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Abstract

A case study has been done in which ground-based dute and remote sensing data have been used 1o
validate the surface parametrization of a limied arca model (.o, the High Resolunon Limited Arge
Mindel, HIRLAM version 23 The case study focuses on the somi-anid region of Castilla-La Mancha
in Spain, where the i?%”‘{} A field campaign took place in June 1991

HIRLAM-2Z has a very simple surface parametrization, The surface parametrization needs some
prescribed ficlds (climate fields) such as atbedo, roughnoss and the water content and temperalure in
the decpest soil laver. Most climate ficlds are dorived from datasers with g resolution that is much

lower than the zm{aéuz on of the maodel

The HIRLAM oulput has been compared 1o swriace ux measurements ot one location and 0 an
aggrevate of surface flux data from locations throughouot the EFEDA wrea. Comparison of HIRLAM
pulput with E‘am b types of data showed comparable resulis, Net radiation s strongly overestimated by
the model, This cun be attributed mainty 1o the surface parametrization: the albedo is (oo low by nearly
61% and ms:. surface temperature 1§ much oo low, The evaporative fraction piuai{zw, by the maoidod
is too high by 5%, This can probably be attributed 10 the continuing supply of scil moisture from the
climate laver. That process inhibits further drving of the top sail

.

Subseaguently, remote sensing data have beon used 1o validalo some aspects of HIRLAM s physical
parametrization. Two algorithms have been tesied in this study. The f st algon dzm combines NOAA-
derived surface wemperature, surface albedo and f‘\"!'}if‘f with rudio sounding observations. Under semi-
arid conditions, encountered during the i’iﬂ"i" feld campaign, crrors 1o ioput varables resulf inoa
cocllicient of variation of 1.0 in lnjent heat 13m

A second algorithm is simpler. The ratio of acwal 1o potential evaporation is assumed 10 be
proportional o vegetation cover. Vegetation cover s estimated  from NOAA-NDVIL Potentidd
transpiration is catimated from o remotely senscd global radiation (METEOSAT) using Makkink's
formula. A sensitivity analysis suggests a coclficient of variation {or the estimated latent hewt fux of
{.36, The preliminary test does not allow definite conclusions about the skill of the method.

The comparison of HIRLAM latent heat flux 10 a remote estimate suggesis that HIRLAM
overestimates AF only for low evaporation rates. For cvaporation rates above 2 mm/day, HIRLAM
hohaves well (laking into account the overestimation of not radiation). For the surface sensible heat
flux this leads to analogous conclusions: [or dry arcay the sensible heat flux is underestimated, whereas
for wetter areas the sensible heat flux is predicted well, Comparison of the HIRLAM albedo field 10
i@ remote estimate (NOAA-AVHRREY undertines the rexolt from the comparison 1o fichd dat the

HRLAM albedo is much o0 low,

The prosent study has made use of current sensors avallable on satellite platforms. If remoie sensing
data are 1o be used for the validation of atmosphoeric models In the fuure, some requiremoents can be
put forward with respect 1o spatial and spectral reselution,



Preface

This report describes the results of work done in the framowork of the BCRS (Beleids Commissie
Remote Sensing) project, ttled "A conpribution of the new EOS measurements o surface encrgy and
water balance modeling ar mesoscale’ (EOS-NL). More specifically, this report deals with rescarch
done at the Depariment of Meteorology of Wageningen Agriculiural University, i cpoperation with
KNMI (Koninklijk Nederlands Meteorologisch Institunt). This rescarch forms part of the subproject,
titled: "Vertfication of parameterizations of land surfoce processes in climate models using data from
international earth observation satellins’.

The report deseribes a case study in which an atmospheric model (HIRLAM) has been validated using
ground based data and remote sensing data from the EFEDA field cam paign that ook place 1 June
1991 (in Castilla-La Mancha, Spain). We aim 1o give insight both in the surface parametrization used
in the model, and in previous validation studics. Besides we review current methods that are used for
the remote estimation of surface fluxes. The validations in tis report comprise thiree stages. First, the
model results are compared 1o ground-based observations. Then the remote sensing estimates of certam
surface fluxes arc compared 10 ground-based obscevations as well, Finally model output is validated
against remole sensing ostimales.

This study comprises the entire route from mode! paramtrization, via development of remote sensing
algorithms and their validation to the final aim: validation of model oulput with remote sonsing duta

This nocessarily implics that some steps in the process are not studied in-depth. This leaves work (o

he done.

Vi
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Symbols

Viarinbles

¢y specific heat at constant pressure for e Tkt K
£, specific heat of soil Fkegt K
e stabitity correction function for species y

¢ gravitational acceleration m s?
i1 height m

h, canopy height 3

{y mixing length {or species m

JZ atmospheric prossure Pa

g spocific humidity -

¥, gerodynamic resistance sm’
r, surface resistance s m’
5 dry static energy J kg
¥ stope of saluralion waler vapour conlent curve K

i Hme §

i windspeed in x-direction m s’
y windspeed in y-dircetion ms’
o sotl welness m

X, v,z coordinaies m

X, vegelation fractional cover -

2y ronghness length m

Zon roughness length for heat m
Ztay height of Jowest model fevel m

B = x / (nle0fz,0) ~

B, soil brightness (1,+4, for soil) (]
i, vegetation brightness (+] for vegoiation) 5y

CVig coclficient of variation in variable x

thickness of sofl layer i (= 1, 2, 3} m

i



L
I
LT

gvaporation {lux density

evaporative [raction

fraction of ice as fraction of sca in gndbox
fraction of tand (land + icey in gnid point
fraction of sca in grid point

fraction of snow in grid point

soil heat flux density

soil woiness function (dewrmining g, as funciion ol wy
sensible heat Hux densily

thickness of snow layer

heating frachion

radiance in near infrared channel (AVHERS
radiance in red chamnel (AVHER)

vertical flux density of spocicos

drag coefficient for species

drag coelficient for specics w al surtace
downward shortwave radiation flux density (global radiation)
upward shortwave radiation flux densily
pixel value (METEOQSAT)

downward longwave radiation flux density
upward longwave radiation flux deasity
rate of change of snow height

rate of rainfoall

rate of snowlall

net radiation flux density

Richardson number

iemperature

total wind velooity veotor

albedo
Pricstiey-Taylor cocfiicion
emissivity

normalized NDVI

W om?

W™

Y




f sobar zenithy angle

Y psychrometric constant

¥ Yon Karman constant

Ky thermal corductivity of soil

W, ratio hetweon thermal conductivitios of snow and soil
Py asymptotce mixing length for species y

2 latent hear of vaporation

A diffusivity for conduction of waier

W, value of w at moded fevel with index #

@, surfuce flux of species y

Nubscripts

ice oo

lirot toral langd and ice
B maximum
miln minimum

n normabized

7 with index s
0t potential

£ surface value
3 5011

sl 524

N SNOW

v vegetation

NLEV  related to lowest model Tevel (with indox NLEV = number of model levels)

SL surface layer

4 specics

raud

}{A

m° gt

m
Jkg?
ms’
[yl
wom?



Abbreviations

AVHER
BORS
M
WS
ECMWE

ISLSCP
ENMI

LAl

MOBILHY

MV
NOAA
SiB

SR
TIROS
TOVS

VISSR
WAU

Advanced Very High Fesolution Radiomoer

Boleids Commissic Romole Sens

HIHHIC

Centre Nationad de Becherches Mtlomn
Crop W Stress Index
European Centre for Medium range Weather

Furopean Field Bxporiment my Dosortiion
Farth Observing Satellite

First ISLSCP Field Exporiment
Cieneral Circulation Madal
Greenwich Mean Time
CGeostationary Operational Environmental Satelh
Hydrologic Atmpspheric Pilot Experoment
High Resolution Limited Avca Model

Infrared

scheme

Interactive Soil-Biosphere Atmospors

Intermational Satellite Land-Surface O3

Koninklijk Noderlands Meteorogiseh Instiinut
Leal Area hulex
Moddlisation du Bifan Hydric

A,

Mormalived Difference Vegetion Index

Mational Qeeanic and Almosphonic Agoney

Simple Biosphere modol
Simple ratio (/7))
Television Infrared Observational Satellite
TIROS Operational Vertical Sounder

Wicible (visible chanped METEQSAT and
bie chamnel of GOES

pltgral University

Wageringen Agric

muology

chinm

Prajoct

el 1ol

Forccasting

o threatened Arca

AVHRE

4
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i the atmosphore angd ab the
dionied atmosphenio models, But
siel (radistion wansiorn, convegtion,
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The possibility of global clis
earith’s surface has promoted the de
processes within i the ain
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series of field experiments being cond %
19883, FIFE (Hall of al., 1950}, EFEDA ,i:u,ii'\ of @l
experiments included measurements of surface 11
atmospheric moded (100100 kon), These

mepsurements, and girbome ;m% saiell
s%z"z;} her imporiant reason {or these la
sensing techniques that are used (o observe pro
remote sensing iechnigues would bave sufficient ¢
parametrizations of almospheric models. Since satell
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indispensable for this validation,

riments has been the noed (o vahdate romote
divtons ab the eanhys surface, Onep

. they could be used o validate the surface
sing data are the only type of daty
of an atmospheric model, they arg

In the framework of a projoct sponsored by the Duach Policy Comitice on Remote Sensing BURS,
titled A contribution of the new BOS measuroments o surface energy and water balance modeling
at mesoscale’ a case study has been performed (o assess the uselulness of current sensors for the

vahidation of an atmospheric model

This case study foous ,Z-’;.:sa_ momh the BEFEDA (Buropean Field
Experiment in a Desertification Threatened Arca) piot study 1 ;a“sk ;“*-?:’ga:e it Castilia-La Mancha (Spainy.
Data have been gathered by more than 30 wams &t three sites, 70 km apast and heavily instrumnented
at a scale of about 30 km® (Bolle et al., 19933, This armangement vields a data set covering an arca
with the same order of magnitude as a gridbox of an a
The atmospheric model used i HIRLAM
oy, currontly nuse at ?é?‘x %’%E
comprise METE §

5 on the portod of ?zéz"z;:'

iy beric moded
High Resolution Limited Area Model, version
al Instituie) The satellite remote sensing data

[

on the surface i‘?a’zz";ams*%?’?;aziw“z In the same

in chapter 2 HIRLAM i3 discussed with
chapter a roview is given of studies in which atmospheric models have bee v validated, Chapter 3
z”,s;;aéaz.za:a from remaie sensing.

reviews methods used for the estimation of the carth’s surfac



Two algorithms to estimate some components of the surface energy balance are developed. In chapter
4 the data used for this study, as well as the procedure followed are discussed. Chapter § discusses
the HIRLAM runs and their validation with ground-based data. Also, the remote sensing algorithims
are validated and used fo validate HIRLAM output Finally, chapter 6 discusses the results of this
study and suggests new directions for research.
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HIRLAM

In this chapter the background of HIRLAM and some details on s surface parametrization will be

dealt with,

2.1 General

% b TR

This seotion describes the general features of the HIRLAM
specificatty, Himited arca models,

sysion, aimosphenic models and

210 Why g Himited area model

Hand in hand with the increasing capability of computers, atmospheric models have become more
sophisticated, ’i”éi%; applies both w forecasting models and climate models (both are global circulation
models, GOM’s), The increase in sophistication relates both 1o the vertical and horizontal resojution
and 1o the description of sub-grid processes. One way to escape this rat race is the use of a limited
arca model (LAM) (Dickinson et al,, 1989 Giorgi, 1990y, In contrast o GUM's . LAME have
domain that covers only part of the ﬂkr%} To run the LAM, 2'3355 10 be nested m?}zm a GUM fron
ditions. ?é s oan either be a weather %z};yg;}z\;z.ngg

r

which it derives Bis initial and lateral boundary con
model or a climate model, vielding a regional weather {orecast or a regional climate forecast, The later
application is rather recent (e.g., Dickinson et al., 19895,

Because of ils Hmited domain size, 2 LAM contains fewer gridpoints than a GUM of comparable
resolution, This decrease in the load on computer resogrces cun be used either W inercase the
resolution of the model or to improve the deseription of sub-grid processes, or both.

The High Resolution Limited Arca Model (HIRLAM) has been developed by the meteorological
institutes from Nordic countries and the Netherlands, HIRLAM is based on the ECMWE gridpoint
model, Currently HIRLAM level 2 (differing from level 1 in coding only) is operational at KNML It
uses a hybrid vertical coordinate and a rotated latitude f§f> wsiiude g:‘s‘éf;i The rotation is chosen such, that
the equator of the rotated grid is almost in the centre of the domain. This 1 csulis in g pearly square
grid. Apart from the position of the rotated grid south pole, the HIRLAM domain is specified by the
latitude and longitude of i1s edges.

2.1.2 Governing eguations

Prognostic variables in HIRLAM are horizontal wind components (i and vy, temperature (73 and
specific humidity (). Given a prognostic quaniity a. the model caleniates s ovolulion as

ale+An = a(n + SCAc (2.1

it

da - ) . .
The ol endency, e, consists of a dvnamical {or admbatic wndency) and a p hysical (or diabatic

rit

Lo



tendency:

da _ {oa) fda ' Sy
i = "g*' + srtpggms ?.m»«?
de L dt ), i\r)z Joiys
The dynamical tendency is determined by the resolved vanables!
1& - _u08 .08 08 [2.3]
Jr | - ax dy dz
AN Jayn

The physical wendency is calculated by the physical package of the model and containg contributions
from diffcrent processes:

. 5 S
{ dal g [ da ) [2.4]
al /i phye l {}Z /' provess §

The following physical processes are represenied within HIRLAM:
. radiation transfer;

- vertical diffusion (Louis, 1979y

- gravilational wave drag (modified version of Palmer et al,, 1986);
- deep convection (Kuo, 1974);

- large scale condensation (Kessler, 1969,

- surface processes.

Later in this chapter the representations of vertical diffusion and surface processes will be dealt with,

2.1.3 Nesting

Nesting means that the boundary fields of the LAM are specified by a GCM. In practice this implies
that the prognostic fields are relaxed in the boundary zone. This entails both time interpolation (since
GCM boundary conditions are not available at cach LAM time step) and relaxation of the LAM ficlds
owards these time interpolated GCM fields:

a’ = oa® + (I-o)a” {2.5]
3} s s

where a”, @’ and a” denote the relaxed field, the boundary field provided by the GCM and the model
ficld at the current time step, respectively; / is the distance 1o the boundary (in gridpoints). In
HIRLAM, the relaxation function o is defined as:
o= ]~£zxzzh(@%’; Y, 2.6}
4 Ar 4

where N is the width of the boundary zone, in grid points (Hesselbjerg Christensen and Van
Meijgaard, 19921

2.2 Vertical diffusion and surface schemes in HIRLAM

The atmosphere is linked to the carth’s surface by the vertical surface fluxes of momentum, radiation
and sensible and Iatent heat. These surface fluxes sre in wrn influenced {and do influence) the stae
of the soil surface and deeper soil layers {sce Figure 2,13 For more information on surface



parametrizations, the reader is referred w Bougeault (0991 and Garrau (19933
In this section we will describe some of the parametrizations wsed in HIR i AN, viz, vertical diffusion

and soil processes. Most of this seetion is based on the HIRLAM-1 manual,

2.2.1 Vertival diffusion

Yerteal diffusion s a parametrization of the vertical Huxes of momentu xwxz% e heat and moisturg,
caused by turbulonee. These are sub-grid scale motions, The vertical c:%zéi;‘ ston scheme carrently used
in HIRLAM ix the BEOMWFEF schome o ovele 28 (uscd up w april 19873 {s;z:@ Bi msd 1, E%,%,%};V the
Fady i diffused vordcally, rathor than potentaal wmperatre.

model dry static engrpy s (=g,

3

ormulaton, Fluzes at moded lovels
avers above the surface layer, The

surface Duxes s hased o a diag <

The caleulation of : :
are calculated using an exiension of surface la y:;:z' similarity 1o |
(uxes are zoro at the top of the model atmosphere

The vertical diffusion equations have the following fomu

JW R, VLG, 8, {271

where /18 the vertical turbulent flux of y

Jo=pk Y [2.8]
M Yo

wnLey, wasy, Tmay, gaay

ioweys musiel level
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Figure 2.1 Schematio picture of the surface parametrization used in HIRLAM, From left to right
progesses , vartables and chimatology.
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The boundary conditions for J,, are

I, =0 for p = 0) .
? v {2.91
J, = pK, V@ Iy@~y) (for p = p) .
The surface drag coeflicient K, can be wrilien as:
K o= {[3 i\'u”y )
o 5 v J (2.10]
.‘; "{5 ;;

where zy gy 1s the height of the lowest model level above ground level, zg is the roughness length and
Ri is the gradient Richardson number, V(zj is the horizontal windvector, For the stability corrections
£, the analytic expressions proposed by Louis et al. (1982) arc used (for comments on these functions,
see Beljaars and Holtslag, 1991) The gradient Richardson number is approximated by a bulk
Richardson number,

The drag coefficients at the other model levels are given by:

gV

K=, ¥ .,._.m{f“{f’zé {2.11}

hwsz 1, is described by the formulation given by Louis (1982, “system V). l, 18 a mixing length.
The formula suggested by Blackadar (1962) is used for is computation;

hm— [2.12]

X, is an asymptotic mixing length {5,;")},“ for z-»0s). In HIRLAM it is assumed that A= A=A, #A =2 .
The use of equations {2.8] and [2.11] at model levels within the atmospheric boundary layer ;mp}m
a local diffusion scheme: fluxes are thought 1o be proportional to the local gradient of the conserved
quantity under consideration. Possible problems with such schemes, as well as a possible solution are
deseribed by Holtslag and Boville (1993). Local diffusion schemes tend to create a too shallow and
oo moist planctary boundary layer, particularly over sea in cases with large scale subsidence.

To compensate partly for the local nature of the simulation of turbulence in the unstable boundary
layer a parametrization of shallow convection is introduced in the vertical diffusion scheme. It also
compensates partly for the absence of liquid water in the model.

The shallow convection parametrization is based on the use of a modified Richardson number which
is a combination of Ri and a term including the vertical gradient of the water vapour deficit. The
second term only takes effect when specific humidity cxs‘:ceds a certain threshold, The modificd
Richardson number is used to modify the stability functions f, and 7.

At the surface in each grid box a distinction is made between land, sea and ice. The surface flux J,
is allowed to differ for sea and the total land fraction (F,,). The fraction of open water, F,, is

F o= (1-F_ )(-F.) . [2.13]

6



whereas the il fraction of land (F,,, land + ice) u;mé ¥

Surface layer fluxes are calculated separately for £, and £, s }:f'f'wsim cquations for level NLEY
(lowest model level) are solved separately for land and sea (with differing diffusion cocfficients). The
provisional values for wy,(seq) and y, (land) are then wmhzrmf by weighted averaging. Vertical profiles
of prognostic variables are allowed to diverge only in the surface layer {layer between surface and
lowest moded fovel)

As boundary conditions for the vertical diffusion formulations, 7, and ¢, are needed. 7, is compulced
iy the soil process schome, but ¢, 18 pob. g, 18 ostimated with an Cm{}i%‘“iuif formulation dé:fpanémg on

w, and T

Ei

| q.=min(G g, T)+(1-G) a4, 4., 0D (over land) . 1)
LSS, (over seay ,
where 6 is the surface wetness, parametrized as
i
\ G=F o+ (1-F 3 {a, » {(I~a) (w, [ w_ mx}” 3 {over landy | [2.15]

G=1 {aver sea) .

where Fin the Tragtion of the gridhox covered with snow, w, is the soll moisture content in the uppoer

501l §.aya¢ L W, e 18 Hhe water content of the upper soil layer at saturation, and g, and @, are constants
having values of 0.05 and 8 respectively

2.2.2 Soil processes

The surface parametrization scheme describes the evolution of soil temperatures, soil water content
and snow depth over land/ice by means of @ simple prognostic equation.

The surface in each surface gridpoint may be either land, sea or @ mixture of land, seaflake and ice.
Two fields determine this partitioning: F,, and F, (part of seaflake covered with ce).

The soil is represerted by a three-layer modelr T, and w, (surface’) at depth 20, T, and w,
{intermediate”) at depth D440, and T, and w; at depth D, +D,+120,. T, are temperatures and w, are
soil water contents, Furthermore, D,=0,=060, T, and w,, are kept constant during integration. If
ot =0 then T is used for T,

The set of equations describing tha:, evolution of the soil wmperatures is:

&Tl;\m 1 © Ky (1=, F AT ,~T)

ot p.c, D T 0.3 f) DDy [2.16]
M,  ® T Ty % (T,-T)

or 05D, (D,+D,) D, D,

where p,and ¢, are the densitics and the specific heat of the soll, respectively, w; is the thermal

conductivity of the soil, E D=0 ~H-LE (WE=D ) from radiation and vertical diffusion routines,
i
F, is the snow cover, %, is the heat diffusivity of the soil (withowt snow cover) and %, I8 2

dimensioniess constant that modifies the soil heat conductivity in case of snow cover.

~d



The equations for soil moisture are analogous:

M U-F )y B +P oM+ Mw,w)

or w Ta e 05D (DD [2.17]
aw i A {w-w ) . A{w  ~w )

gt 05 D, (D+D) D, D,

where P, is the rate of rainfall (from routines calculating convective and large scale precipitation
routinesy, M, is the rate of change of the snow height Gmelting), w, is water content in second layer
times 2,/D, (scaled 1o thickness of upper layer; unit is moters waten), wy, is scaled similarly, A is the
diffusivity for conduction of water {a model constanty,

Snow height is updated when #,+F, >0 by

i & CRT
it F i p _,‘;i,i.: 12.18]

§ &8
dt Puo

where P, is the rate of snow fall,

The soil can contain only a limited amount of water. If this amount is exceeded, runoff is supposed
o oceur. Soil water cannot fall below 0. In case of snow meli, the surface temperature i3 allowed 1o
exceed freezing poind, unless ice is present in the grid area. Then the fraction of the grid arca covered
hy ice is kept at a temperature equal to the freezing point of sea water (-1.9 *C).

approach (see e.g., Garrat (1992), chapter 8) with an intermediate "deep” layer between the surface
and climatological layers (Savijirvi, 1992).

2.3 Climatological surface fields of HIRLAM

HIRLAM needs several prescribed climatological surface fields (see Figure 2.1). These are albedo,
surface roughness, sea surface temperature, soil moisture content and soil temperatures, The latter three
vary from month to month. All climate fields are derived from the ECMWF climate system (Brankovic
and Van Maanen, 1985). An overview of the surface climatology is given in Table 2.1,

2.3.1 Qrograhy

HIRLAM orography is derived from the US Navy terrain data set (1/6 © resolution) by averaging in
HIRLAM grid boxes and Gaussian filiening.

2.3.2 Fraction of land

The fraction of land in each gridbox is derived from the US Navy terrain data set (1/6 © resolution)
by averaging in HIRLAM grid boxes and Gaussian fillering,

2.3.3 Sea surface temperature and Sea ice cover
Sca ice cover is derived from global monthly data on sea ice extent and sea surface temperature with

a resolution of 172 (the RAND dataset; Alexander and Mobley, 1974}, First a global ice cover field is
constructed that is consistent with the sea surface wmperature field. Then the field is interpolated 10



Table 2.1 Spatial and temporal resolution of data sets from which HIRLAM climatology is derived.

varishla spatial resolution {of originatng datasety  temporal resolution
oragraphy 167 vonstant
tand/sea fractions 1e® constant
seawaler lemperaiurs 1® monthiy
sea-toe gover ¥ monthly
STIEIW COVEY 5 msnthly
alhodo 18750 comsiant
roughness due to orography 146% CONSLATH
roughness due 1o vegetsion 5° consiant
soil moisture 47 ut., 59 Jon monthly
soil tomperature 5° monthly

the HIRLAM grid.
2.3.4 Snow cover

Monthly mean snow depth ficlds are derived from monthly mean precipitation fields and monthly
mean surface temperature fields (which is corrected for differences between the corresponding
orography and the HIRLAM orography). The monthly mean surface temperatures are used to model
two processes, viz. the fraction of precipitation falling as snow and snow melt. The monthly mean
surface temperature ficlds are modified in accordance with the derived snow depths.

2.3.5 Albedo

The ECMWF climate albedo field is derived from satellite data and is available with a resolution of
1.875° on a regular latitude/longitude grid (Preuss and Geleyn, 1980; Geleyn and Preuss, 1983).
Surface albedo has been determined, assuming a linear relationship between surface albedo and
planctary albedo.

For use in HIRLAM the unsmoothed albedo field is interpolated o HIRLAM grid points and filtered
with a Gaussian filter. The resulting surface albedo field forms an annual mean background value.
Snow cover can possibly modify this value. Sea grid points all have an albedo of 0.07. Yearly
averaged sca ice is assigned an albedo of 0.55,

2.3.6 Surface roughness

The surface roughness field is composed from two parameters, viz. the roughness due to vegetation
and the roughness due to orography. The vegelation roughness (Baumgariner et al., 1976) has a
resolution of 5° on a regular latitude/longitude grid and is interpolated to the HIRLAM grid. The
roughness due to orography is estimated from the mean, minimum and maximum terrain height in the
gridbox, as well as the number of significant ridges. The formula implies that the roughness length
is proportional 1o the slope times height variance (ECMWEF, 1988). The two roughness fields are
blended by root mean square averaging. Then the roughness field is filiered with a Gaussian filier.
Finally, the roughness of pure sea grid poinis is set o 0.0005 m.

9



2.3.7 Boil moizture content

The soil moisture content climate fields are derived from the dataset of Mintz and Serafini (1981},
which has a resolution of 4°x5° on a regular Iatitude/longiiude grid. The soil water content for the
upper soil layer is simply derived by interpolation to the HIRLAM grid. In the original dataset it was
assumed that the soil could hold 15 om of warer, whereas in HIRLAM a maxdimum of 2 cm is used.
The climate soil water contents are scaled accordingly. Since the soil water contents of the middle and
deep soil layers are scaled  with the depth of these layers, the climate values are simply set equal o
the water content in the upper soil layer,

2.3.8 Sail iemperature

The surface temperature is derived from monthly mean surface air temperatures (Cruicher and
Meserve, 1970 57 resplution). It is assumed that climatologically the soil and the air will be in thermal
equilibrium, In case of climatological snow cover, the surface temperature is modified (see 2.3.4). The
temperatures of the decper soil layers are derived from the surface temperature assuming a certain
phase lag and amptlitude damping.

2.4 Validation of atmospheric models

Validation of parametrizations used in atmospheric models can be done in two ways. Either the
parametrization is fed with measured variables and the outcome is compared to the measured value
of the variable the parametrization should simulate (offline runs). Or the model as a whole is run and
the variable one wants to validate is compared to measurcd values {on-line validation).

The advantage of the first method is that one gets a clear idea of the skill of that particular part of the
model one is interested in. The result is not influenced by noise from other, possibly wrong, parts of
the model. On the other hand, different weaknesses in the model may cancel each other out, leading
10 a reasonable result, based on weak parametrizations, Besides, not all variables used in the
parametrizations do necessarily have a measurable counterpart in reality (e.g., the surface specific
humidity),

Examples of validation studies where the parametrization scheme is fed with measured data are
numerous, Bspecially surface parametrizations have been tested offline extensively. This may partly
be due to availability of surface layer (flux) measurements, Examples can be found in Sellers and
Dorman (1987) (Simple Biosphere Model, SiB), Noithan et al. (1993) (Interaction Soil-Biosphere-
Atmosphere scheme, ISBA), Braud, et al. (1993) and Dolman (1993).

On-line validation studies are reported by several authors. Straus and Lanzinger (1993) describe a
validation study at ECMWEF. They used obscrvations of 2-meter-temperature, total ¢loud amount and
precipitation from synoptic stations in Europe and North-America, to validate operational forecasts of
the ECMWF modecl.

Bougeault et al. (1989) describe the validation of the meso-B scale model of CNRM, using HAPEX-
MOBILHY data. They pay special attention to the skill of the surface parametrization.

Saunders (1989) used NOAA-AVHRR satellite data to validate results from the British Meteorological
Office mesoscale model. He uses the satellite data o estimate surface temperature, cloud cover and
cloud-top temperature. In the case of surface temperatures, the comparison with model results yielded
some problems, since in the model only screen height temperature was available. Saunders does not
pay atiention to possible weaknesses in parametrizations. His main conclusion is that satellite data
could be used to improve the analysis, especially in areas where observations are scarce.



The validation study of Beljaars and Beus (1993) (sce also Beus et al., 1993) will be dealt with in
some more detail, since it is relevant o the present study. Beljaars and Beus used experimental dala

from FIFE to validate the surface flux parametrization in ECMWE maodel (Cy39, 19 Tayersy, They

rerun the entire model for two periods of the FIFE experiment. From comparison of the moded

oulcomes with fiekd measurements for October, they draw the following conclusions:

The incoming solar radiation is toe high in clear sky conditions. The fixed model ulbedo is lower

than that derived from Held dala,

The soil model, having a 0.07 meter thick upper layer, responds o slowly 1o the rapid changes

in net radiation around sunrise and sunset, This results in a lag of model surface sensible heat flux

compared to measurements. Duc 1o the thickness of the upper soil layer, the model generated 100

high soil heat fluxes during daytime, needed 1o cool the surfaces.

- “The difference between surface temperature and the temperature of the first model layer is 100
small, due 1o having egual roughness lengths for momentum and heat.

- Surface latent heat flux is near zero in October due o the fow soil moisture content. The later is
kept low by the low soil moisture content in the climate soil layer.

. The model boundary layer drics out due to the lack of surfuce Tatent heat Hux.

The conclusions for the August inCrcomparison an:

The model net radiation is lower than measured values, due to higher cloudiness in the model

Surface scnsible hoat flux shows the same phase shift as observed for the October case. For the

rest, sensible and latent heat fluxes compare quite well,

- The boundary layer appears 10 be too moist and 0o cool. Since surface fluxes of heat and moisture
are in good agreement with measurements, this must be due to a lack of entrainment (Causing un
influx of warmer and drier air into the boundary layver). The later is atributed to the use of the
vertical diffusion formulation using a local Richardson number (Louis, 1979), which nearly inhibits
transport through stable layers (i.c., the capping inversion; sec also Holtslag and Boville, 1993)).

Beljaars and Betts (1993) also used data from the Cabauw meteorological mast for model validation.

Besides comparisons of surface {luxes (which yielded comparable results as the validation with FIFE

data), they looked at the diumnal cyele of wind, temperature, humidity and friction velocity at the two

lowest model layers, Their conclusions are:

The diumal cycle in the friction velocity is less pronounced in the model than in the data. The

nighttime boundary layer is too thick in the model,

- The diumnal cycle of temperature rapidly decreases in amplitude in the data, which is not captured

by the model. The authors attribute this to an overestimation of the friction velocity, duc 1o a 0o

high roughness length,

The diumal cycle in the mixing ratio is not very clear in both data and model results, and the latter

are not well corrclated.



balance using

ostimate (orms iny the enorgy badance

inthis chapior we will shortly review methods cuyently L
of the carth’s surface using sacliite remote sonsing, In the second part two algorithms will be
presented and thelr sensitivity W orrors widl be tested

3.1 Current methods to estimate terms in the surface energy balance

In this scction we will give a shon overview of mothods used to cstimate components of the energy
balance of the earth's surface from satellite romole sensing data. For a thorough review, soe
Choudhury (1991). Here only methods using METEOSAT or NOAA-AVHRR data will be dealt with,
Cienerally, estimation of a surface flux involves the estimation of one or more of the parameters and
variables determining that flux. These paramcters and variables can be either physical quantities (such
as atbedo, surface (emperaturg) or parameters in a model (Canopy resistance).

3.1.F Net radiation

Fsiimates of net radiation are usually built up from its components, e, global radiation K, reflected
shortwave radiation KT, incoming longwave radiation 1, L and emitted and reflected longwave radiation
~
Approaches to estimate global radiation are cither based on a physical deseription of the transfer of
mi ation through the atmosphere, or on statistics, correlating surface fluxes to satcllite measuremoents,
Examples of the first approach are the claborate model of Gautier et al. (1980), using {s(}ﬁ‘i VISSR
data, and the much simpler model of Moser and Raschke (1983, 1984; see section 3.2.2.2) based on
METEOSAT VIS data, An example of statistical methods ean be found in Tarpley (1979).
Reflected shortwave radiation is usually determined from K4 and albedo. Five major problems exist
in the estimation of surface atbedo from satellite data, First cloudloss pbscrvations have o be found.
For some regions (e, humid tropics) this is difficult. Sceondly, the obscrvation has to be corrected
for atmospheric effects {(scatiering, absorption). Many \u};miiiii‘;wixfﬁl‘i?ku;%fujimﬁ of AVHRR hmages
have been developed (e, Saunders (19903, Guiman et al, (1989w, Chen and Ohring (1984) devised
a simple method, assuming surface albedo to be lincwrly related 1o planctary albedo. Thirdly, the
reflectance for the xpuwimi hand of the sensor iz 15 10 be converied 10 2 broadband albedo. Fourthly,
the dependence of surface albedo on solar angle has (o be considered {¢f. Koepke and Krichel (1987},
ulman ¢ i al, (1989hyy, Finally, the bidirey mm% reffoctance as to be i,*isriw‘fs“i‘& 10 a hemispherical
altbedo, This implics that one needs to know the de ;msa% e of reflectance on viewing angle. Only for
pobir- gbxiaimw miciizw sensors this s possible, since for these sonsors, iha‘: vigwing angle differs
belween successive overpasses {e.g., the ning- s:im eyele of NOAA, see Damell of al, 1988}
The magnitude of the incident longwave radiation Hux is mainly d ermined by the azza@aum of waicr
vapour in the atmosphere and the wmperature of the stmosphere. Most micthods o estimate Ld from
satcilite data are based on TOVS data {cp., Darncll ¢t al, l?é?sfsz Frouin et al,, 198&8% an estimation
{ the composition and temperature of the atmaosphere is used © determine the amount of longwave
;‘;s{izzx%mn ermitted by the atmosphere,
The amount of cmitted and reflected longwave radiation {toget ther making up L7) is determined by
the emissivity of the surface, the surface wmperature arz;i ;i-« (o estimate the reflecied longwave
radiation), Surface temperature can be determined Dom infraved satcllite data, though an atmospheric



correction is needed. For AVHRR data the latter can be done with the split window technique
(Llcwelly-Jones et al., 1984). For METEOSAT or GOES data this correction is more difficult, since
these satellites have only one channel in the infrared region of the spectrum, As for the estimation of
surface albedo, clouds are a major obstacie,

To avoid accumulation of crrors, due 1o the estiration {‘s' four components separately, one can aso
choose 10 estimate net radiation at once, Pinker et al, (1985 estimated daily average surface net
radiation from a regression between surface and 1&);)%_}?wdg%"ﬁﬁ.éisg"fh(’?{f net mdiation. The latter was
determined from GOES VISSK data,

3.1.2 Koil heat flux

Main determining factors for the magnitude of the soil heat Hux are n L radiation at the soil surface,
soil moisture content, soil structure and soil texture, There is no dircet way of estimating soil heat flux
from satellite data.

In general, methods W estimaie & rom remate sensing duta are based on the assumption that the ratio
GiO* s a function of some surface charactenstcs. Bust i’é;ii‘lﬂi'l“) {1988y shows a method 10 estimate
G/ for bare soils, from surface albedo and i?‘za{;i’m’si diffusivity (the latter cannot be determined
remotelyy. Soil moisture content is the main determining factor.

In the case of vegetated surfaces, G i mainly gicaaz"mmw by the net radiation at the soil surface, which
in wm dc;m’ad*«; on the amount and type of vegetaton. Then & s ircqucmi}f estimated using an
estimate of the ratio G/O* as a function of some vegelation characteristic such as LAIL vegel latinn
neight or vegetation cover (Choudhury et al, 1987 Reginato et al, (1983, Either this vegetation
characteristic is estimated from remote sensing data, or the ratio G/Q* iselfl iy estimated from satelitie
data (NDVI, SR, All known results where G/Q7 is estimated from NOVE or SR are based on data from
sensors with spectral bands other than those of AVHRR (Kustas and Daughtry, 1990; Daughiry et al,
1990: Jackson et al., 1987). This implies that these results we not applicable for the present study.
Hanan et al. (1991) estimate vegetation cover from NDVI, without explicit reference 10 a specific
sensor. Instead, the NDVI s of vegetation and soil have 1o be specified, I a model is known to relate
the ratio G/O* 1o vegetation cover, G/Q* can be detenmined from NDVI in this way.

3.1.3 Sensible and latent heat flux

In general sensible heat flux is estimated from some resistance formulation (Choudhury et al,, 1987,
Reginato et al,, 1985: Jackson et al, 1087 Bastiganssen of al., 1993; see also equation {3.3]). The
methods %nm, in common the use of a remotely sensed surface temperature. The measured surface
femperature {8 assumed o represent the temperature at a height z,, (ie., acrodynamic surface
temperature). Apart from the uncerainty in the measured mmmsmm,, this is a major weakness in the
method (Hall ot al, 19923 Sometimes, not even a distd mmm is made between the roughness lengths
for momentum a ‘zd heat {for a discussion on this wpic. ¢l Beljawrs and Holwslag, 19413, The many
methods differ in the way the various variables are m%ém(siwl

Air temperature, needed in the resistance formulution, cannot be me sasured remotely, Most often it is
taken from cither ground based measurements (¢.g. Reginato et o, 1985) or radiosonde measurements
(Brutsacrt and Sugita, 1992). Another approach is (0 cstimale air iemperature from surface temperature
{Bastiaanssen ¢t al., 1993),

Finally, the serodynamic resistance has to be estimated. This entai s the estimation of 2 wind speed
and a roughness length. The wind speed is mostly taken from g round based or radiosonde
measurements. Roughness length can be estimated from romote sen ~;§‘n<‘ data as NDVI (Moran, 1990,
Rastiaanssen ol al., 1993), radar or laser-alumeny (Menenti and Ritchi, 1991)

For several surface types, correlations have been found i_‘za,i weon surface tfemperature and surface albedo
(Choudhury, 1991). Bastiaanssen ot al. (19935 use this correlation 1o estimate the acrodynamic
resistance. in combination with estimates of roughness fength from NDVI (also Feddes et al., 1992).




If only daily average fluxes are needed, other opportunitios arise. Seguin and uer
difference between the 14.00 GMT AVHRR surfuce wmperature and Ei‘ze: wempersiure at 2 f RS
estimate the daily average sensible heat fux. Parameters ocourring iy thelr formulation have 1o e
determined empirically, Another approach 18 the estimation of 1he ;%zwmai inertia of the surface rom
the difference between surface emperatures at two moments (Price, 19823,
Taconet of b, (19862 and by use a surface mode! coupled 1o @ boundary Tayver model 1o make a number
of simulations, The behaviour of the surface model s largely determined by the leal area index of the
vegelation. The simulation that yiclds surface womperatures most z.E&?f‘;uEi\? resembling the mwmotely

sensed surface temperatures is assumed 1o be the correet sinulation,

Latertt heat flux can be estimated using o surface resistanes ¥ thination with an acrodynamio

eslstance, surface emperature and waler vapour contont of dw ;zér' al some height Smith and
{hnud%ngw {1991y nvestigate the g*mmhzé iy {0 estinate surface resistance from the slope of 7, vs,
NEVE Similar work was done by Nemani and Running (1989, I ;ig}pw;m that not all surface types
react in the same way, thus inhibiting 3 unique rela m}zipi ctween r, and TUNDVE

Another approach is to ostimate the ¢ ;w slones of sur i,u conductance on absorbed PAR, tempoerature,
humidity deficit and feal water potentiad, Hall ef al (1992) show in what way this could be attained.
They argue that estimation of AE in this way is preferable to estimation of /1 (this only holds i CHE
is considerably smaller than unity)
I all other wrms in the energy m ance are known., AE can be estimated as the residual term in the
surface cnergy balance. This approach is ofien followed
Remple sensing {i;zm fiave also been used o spatially extrapolate point observations of sensible and
tatent heat flux. This implies that some parameiers of cquations for # or AE are assumed o be
homogencous over an arca, whereas the parameters thut can be measured remotely are allowed to vary.
Examples can be found in Gash a?%? y ard Monent (1984),
Another empirical method relates actual evaporation to potential evaporation and a Crop Water Stress
Iredex (CWSD. The CWSI is determined from the ;ur&ua% difference between surface and alr
temperature, and the upper and lower bounds of this difference. These upper and lower bounds relate
o conditions of zero and potential evaporation, .,;‘;: ctively (Juckson o1 al, 19883,

3.2 Two algorithms to estimate the surface energy balance from remote sensing
data

In this section two algorithms for the estimation of the surface energy balance are presented. The first
schieme estimates all four components and is based on AVHRR data only, The sceond scheme
combines AVHER and METEOSAT data. For both schomes o sensilivity analysis iy presenied.

3.2.1 Estimation of surfuce energy bulance from AVHRR data

This scheme is based on a combination of AVHRR derived albedo, surface temperature and NDVE
with radiosonde data. First the formulation of the schome s given, followed by an error analysis.

3200 Theory

The scheme developped here is based on three basic quantities that can be derived from AVHRR data,
viz., planctary albedo, surface temperature and NV Since the AVHRR daw available to us are
cloud-screened, we are not able to derive information on cloud zwg%’: or thickness from cloudy pixels,
This reduces the applicability of the scheme o clondiess pixels only. The algorithm is based on the
assumption that contain parameters (as global radiationy can Ex assumed 10 be spatially constant,
whereas others are highly variable (e.g,, albedo). For the slowly varying parameters measured data are

TR
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used and the van ‘5?”3;:; parameters are estimated fron remolte sensing data, The algorithm estimates %,
G and H separately and caleulates AF as a residual in the surface energy balance.

Mot madiation is estimated from s components

0y o= fi’i{iwi‘t{gxr}_}~>£ﬂi« AIES [3.1]

whore x indicuies an arbitrary phxel inthe image. For K1 and 2.4 ground-based measurements are used,
assuming that under cloudless conditions these are spatially homogencous. This assumption has proven
1o be valid for the FFEDA arca. K71 is calewlaied from Ko wud the AVHER-derived surface albedo.

LT is estimated from the AVHRE surface temporature.

Soil heat flux is estimated from net mdiation and NVOVE We use die tellowing relationship belween
G and NDVE (valid for m&zé{%gw :

G
g

= (1,325 -~ (0.208 NDVI [3.2]

(Daughtry ot al., 1990y It should be kept in mind that -strictly a;v*za}'inm this relationship is pot
apphicable 10 A‘%H RE NOVE data, Besides, G/Q* varies through the day, whereas [3.2] relates 1o
midday,

Sensible heat fux is estimated from a combination of romote sensing data and boundary layer daa,
The formula used is a modification of the formulaton of Louls (1979) (the modification entails the
inclusion of the difference between z, and 2,10

T, -1 (x)

Hixy » P el 13,3}
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L8 g (T ~Tx) ny
Ri{xy= 8 st o , {3.6]

st s

where A, is the height of the surface layer, i is the wind speed at Ay, Ty is the temperature at Ay,
#iis a Richardson number. It should be noted that for large values of zy/z,, [3.4] and [3.5] deviale
significantly from Monin-Obukov similarity theory (Beljaars and Holwslag, 1991 Ay, ug and Ty are
estimated from radiosonde data and dsﬁsumu 1§ ba, constant for the area under investigation. For T/
the ohserved AVHRE surface temperature {8 used.
The main problem is the definition of a realistic mzwhmm fickd. Roughly two ;@pmaghm@ are possibie:
estimation of z, from one or more of the imagery data (e.g., NV, or the assignment ol roughness
valucs 1o landsurface classes (denived with some fandg ii\‘»liimi tion system),
The first appmmh is partly empirical and consists of two steps. First the ratio zy/h, (A, 18 the czmop}
heighty is taken from the numerical experiments of Shaw and Pereira (1982). They determined 2/
as a function of leaf arca index (LAD) for a number of lcal urca distributions. Then we estimate LA}
from NDVI using a regression equation (Choudhury, pers. cont):

- {
! in

tAr = =Ll ]
096 | 1.83

(; IV . ﬂ (3.7}
L 092

4. can be estimated erapirically from the relationship between albedo {0 and canopy structure {(e.g.,
h,). Here we use a relationship derived from the paper of Benjamin and Carlson (1986}

;'Z; = e 108 - D186 o i {3”32

The roughness ‘mw h for heat is determined from the relationship kB =In(zyz,,0=2 (c.g. Garrat, 1992,
The value of xB7 is not beyond debate (c.g. Beljaars and Holislag, 1991).
Finally, AE is estimated as a residual term in the energy balance:

WE = QT - G~ H

3202 Sensitivity analysis
In order 1o assess the accuracy of the method, fluxes will be caleulated with slightly perturbed input
variables. These perturbations simulate the influence of both measurement ¢rrors and errors in the
cmpirical relationships. The resulting perturbations in computed fluxes are an indication of the
accuracy of the method. For this sensitivity analysis typical daytime values are used, representative
of the Tomelloso area. The input data used can be found in Table 3.1, For the reflectances in channcl
1 and 2 of AVHRR a maximum crror of 4% is assumed, leading 1o maximum errors in ¥DV/ and o
of 40 and 4%, respectively. The maximum error in 7, 3s assumed 1o be 2 K, which stems partly from
instrumental errors and atmospheric correction errors {11.5 K, Roorckrans and Prangsma, 1988) and
from uncertainty about the emmissivity (1.5 K if crror in g is 0.02). The maximum errors in the
radiosonde derived variables Ty, and 1y, are assumed 10 be 1 K and 1 ms’, respectively. It is
assumed that the radiosonde data are reprosentative for a larger arca, 1 this assumption 1s fnvalid, the
range for Ty, and uy, have 1o be changed accordingly. The value of f xR is rather uncentain, and a
maximum crror of 0.5 is used. Because of the strong empirical nature of the estimates for z, and G/Q%,
possible errors in these estimates have to be taken into account as well, The maximum ranges are
arbitrarily chosen o be 0.04 m and 0.12 respectively,
The resulting fluxes are shown in Table 3.2




Table 3.1 Mean values and range used for the crror analysis of the flux estimation scheme.

syrbiol variabie s mean value range
MV vegeiation ndex - 3.1 +3.04
£ albode 025 102
7, surface femperature LY 318 2
7, aly tomporature 8t iy K 302 %1
2ANDYLH) craperical 2, estimale T D056 .04
G craperical £ estimate - {330 A2
wit’ ) : 2 +H1.5
Yo height of top surlace layor i3 100 -
& glabal radiation Woan? B

L incoming longwave radiation W 430

Table 3.2 Variations in fluxes due o varations in inpul variables (n=1000). Fluxes from NOAA-
AVHRR algorithm.

O o i AE

parameter b OV avg. Y avg. Y avg. Y avg. <Y
MVE 0.099 023 S50 - 168 0315 305 (3.0058 78 0011
e .25 0.023 550 00024 167 04094 306 3.037 77 430
7 131 0,087 550 014 167 (.014 303 .12 77 .53
LR I 130 3,045 350 - 167 - 306 0,062 77 0.25
e, 6.4 .10 550 167 - 306 3.050 T .21
G (3130 .23 350 tes .23 305 - 81 .48
2 0056 041 S50 - 167 . 294 .15 w4 0.55
wiy! 240 $5.14 550 167 307 0.078 76 031
atl®™ - - 550 0018 1653 .24 303 0.22 83 1.0

T, ts varil randomly

T, 15 varied rasdomly
""’ AH variabdes are variod dmuBansoushy Owith 2, dependiog on NDYT and ¢}
¥ 5 L82¢ # 2

It appears that a possible error in NDVI has only minor influence on all fluxes. The empirical
cstimation of z, (including the uncertainty in x87) and the measured 7 are major sources of error for
both AL and H. The empirical estimation of G/Q¥ is an important crror source for both & and AE. The
otal error in OF (0.018) is rather small, which may be due 1o the assumed zero errors in & Land L.
The conclusion is that AL can not be estimated from remote sensing data in this way for the present
serni-arid situation, This scheme will therefore not be pursued any further, The estimates of 0%, & and
H have an accuracy that is of the order of the error in ground-hased estimates (Bolle and Streckenbach,
19933,



3.2.2 Estimation of actual evaporation from METEQSAT VIS data and NOAA NDVI

This scheme combines METEOSAT derived global radiation with AVHRR derived NOVI 10 estimale
actual evaporation. First the formulation of the scheme is presented, followed by a sensitivity analysis.

3221 Theory

In i%m section a method is described, developed by Choudhury and De Brinn (19943, A more detailed
experimental verification will be pre mncd by Do Bruin ot al. {in preparation).

1f a vegetation is well supplied with water, it is said 1o transpire potentially. Then the {r@mpsm ion
depends on external weather conditions and propertics of the vegelation only. A number of formulas
have been derived to estimate that potential Lz“;zz'zr;gv'w%<r;“ Penman, E?’czn‘n;mm;\fh:)zz!eim {with the canopy
resistance sel to s minimum value), Makkink and Priesticy-Taylor {cf. Brutsaert, 1982; De Bruin,
1987 Makkink, 1957y, I applications in remole sensing are sought, Makkink’s formula has i%;f:.
advantage of simplicity. Here we will use the moditicd formula as proposed by De Bruin (1987):

[3.10]

AE = 065 KL,

F+y
where s is the slope of the saturation water vapour curve, and v is the psychrometric constant.
Makkink’s formula is equivalent to the Priestley-Taylor formula, when a constant ratio between global
radiation and available cnergy is assumed and when Pricstley-Taylor's auis incorporated in the constant
0.65. With 0=1.26, (-G /K1=0.52 is assumed implicitly. Ratios of this order have been found for
different surface types and climatological conditions (¢ Bruin, pers. com.). It should be kept in mind
that, since equation [3.10] refers to potential conditions, it can not be applied using measured data
from non-potential conditions (this relates 1o net radiation and air icm;)msi,um in particular).

Actual evapotranspiration can fall below potential evapotranspiration if there is not enough water
available for the vegetation. In the short term (time scale of a day), this leads to stomatal closure. In
the long term (time scale of a growing season) this may lead 10 & reduction in vegetation cover, The
central assumption in the present formulation is that the vegetation that remains will transpire at the
same rate as it did when the vegetation cover was complete (implying that the condition of that part
of the vegetation remains identical). Under these assumptions the ratio of actual transpiration 10
potential transpiration equals vegetation cover, or

AE = x Af}”, . [3.11]
where x, vegetation fractional cover, i.e. the part of the surface which is covered by vegetation. In this
approach soil evaporation of the bare soil pfz" (1-x) is ignored. It is therefore better to refer w
transpiration, rather than evapotranspiration, in this case. Another remark 10 be made is, that in the
case of sparse vegetation, air heated by the bare soil may enhance transpiration. This process,
accounted for in dual source models (c.g. Dobman, 1993), can not be represented by a model that 1s
esssentially a one-layer model (and thm underestimating transpiration). However, in the present
method use is made of the net radiation under potential wnd'[iarw (estimated from K1)y which is larger
than the actual net radiation. Thus the underestimation of transpiration is (partially) compensated for
by the overestimation of net radiation,

Application of the combination of equations [3.10] and [3.11] in remote sensing requires the estimation
of spatial fields of global radiation, vegetation cover, air temperature and pressure (to estimate ). The
Tatter cannot be estimated remotely, but since the influence o ‘;Brewsre on equation [3,10] is not large,
fixed values as a function of height could be used. For the air wmperature a fundamental problem
exists, since values obscrved under non-potential conditions cannot be used (see before). Thus the use
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Table 3.3 Mean values and range used for the ervor analysis of the flux estimation scheme,

syribol variable unitg menrt value range
NIV vogestion ndex .1 HAEH
Ki global radiation Wt 890

B, i of brighinosses - 1.4 13,5
T, alr lomperaiure al 2y, 14 307 42

P atmospheric pressure Pa GEGOG £5000

of climatological or observed temperature fickds is wrong in principle. However, no aliernative iq
available, Besides, the  sensitivity of equation [3.10] o air emperature is not oo large. I daily
gvapotranspiration has 1o be estimated, daily average temperature could be determined as the ;m:msza
pf minimum and maximum surface lemperature,

3.22.2 Extimation of global radiation and yvegeration sover

K4 is estimated from METEOSAT data, using the method of Méser and Raschke (1984) and Van den
Berg and De Bruin (19933, The method is based on the assumption that reflectance data in the visible
channel (V1S, 0.5-0.9 um) yvield information about cffective cloud cover in the pixel. By nommalizing
pixel vatues, the problem of calibration of VIS daia is circumvented.

For each pixel a normalised pixel value L,, which is a funcion of the solar zenith angle 8, is derived
from:

Ly L [3.12]

i

where £, is the pixel value for a given pixel.

The minimum pixel value L, is attained under clear sky conditions (giving information about the
surface’s alhedo), Moser and Raschke (1984) simply used the minimum pixel value of the month
gnder consideration as £, A revised method (Van den Berg and De Bruin, 1993) establishes L, as
a4 function of cos(®) from the minimum pixel values of one month, The maximum pixel value L, 18
attained under very dense cloud cover, L, is fitted as a lincar relation with cos{8).

Cloal radiation (K460) is derived from a simple lincar relationship with the normalised pixel count
(L (0 '

K@) = (1 - L0 K1) . [3.13]
where the clear sky global radiation (K,L(6)) is based on a two-stream z{iiaii@n transfer atmospheric
medel, which uses US standard ;ﬁmm@mrcs (Maser and Raschke, 1983), The implementation as uscd
at the Department of Meteorology uses look-up tables for A(;Lzﬁs for three visiblity classes and 8ix
albedo classes (Teunis, 1991).

If needed, the daily total shortwave radiation is obtained by integrating the hourly instantancous values
of KU(®) for cach pixel during the day.

The vegetation fractional cover x, is estimated from NDVI data using a muzud from Hanan et gl
(19913, NDVI is calculated from the red and infrared radiances {/,, channel 1, and [, channcl 2) as
(-l 3/ 40y, Hanan ot al, (1991) define a brighiness B as B=/l4l,.

For 4 two-component system with vegetation (fractional cover = x,) and soil (fractional cover = 1 -
1) the total NDVI can be thought to be the result of contributions of vegetation (NDVIE) and soil
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(NI )

A NDVER (1 -xINDVI B
NOVE = 2 M : WA [3.14]
x B+ {(1-x}B,

where B, and £, are the brighinesses of the vegetation and soil, respectively. Rearranging cquation
13,147 viclds an explicit expression for the vegetation fractional cover:

BANDVI - NDVD -
. . ; 7 [3.15]
Y ONDVIB B - B NDVI « 8 NDVI

Defining a normalised NDVT value as!

NDOVE - NV )
n = I where (0snsl [3.16]
NDVI - NDVI,
equation {3.15] becomes:
8 .
= o . {3.17]

X
Y Bm B -1

Thus in order (o estimate x,, one has o know NDVI, NDVI, NDVI, and the relationship between B,
and B, e, 8J8,

METEOQSAT and AVHRR data are not compatible with respect to spatial resolution. Since global
radiation is spatially less variable than vegetation cover, METEOSAT derived K& values arc
interpolated to NOAA-pixels. This yields an AE-mapping at NOAA-AVHRR resolution.

3.2.2.3 Sensitiviry anglvsis

As in section 3.2.1.2, the sensitivity analysis will be made by feeding the algorithm with perturbed
input parameters. The nominal values of the input parameters, as well as their ranges can be found in
Table 3.3, The NDV/ value and range are identical 10 those used in section 3.2.1.2. The range for Kl
is based on the crror estimate of 10% for daily sums, given by Van den Berg and De Bruin (1993).
The error for instantancous values will be Targer. The error in 7, depends on the method of estimation
of 7,. Again, instantancous air temperature estimates will have a larger error. The estimate of the error
in p is based on the assumption that hardly any information is available about the horizontal variation
of pressure, whercas the vertical variation is estimated from information on terrain altitude. The ratio
B /B, depends on the combination of vegetation cover, soil type and soil weiness, Since these can vary
from pixel to pixel and no information is available about them, a large uncertainty has to be assumed.
In Table 3.4 the resulting evaporation estimate can be found. It appears that the uncertainties in
temperature and pressure have neglegible influcnce on the spread in AE. Errors in K introduce an
error in AF of about 10%. The errors in NDVI and the ratio B/8, both introduce errors of more than
20% in AE. This major error source follows primarily from plant-soil interactions, which are not
accounted for in equation [3.17]. These plant-soil interactions are most pronounced at intermediate
vegelation fractional cover values as can be scen in Figure 3.1, The total effect of errors in nput
parameters is that A£ can be estimated with an accuracy of about 35%. This result is much more
favourable than the accuracy attainable with the algorithm presented in the previous section. It should
be kept in mind, however, that one potentially important source of error is not included in the current
sensitivity analysis: the assumption that ratio of actual 10 potential transpiration is lincarly related to
the vegetation cover. Choudhury (pers. com.) has analysed a large amount of available data, feading
to the conclusion that in general a linear relationship exists between relative transpiration and NOVI

&

20



Figure 3.1
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4 Data description and model setup

In this chapter we will first deseribe which data arc available for this study. Then the procedure
followed 1o validate HIRLAM model output and the remote sensing algorithms will be explained.

4.1 Data

Different types of data are needed and avatlable {or this study. za.} comprise satelite remaote sensing
data, surface flux measurements, radio sonde dita and ECMWF analysis data.

4.1.0 Bemote sensing data

The satellite remote sensing data include METEOSAT data and NOAA-AVHRR data

METEOSAT images of Spain were collected by the Department of Meteorology, using their own
receiver station. The data were collected from the A-format data dissemination. The size of the frames
is shown in Figure 4.1, For this study only data from the visible chamnnel (VIS; spectral band 0.5-0.9
um) are used. Hourly images between 6 and 17 GMT are available for June 1991,

Since some time slots are missing, and in some images lines or pixels are missing, data have 1o be
interpolated. Both time and space inferpolation is applied. The procedure 18 as follows, First missing
values in each image are inferpolated from surrounding pixels, Then missing images are interpolated
between previous and next images, using a third order interpolation (de Haan, pers. com.)

NOAA-AVHRR data have been collected and processed by KNMI and made available 1o the project.
The processed data constitute three quantities, viz. planetary albedo, surface tomperature and NDVIL
Only the surface temperature images had been corrected for atmospheric influences (split-window
technique, see Llewellyn-Jones et al,, 1984}, The procedurcs used for processing the images can be
found in Roozekrans and Prangsma (1988) and are summarized in Table 4.3, Images for most days
in June 1991 are available. A summary of available daw is given in Table 4.2, The size and position
of the images are show in Figure 4.1,
Before using the AVHRR data, some corrections should be applied. Before deriving NDVI and albedo,
radiances from channels 1 and 2 {visible and near-infrared) should be aimospherically corrected. If
viewing angles arc not too large, however, NDVI may be derived from uncorrecied visible and near-
infrared data (Roozekrans and Prangsma, 1988). Planctary albedo, determined as the average of the
reflectances in channels 1 and 2, is corrected using the method of S;zm}daz‘g {1990, Since the data of
the individual channels are not available, the method will be applied for the two channels combined,
instcad of for cach channel s ;;mz cly, This implies that in the correction parameters are used that are
the averages of the parameters for the two channels (as quoted iy table 1 in Saunders (1990)). The
correction scheme entails correction for acrosol scatiering, ozone, mixed gases and water vapour. No
attempt will be made to find appropriate {possibly betier) coclficients,

4.1.2 Surface flux data

During the BEFEDA pilot study ten research groups collected surface Hux data. An overview of the
i
groups and the locations where they collected data can be found in Table 4.1

Details on the equipment and methods used for the determination of surface fluxes can be found in
Bolle and Streckenbach {19933
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Figure 4.1

Size and position of HIRLAM domain, METEOSAT images
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4.1.3 ECMWF analysis

To run HIRLAM, boundary fields are necded. These have been extracted from the MARS arehive o
ECMWE. The boundary ficlds comprise surface pressure, two wind components, temperature and
pumidity, The resolution of the data is that of the ECMWE model in use i June 1991, which has 19

tevels and a spectral resolution of THO6,

4.2 Procedure

in this section the procedures 1o run HIRLAM and o use different types of data 1 vahdae the

HIRLAM output is described,

4.2.1 HIRLAM

For the present case study a number of modifications have 1o be made o the operational version of
HIRLAM. These modifications are described fiest (a more detailed description is available at KNMI),

Subsequently, the experiment is described.

Table 4.1

N

Location, surface type and coordinates of the sites where surface flux measurements have
been done by ten groups, during the EFEDA pilot study. *3: exact location unknown.

Group Location Zurface wpe Coordinates

Freo University of Berlin Relmaonte Vine AGYR4N O2VATW
Belmaonte Nawral IGVRATN U2PATTW
Bebnonte Whent 3RURLTN 2PATW
Tomelloso Vine AGRTN G2USRTW

University of Copenhagen

Belmonte Sunflmwer 3RO3BN IS
Instiute of Hydrology Tomelioso Yine FHC00TN OIPAYW
Tomelioso Yetoh IOUTN O2°STW

Univarsity of Karlsruhe Barrax Trrigaied malze 302N 2RI0TW
Barrax Fallow land 390N O2TITW

University of Reading

Siaring Contre, Wageningen

Tomelloso

ARG (2PS3W

Tomelloso Wt PPN O2NETW
Tomelloso Wi SUPONTN D2OSETW

CNEM, Toulouse Tonelioso Ying AG°00° N (IPRETW
Tomelloso YVeloh BN 2VSTW
Harrax Hare s0il *3

Wageningen Agriculiral University, Tometoss Vine 39NN GPEETW

Maoteoralgy

W
Watoy Hesourens

INEA, Franes

eningen Agricelwral University,

Tomoioss

Harrax

Bure soil

frrigated barley




Table 4.2 Overview of NOAA-AVHRR data generally available for cach day in June 1991

Satellit time {GMT) A T, WiV
NOAA T & 240 %

NOAA 10 & T % % X
NOAA 1 + 14.00 % % X
NDAA 1O 4 1800 ¥ % X

In the operational version, Spain is near the southem edge of the domain, the south of Spain lying in
the boundary rone. Therefore, the HIRLAM domain has 10 be shifted. Since the present case study
focuses on Spain only, the domain can be reduced in size. The original domain size is 92 times 81
(longitude x latitude) points. The new domuin size is 52 times 50 points. The parameters of the domain
are summarized in the table below.

Bocause of the change in domain size and position, new climatic fields have t© be generated at
ECMWE.

Other modifications involve changes in the parameters that can be saved as time series or two- or three
dimensional fields. This is important, because in a validation study one needs o ook at variables that
normally are internal 1o the model, being of no interest o the user,

The experiment is designed as follows. The experiment starts at 27 May 1991 0.00 GMT. This implies
that there are five days for spin-up, before June 1, 1991, the start of the EFEDA ficld campaign.
HIRLAM is initialized with the u, v, 7, ¢ and p, ficlds from the ECMWF (uninitialized) analysis. With
regard to surface and sub-surface parameters, two experiments arc run. One experiment sets all initial
atues of surface and sub surface parameters 10 their climatic value, The second experiment differs
from the first in the fact that the soil moisture content of the upper two soil layers is derived from the
ECMWF analysis at May 28, 0.00 GMT.

Boundary ficlds arc provided by 6-hourly ECMWEF analyses. Euch cycle comprises 24 hours, after
which the model is initialized again, using its own aumospheric and surface ficlds. Short cycles (they
might have been twice or thrice as long) are necessary, because HIRLAM can archive only a limited
number of model states (history files) per eycle. History files are written every six hours. Time senes
are kept for 25 gridpoints surrounding the EFEDA study arca,

4.2.2 Validations

in the next chapter {irst the remote sensing algorithm presented in section 3.2.2 will be validated with
surface flux observations from g number of stations in the EFEDA arca. Data from the Golden Days
June 11, 23 and 28 will be used, The skill of a remotely estimated surface albedo will be tested as
well,

Table 4.3 Procedures used for derivation of planetary albedo, surface temperature and NDVI from
NOAA-AVHRR data,

Quantily charels prrocedure

o, 1and 2 (fe, iy, 12

7, 3 4 and 5 sphil window

NOVE Tand2 (CENPE L AP S




In order 10 obtain a cloudless NDVI image, nceded as input to the algorithm, a composite has to he
made. For each pixel the maximum value will be taken in a serics of images spanning a period of {en
days. This will result in one, nearly cloud | oo, NDVI image per decade. The air lemperature needed
in the algorithm will be deduced from surface temperature images. Per decade first the images zs:&zigzzg
to the same moment of overpass will be averaged. Then the zcxzzizam four images {per decade) will
be averaged. Probably, this may yicld a reasonable estimate of the daily average air temperaturc.

Then HIRLAM output will be validated using a variety of data, First, HIRLAM surface fluxes will
be compared to observations of the Department of Meteorology, This will be done for a scries of wen
days. These surface flux data comprise aniy one surface type, viz, vine. %wmuﬁx HIRLAM surface
fluxes will be compared 1o an aggregate of surface fuxes measured at difforent sites, with different

surface lypes.

The next chapter will conclude with a first attempt to validaie 4 part of the surface parametrization of
HIRLAM with remote sensing data.

Table 4.4 Parameters describing the HIRLAM domuin used for the present case study.

Parameter Yalue
MNumber of latitude points 50
Number of longitude points 52
Number of lavels i6
Longitude of south pole of grid $0°
Latitude of south poke of grid S50 °
Latitude of nortern edge of domain 1257
Latitude of southern wdge of domain 20 F
Longitde of western edge of domain ~14.5 7
1107

Longitude of eastorn edge of domain
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5 Results

This chapter first deseribes the results of the validation of surfuce global radiation, evaporation and
albedo as estimated from remote sensing data. Then HIRLAM output s compared o field

observations. Finally, preliminary resulis of the validation of HIRLAM with remote sensing data are
presented,

5.1 HIRLAM rups

In this section first the sensitivity of HIRLAM (o the soil moisture initialization will be dealt with,
Then the spatial variability of HIRLAM surface fluxes will be shorly looked at.

5.1.1 Conseguences of difference in soil water initialization

The difference in soil water content between the climatic and analyzed soil water fields for May 28
are shown in Figure 5.1, For the entire Iberic Peninsula and Southern France, the difference i between
0.012 and 0.016 m. water {or 0.23 m’m™). This is more than hall the water content at saturation. It
is obvious that this difference will have an important influenice on energy partitioning at the surface
{through g0

Because the absolute values of the fluxes are of Jess importance in this analysis, the dat will be
evaluated as evaporative fraction (EF =hEHAE+H 3y and heating fraction (HF=H/(LE+H }}, rather than
fluxcs. To analyze the long term influence, daily averages will be used (daily averages of £F and HF
calculated from daily averaged AF and H).

The consequences of the difference in initialization are analyzed using the time series for a grid point
near Tomelloso (i.e.. 38.95 °N, 3.22 “W). When looking at £F, it appears that a clear difference exists
between the two experiments, The ‘wet injtialized” £F values are irrealistically high in the start of June
for a semi-arid arca like Castilla-La Mancha, 1t is striking to sce that it takes half a month for the two
eRperiments o converge.

Rainfall rates are influenced by a difference in initialization as well, as can be scen in Figure 5.2, Two
effects work in opposite direction, viz. rainfall is enhanced in the "wet’ {climatic) initialization by a
higher input of moisture, whereas on the other hand the lower atmosphere is less unstable, through a
lower heat input from the surface. It appears that the moisture input effect dominates. In this case the
strong link between surface soil moisture and rainfall resulis from the fact that most rainfall is of
convective origin (cither airmass showers or showers connected to cold fronts). The reversal in relative
magnitude at June 15 and 16 might be duc 1o a difference in tming of the rainfall,

Recause of the aforementioned results, the rest of this paper focuses on the results from the experiment
initialized with the analyzed soil moisture content

5.1.2 Spatial variation of surface processes

To simplify the analysis, we will use data from only one HIRLAM gridpoint in the validation, as far
as validation with ground based measurements is concemed. None of the gridpoints is either gxactly
in the middle of the EFEDA project arca, or i the vicinity of one of the three Jocations. Therefore
we first should check how large the differences in surface processes are between adjacent gridpoints.
In Figure 5.3 differences in surface fluxes between 9 gridpoints are shown {or onc day,

P
v



Figure 8.1 Differcnce in soil moisture content (upper soil layer) between climate field and
ECMWF analysis for 00 GMT on May 28, 1991,

5.2 Results from validation with field observations

In this section we will describe the results of the validation of HIRLAM surface fluxes and surface
variables and paramcters using observations from EFEDA. In section 5.2.1 HIRLAM gridpoint fluxcs
will he compared with observations at one point. In section 5.2.2 areal average fluxes are generated
{rom observations at different focations in the EFEDA study arca. Those averages are again compared
10 HIRLAM fluxes.
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Figure 5.2 Evaporative fraction (upper graph) und rainfall (dower graph) for “wet’ and “dry’
initialized HIRLAM runs for Jung 1991

5.2.1 Swrface fluves compared [o point preasurements

Flux measurements at a vine site near Tomelioso (data of the Departroent of Meteorology, WAU) are
compared 1o the model Outpuz for a grid point at 38°57'N 3°13'W, A serics of ten days in the end of
June 1991 is analyzed. The data are shown in Figure 5.4

5.2.1.1 Net radiation

’\%:i radiation is strongly overestimated, the midday maximum being too large by 70%. This error can
be explained when we analyze the different com gxmmis of 7. For five days at the end of June the
components of net radiation are shown in Figure 3.5, When mc ussing on the values around local noon,
we can make a number of pbservations, The value for global radiation is too large by only 8%. The
model value for albedo is much 0o Jow, however, being 0,101 inswead of the measured value of 0.23
{an uﬂdummmnm of 60%). These two errors, in albedo and global radiation, explain about 150 W

of the 330 Wm™” overestimation of 7. Incoming longwave dd ation is underestimated by 25% by the

model, thus compensating the errors in global radiation and albedo. Then the only remaining source
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of the erroncous value for net radiation is emitted longwave radiation. The model calculates a peok
value for LT of 480 Wm™, whereas the measurements indicate a value of 675 Wm™ Thus the
underestimation of LT indeed explains the rest of the crror in Q7

Identical problems with respeet 1o net radiation were found by Beljaars and Beus (1993) for the
ECMWF model (their surface scheme differed from that of HIRLAM in this respect that vegetation
was included). They also find and overestimation of KL, a 100 low albedo and a 1o slow thick upper
soil layer. Clearly such a layer cannot reproduce a surface temperature amplitude of 30 K as observed

in TomcHoso.
Due to the gross overestimation of @7, the other fluxes #, AE and G will be in error as well,

52.1.2 Soil heat flux

Duc to the oo large radiative input, G s too Jarge during daytime. The overestimation in G is of the
same order of magnitude as the error in @7 The overestimation can be attributed partly to the thick
upper soil layer, which needs a high soil heat flux to cool sufficiently (sce Beljaars and Betts, 1993).
During nighttime the model G is too much negative, This as well is a result of the thick, slowly
reacting upper soil layer.

5.2.1.3 Turbulent fluxes

To reduce the influence of the crroncous values for @7 on the intercomparison, HF and EF are
compared in Figure 5.4, The use of HF and EF in the analysis can masque errors in the formulations
of H and AE. Thesc relate 10 errors in the stability dependence of transfer coefficients, and errors due
1o the assumption that z, =z, (Beljaars and Holtslag, 1991). Comparison of HF and EF mainly gives
information about how well the model is able 1o partition available energy. The encrgy partitioning
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Figure 5.3 Evapotranspiration on June 23 for nine HIRLAM gridpoints surrounding the EFEDA
study arca.
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is largely detormined by the specification of the surface specilic humidity in combination with the skill
of the soil water model,

When focusing on £F and HF, 11 is remarkable that the values produced by HIRLAM show a much
larger diurnal variation than the ficld data (during doaytime). This may be attributable to the timelag
in H (relative to AE)Y due 1o the thick upper soil layer).

[t appears that HF is underestimated and thus £F is overestimated. The difference between model and
measurements is about 02, It should be kept in mind, however, that the vine site of the Dept. of
Metenrology was relatively less vital than other Tomeloso vine sites. Besides, some rivers and small
fakes hie within the square around the current gridpoint, Downward extrapolation of flux profiles from
atreraft measurcmoents (Michels, 1992; Seuth leg, June 23) suggests an BF of about 0.1 1o 1.2,
Because of this uncentainty, HIRLAM surface fluxes will be compared (o data of a number of stations
in the next section,

5.2.2 Comparison with areally averaged fluxes

For three days of the EFEDA pilot study ficld campaign, June 11, 23 and 28, surface flux
measurements of a large number of locations are avalable. By simple averaging of the data of
diffcrent locations we construct some areal average flux, This fux will then be compared with the
HIRLAM surface fluxes of the gridpoint within the EFEDA area (38°57'N 3°13'Wy In order 10

quantify the spatial variability of surface fluxes, their coefficient of variation { CV = o /X ) is given

in Table 5.1, The comparison between HIRLAM fluxes and arcal averages is given in Figure 5.6 and
Figure 5.7,

5221 Net radiation

For all three dates, the daytime net radiation is above the maximum value found in the EFEDA area.
Ab June 11 the difference is smallest. This resulls from a reduced global radiation (not shown). This
is duc 10 an overestimation of cloud cover. For Junc 23 and 28 the daylime overestimation is of the
same order as that found in section 5.2.1.1, The cloudiness predicted by HIRLAM for the morming of
June 28 18 not reflected in the measured data. The nighttime net radiation is slightly below the areal
minimum for most of the time.

In Figure 5.8 the spatially averaged albedo is shown, It appears that the HIRLAM albedo stronlgy

underestimates the measured albedo in the EFEDA aren.

Table 5.1 Cocflicients of vanation and averages of surface fluxes at # EFEDA flux stations. CV and
averages averages of hourly avareges between 9 and 15 GMT.

Quantity Jure 11 Jare 23 June 28

% avg. n oV avg. 3 oV avg. n
O (W™ 012 440 19 (1S 466 149 .10 481 1%
G W .37 119 19 (.28 124 18 .43 169 18
H W) .14 304 9 (.32 233 # (.20 279 8
AE (W™ .57 34 7 093 95 8 0.67 52 ]
EE (G 4.57 6.15 7 81 .27 8 (7 .16 8
HE (-} .11 (L8& 7 012 0.87 5 a1z 0.84 h
KL (W™ 3.049 872 14 2.036 2on 17 0.026 HeS 17
o, {-} 0.15 028 13 .17 {326 14 .13 0.26 14
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5222 Twrbulent fluxes

Except for June 11, the HIRLAM sensible heat flux follows almost the course of the maximum of the
observed heat fluxes. The drop in # in the aflernoon of June 11 s due 10 a sudden merease in
cloudiness. The model latent heat flux is much higher than the observed value for all days, Only on
June 23, the model curve is within the minimum-maximum envelope. This is mainly due the extremely
high cvaporation at the irrigated maize site in Barrax, To partly exclude the influence of the
overestimation of net radiation by HIRLAM, in Figure 5.8 the evaporative fraction is shown. Only for
June 23 the HIRLAM prediction of £F is within the extremes of the field data. For the other days,
it is nearer to the the highest measured £F in the EFEDA arca. As in Tomelloso, the diumal variation
of £F is much larger in the HIRLAM data than in the ficld data,

5.3 Results of validation of remote sensing algorithms

In this section the remote estimates of surface parameters and quantities will be evaluated. First, the
remote sensing estimate of global radiation, based on METEOSAT data, will be validated. Secondly
the estimate of actual cvaporation, based on a combination of METEOSAT and NOAA-AVHRR data
will be compared o fickd measurements, Finally, the NOAA-AVHRR surface albedo will be validated.
Due to the size of a NOAA pixel (about Ix1 kilometer) and the accuracy of the pixel navigation
{about 2 kilometer), i is incorrect o compare individual pixel values o éndividule point MEasurements.
Therefore, remote sensing data are aggregated into averages {and extremes) of squares of 5 times §
pixels for the three locations Tomelloso, Barrax und Belmonte, The coordinates of the comers of the
three squares are given in Table 5.2, The field data wre aggregated in averages and extremes for the
three locations as well,

5.3.1 Validation of remaotely sensed global radintion

Before comparison with field data, the METEOSAT-based estimales of global radiation are projected
onto NOAA pixels. This is done without any spatial averaging or smoothing, thus preserving the
original METEOQSAT pixels. Daily sums are constructed from the images between 6 and 17 GMT, and
data arc extracted for the three locations, Histed in Table 5.2, The ficld data of 17 stations (14 on June
11) are aggregated into averages for the three locations as well. The daily sums are computed from
the observations between 5:30 and 17:30 GMT, 1o ensure compatibility with the remote sensing data.
In Figure 5.9 the results of the comparison between surface measurements and the remote estimate are
shown. It is striking how little both the ground-bused measurements and the remote sensing estimate
vary in space and time, The remote sensing estimate underestimates global radiation by about 19%.
This is more than the uncertainty figores guoted in Van den Berg and de Bruin (1993) and used for
the sensitivity analysis in section 3.2.2.3. Besides, it should be kept in mind that the hours before 6
GMT and after 17 GMT contribute to a real daily sum of global radiation as well, The field data
suggest that in this case about 5% of the daily sum of global radiation lies outside the interval 5:30-
17:30 GMT.

For all cases, but one, the data refer to cloudless conditions. The underestimation thus suggests that
clear sky radiation, K4, is too fow. The Kb used in this cuse refers 1o a standard atmosphere with
a visibility of 30 km, which scems to be appropriate given the synoplical reports from the Department
of Meteorplogy (Michels and Mocene, 19913, Teunis (1991) found for ten Dutch meteorological stations
that for cloudless conditions the daily sum of global radiation is underestimated by 6%. Another source
of crror may be that L, s underestimated, causing an underestimation of K{. According to Teunis
(1991), the influence of the albedo class used in the computation of K, is of minor importance.
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Table 5.2 Coordinates of edges of squares of pixels used 1o generate areal averages &
Tomelloso, Barrax and Belmonte.

Morthwest corner Sonutheast comer
Laocation Latitude Lomginude Latimde Longitude
Tomelloso 39°11°N (29 87w 39908 N (20537W
Barrax 904N (2013 "W 39RGITN 027 O8TW
Helmonte 39° 35N DU AGEAN (2035w

5.3.2 Validation of remotely sensed actual evapotranspiration

The remole sensing algorithm for the estimation of actual evapotranspiration will be evaluated from
daily sums. These daily sums are based on the global radiation estimates of METEOSAT images
between 6 and 17 GMT, The generation of NDV/ and 7, images was discussed in section 4.2.2.
The problem of not knowing NDVI, and NDVI, is circumvented by assigning  the minimum and
maximum values of NDVI encountered in the image to NDVI, and NDVI,, respetcively. Since on the
scale of the NOAA-image no detailed information on the radiative properties of the soil are available,
the ratio B/B, is sct o unity.

The data used as a reference are surface flux measurements from eight stations at three days (June 11,
23 and 28). Daily sums arc generated from the observed fluxes between 6 and 17 GMT. Argdl
averaged fluxes are constructed from fluxes measured at each location, thus yielding three daily sums
for cach day (for Tomelloso, Barrax and Belmonte).

The results of this comparison are shown in Figure 5,10, It appears that the error in the estimate for
the dry and relatively homogeneous arca of Tomelloso is within the bounds as predicted in the
sensitivity analysis (about 30%). The point for Barrax that is closest to a 1:1 line relates to data of
June 23. For that day the Barrax data included a recently irrigated maize field. Most probably, the
subset of the NOAA-image includes ficlds that have been irrigated at other dates, resulting in high
evaporation rates at June 11 and 28 as well. The remote sensing estimates for Belmonte show an
overestimation for all days.

It must be concluded that the results of this validation are not convincing. No definite statements about
the skill of the remote sensing algorithm can be made, however, for two reasons. First, no certainty
exists on the real value of an areal averaged flux at the scale of 5x5 kilometers. Secondly, the
alignment of the NOAA-pixels is such, that the pixels might have been displaced by a distance of
about 5 times the feteh of the surface measurcments,

in the future, the algorithm should be tested with higher resolution remote sensing data, so that point
measurements can be compared to a composite of a Hmited number of pixels.

5.3.3 Validation of NOAA-AVHRE derived surface atbedo

Since the surface albedo is a crucial parameter in the surface energy balance, and it appears o be
seriously in error in HIRLAM, it is worthwhile 10 use a remotely sensed albedo for validation
purpases. In this section we will compare surface albedos derived from AVHRR planetary albedo 1o
surface observations the same three locations as in the previous sections.

The atmospheric correction applied to the planctary albedo images has been described insection 4.1.1
One cxtra processing step is necessary, however: the conversion of biderectional reflectance to
hemispherical reflectance. This implies integration over all viewing zenith angles and all solar zenith
angles. However, upon inspection of the relationship between viewing zenith angle and reflectance it
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appeared that ne unique relationship could be found. Anot her problem arises with respect to integration
over all solar zenith angles: only three images are available during daytime. Because of these two
problems, we derive a surface albedo from atmospherically corrected hidirectional surface reflectances
by simple averaging of the available images (taking images together per decade in June 1991, yielding
three surface albedo images). Averaging takes place per pixel, where cloud flagged pixels are
discarded. This procedure has the advantage that nearly all cloud con tamination is removed,

The altbedos derived from fickd data are the averages of hourly averaged albedos between 9 and 15

M

The results of this comparison are shown in Figure 5.1, The field data of June 11 are compared 10
the AVHRE albedo of the second decade, whereas the ficld data of June 23 and 28 are compared 1o
he composite atbedo image for the third decade of June 1991, The remote estimate for the albedo of
the Tomceloso area 18 HEQZ&?EV correct. On the other hand the Barrax and Belmonte albedos are
overcstimated by about 10 and 20 %, respectively T?’)s; general tendency is that lower albedos are
overpstimated more than %; igher albedo. This may well be due to crrors in the atmosperic correction,

5.4 Validation of HIRLAM with remote sensing data

In this scction some preliminary results will be given on the use of remote sensing data for the
validation HIRLAM.

5.4.0 Latent heat flux

In Figure 5.12 a comparison is made between the daily sums of evaporation from HIRLAM and the
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remote sensing algorithm tested before. The remote sensing estimates are averages of the pixels lying
within a HIRLAM gridbox. The points shown refer (o the daily sum for June 23, 1991 and include
all gridboxes that are within the NOAA images used. 1t appears that the high evaporation rates are
described rather well by HIRLAM, Those gridpoints for which the remote estimale gives evaporation
rates of less than 2 mm/day, HIRLAM overestimates significantly. In addition, it should be kept in
mind that the validation of the remote sensing algorithm suggests that at low evaporation rates the
remote estimate overestimates, The arigin of the clusier of low HIRLAM evaporation rates 18 not clear.
It scems not to be related to regions of increased cloudiness.

5.4.2 Albedo

In Figure 5.13 a comparison is made between the climate albedo ficld of HIRLAM and the albedo
derived from NOAA-AVHRR data, The latier is based on an average of all available images for the
third decade of June 1991, Nowhere in the region under consideration the HIRLAM albedo is larger
than 0.11, whereas the AVHRR derived albedo ranges from 0.08 10 035, Besides, hardly any spatial
correlation is discernible between the two ficlds. This tmplics that the HIRLAM albedo field cannot
casily be corrected by increasing the albedo by a cortain percentage.
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6 Conclusions

A case study has been performed in which ground-based data and remote sensing data have been used
to validate the surface parametrization of a limited arca model (Le., the High Resolution Limited Arca
Model, HIRLAM-2). The case study focuses on the semi-arid rogion of Castilla-La Mancha in Spain,
where the EFEDA field campaign took place in June 19910 In this final chapter we will summanze
the results found in this case study and identify subjects for further research,

First we will discuss some features of HIRLAM-Z. HIRLAM-2 has g simple surface parametrization.
The influence of a vegetation layer on exchange processes between surface and atmosphere 5 not
considered. The surface paramectrization needs several preseribed ficlds (climate ficlds) such as albedo,
roughness and the water content and temperature in the deepest soil layer. Most climate ficlds are
derived from datasets with a resolution that is much lower than the resolution of the model. This
implies that the influence of swrface inhomogeneitics on small scale atmospheric processes will
probably not be described properly.

During this case study it appeared that, with some small modifications, the operational moedel could
he used as a wol for case studics. Now HIRLAM-2 can be run for (almost) arbitrary domain sizes, and
for any region on the globe. Using the 6-hourly analyses available from ECMWE archives, it is
possible to make case studies back o 1983

Many algorithms to estimate terms of the surface energy balance from remote sensing data have been
developed. Most of these are cither complicated, sensitive to errors, or rely on remote sensing data
with high spectral and/or spatial resolution,

Two algorithms have been tested in this study. The first algorithm combines NOAA-derived surface,
temperature, surface albedo and NDVI, with radio sounding observations. The algorithm yields net
radiation, soil heat flux, sensible heat flux and latent heat flux (he latter as a residual), A sensitivity
analysis shows that, under the semi-arid conditions encountered during the EFEDA field campaign,
the estimated Iatent heat flux has a cocfficient of variation of 1.0, Since this is hardly sufficient for
validation purposes, this algorithm has not been pursued any further.

A second algorithm has the advantage of simplicity. It is based on the assumption that the amount of
vegetation present at a certain place reflects the availability of water. The part of the surface that is
covered with vegetation is assumed to transpire potentially. Then potential transpiration is estimated
from a remotely sensed global radiation (METEOSAT) using Makkink’s formula. Vegetation cover
is estimated from NOAA-NDVI. A sensitivity analysis suggests a coefficient of variation for the
estimated latent heat flux of (.36, A preliminary test using surface flux data from three Golden Days
during EFEDA shows that the method behaves well for some days, but not for all. Apart from
weaknesses in the method itsell (and the underlyving assumptions) the meagre results may be due 10
the difficulty of comparing point measurements (o remole sensing data. The remote sensing data have
a pixel size of about one kilometer and a passible misalignment of two pixels.

HIRLAM-2 has been validated with two types of ground-based data. First, surface flux measurements

at one location have been used. Secondly an aggregate of surface flux data from locations throughout

the BFEDA area was used. These ground -based data were compared (o the output of HIRLAM-2 for
a gridpoint within the EFEDA arca. Comparison of HIRLAM-2 output with both types of data showed
comparable results. Net radiation is strongly overestimated by the model. Apart from a small
overestimation of global radiation, this can be attributed entirely 10 the surface parametrization: the
albedo is 100 low by nearly 60% and the surface temperature is much too low. The latter is due 10 the
thickness of the upper soil layver (see also Beuls et al, 1993). The evaporative fraction produced by the



madel 18 100 high by about 50%. This can probably {3{3 atirihuted o the continuing supply
moisture from the climate laver. That process inhibits further drying of the top sail,

Remote sensing data have been used to validate some aspects of HIRLAM-2's phy:
parametrization: global radiation (determined by the radiation and cloud parametrizations), surface
fatent heat flux and atbedo, The comparison of HIRLAM-Z latent heat flux 10 a remole estimalo
suggests that HIRLAM-2 overestimates A% only for low evaporation rates, For evaporation rates ;z‘fw-w-
2 mm/day, HIRLAM-2 behaves well, The albedo ficl i psed by HIRLAM-2 hus been compared @
remote estimate, derived from NOAA-AVHRR data. This shows that for the entire satellite image
HIRLAM-2 strongly underestimates the albedo. Hardly any correlation scems (o exist between the
HIRLAM-2 albedo field and the albedo field derived from remote sensing data

It is clear from the present study that under semi-arid conditions serious errors occur in the surface
fluxes of HIRLAM-2. It remains 1o be seen, however, what the impact of these errors is. Therefore,
it would be worthwhile to make a sensitivity analysis, in which parameters like albedo, roughness and
soil moisture are varicd. In this study a first attempt has been made to estimate the sensitivity for soil
moisture. This analysis showed, that reducing the soil moisture content at initialization by 50% resulted
in diffcrences in rainfall and evaporative {raction that took two weeks o disappear. '

Three important errors in the surface ;’*di<}1“ﬁ§,§§“’zuxu(m of HIRL.AM-2 may have to be taken away. The
errors in the albedo field require a new albedo fickl. At present, the ECMWFE model uses a new field,
which may be betler than the one used by HIRLAM-2. The second large error in the caleulation of
net radiation, entails the use of the emperature of the upper seil layer to estimate the amount of
emitted longwave radiation. The current ECMWF surface parametrization uscs a skin temperature for
this, which may largely alleviate the problem (Beljaars and Belts, 1993). Finally it may prove to be
necessary 1o revise the treatment of soil moisture. The use of a climate soil | ayer with a prescribed soil
moisture content may e the surface soll moisture too strongly to the climate value. A possible
solution 1o this problem is the use of zero-flux interface at some depth {e.g., 10 m.) where no upward
or downward flux of water is possible. The development of such a scheme is now implemented at
ECMWE.

Several aspects of the HIRLAM-2 surface szlmwm ion have not received any atiention in this
study. The most important of these is the subject of surface roughness, HIRLAM-2 uses one roughness
ficld for both transport of momentum and transport of latent and sensible heat. This fact denies the
existence of a difference between z, and z,,. In the case of roughness parameters in an atrospheric
model this difference can become extremely large in the case of subgrid hills and ridges. Then z, has
10 become very large to ensure that the modcl loses enough momentum to the surface. On the other
hand, the exchange of latent and sensible heat will hardly be influence by the presence of topography.
This suggests thal two roughness fields should be used by HIRLAM: z, and z,,

The present study has made use of current sensors available on saellite platforms. If remote sensing

data are 10 be used for the validation of atmospheric models in the future, some requirements can be

put forward:
The w‘;pcuka resolution @muki be such that a number of model gridboxes are captured within one
image. Then the skill of the surface pgmmmz; wion can be ested at one moment for several boxes,
thus a number of land surface types. This requirement excludes sensors on board of LANDSAT
and SPOT-like satellites, since frames from these sensors span an area that is too small. With
respect to slowly varying variables (like Jand-use) data from high-resolution sensors can be be used
10 obtain information about a number of gridboxes through aggregation of several images,
Another advantage of sensors with a moderate spatial resalution (implying large frames like those
of METEOSAT and AVHHR) is that they have o high tomporal resolution with respect 1o a given
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point on the carth’s surface. This is advantageous with respeet 1o the probability of obtaining cloud
free data about that point. Besides, it enables one to make validation studies with a high temporal
resolution: one can see the reaction of surface processes 1o day-to-day changes changes in the
weather, rather than week-to-week changes,

The full scale signal of the instrument should be sufficient 1o cover the radiance values that can
be encountered in the studied situation {(e.g., surface wmperature),

New sensors should enable the estimation of the surface soll mosture status and the aerodynamic
roughness of the surface, since, apart from global radiation, these are the key paramcters

determining the turbulent fluxes of latent and sensible heat.
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