration rates estimated by the energy
balance-Bowen ratio method and the eddy correlation
method are compared for the first period. The energy
balance—Bowen ratio method estimates latent heat flux (AE)
and sensible heat flux (/) from the application of the energy
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balance with observations of the vertical gradients of
temperature and water vapour between the land and
atmosphere (Brutsaert, 1982). Because the fluxes are
estimated at a fine time resolution (< 1 hour), the corrections
for the atmospheric stability are included in the evaporation
estimates (Brutsaert, 1982). The eddy correlation method
measures turbulent fluctuations in vertical wind speed, air
temperature and humidity, from which latent and sensible
heat fluxes are determined (Brutsaert, 1982).

The latent and sensible heat fluxes estimated by the eddy
correlation method are shown in Fig. 1(a), where the main
terms of the energy balance for the first period are compared.
This period was relatively dry (water-limited conditions)
with net radiation fluxes (R) as high as 700 W m?, while
the ground heat flux (G) reached a maximum of 26 W m?
into the soil (Fig. 1(a). Note that the increase of AE on the
last day (n. 188) in Fig. 1 is due to a rain event.

The scatter plot of Fig. 2, compares eddy correlation and
the Bowen ratio derived latent heat flux estimates; the
correlation coefficient between the two methods is 0.89,
confirming good agreement. The cloud of high points for
the energy balance latent heat flux estimates (of about 500
W m2) are from the last day of the period, just after the
rainfall event reported in Fig. 1(b).

Cumulative evapotranspiration (E7) values estimated by
the two methods are compared in Fig. 1(b). ET cumulative
values estimated by the eddy correlation and energy balance
methods are equal (about 18 mm) at the end of the observed
period, confirming the good agreement of measurements.
For context, Fig. 1 also shows the cumulative potential
evapotranspiration (PET) estimated by the Penman-
Monteith equation (e.g. Brutsaert, 1982). The potential
evapotranspiration is significantly higher than the actual
evapotranspiration because dry hydro-meteorological
conditions determine water limited conditions, i.e. low soil
moisture and low rates for actual £7 compared to PET.

During the second observation period, the eddy correlation
system was not available. Furthermore, for the portion of
the second observation period following 15 October (day
288), the Bowen ratio station estimates became unreliable
because very humid conditions made accurate vertical
gradient estimates problematic (Montaldo et al., 2001), so
that measurements of the mean meteorological variables are
available from this date only. Figure 3 depicts the main terms
of the energy balance: net radiation and soil heat flux for
the full measurement period, while sensible and latent heat
fluxes estimated by the energy balance—Bowen ratio method
are presented only up to day 287. Peak daytime R values
decreased from about 600 W m? in August to 200—300 W m?
and less in October and November. R and AE reductions
are also evident during cloudy and stormy periods (see, for
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Fig. 1. For the first observation period: (a) main terms of the energy balance; (b) cumulated values of modelled (ET, ) and observed (ET,,
and ET , ) obtained through the eddy correlation and the energy balance-Bowen ratio methods respectively, the potential evapotranspiration

(PET), and the rainfall.

instance, the periods 261-263 and 293-298 ). Compared to
AE estimates of the previous dry period, AE values for this
second period are closer to R values because the
hydrometeorological conditions are wetter, i.e. more
atmosphere-controlled. This result is confirmed by the graph
of Fig. 4(a), in which cumulative values of the actual and
potential evapotranspiration are compared. The cumulative
value of the ET at the end of the 216-287 period is about
160 mm, while the cumulative value of PET at the end of
the period is about 213 mm (E7/PET = 0.75) confirming
that ET rates were close to PET rates, except during the
247-262 period, which was the driest of the whole August-

November observation period.
] . ‘ ‘ ‘ ‘ For the final observation period (287-314 day), only
0 100 200 300 400 500 meteorological measurements are available, so that only an
XEec[W/mz] estimate of the potential evapotraspiration is presented

500 -

400 -

100 -

Fig. 2. For the first observation period (180-189) scatter plot of (Fig. 4(b)).
estimated latent heat flux values obtained by the eddy correlation
method (AE, ) and the energy balance method (AE,,).

851



Nicola Montaldo,Vania Toninelli, John D. Albertson, Marco Mancini and Peter A. Troch

T 0
v" " T T T T T Ll i
__600 “( e r' v ) | - |

= i y ] ’\‘ [ f‘ A ] | <
S 400 \ L \l o I =
= | 1 R 1 | \ { E
2 200 ‘ ' ' 400 S
> i 1 \ l | E
N WS v btk LA \.J }

0 M W Wi I N i "! “"'Q'-"“‘ B Vi W RGN W W N S e Y
1 1 1 1 1 y 1 1 1 1 1 A 30
218 220 222 224 226 228 230 232 234 236 238

S —_
= =
S IS
2 £

c
5 s
[
v T T T T 0
600 |- | “ v - - R H

S n
S R IR G L g
S a00f ! I | bl "Ey, [ E

| 1] | ) _— eb E
» | \ | | H =
@ 200} — eb H [
: y 20 §
LL 1

0 . d { /g
1 1 | 30
265 270 275 280 285
W 0

__600[- RV ' W ]

(\IE =
S a00f q10°¢:
8 200 | J "'\\ | : - %
X o) b i l‘l l . ;| " 20 3
[ R B " o, L g L U N

Ot ey ‘r" v“/‘\-d'\.\/‘ ;,W,A‘,\,{.\‘/"-\;{-’- wh '\'1'/l wh “'»'J"'x-f’\‘\'wf‘\‘qﬂ‘/‘ \‘V/ ‘Q;[ '\‘,',I‘\"_\/'“ SN "‘w‘,”g‘\*/‘\' ~'I\“u[-‘lk'n,‘i‘
1 1 1 1 1 30
290 295 300 305 310

Day of the year 1999

Fig. 3. Main terms of the energy balance and rainfall for the 216-314 day observation period.

The land surface model and its
application to the Pieve Vergonte case
study

A brief description of the LSM and its calibration and

validation for the Pieve Vergonte field campaign data set
are reported in the following subsections.

TOPLATS MODEL DESCRIPTION

The TOPLATS land-surface model of Famiglietti and Wood
(1994) predicts the dynamics of water and energy fluxes at
the land surface and the local recharge to the water table on
a sub-daily time step.
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A canopy water balance equation simulates the
interception storage (its capacity is a function of the leaf
area index, LAI), and distinguishes between wet and dry
canopies. The land surface is partitioned into bare soil and
vegetated components. The sub-surface soil column is
divided into two layers: an upper layer (root zone) and a
lower layer (transmission zone). The root zone supplies the
bare-soil and vegetation with soil moisture for
evapotranspiration, and controls the infiltration and runoff
mechanisms. The less active transmission zone extends from
the base of the root zone to the top of the capillary fringe,
which overlies the water table. The base of the transmission
zone represents the lower boundary of the LSM.

In the unsaturated soil, the Brooks and Corey (1964)
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Fig. 4. Cumulated values of modelled (ETmod) and observed (ETobs) evapotranspiration, and the potential evapotranspiration (PET) for:
(a) the 216-287 day observation period; (b) the 287-314 day observation period.

relationships are used to describe the non-linear
dependencies of soil moisture () and hydraulic
conductivity (k) on thle matric potential ()

— es_er E
V=5 g (1)
l// 2+3B
k=k/| Yo
ks[l//j @)

where k_is the saturated hydraulic conductivity, & and 6,
are the saturated and residual soil moisture respectively, B
is the pore size distribution index, and v, is the air entry
suction head.

Runoff generation in the model occurs by both infiltration
excess and saturation excess mechanisms. The actual
infiltration rate is taken as the minimum of the precipitation
rate (or throughfall in the case of vegetated soil) and an
infiltration capacity, which is given by Milly (1986) in terms
of cumulative infiltration, soil properties and the root zone
moisture content at the start of the storm event, and is based
on the Philip (1957) infiltration equation.

In both root and transmission zones, the soil moisture
evolution is described by typical water balance equations,
which are different with respect to the local water table depth

that can lie within the root zone or beneath the bottom of
the root zone (Famiglietti and Wood, 1994). Here only the
general water balance equation of the root zone is reported
for the case of the local water table depth beneath the bottom
of the root zone

06, 1
ﬁ:d—rz(l+w—ET—G) 3)

where @_is the root zone soil moisture, d_is the root zone
depth, / is the infiltration, @ is the capillary flux, E7 is the
evapotranspiration, and G is the drainage, which is estimated
by (2) using the unit head gradient assumption (e.g. Kutilek
and Nielsen, 1994). Downward soil water fluxes through
the transmission zone include the drainage flux from the
root zone (G), and a drainage flux out of the transmission
zone. Upward water fluxes through the root zone include
evaporation from bare soils and the transpiration, and the
upward capillary fluxes, which pass from the water table
through the transmission zone and into the root zone. Details
of model equations are reported in Famiglietti and Wood
(1994). For context, here only the model equations for the
actual evapotranspiration estimate are reviewed.
The global actual evapotranspiration flux is given by
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ET :fhs Ehs +-f;[Ewc + T] (4)

where E, is the actual rate of bare soil evaporation, £ is
the actual evaporation rate from wet canopy, 7 is the actual
rate of transpiration, and £, and f, are the fraction of the
bare soil and the vegetation area respectively (f, + 1, = 1).
The actual rate of bare soil evaporation is determined by
taking the minimum of the potential evaporation rate,
estimated by the Penman equation (e.g. Brutsaert, 1982),
and the exfiltration capacity given by Milly (1986). The
evaporation from the wet canopy is a function of the fraction
ofthe wet canopy estimated dynamically by the interception
storage water balance equation. The evaporation from
exposed soil has relatively minor impact on root-zone soil
moisture, since 7» E, over well-vegetated sites as addressed
here. The transpiration flux of water from the root zone is
estimated as

T=p(OET,, ©)

where S captures the effect of soil moisture on transpiration
(0 < B <1) as described below, and ET , is given by the
Penman-Monteith equation

o _AR.-G)+pcie-e),

e

where L is the latent heat of vaporisation of water, A the
slope of the saturation vapour pressure curve, e, the saturated
vapour pressure, e_the vapour pressure, y the psychrometric

constant, p_ the water density, p, the air density, c, the
specific heat of air, », is the minimum canopy resistance
given by r =r /LAI where r_  isa minimum value
of stomatal resistance, and r is the aerodynamic resistance
given by
2
-d
{I n[ Zn
ra = 2—20 (M
k*u(z,)
where d is the zero plane displacement, z_ is the roughness
length, & is the von Karman’s constant, u(z, ) is the wind
speed at level z . Note that the model does not distinguish
between momentum and water vapour roughness lengths
(e.g. Brutsaert, 1982). Finally the fSterm of (5) is

for 6,<6,
ey I ®
Q. )=4-2—""  for 6, <6, <06,
IB( rz) 9|im _ ewp wp rz lim
l. for erz 2 elim

where 6, and pr are parameters that define the states at
which soil moisture becomes limiting and eventually causes
vegetation to wilt and transpiration to cease, respectively.

Table 1 reports the model parameters: the first six are soil
parameters while the last eight are vegetation parameters.
The model is driven with standard meteorological data at a
time resolution of half an hour.

MODEL CALIBRATION AND VALIDATION

Model calibration is performed by comparing observed and
simulated actual evapotranspiration rates for the 216287

Table 1. Model parameters, their calibrated values, and the range of values assigned to each parameter

in the sensitivity analysis.

Parameter Description Calibrated value Range
k [ms™] saturated hydraulic conductivity 10° 1010+
0. saturated soil moisture 0.453 0.38-0.52
0, Residual soil moisture 0.041 0.01-0.07
g pore size distribution index 0.38 0.28-0.48
w, [m] air entry suction head 0.15 0.07-0.25
d_[m] root zone depth 0.5 0.3-0.7
Z,  [m] dry canopy roughness length 0.05 0.01-0.15
d, [m] dry canopy zero plane displacement 0.23 0.13-0.33
o L] wet canopy roughness length 0.05 0.01-0.15
d, [m] wet canopy zero plane displacement 0.23 0.13-0.33
Vo 1S s minimum stomatal resistance 75 20-200
LAI leaf area index 2.5 0.5-4

) om limiting soil moisture for vegetation 0.27 0.22-0.32

wilting point 0.12 0.07-0.17
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day-period, and minimising the root mean square error
(RMSE) and the 77 model efficiency of Nash and Sutcliffe
(1970) defined as

L

; (ET, —ET,,f )

—

3 (T, —Enf

where 7, is the total number of time steps, £7 and ET  are
the observed and modelled evapotranspiratioh at time étep,
i, respectively, and ET is the mean of the observed
evapotranspiration. The third column of Table 1 reports the
calibrated values of the model parameters. The water table
depth initial condition was set equal to 4 m according to
measurements made in wells nearby, and did not change
significantly during the full observation period.

Soil parameters are derived by class pedotransfer functions
(PTFs), as they enable the estimation of soil hydraulic
characteristics directly from soil texture. The values
suggested by Rawls ef al. (1982) were used, which refer to
the soil parameters of the Brooks and Corey equations. The
k_ saturated hydraulic conductivity value is fixed greater
(=10 m s™") than the value suggested by Rawls et al. (1982)
(which is 5 x 10°° m s™'), because both the measurements
obtained with the Guelph permeameter and the calibration
of'the LSM suggested higher values. Vegetation parameters
are first estimated from literature data and then refined
through calibration.

The comparison of modelled and observed actual
evapotranspiration rates for the second observation period

09 . . . —
.

06 08

ETObs [mm/h]

Fig. 5. The 216287 day observation period scatter plot of modelled
(ET, ) and observed (ET , ) evapotranspiration values.

moa

is reported in the scatter plot of Fig. 5. The correlation
coefficient is 0.905, the model efficiency is 0.82, and the
RMSE value is 0.068 for the hourly comparison. For the
first observation period, the RMSE of the simulation is 0.04,
n is 0.824, and the correlation coefficient is 0.92 (Fig. 1b).
Hence, since the observed and modelled ET rates are similar
both in local-in-time sense and when integrated to express
the total impact to the surface water balance (Fig. 1b and
Fig. 4a), it is concluded that the model calibration was
effective.

Finally, simulated actual evapotranspiration and estimated
potential evapotranspiration values are compared for the last
observed period (287-314 days) in which actual ET
observations are not available, and the process is principally
atmosphere controlled (Figure 4(b)).

Sensitivity analysis of the land surface
model

The TOPLATS model is characterised by the parameters of
Table 1, many of which are difficult — and at times costly —
to estimate. A sensitivity analysis of model responses to input
parameter values can highlight their relative importance for
the site and guide the prioritisation of parameter estimation
efforts.

SENSITIVITY ANALYSIS PROCEDURE

To understand the influence of the model parameters on £7
estimation in the context of the type of prevailing hydro-
meteorological conditions, the whole observation period is
divided into four sub-periods, characterised by different
hydro-meteorological conditions. Table 2 reports the days
included in each sub-period, and the mean temperature, the
mean net radiation, the cumulative potential evapo-
transpiration (PET), the cumulative rainfall (P), and the
ratio of PET/P, which is adopted as an index of dryness (in
a hydrometeorological forcing sense). In progressing from
summer to autumn, the climatic conditions clearly became
wetter and colder, the mean temperature and the mean net
radiation decreased, and the PET /P ratio decreased. At the
same time, the average modelled root zone soil moisture
values (9; ) of each sub-period (obtained with the calibrated
parameter values of Table 1) increased as the conditions
became wetter (last column of Table 2).

The sensitivity analysis of the model was performed
through a global multivariate approach, which allowed for
analysis of the influence of each parameter, while varying
all the other parameters at the same time. The methodology
of Franks et al. (1997) was used, which is an extension of
the Regional Sensitivity Analysis (Spear and Hornberger,

855



Nicola Montaldo,Vania Toninelli, John D. Albertson, Marco Mancini and Peter A. Troch

Table 2. Mean temperature (7'), net radiation (R ), total cumulative potential evapotranspiration (PET), cumulative
rainfall (P), the PET,/ P ratio, and the average simulated root zone soil moisture (9'7 ) for the four selected sub-periods.

Sub-period Sub-period days T[°C] ﬁn [Wm2] PET,[mm] P [mm] PET/P, 67rZ

1 180189 26.18 143.70 62.63 8.40 7.456 0.15
2 216-262 23.05 96.02 165.34 158.91 1.041 0.21
3 262-287 17.55 50.00 47.54 304.12 0.156 0.24
4 287-314 14.03 15.27 28.103 193.20 0.145 0.26

1980; Spear et al., 1994). The approach is based on a Monte
Carlo simulation framework. A uniform sampling strategy
is used, assuming that all parameters varied independently
without taking possible correlation among parameter values
into consideration. In the analysis, 10 000 parameter sets
are employed to sample the parameter range. A range of

0.1 0.15 0.2 0.25
v, [m]

1 2 3 4
LAI

physically realistic values was assigned to each parameter
to represent the uncertainty of parameter estimates or
measurements (4th column of Table 1). For instance, Fig.
6(a) shows the range of modelled cumulative
evapotranspiration across the range of six model parameters
for the sub-period 2. In general, it can be seen that large

0.15 0.2 0.25 0.3

wv

0.08 0.1 0.12 0.14 0.16

wp

Fig. 6(a). For the sub-period 2: total cumulative evapotranspiration (ET) values plotted against six input model parameters.
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Fig. 6(b) For the sub-period 2: cumulative frequency of the ten performance classes versus the parameter range.

ranges of cumulative evapotranspiration are simulated for
each parameter; however, the trend in the central tendency
of the cumulative ET across variation in certain parameters
is clearly more pronounced than for other parameters. The
range of ET, values obtained at each parameter value is
spread due to the range in the other parameters sampled for
the given value of the parameter under consideration.

To carry out the sensitivity analysis of the TOPLATS
model output, the 10 000 realisations are ranked according
to the cumulative evapotranspiration totals (Franks et al.,
1997); ten performance classes
evapotranspiration are created by dividing the ranked
realisations into groups of 1000 realisations, or sample

of cumulative

parameter sets (note that the classes are ordered for
increasing values of ET)). For instance, in this way, for the
six model parameters of Fig. 6(a) the parameter cumulative
distributions are obtained for the ten performance class
plotted in Fig. 6(b). In general, the observation of non-
uniform distributions for different performance classes
indicates sensitivity of the cumulative evapotranspiration
to that parameter: in fact, a straight line would indicate a
uniform distribution reflecting insensitivity for that
performance class, whereas a marked departure from a
straight line would represent a non-uniform distribution
reflecting sensitivity of the cumulative evapotranspiration
to the subject parameter. For example, for the case examined
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in Fig. 6(b), the evapotranspiration is highly sensitive to
0, sensitive to k, 8, and LA slightly sensitive to y,, and
wp s s
non sensitive to d .
This approach is repeated for all four periods.

SENSITIVITY ANALYSIS RESULTS

The sensitivity analysis results for all the four sub-periods
allows elucidation of the role of each model parameter in
the evapotranspiration process according to hydro-
meteorological conditions. For instance, Fig. 7 shows the
pr cumulative frequency of the 10 performance classes for
the four hydro-meteorological classification sub-periods.
The sensitivity of the evapotranspiration to 6, is higher for
the dry sub-period than for wet sub-periods because in dry
periods the vegetation is water-limited and soil moisture
values are close to the wilting point, and changes in 6,
translate directly into changes in E7 through Eqns. (5) and
(8).

The introduction of a numerical sensitivity index (x ) of
the evapotranspiration to a generic parameter, x, as given
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where x, is the difference between the parameter values of
two performance classes for a j cumulative frequency and
for a i pair of cumulative frequency curves, X nge is the
range of parameter values (given by column 4 of Table 1),
N is the number of cumulative frequency values in each
performance class (<1000 in this case), 7, is the total number
of pairs of cumulative frequency classes (in this case, with
10 classes n, = 45) is made to quantify numerically and
compare the results of the sensitivity analysis for all the
parameters and sub-periods. Note that, in the denominator
of (10), xmgenon-dimensionalises x.

The x values are computed for all the parameters and for
all the periods of Table 2. The sensitivity indices of the
parameters are plotted against the PET/P, ratio of the
respective sub-periods in Fig.8 (soil parameter results in
Fig. 8(a) and vegetation parameter results in Fig. 8(b)).

In general, the evapotranspiration is sensitive to all the soil
parameters, but the sensitivity to certain parameters changes
according to hydro-meteorological conditions (Fig. 8(a)).
For wet periods the drainage becomes more significant and
the parameters related to it (see Eqn. (2)) become more
important in the root zone water balance, and, consequently,
in the flux modeling. Indeed, k, & and B affect
evapotranspiration significantly in wet sub-periods, while
their sensitivity indices decrease in the dry sub-period, in
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Fig. 7. The 0., cumulative frequency of the 10 performance classes for: (a) sub-period 1, (b) sub-period 2, (c) sub-period 3, (d) sub-period 4.
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Fig. 8. The sensitivity indexes (x ) of the: (a) soil parameters, and (b) vegetation parameters plotted against PET/P,

which the drainage become relatively less important.
However, note that the evapotranspiration is always sensitive
to k, also for the dry sub-period (but with lower values,
equal to 0.092), because, at the Pieve Vergonte site, the
conditions never become so dry as to render drainage
negligible.

The evapotranspiration sensitivity to y;, is generally low
but increases in the dry sub-period. Indeed, from the soil
water retention curve Eqn. (1), when the soil is dry, the soil
water potential is high and changes of v, in Eqn. (1) affect
soil water content more, i.e. ET.

The ET sensitivity to d _is low and increases slightly for
the dry sub-period (x =0.054), as suggested by Eqn. (3).

With regard to vegetation parameters, E7 sensitivity is
high for some parameters and negligible for others (Fig.
8(b)). ¢9wp affects significantly E7 modelling as already
observed in Fig. 7. For the dry sub-period the sensitivity
index of pr reaches the highest value (0.3) of all the

parameters. This result is significant, confirming the
importance of a correct representation of vegetative
properties which, under water-limited conditions, control
the evapotranspiration process. Note that in conditions
wetter than those reached in the 287-314 sub-period, the
sensitivity to ¢9wp should become negligible; in the event,
however, the observation period did not reach such wet
states. Indeed, in an absolute sense, the sub-period was not
particularly wet and @_ remains at values equal to 0.26,
well removed from saturated conditions (Table 2).
Instead, € impacts differently on E7 modelling. Its
sensitivity index is small for the dry sub-period (which is at
first counter-intuitive), increases for wetter sub-periods, and
finally decreases again for the wettest sub-period. Indeed,
for the second sub-period (intermediate hydro-
meteorological conditions), the simulated soil moisture
range is less or equal to 8, which influences E7 significantly
(see Eqn. (8)). Instead, in the dry sub-period the 6, values
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are closer to the wilting point, and the sensitivity index of
0,, decreases, as ET is vanishingly small for any value of
0, Finally, in the wettest sub-periods (3 and 4) ET'is closer
to the potential rate (atmospheric controlled) and, hence, is
not influenced by 6, .

The LAland r = arerelatively important in £7'modelling.
The sensitivity of ETto LAl is relatively high for the wettest
sub-period (=0.135), because ET is more atmosphere
controlled, and reaches the potential rate estimated through
Eqn. (6). Moreover, LA is a parameter of the interception
storage, and also affects E7T computation through the
interception process, which becomes more important for wet
periods. The sensitivity index of r . -is also high for wet
sub-periods, because of Eqn. (6).

Finally, precision in the other vegetation parameters is
less important for £7 predictions. Only the sensitivity indices
ofz ,andz  increase (about0.05, which is low compared
to the other sensitivity indices) in dry and wet sub-periods
respectively.

Conclusions

Recent developments have made LSMs more complex by
inclusion of more processes and controlling variables,
increasing parameter number and uncertainty in their
estimates. To overcome these uncertainties, prior to applying
a distributed LSM over the whole Toce basin, located in the
Italian Alps, a field campaign was conducted at an
experimental plot within the basin, and then the skill and
parameter importance (sensitivity) was explored in an
existing LSM, the TOPLATS model of Famiglietti and Wood
(1994).

In the summer and autumn of 1999, a time frame that
included both wet (atmosphere controlled) and dry (soil
controlled) periods, actual evapotranspiration estimates were
derived using the Bowen ratio method and, for a short period,
the eddy correlation method; both methods were in good
agreement. This result demonstrates the accuracy and
reliability of micrometeorological measurements for land
surface water vapor flux estimates in Alpine basins.

The calibrated LSM predicts actual evapotranspiration
quite well over the whole observation period, suggesting
that this LSM is acceptable for a spatially distributed
application for basin-scale land surface flux predictions in
the Toce basin.

Using the global multivariate technique, a sensitivity
analysis of the evapotranspiration to model parameters was
performed separately in wet and dry periods of the campaign.
The global analysis of the sensitivity of the E7'model to the
parameters, conditioned on background hydro-
meteorological conditions, demonstrated that:
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(1) the evapotranspiration is highly sensitive to all the soil
parameters, except the air entry suction head. The
evapotranspiration sensitivity index for £, & and B was
more important during wet periods, when changes in
these parameters induce notable changes in the drainage
rates and thus influences the moisture status of the soil
strongly.

(2) The highest overall sensitivity is for pr, with the greatest
sensitivity being for the dry period. The other vegetation
parameters (6,,, LAl and r_, ) were also important, with
sensitivity to LAI exceeding that of other variables in
the wettest conditions.

(3) Aerodynamic parameters (z,,, z, ., d,, and d, ) were
less critical to the ET predictions in the context of this
LSM format under the prevailing hydro-meteorological
conditions.

The sensitivity to pr during the dry periods underlies the
importance of accurate specification of vegetation
properties, even in a typically humid Alpine basin such as
the Toce, if reasonable hydroloigcal predictive skill is to be
achieved. However, the results suggest that the TOPLATS
model does not require any major effort in estimating the
aerodynamic properties of the landscape for future
distributed applications of this model in the context of
RAPHAEL.
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