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ABSTRACT

Land surface models (LSMs) serve to describe the atmospimeresidaface exchange in
numerical weather prediction models (NWPMs) and global circulatiodels (GCMSs).
The use of empirical soil and vegetation parameters in LSMsduntes uncertainty that
propagates and affects predictions of the lower boundary conditions. fisticstiy
assess that uncertainty in predicted evapotranspiration (watesport by direct
evaporation from bare ground and canopy and transpiration by the canopypand gr
heat flux for natural ranges of atmospheric soil and vegetatinditions, the Gaussian
Error Propagation method is utilized.

The assessed uncertainties in direct and canopy water evapotednspiration
and ground heat flux display prominent diurnal cycles. Prediction of eaagpiration
in desert areas is limited by the uncertainty in the evéiparaf water collected on the
canopy and transpiration. To improve predictions of evapotranspiration tkienaha
canopy storage and shielding factor should be determined with higbaraay. It is
found that uncertainty in ground heat flux is particularly greatirynand warm areas
covered with sandy clay loam. A better prediction of ground heatréguires a better
parameterization of thermal conductivity and a higher degreecafaxy of the pore size

distribution index.
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1. INTRODUCTION

Land surface models (LSMs) are widely used to predict therlmundary conditions in
numerical weather prediction models (NWPMs) and climate modgfscdlly, LSMs
have three parts, the snow, soil and canopy models, and are used tospiréatie fluxes
of heat, moisture and matter (e.g. DOUVILLE et al., 1995; YANGal., 1995;
DESBOROUGH and PITMAN, 1998). The atmosphere-earth surface exchamgs ba
resolved on the scales of NWPMs; therefore it has to be paraedtéPIELKE, 2001).
These parameterizations use empirical snow, soil and vegetatemeiars to describe
snow, soil and vegetation characteristics.

Both parameterizations and parameter choices can affect the@cof LSM’s
predicted lower boundary conditions (e.g. SHAO and HENDERSON-SEB| BR96;
SLATER et al., 1998). The parameters are derived from field erpats or laboratory
studies. They commonly vary in nature and their variance can be oanteemder of
magnitude as their mean value (e.g. CLAPP AND HORNBERGER, 190&NER et
al., 1979; COSBY et al.,, 1984; AVISSAR, 1991). The use of parametecsluots
uncertainty into the predicted quantities. This uncertainty introdugethdo empirical
parameters is a random error and therefore statisticadgssable (MOLDERS, 2005;
MOLDERS et al., 2005). A more elaborate discussion of different tgpesrors and
different impacts that parameters and parameterizations dravbe predictability of

surface fluxes is given in the article in section 1, Chapter 2.



The random error can be statistically quantified by applylmegGaussian Error
Propagation (GEP) principles (KREYSZIG, 1970; MOLDERS, 2005; MOLDERS!.,
2005). GEP principles will always provide the same results fosahee atmospheric and
soil forcing and set of parameters; therefore uncertasmybe theoretically assessed for
a broad range of meteorological, snow, soil and vegetation conditiorssmEthod is
based on the derivation of each investigated quarititywith respect to its dependent

empirical parameters. We refer to the overall uncertainty in the quanfitydue to its

empirical parameters as, (KREYSZIG, 1970)

sf=\/" s,y 1)

iz ¢
where n is the total number of dependent parameteds . is the standard deviation of
the {" parameter. The GEP method and the theoreticaysinadre described in greater
detail in the article presented in Chapter 2, srsgéctions 3.1 and 3.2. Therefore, here the
main principles of the method are described infldsie an example from engineering,
where GEP is frequently applied.

Resistances of two electric resistors have beeermdeed several times. The
resistances obtained arg=R50+ 0.9 and R=220%f1.1 , where 0.9 and 1.1 are

their standard deviations{ ands ), respectively.
If the resistors are serially linked (Figure 1thk total resistance is given as their
sum (R=R+Ry) and amounts 370 To determine its standard deviatiors, ), GEP

method is applied (see Eq. 1). DifferentiatiorRafith respect to Rand R yields



R
— =1 2
R @)
and
R
—=1. 3
1R, 3

Therefore, Eq. 1 reads

2 2
IR >, TR 2
Sg=. — S )+ — |5 : 4)
- 1R TR N :
For the respective values of; ,s , ﬁ and R uncertainty in the total resistance
2

(sg)is1.42 and total resistance is represented as R£3742 .

In the case when the same resistors are couplaganallel link (Figure 1.2), the

total resistance is

R:_RlR:RZRz, (5)

Applying the analogous procedure for this new aesnent one will obtain
R=89.19+ 0.36 .

This example shows how for different arrangemerit®; and R (functional
dependences of ;Rand R) their standard deviations propagate and resutifierent
overall standard deviations of total resistance R.

The aim of this study is to examine uncertaintysemby empirical soil and plant
parameters in evapotranspiration (sum of the eajoor of soil water, water intercepted

by the canopy and transpiration by plants) and mpioeat flux density as used in the



Oregon State University LSM (OSULSM; CHEN and DUIRHI2001). Note that in
accordance with common practice the flux densites just referred to as fluxes
hereafter.

To assess the meaning of the theoretical resulteréather forecasting the same
procedure is applied within the Penn State/Natidbanhter for Atmospheric Research
(NCAR) Mesoscale Model generation 5 (e.g. MM5; DUBH993).

The results of the investigation of evapotransjgratire presented in Chapter 2 in
the form of a paper. The method applied in my stsdlso described in this article. It is
analogous for the ground heat flux density, forchhit is not repeated in Chapter 3. The
derivation required to determine the uncertaintyhie study as well as the initial code
were derived and developed by Leslie Prochaska (BHRESKA and MOLDERS, 2002).

The results of the uncertainty analysis in groumethflux are presented and
discussed in Chapter 3. Chapter 4 summarizes th& mesults and provides

recommendations for future research.
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FIGURES

Figure 1.1 Resistors connected in a serial link.




Figure 1.2 Resistors connected in a parallel link
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2. UNCERTAINTY OF PREDICTED EVAPOTRANSPIRATION CAUWED BY

EMPIRICAL SOIL AND VEGETATION PARAMETERS

ABSTRACT

All state-of-the-art numerical weather predictiorodels (NWPMs) have their lower
boundary conditions predicted by land surface nmodeEMs). Since the atmosphere-
earth surface exchange of moisture is not resavablthe scales of NWPMs, it has to be
parameterized. These parameterizations use enippérameters to describe soil and
vegetation characteristics and thereby introducecedainty into predicted
evapotranspiration, E, (sum of evaporation from sb#, E;,, evaporation of the water
accumulated on the canopy.kand transpiration, &

This uncertainty is assessed by applying the Gandsrror Propagation (GEP)
principles. Since GEP principles will always prawithe same results for the same
atmospheric and soil forcing and set of parametengertainty can be theoretically
assessed for a broad range of meteorological, awll vegetation conditions. The
theoretical results show that the greatest relaiver is found in & followed by E and
Ecan GEP principles identified the maximal canopy atm and shielding factor as the
most critical parameters in, Bnd E,, especially in scarcely vegetated areas, for which
these parameters should be determined with higtwiracy. In well vegetated regions,

uncertainty in evapotranspiration is dominatedh®syuncertainty in &

’ JANKOV, M. and N. MOLDERS, 2005: Uncertainty of Hieted Evapotranspiration Caused By

Empirical Soil And Vegetation Parameters. — Metitstdrift (to be submitted)
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Application of the GEP analysis within the framelwo@f a NWPM shows that
uncertainty in E, Eand E; has a distinct diurnal cycle, while that ofa&is strongly

related to the intensity of precipitation.

ZUSAMMENFASSUNG

In modernen Wettervorhersagemodellen (NWPM) wird dntere Randbedingung mit
Hilfe von Landoberflachenmodellen bestimmt. Da algr Skala der NWPM der
Austausch von Feuchte an der Grenzflache Erde-Ath@oe nicht aufgelost werden
kann, muss dieser parametrisiert werden. Ublichiseve verwenden solche
Parametrisierungen empirische Parameter, um diemaghd Vegetationseigenschaften
zu beschreiben. Diese Parameter unterliegen eingsicherheit, die sich in der
Evapotranspirationvorhersage (Summe aus Evaporaton\Wasser vom Bodengk
Evaporation von Wasser aus dem Interzeptionsspeiehg und Transpiration {
fortpflanzt.

Diese Unsicherheit wird mittels Gaul3scher Fehlgsfanzung (GEP) bestimmit.
Da dieses Verfahren fur ein und denselben atmoisguhé&n Antrieb mit denselben
Bodenbedingungen und demselben Parametersatz imiesglben Ergebnisse liefert,
kann man die Unsicherheit fir einen weiten Berembglicher meteorologischer
Bedingungen sowie Boden- und Vegetationszustandeordtisch bestimmen. Die
theoretischen Ergebnisse zeigen, dass die gro@ksiven Fehler in der g, gefolgt von
Ecan auftreten. Die GEP-Methode stellt den maximalerei@gergehalt und den

Abschattungsfaktor als diejenigen empirischen Patamheraus, die am kritischsten fir
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die Vorhersagegenauigkeit anzusehen sind - insdeserbei geringem Bewuchs, und
deshalb mit hoherer Genauigkeit gemessen werdéersdh gut bewachsenen Gebieten
beherrscht die Unsicherheit in der Evaporation v&woden die Genauigkeit der
Evapotranspirtationvorhersage.

Anwendung der GEP-Verfahrens im Rahmen eines NWHRigt,z dass die
Unsicherheit der E,{Eund E;; einem Tagesgang unterliegt, wahrend die vgpuen der

Niederschlagsintensitat abhangt.
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2.1. INTRODUCTION

Contemporary numerical weather prediction (NWP) alimdate models strongly rely on
land surface models (LSM) to predict evapotransgipina(evaporation of soil water and
water intercepted on the canopy plus transpirat@rhe surface-atmosphere interface as
their lower boundary condition. The accuracy of lihger boundary condition is critical
for the quality of the forecasts (e.g. WEN et 2000; MOLDERS, 2001). Besides errors
from initial conditions and grid resolution (MOLDERet al., 2005; ZHANG et al., 2005)
uncertainty results from the fact that the evapparation is not explicitly resolvable on
the spatial scale of NWP models and has to be pesined.

The Project for Intercomparison of Land SurfaceaRaaterizations (PILPS), for
instance, showed that parameterizations can afiteet accuracy of the quantities
predicted by LSMs (e.g. SHAO and HENDERSON-SELLERS96; SLATER et al.,
1998). PILPS also showed that the parameter chwicéhe parameterizations can
significantly affect the outcome of an LS{d.g. SHAO and HENDERSON-SELLERS,
1996). Choosing more accurate parameters used iampégerization of stomatal
resistance can reduce uncertainty in latent heaéd (MOLDERS, 2005).

Imperfect parameterizations, erroneous initial ¢oools and heterogeneity of soil
generate so-called procedural or systematic ertbes exist even in the most
sophisticated models (MOLDERS, 2005). The empirggatameters used in LSMs to
describe different vegetation and soil characiessare derived from field experiments
or in laboratories and their variance or standadiation can be as great as the mean

value itself (e.g., CLAPP and HORNBERGER, 1978; KHER et al., 1979; COSBY et
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al.,, 1984; AVISSAR, 1991). Commonly a mean parametalue is assigned as

representative for a model’s grid cell and heldstant during the integration. Obviously,

neglecting parameter variance can affect the gwht_.SMs to describe the exchange at
the atmosphere-soil interface (e.g., AVISSAR, 19aOLDERS et al., 2005).

Uncertainty introduced by the use of empirical pagters is not a systematic, but
rather a random error, and therefore statisticatigessable (MOLDERS et al., 2005).
Due to the standard deviations of the empiricalapeters any quantity (e.g. state
variable, flux) calculated by help of these pararsetill be burdened with a standard
deviation (uncertainty). A method for statisticallgsessing the uncertainty in predicted
guantities caused by the statistical uncertaintgmpirical parameters are the Gaussian
Error Propagation principles (GEP) (KREYSZIG, 19ROLDERS et al., 2005). The
GEP method also permits identification of criticglarameters and parts of
parameterizations (MOLDERS et al., 2005). It is dshson differentiation of the
investigated quantities (e.g. wet canopy evapamatwith respect to its dependent
parameters (e.g. shielding factor, maximal candpsage capacity).

The aim of this study is (1) to quantify the unaarties caused by empirical plant
and soil parameters used in the equations to edécidvapotranspiration as they are
typically used in state-of-the-art LSMs, and (2)dentify the parameters that cause the
most uncertainty (3) and to identify critical pa$ parameterizations. For ease of
reading we list LSMs using these or similar parameations.

To generalize our results we vary the atmosplasritsoil forcing over the typical

ranges and calculate uncertainty in predicted dvapspiration caused by empirical
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parameters under these respective conditions. ¥ed@imonstrate the uncertainty of the

predicted evapotranspiration for a four day weatbexcast.

2.2. MODEL DESCRIPTION

2.2.1. MODEL SET-UP

The Penn State/National Center for Atmospheric &ebe(NCAR) mesoscale model
generation 5 (MM5; DUDHIA, 1993) serves as the tpktform for our example
application. The Medium-Range Forecast (MRF) plaretboundary layer physics
described by HONG and PAN (1996) is applied. Cloodsthe resolvable scale are
described by SCHULTZ’s (1995) explicit cloud michygical parameterization. GRELL
et al.’s (1991) cumulus scheme is employed for ective clouds. Moreover DUDHIA's
(1989) long-wave and shortwave radiation schenusesl.

The lower boundary conditions are calculated bygOneState University LSM
(OSULSM; CHEN and DUDHIA, 2001). LSMs using similgarameterizations of
evapotranspiration are, for example, the CanadamdLSurface Scheme (CLASS) (e.g.
VERSEGHY, 1991; VERSEGHY et al., 1993), the Unit€éthgdom Meteorological
Office land surface scheme (UKMO) (e.g. WARRILOWadt, 1986; GREGORY and
SMITH, 1994), and the Coupled Atmosphere-Plant &wldel National Meterological
Center (CAPSNMC) (e.g. MAHRT and PAN, 1984; PAN anAHRT , 1987; CHEN et

al., 1996).
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2.2.2. SURFACE MOISTURE FLUXES

Many LSMs (e.g. Simple Biosphere model, SiB, SELIE®& al., 1986; Surface Energy
and WAter Balance parameterization for atmosphenid hydrologic models, SEWAB;
MENGELKAMP et al., 1999) like OSULSM, represent pe&ranspiration, E, by the sum
of direct evaporation from the soilgk evaporation of water intercepted by the canopy,
Ecan and transpiration by plants through water upthigeroots, E (e.g. CHEN and
DUDHIA, 2001),
E=E, +E_, +E, (1)
Direct evaporation from the ground is describedabgimple linear expression

(e.g. MAHFOUF and NOILHAN, 1991)

Ed'r = (1_ Sf)E otM (2)
I P hfc_hpwp

Here, Bot 1, pwpand g are the potential evaporation, shielding factave(g in values
from O to 1), wilting point and field capacity, pestively, that are determined in
accordance with CHEN and DUDHIA (2001). Furthermorgis the volumetric water
content in the first soil layer beneath the surfatke shielding factor indicates the
fraction of a grid cell covered by green vegetatitinplays an important role for
partitioning between transpiration, evaporation iotercepted water and direct
evaporation from bare soil. The differencg- ,wp Characterizes the plant available
water. Note that the soil and plant parameters given in Tables 2.2 and 2.3,

respectively.
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Contribution of potential evaporation to directaperation, intercepted water
evaporation and transpiration is calculated basedhe Penman-Monteith equation.
Among other LSMs the Biosphere Atmosphere Transssheme (BATS, e.g.,
DICKINSON et al., 1993), UKMO, and CLASS use thansaapproach to calculate
potential evaporation.

Evaporation of intercepted water is given by (EHEN and DUDHIA, 2001)
E.,=S:E,, — (3)

Where S (=0.5mm) and Ware the maximum interceptable water that can ek drethe
canopy before dripping sets on and the intercepd@dpy water content, respectively.
This parameterization is also used in the Intevactbetween Soil, Biosphere and
Atmosphere model (ISBA, e.g. NOILHAN and PLANTONI8B), SiB and UKMO, just
to mention a few.

Transpiration is given by (CHEN and DUDHIA, 2001)

05
W
E, =5 E,B, 1- ? (4)

Here B is a non-dimensional function given as (e.g. CHiEld DUDHIA, 2001)

1+ 2

___ R
B.=————+. 5
S ©)

R

that describes the dependence of transpiratiorhercéanopy resistance.,Rhe surface

exchange coefficient for heat and moisturg, &d the slope of the saturation specific
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humidity curve, . Furthermore, Ris a function of air temperature, surface exchange
coefficient and pressure. The canopy resistancgivien by (e.g. JACQUEMIN and

NOILHAN, 1990)

— Rcmin
R EERRLAL
1"27 3" 4

(6)
where Rumin is the minimum stomatal resistance and LAI referthe leaf area index. In
OSULSM, LAl is set to 1. However, other models wlfferent values of LAl for
different vegetation types. The impacts of solatiaon, vapor pressure deficit, air

temperature and soil moisture on stomatal resistare considered by JARVIS-type

(1976) correction functions given by

Eccmin + OSSES_ LZN
Fl — max R_ gI2 , (7)
1+ 055—=——
R, LAl
1
F, = : (8)
’ 1+ hs[qs (Ta) - qa]
F3 :1- bl(Tref - Ta)2 (9)
and
3 ho-h d.
F - (I pr) Z| (10)

‘ i=1 (hfc - hpwp)(dzl-l_dzz),
respectively (CHEN and DUDHIA, 2001). Herg Refers to the maximum visible solar

radiation that can be absorbed by the vegetatieh Rn is the downward short-wave

radiation, Rmin is the minimum stomatal resistancemni (=5000 srit) is the maximum
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stomatal resistance (e.g. DICKINSON et al., 199@)s specific humidity and«{l,) is
the saturated water vapor mixing ratio at givertemmperature, g Furthermore, fand h
(=0.0016) are non-dimensional empirical parametasged in the calculation of
temperature and moisture stress functions. In dceoth NOILHAN and PLANTON
(1989), the reference temperaturg; ib set to 298K. The volumetric water content & th
i soil layer is denoted;, and di, d,;, d, represent the thickness of tHg first and
second soil layer, respectively.

Other LSMs using the JARVIS-type approach are ISBATS, PROGnosis of
SURface Fluxes model (PROGSURF, e.g. ACS and HANTH98) and SiB. The
Hydro-Thermodynamic Soil Vegetation Scheme (HTSM§amm et al.,, 1996;
MOLDERS et al., 2003) uses Egs. (8) and (10) agection functions for the impact of
soil water deficit and water vapor deficit. A cartien function similar to Eq. (7) is used
in SEWAB. A comprehensive overview of the modelstthse similar parameterizations

is given in Table 2.1.

2.2.3. MODEL DOMAIN

The model domain encompasses the atmosphere caskadhnd western Canada (Figure
2.1) to a height of 100hPa. It has 23 vertical tayand 41x35 grid points in the
horizontal direction with a spatial resolution &x®0knt. There are five soil layers with
their bottoms at 0.1, 0.3, 0.6, 1m and 2m bendwlstirface. The deepest soil layer acts
as a reservoir with the gravity drainage at thedmt(CHEN and DUDHIA, 2001). One

canopy layer is considered. The simulation timp &e70s.
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2.2.4 SYNOPTIC SITUATION

The simulation covers August 23 1998, 1200UT thioAggust, 27, 1998 1200UT. The
synoptic situation was governed by cyclonic acgfivit the Bering Sea. During the first
36 hours the cyclone slowly moved north-northeastwalong the west coast of Alaska,
gradually weakening. Through the middle and in k&t 36 hours of the period it
regenerated and moved eastward traversing the neomdl part of the domain.
Consequently, two frontal systems on its leadingegohssed over the mainland from the
west coast and Aleutian Islands into the Yukon ifaw. The synoptic pattern was
favorable for precipitation in the western and haestern part of Alaska at the
beginning of the period. No rainfall occurred iretlvukon Territory and along the

northeastern border of Alaska.

2.2.5 INITIALIZATION

The National Center for Environmental Research (RC&d NCAR Reanalysis Project
data sets provide the initial and boundary condgitor the simulation as well as initial

soil moisture and temperature. Soil type, land-caype and terrain elevation are taken
from the 1-km resolution US Department of Agricotuand 10-min resolution US

Geological Survey data. The vegetation fractiongassl to each grid cell corresponds to
the weighted average of the August and Septemberthiyofive-year mean green

vegetation cover (0.25esolution) data determined from advanced very h&solution

radiometer measurements (GUTMAN and IGNATOV, 1998).
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2.3. EXPERIMENTAL DESIGN

2.3.1 GAUSSIAN ERROR PROPAGATION PRINCIPLES

To quantify the statistical uncertainty in predt@irect evaporationdz ( f, pwp  fc),
evaporation of intercepted water.f 1, S), and transpiration«E ¢, pwp, ¢, S, Romin,
Remax Ry, LA, hg, by) we utilize GEP principles (e.g., KREYSZIG, 19M0OLDERS,
2005; MOLDERS et al., 2005). This method is based tlee derivation of each
investigated quantity with respect to its dependent empirical parametel®/e refer to

the overall uncertainty in the quantity due to its empirical parameters as

s, (KREYSZIG, 1970)

s, :\/n I s,y (11)

i=1 ﬂci
where n is the total number of dependent parameteds . is the standard deviation of

the " parameter.

f : : I :
Termsﬂ— s . are examined to describe the contribution of thearameter to

the overall uncertaintys,. These contributions are denoted &} hereafter. The

e s
calculated relative error for the quantity is denoted as, :T’. The standard

deviations for different soil and vegetation partare are listed in Tables 2.2 and 2.3,

respectively.



22

2.3.2 UNCERTAINTY ANALYSIS

GEP will always provide the same standard deviation the same atmospheric and soil
conditions for any given set of empirical parametdmean values) and their
corresponding standard deviations (e.g. MOLDER®520Thus, we can calculate the
uncertainty in predicted evapotranspiration foridgp ranges of atmospheric and soil
conditions and hence provide general results iridira of look-up tables.

Consistent with MOLDERS (2005), we use the contidouterms, {f S 1 1o

identify the most uncertain parameters. Hereinai@meter will be considered critical if
its contribution term is an order of magnitude ¢gedhan those of the other parameters
in the same parameterization. To identify a critpaat of a parameterization we compare
its contribution terms to those of other parame#gions that use the same parameters. If
the same parameter causes a small overall statisticertainty in one parameterization
versus a larger uncertainty in some other paramatem, the latter will be considered as

a critical parameterization (MOLDERS, 2005).

2.3.3 ANALYSIS OF NWP RESULTS

To demonstrate the meaning of the theoretical teswg perform a simulation with MM5
for the synoptic event described above. The unicgytan predicted evapotranspiration is
calculated by the above described statistical amaliool incorporated in MM5. The

presence of the tool, of course, has no impachemtodel results.
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A potential correlation between the uncertainty ahe spatial distribution of
different soil and vegetation types, vegetationerage, terrain elevation and simulated
rainfall is investigated. To investigate the tengdavolution of uncertainty we look at
the change in soil or vegetation type averaged rteiogy during the simulation period.
The averaging is done by summarizing all uncerligsnin evapotranspiration quantities
obtained for the same soil or vegetation type amdlidg by the number of grid boxes

covered with the respective soil or vegetation type

2.4. RESULTS

In the theoretical study, the natural range of wretegical variables is used.
Temperature is varied from 245K to 320K and specifumidity takes values from
0.001gkg" to 15gkg". Shortwave solar radiation and potential evapomatiary from
OWm? to 750Wn¥ and from OWrif to 256Wn¥, respectively. Volumetric water content
takes values from 0.001°m™ up to porosity and canopy water varies from Omm to

0.5mm.

2.4.1 DIRECT EVAPORATION

For all soil types statistical uncertainty increas@th increasing potential evaporation

and relative volumetric water conten/?—() for hﬁ >0.4 (Figure 2.2), wheré,is porosity.

S S

Below this threshold a non-linear behavior is foumtis finding implies that predicted
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direct evaporation is more uncertain for wet thandry soils except for extremely dry

) uncertainty exceeds the value of

conditions. For extremely dry soil condition/é;—( A o

s
the direct evaporation up to twice (relative ergpeater than 100%). Furthermore,
uncertainty increases with increasing vegetatiaction for all soil types (Table 2.4).
The greatest average relative error occurs foy sly loam (32.87%) and the smallest
one for sandy loam (6.95%) (Table 2.4). The higlaésblute uncertainty is obtained for
bare sandy clay loam (0.23mih

On average, the individual contributions of the efegent parameters of each soll
type are of the same order of magnitude 3mMh’). Consequently none of the
parameters is to be considered as critical.

In accordance with the theoretical analysis predictirect evaporation is strongly
burdened with uncertainty in stable synoptic situet that follow frontal passages in
warmer part of the year. Typically, the tropicaltbe more impacted due to the greater
coverage by vegetation, greater insolation anddmighinfall rate. Prediction of direct
evaporation is also very uncertain during summeuglnts in moderately to well
vegetated mid-latitude regions.

In a NWP, dry and cloud-free parts of the domam @ersistently characterized
with the greatest uncertainty. Wet or cloudy areage the lowest uncertainty. There is
no spatial correlation between uncertainty ig;,Eand the terrain elevation. The
uncertainty shows a diurnal behavior as expectenh fthe theoretical analysis. Cloud

drifting and precipitation (summer thunderstormguse irregularities in the diurnal
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pattern (e.g. Figure 2.3) for soil types with loacarrence in the same area (low sample
size). In the model domain, only sandy loam, loalay loam and sandy clay loam soil
types exist (see Figure 2.1). The greatest sok-gyeraged uncertainty is found for
sandy clay loam (up to 0.0lmihand the smallest one for sandy loam (up to

0.004mmH!) (Figure 2.3). On the domain average, the relativer in E, IS 10%.

2.4.2 EVAPORATION OF INTERCEPTED WATER
Evaporation of intercepted water depends Bp,, W, S and; Uncertainty in

evaporation of water intercepted by canopy incredseearly (r=1) with increasing
potential evaporation and canopy water contentufieig?.4), which implies a diurnal
behavior in nature. There is a strong linear depeod (r=1) between wet canopy
evaporation and the uncertainty. The maximal uag#st is obtained when the canopy
water content and potential evaporation reach timaiximum. However, the maximum

achievable uncertainty differs with shielding factdhe greatest absolute values in wet

canopy evaporation and its statistical uncertaimey0.35mmt and 0.01mmh (s, =1),

respectively. However, the greatest average relagirror (25%) is obtained for low

vegetation fraction, £, =0.1). Relative error decreases exponentially assttielding
factor increases reaching a minimum of 3%sat=1. These theoretical considerations

imply that the uncertainty for well vegetated ardéke mid-latitudes and tropics will

remain close to negligible (<5%), whereas for dssiéwill become more pronounced.
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Uncertainty in shielding factor, B,,,s, }, contributes an order of magnitude

can’
more to the uncertainty in wet canopy evaporat@rstarcely vegetated areas, (<0.3)

than does uncertainty in maximum canopy storade,, {s.}. For shielding factors
greater than 0.4 botk, and S contribute equally to the uncertaintyegf, Note that in

the OSULSM, as it is in CLASS, maximal canopy sgerdor all vegetation types is
represented by a single value due to a lack of ddwarefore, it is not possible to discuss
uncertainty in Ey, for different vegetation types in the NWP. Sengiitests, however,
show that different values for S would induce omlyantitative, not qualitative changes in
the uncertainty of &n

Generally, theoretical analysis suggests thattgreeertainty in predicted g is
related to locations that are poorly covered byetaiipn and exposed to a heavy rainfall.
Typically coastal areas are affected by great uaicgy in prediction of &, The greatest
uncertainty is expected immediately after summemderstorms in the mountainous
terrain where the vegetation fraction tremendodsigreases with height.

In the NWP, the evaporation of intercepted wateat & uncertainty depend on
the water and energy availability. The analysishef NWP simulation demonstrated that
the highest uncertainty is spatially related todbenain areas where precipitation occurs
and the greatest uncertainty ¢omh?) is associated with the highest precipitationgate
(Figure 2.5). A diurnal course of uncertainty inaperation of intercepted water will
occur in the NWP if precipitation lasts for moratha day. It is strongly related to its

dependency on the available solar energy. As eggdeftom the theoretical study, the
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spatial correlation between great uncertainty andllsshielding factor is visible in NWP

results. The average relative error for the NWRusation is 5%.

2.4.3 TRANSPIRATION

Transpiration depends on potential evaporatiorgldimg factor, canopy water content,
shortwave solar radiation, air temperature, spebtidimidity and plant available water. In
general, the increase in all dependent variablsgegaranspiration and its uncertainty
(e.g. Figure 2.6).

The increase in canopy water content reduces tiratisp effects and as it
approaches maximal canopy storage the relativer @mo transpiration increases
exponentially (e.g. PROCHASKA and MOLDERS, 2002heTmaximum transpiration
and its uncertainty amount to 0.19mMmand 0.007mnih for the range of conditions
examined in our study.

A strong dependence of uncertainty and shieldimgofais found. The relative
error in transpiration exponentially decreases faslding factor raises. The greatest
relative error obtained is around 30% € 0.1) and the smallest one is around 8%
(s =1.

Typically great values of relative errors are agsed with clay covered with

tundra or shrubland. Small errors are found fordgasoils under cropland or grassland.

The relative error slightly varies for differentilstypes, while its variation linked to
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different vegetation characteristics is more prowead (Table 2.5). This is due to a
greater impact of the vegetation than soil parareeie the uncertainty in transpiration.

The critical parameters are maximal canopy waterage (9.4.0*mmh?Y)
followed by the shielding factor (4B*mmh?), the empirical parameter, 1§2.1410°
mmh') and leaf area index (1®°mmh?). Contributions of the other empirical
parameters used for the parameterization of tregismn are negligibly small.

The theoretical study implies that prediction @nspiration is very uncertain in
warm, less vegetated areas and regions with caabsildeamounts of plant available
water. The uncertainty is particularly pronouncéedraa heavy rainfall when the maximal
canopy water storage is reached.

In the NWP, a moderate spatial relation betweeratguacertainty values and
cloud-free areas is present. In the relatively rdreggions, transpiration is enhanced,
which results in increased uncertainty. The valobsined for wooded tundra are
slightly greater than those over the other vegatatypes. The uncertainty of simulated
transpiration is on the order of I@mh®. Vegetation-type averaged uncertainty in
transpiration has a distinctive diurnal cycle (FgR.7). The irregularity in the pattern
towards the end of simulation is due to the low @ansize and a thunderstorm on the

back edge of a passing frontal zone. The over&iame relative error for the simulation

is 6%.
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2.5. CONCLUSIONS

The aim of this study is to investigate uncertaintypredicted evapotranspiration caused
by empirical soil and vegetation parameters. Tossieally assess the uncertainty we use
the Gaussian error propagation principles. Sinterttethod provides the same standard
deviations for any given set of parameters forghmme atmospheric and soil forcing, we
can generalize our findings by calculating uncettafor typical ranges of atmospheric,
vegetation and soil conditions. A NWPM simulatieres to illustrate the meaning of
the theoretical findings for uncertainty in weatf@ecasting.

All investigated quantities; & Ecan and E depend on water and energy
availability and show a diurnal cycle as do theicertainties. Uncertainty ing and
increases for decreasing shielding factor. The sppads true for the uncertainty inge
This means that over less vegetated areas undgriaiavapotranspiration is dominated
by the uncertainties in g and E On the contrary, for a fully vegetated terrain
uncertainty in evapotranspiration is controlled thg standard deviation ingE In the
NWP, relative error of evapotranspiration is 4.8%.

The contributions of all vegetation and soil pagtens to the uncertainty inge
are of the same order of magnitude. The shieldmgjof contributes more to the

uncertainty in &, for scarcely vegetated areas,(<0.3) than does the maximum canopy
storage, while their contributions even out for emmeegetated regionss( >0.3). This

implies that to improve the prediction of evaparatiof intercepted water one must
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determine the shielding factor with higher accurddgre, the use of actual satellite data
will be an option.

The most critical parameter in ®ill be maximal canopy storage if the canopy is
wet, with shielding factor following as the secomdost critical parameter. The
contributions of all other parameters remain smialis also found that the use of a
vegetation type dependent value for maximal carstpsage is necessary. It can provide
better differentiation between vegetation types poentially increase the accuracy, not
only of evaporation of intercepted water, but atsmnspiration, as transpiration and
evaporation of intercepted water compete (cf. E3jsand (4)).

The absolute greatest relative error is obtairedE;, and amounts to 32.9%

(silty clay loam). The greatest relative errorEjrand Eanare 29.8% ¢, = 0.1, tundra)
and 25% &, = 0.1), respectively.

This study demonstrates that maximal canopy séoaagl shielding factor have to

be determined with a higher degree of accuracy.
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Figure 2.1 Soil and vegetation distribution in thwdel domain superimposed with

terrain height (upper panel) and vegetation frac(lower panel), respectively.
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Figure 2.2 Direct evaporation (mih(solid lines) and its uncertainty (mih(dashed
lines) at various relative volumetric water contemtd potential evaporation values.
Example shown is for silty clay loam with 80% vegg&in fraction. Plots for all other soil

types combined with other vegetation fractions shimevsame qualitative behavior.
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Figure 2.3 Temporal evolution of soil-type averagedertainty in direct evaporation as
obtained by MM5 simulation. The shift in maximaé$ated to the location where the soil

types occur most often in the domain. More westecations have their maxima later

than the more eastern ones.
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Figure 2.4 Evaporation of intercepted water (rffinksolid lines) and its uncertainty
(mmh?) (dashed lines) at various relative volumetric avatontent and potential
evaporation for 50% vegetation fraction. Plots dbiner vegetation fractions show the
same behavior. Note that sensitivity studies shaw different maximal storage capacity,

as it should occur for different vegetation typssows a similar qualitative behavior.



40

Figure 2.5 Horizontal distribution of uncertainty Ecan (MmMK*) (upper panel) and
accumulated precipitation (mm) (lower panel). Thpatgl correlation between
uncertainty in ks and precipitation is present for the entire perimfidthe model

simulation.
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Figure 2.6 Transpiration (mrith (solid lines) and its uncertainty (mfh(dashed lines)

for various values of potential evaporation andcatreé volumetric water content as
obtained for loam that is 50% covered with deciduneedleleaf forest. Plots displaying
dependency of evapotranspiration and its statlsiiceertainty for all other combinations
of potential evaporation, temperature, specific ity and solar radiation show a

similar qualitative behavior.
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Figure 2.7 Temporal evolution of statistical unaeity in transpiration for different
vegetation types as obtained from the MM5 simutatidote that other vegetation types

occurring in the model domain also show a diuryale



TABLES

Table 2.1 LSMs that use the same parameterizati®i@SULSM.

LSM

Parameterizations

Edir

Ecan

E

Epot

BATS

CLASS

HTSVS

ISBA

PROGSURF

SEWAB

SIB

UKMO

+
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Table 2.2 Porosity (volumetric water content atisstton) and its standard deviation as
used in this study. Parameters and standard devsatre taken from COSBY et al.

(1984). Note that the same standard deviationassemed for field capacity and wilting

point.
Soil type h,ts, (m’m’)
Sand 0.3320.014
Loamy Sand 0.4240.020
Sandy Loam 0.4340.014
Silty Loam 0.47&0.017
Silt 0.476+0.017
Loam 0.43%*0.017

Sandy Clay Loam 0.4040.034

Silty Clay Loam 0.4640.043
Clay Loam 0.46% 0.037
Sandy Clay 0.4060.015

Silty Clay 0.468: 0.043

Light Clay 0.468 0.039




Table 2.3 Vegetation specific parameters and #taindard deviations used in the study. H&g, (sm') and Ry (Wm™) are

the minimal stomatal and the maximum visible sddaliation that can be absorbed by the vegetatiba.€empirical parameter

h.is used in Eq. (8). The value for maximal canopsistanceR_,..iS equal to 5000 sthfor all vegetation types with a

standard deviation of 500 $mStandard deviations foR, and h; are estimated as 5% of the value. Standard dewiaf

Rcmin is about 10% and in broad agreement withrélalts from BETTS and BALL (1994).

Non-
Irrigated  jrrigated/
Cropland/ Cropland/  Cropland/ Shrubla  Shrubland/ Deciduous
Cropland cropland Grassland Savanna
Pasture Grassland Woodland nd Grassland Broadleaf
Pasture and
pasture
IQcmin * SF
40+ 4 40+ 4 40+ 4 40+ 4 707 40t 4 300% 30 170+ 17 70+ 7 100+ 10
Ry £5¢
: 1005 100 5 100 5 100 5 65+ 3.2 100t 5 100t 5 100t 5 65+ 3.2 30+ 1.5
hs * shs 36.25+ 1.8 36.25-t1.8 36.25t1.8 36.25-1.8 4414 2.2 36.35- 1.8 42+ 2.1 39.18+ 1.9 545327 545327

1%



Table 2.3 continued

Deciduous Evergreen  Evergreen Mixed Herb. Wooded Herb. Wooded Mixed
Tundra
Needleleaf Broadleaf needlleaf Forest Wetland Wetland Tundra Tundra Tundra
Rcmin 150% 15 150% 15 125+ 12.5 125t 12.5 40t 4 100t 10 150% 15 150t 15 150% 15 200t 15
Ry £s R,
' 30x1.5 30t 1.5 30t 1.5 30t 1.5 100t 5 3015 100t 5 100t 5 100t 5 100t 5
hs * Sh 4735+ 2.3 41.69t 2.1 47.35t 2.3 51.93t 2.6 60t 3 51.93+ 2.6 42+ 2.1 42+ 2.1 42+ 2.1 42+ 2.1

o



Table 2.4 Average relative error of direct evaporatn percent as obtained for various soil typed shielding factors. Note

that direct evaporation and its uncertainty folfabvered ground is equal to 0 mrhfsee Eq. (2)], therefore not shown.

Shielding factor

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Sand 7.96 8.05 8.18 8.37 8.64 9.08 9.84 11.30 14.686.20
Loamy sand 9.95 10.05 10.21 10.23 10.44 10.81 11.462.75 15.85 26.90
Sandy loam 6.95 7.06 7.21 7.42 7.74 8.24 9.08 10.6614.21 25.98
Silty loam 8.09 8.19 8.32 8.51 8.80 9.24 10.01 814 14.88 26.40
Silt 8.09 8.19 8.32 8.51 8.80 9.24 10.01 11.48 44.8 26.40
Loam 8.38 8.48 8.60 8.78 9.05 9.49 10.23 11.67 115.0 26.20

Sandy clay loam  17.23 17.27 17.33 17.43 17.56 17.718.20 19.06 21.30 30.59
Silty clay. loam  20.64 20.65 20.73 20.81 20.93 21.121.48 22.23 24.24 32.87

Clay loam 16.90 16.94 17.02 17.11 17.25 17.49 17.928.80 21.12 30.57
Sandy clay 8.34 8.43 8.56 8.74 9.01 9.45 10.19 411.6 14.99 26.45
Silty clay 19.93 19.97 20.02 20.16 20.23 20.44 20.8 21.59 23.66 32.47
Light clay 18.50 18.54 18.60 18.69 18.83 19.05 39.4 20.28 22.48 31.60

Ly



Table 2.5 Average relative error in percent forcalinbinations of soil and vegetation-types.

Crop./ Crop. Crop.-non- Crop./ Crop/ Shrubland/ Decid.
Grassland  Shrubland Savanna
Pasture irrigated irrigated Grassland Woodland Grassland b.-leaf
Sand 9.48 9.48 9.48 9.48 9.48 9.48 9.57 9.51 9.49 49 9
Loamy Sand 9.48 9.48 9.48 9.48 9.49 9.48 9.64 9.54 9.50 9.49
Sandy Loam 9.48 9.48 9.48 9.48 9.49 9.48 9.61 9.54 9.49 9.49
Silty Loam 9.49 9.49 9.49 9.49 9.50 9.49 9.74 9.60 9.52 9.51
Silt 9.49 9.49 9.49 9.49 9.50 9.49 9.74 9.59 9.52 519
Loam 9.49 9.49 9.49 9.49 9.49 9.49 9.67 9.56 9.51 509
S. C. Loam 9.50 9.50 9.50 9.50 9.51 9.50 9.92 9.68 9.55 9.53
Sil. C. Loam 9.60 9.60 9.60 9.60 9.71 9.60 11.1 380. 9.87 9.79
Clay Loam 9.53 9.54 9.53 9.53 9.59 9.53 10.43 9.97 9.68 9.63
Sandy Clay 9.49 9.49 9.49 9.49 9.50 9.49 9.73 9.59 9.52 9.51
Silty Clay 9.64 9.65 9.65 9.64 9.78 9.64 11.42 10.6 9.99 9.88
Light Clay 9.72 9.73 9.73 9.72 9.91 9.72 11.88 409 10.17 10.04

1%



Table 2.5 continued

Evergree
Decid.- Evergreen Mixed Herb.- Wooded Herb.- Wooded Mixed
n Tundra
needleleaf needlleaf Forest Wetland Wetland Tundra Tundra Tundra
broadleaf
Sand 9.50 9.49 9.49 9.49 9.48 9.49 9.55 9.51 955 .60 9
Loamy Sand 9.51 9.50 9.50 9.50 9.49 9.50 9.60 9.54 9.60 9.69
Sandy Loam 9.51 9.50 9.50 9.50 9.49 9.49 9.58 9.53 9.58 9.66
Silty Loam 9.54 9.52 9.53 9.52 9.50 9.51 9.68 9.59 9.68 9.81
Silt 9.54 9.52 9.53 9.52 9.50 9.51 9.68 9.59 9.68 .819
Loam 9.52 9.51 9.51 9.51 9.49 9.50 9.63 9.56 9.63 .739
S. C. Loam 9.58 9.54 9.56 9.55 9.51 9.54 9.82 9.67 9.82 10.04
Sil.C. Loam 10.02 9.86 9.91 9.88 9.69 9.83 10.83 .340 10.83 11.42
Clay Loam 9.76 9.67 9.70 9.68 9.58 9.65 10.25 9.95 10.25 10.64
Sandy Clay 9.54 9.52 9.53 9.52 9.50 9.51 9.68 9.59 9.68 9.81
Silty Clay 10.18 9.98 10.04 10.00 9.76 9.93 11.12 0.5% 11.12 11.79
Light Clay 10.41 10.17 10.24 10.12 9.87 10.10 11.54 10.87 11.54 12.29

6v
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3. UNCERTAINTY OF PREDICTED GROUND HEAT FLUX DENSWM

The method described in the Chapter 2 in Sectimadso applied to ground heat flux.

The simulation discussed in the following texthie same as described in the paper.

3.1 GROUND HEAT FLUX

In the OSULSM (CHEN and DUDHIA, 2001), the govemiheat balance equation is

determined by the simplified equation of diffusi@ng. MAHRT and EK, 1984)

T T
c) 3 =a ) (12)
Herein, C is soil volumetric heat capacity desatias (CHEN and DUDHIA, 2001)
C=nC, +(@1- h)C, +(h, - h)C, (13)
where, /1is volumetric water content Gm), /_(m>m™) is porosity,C,, CsandC,
(Im®K™) are the volumetric heat capacity of water, sod air, respectively.

Ground heat flux

H, =/ (M (14)
9z
is a function of thermal conductivity/, (#)and soil vertical temperature gradie%l.
2
Furthermore, the dependence obn volumetric water content;, and soil pore size

distribution index,b, is formulated in accord with McCUMBER (1980)
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420exp( (2.7+P, P £51
/ = p( ( f)) f (15)
0.1744 P, >51

where P; is described as
P, =-blog,,/ h>0 (16)

Note that pore-size distribution index, b is an &gl soil parameter that is
characteristic for each soil type.

Other LSMs using Eq. (15) or similar to parametethermal conductivity are the
soil model by McCUMBER and PIELKE (1981), HTSVS (KRIM et al., 1996;
MOLDERS et al., 2003)Examples of LSM’s using Eqgs. (13) and (14) are BA€S).,
DICKINSON et al., 1993), SEWAB (e.g., MENGELKAMP at., 1999) and CLASS

(e.g., VERSEGHY, 1991; VERSEGHY et al., 1993).

3.2 ANALYSIS

In the parameterization of (#), the only empirical parameter is. Values of bfor

different soil types and their standard deviatians taken from COSBY (1984) and are

presented in Table 3.1. Uncertainty in ground fieatdensity is estimated for a typical

range of meteorological and soil conditions. Reatwolumetric water content—, is

h

varied from 0.01/m™ to 1nm™. The vertical temperature gradient varies fromki®d

to 50Km.
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3.3 RESULTS OF THEORETICAL STUDY AND NWP EXAMPLE
Typically, regardless of soil-type, ground heatxfincreases a# approaches?, and

1:1—T increases (Figure 3.1). Uncertainty shows simid@havior. The increase in
z

uncertainty is the most rapid for small values elftive volumetric content and strong

temperature gradients (deserts). This patternasntbst pronounced for sand and the
variety of soils with a great percentage of samltl@ other hand, small variations in soil
temperature and wetter soil conditions result ohuced uncertainty. For most soil types
uncertainty reaches its maximum at relative voluimewater content, reaching 60% -

80% of saturation and a strong temperature gradi@mtthe temperature range examined
here the greatest relative error is found for saddy loam (202%). The lowest one

occurs for sandy clay (57%). Based on those hilgttive errors one has to conclude that
a less uncertainty-burdened parameterization sHmidentified and implemented in the

future.

In the NWP great uncertainty is strongly relatedhte dry and cloud free areas of
the domain. As expected from the theoretical resclihy loam and loam are the soil-
types for which the greatest uncertainty in grotmedt flux density is found. Soil-type
averaged uncertainty displays a diurnal cycle (Fed8i2). The average relative error in
simulation of ground heat flux is 54%. The uncetyaivalues are on the order of 10\m

and thus less than the typical errors in ground theameasurements.
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FIGURES

Figure 3.1 Ground heat flux density (Win(solid lines) and its uncertainty (W

(dashed lines) at various relative volumetric wai@ntent and soil temperature gradient
values. Example shown is for sand. Note that tihaegaof ground heat flux when relative
volumetric water content exceeds 0.fmit do not change for different temperature
gradients. This behavior arises as a consequertbe timitations in the parameterization
of thermal conductivity (see Eg. 15). Plots for ather soil types show the same

gualitative behavior.
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Figure 3.2 Temporal evolution of soil-type averagettertainty in ground heat flux
density as obtained by the MM5 simulation. Thetshiimaxima is related to the location

where the soil-types occur the most often. Moretareslocations have their maxima

later than the eastern region.
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TABLES

Table 3.1 Pore size distribution index (-.-) argldtandard deviations as obtained from

COSBY et al. (1984).

Solil type bts,
Sand 2.79+1.38
Loamy
4.26+ 195
Sand
Sandy
474+ 1.4
loam
Silty loam 5.33%1.72
Silt 5.33£1.72
Loam 5.251.66
Sandy clay loam 6.663.39
Silty clay loam 8.724.33
Clay loam 8.1%3.74
Sandy clay 10.781.54
Silty clay 10.3%*4.27

Light clay 11.553.93
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4. CONCLUSIONS

Uncertainty of evapotranspiration and ground héat flensity caused by empirical
parameters is assessed by the Gaussian error ptapagrinciples for various ranges of
soil and atmospheric forcing conditions. In additithe uncertainty behavior of these
guantities is demonstrated for a numerical wegthediction example.

The study shows that the predictability of groureht flux as parameterized in
OSULSM and many other LSMs is strongly impactedthg uncertainty in thermal
conductivity. The pore-size distribution index e tonly empirical soil parameter used in
the parameterization of thermal conductivity. Tohiage less uncertain values of
calculated thermal conductivity pore-size distribntindex must be determined with
higher accuracy than currently available (Tablg.3A% seen from the numerical weather
prediction example and the theoretical analysiedigtion of ground heat fluxes over
drier and warm regions is particularly burdenechwihcertainty and limits predictability
especially in deserts, during droughts and longpenyods in summer.

The greatest average relative errors are founddady clay loam (202%) and
sandy (192%) implying that pore-size distributiodex for these respective soils should
be determined more precisely. A better parametariz@f thermal conductivity can also
improve the overall predictability of ground helaixf(see MOLDERS, 2005).

In the analysis of evapotranspiration maximal cgngtprage and shielding factor
are identified as the most critical parameters jnaid E,, especially in scarcely

vegetated areas, for which these parameters sheuttbtermined with higher accuracy.
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Over well vegetated regions uncertainty in evapspaation is dominated by the
uncertainty in .

In the future, uncertainty in predicted state Jalga like soil moisture and
temperature, snow temperature and water contem, t&mperature, snow surface
temperature and canopy water have to be deternimexsess the uncertainty of the
parameters investigated here more thoroughly anekémine the impact of empirical

parameters that are used in other parts of the GMJL



