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Abstract

A new version of the ECMWF land surface parametrization scheme is described. It has four
prognostic layers in the soil for temperature and soil moisture, with a free drainage and a zero
heat flux condition at the bottom as boundary condition. The scheme has been extensively
tested in stand-alone mode with the help of long observational time series from three different
experiments with different climatological regimes: FIFE in the USA, Cabauw in the
Netherlands and ARME in Brazil. The emphasis is on seasonal time scales because it was felt
that the main deficiencies in the old ECMWF land surface scheme were related to its capability
of storing precipitation in spring and making it available for evaporation later in the year. It
is argued that the stand-alone testing is particularly important because it allows one to isolate
problems in the land surface scheme without having to deal with complicated interactions in
the full three dimensional model.



1. INTRODUCTION
The parametrization of land surface processes in numerical weather prediction (NWP) or climate general

circulation models (GCMs) is important for a number of reasons. First of all, the sensible and latent heat
fluxes at the surface are the lower boundary conditions for the heat and moisture equations in the
atmosphere. Given the correct radiative forcing at the surface, the land surface schemes are also largely
responsible for the quality of model produced near surface weather parameters, such as screen level
temperature and dew point, and low level cloudiness. Furthermore, the surface conditions need to be such
as to provide the adequate feedback mechanisms for the other physical processes in the atmosphere: low
level cloudiness influences the surface radiative balance, sensible heat and latent heat fluxes influence the
boundary layer exchanges and the intensity of the moist convective processes. Finally, the correct
partitioning between sensible and latent heat fluxes determines the soil wetness, which acts as one of the
forcings of low frequency atmospheric variability (Delworth and Manabe, 1988, 1989; Milly and Dunne,
1994).

Processes at the soil-vegetation-atmosphere interface, and their impact on GCMs are reviewed in Mintz
(1984) and Garrart (1993). First studies on the role of soil water (Namias, 1958) led to the development
of the so-called "bucket model" for evaporation and computation of surface runoff (Manabe, 1969). With
the work of Deardorff (1978), the attention has somehow been switched from the role of soil water as a
slow variable in the climatic system to the role played by the vegetation cover 1n determining the rate of
transpiration. Many of the schemes used today in GCMs (e.g. Dickinson et al, 1986; Sellers et al, 1986;

Abramapoulos et al, 1989; Noilhan and Planton, 1989) mimic the effect of plant physiology in using, e.g.,
the amount of photosynthetic active solar radiation and the availability of water in the root zone to regulate
the opening and closing of leaf stomata, thus controlling the flow of water from the soil into the atmosphere
and defining the transpiration rate. The concept of stomatal conductance as a product of different stress
functions (Jarvis, 1976) is central to all the above models. On the other hand, ﬁlany GCMs incorporate an
interception reservoir, collecting rain and re-evaporating at the potential rate (Rutter et al, 1972). Most of
these studies concentrate on short time scales, e.g the diurnal cycle and the drying of the interception

reservoir. This paper addresses the longer time scales.

The surface scheme operational in the ECMWF model until July 1993 was based on the heat and water
budget of two active soil layers plus an additional surface layer underneath, acting as a "climate layer”
(Blondin, 1991). The model also incorporated a vegetation based evaporation scheme, of the kind described
above, and an interception reservoir. Comparisons of model results with FIFE field data (Betts et al, 1993),
and verification of the daily forecast products, identified a number of problems associated with the

sﬁrface/boundary layer scheme: a) surface evaporation too large in wet conditions and too small in dry



conditions, b) large positive bias in the atmospheric surface temperature in Summer during day t1me c) land

hydrology inaccurate and dominated excessively by the prescribed "climate fields"

An improved surface model, suitable for use w1th NWP models and climate models has been developed,
in order to tackle the problems referred to above. Special attention has been devoted to an accurate
representation of the soil water transfer at all time scales, since it was felt that thlS was one of the major
causes of the systernatic errors described above. Comparison of results of the old model with FIFE
observations, referred above, suggested 1mprovements in three areas of sub surface hydrology and
evaporation: a) First, a mechanism is necessary to get pre01p1tat10n rapldly 1nto the ground where it can be
stored, b) Second, sufficient storage is needed to represent several weeks of evaporation w1thout rain;
‘ c) Third, seasonal and interannual memory of soil moisture anornalies needs deep pred1cted reservoirs. The
idea behind this model development has been to improve on documented deficiencies, but on the otherhand
to keep the model as simple as possible. This has resulted in a model that has many aspects of more
complex schemes such as BATS and SiB (Dickinson et al, 1986; Sellers et al, 1986), but does not have the
many geographically dependent parameters as soil type, vegetation type etc. Singlecolumn validation of
the model against results of field experiments has been a key 'part of the model development, and has
provided most of the insight for isolating relevant mechanisms. 7 The purpose of this paper is to present the
new model, and the results of comparison of the old and new model with observations. The emphasis is
on validation with continuous long single column runs of the surface model forced by near surface observed
weather parameters, in view of the long time scales of the problems involved. In thJS way we validate the
land surface scheme in isolation from other model deficiencies and av01d comphcated feedbacks from the

atmospheric forcing. -

In addltlon to the single column s1mulat10ns multlyear runs with the full three-dimensmnal model were
carried out at T63L31 resolution.” The purpose of the GCM simulations is threefold 1) They act as a
surrogate of several years of data assimilation, an experiment that is too demanding on computer resources,
“and therefore cannot be Adone; ii) They show that there is no dramatic model drift, both models producing
a not unreasonable climate for those locations; iii) They reinforce the idea'that.one-column validation is
essential for deciding on the advantages of the new over the old scheme. The surface energy budget of
these integrations is studied for the same locations as the ones used in the single column validation. Biases
tend to be large, but model feedbacks, and deficiencies in the atmospheric forcing, make it difﬁcult to draw
firm conclusions about the origins of these biases.” For this reason the stand-alone tests are very important
‘to 1dent1fy problems in the surface component of the model. With a well tested land-surface scheme we

are in a better pos1tion to tackle problems in other components of the model parametrization



Section 2 of the paper describes the new model. The soil heat and water budget are discussed, and the
choice of particular options and model constants is justified. Section 3 describes the single column
simulations for different observational time series. Three datasets are used. Cabauw (in the Netherlands)
was chosen for its relatively simple hydrology. FIFE (First ISLSCP Field Experiment, with ISLSCP for
International Satellite Land-Surface Climatology Project) shows the model performance in the transition from
a wet Spring to a sequence of dry spells and precipitation events in Summer. Finally, comparison with
ARME (Amazonian Rainforest Meteorological Experiment) data highlights the properties of the new model
for tropical eco-systems. Section 4 describes the results of the multi-year integrations with the old and the
new parametrization in the full three- dimensional model. Conclusions are presented in section 5, stressing
the importance ‘ovf a correct treatment of weekly to seasonal time scales in soil moisture. The differences

between the old model and new model are summarized in the Appendix.

2. THE NEW ECMWF SURFACE MODEL: MODEL DESCRIPTION

2.1 Motivation o |

In the absence of snow in the’ ground, the soil heat and wéter budget are represented by two partial
differential equations. ’The top bOundafy conditions are the net heat flux and infiltration minus evaporation
for the heat and water budget, respectively. The total soil depth and the spatial discretization chosen must
be such that all time scales relevant to the atmospheric forecast problem - ranging form the diurnal cycle
up to the seasonal time scales -are adequately represented. The model described below has four layers in
the vertical plus a thin interception .layer for the water budget, and a "layer” with no heat capacity at the
top, in instantaneous equi]ibrium with its forcing, to define the skin femperature. Bottom boundary

conditions are zero heat flux and free drainage. Fig 1 summarizes the main features of the model.

2.2 The soil heat budget

The soil heat transfer is assumed to- 6bey the following Fourier law of diffusion
oT d oT.
— = —[A,— : 1))
60,5 - Sl ] . (

where (pC), is the volumetric soil heat capacity (units Jm*K"), T is the soil temperature (units K), z is
the vertical coordinate - distanée from the surface, positive downwards - in m, and Ay is the thermal

conductivity (units Wm™'K™). The above equation assumes that heat fluxes are predominantly in the vertical
direction, the effects of phase changes in the soil and the heat transfer associated to the vertical movement
of water in the soil can be neglected (de Vries, 1975), and that the effects of hysteresis can be neglected

(Milly, 1982).
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The solution of the partial differential equation (1) needs the specification of boundary conditions. The top
boundary condition is the net heat flux at the surface - sum of the radiative, latent and sensible heat fluxes.
We will assume no heat flux of energy at the lower boundary. This is an acceptable approximation,
provided that the total soil depth is large enough for the time scales in which we are interested or, in other
terms, the bottom of the soil is specified at a depth where the amplitude of the soil heat wave is a negligible

fraction of its surface amplitude (see de Vries, 1975, and subsection below).

2.2.1  Discretization and choice of parameters
For the solution of equation (1) the soil is discretized in four layers, of depths D,, (i=1,2,3,4). Defining the

temperatures at full layers and the heat fluxes at half layers (the interfaces between two adjacent layers):

(pC)i nel _gomy _
A GO

_ (Gi,b -G;)
D,

i

i=1,2,34 2)

where At is the timestep in seconds, and G,, and G,, are the heat fluxes (positive downwards, units Wm)

at the bottom and top of layer i respectively, defined as:

n +1
G, = Mg, S i-1,2,3
& 12 0.5(D,+D,,,)

. ©)
. 1Ty,

- “Apypre—— i-2,3,4
M T2 05D, +D)

In equations (2) and (3) the superscript » identifies variables at time nA¢. The above equations correspond
to a "locally implicit” method: the equations are decoupled because time (n+1)At is only present for layer
i in the equation (2). Note that the method is non-conservative: the flux seen by layer i from layeri-1

is not identical to minus the flux seen by layer i-1 coming from layer i . In the simulations performed,

the difference between the two fluxes is less than 0.1%.

The boundary condition at the top and at the bottom are

Gl,t = Ask(Tsk_Tl)

4)
G, =0

Gl , is the ground heat flux at the interface soil-atmosphere interface. For the definition of the skin

temperature, T, , and the numerical value of the empirical coefficient A, see next subsection.



The volumetric heat capacity is assumed constant, with value 2.19-10% Jm>K! (see Table 1 for a list of

constants used by the model).

McCumber and Pielke (1981):

The heat conductivity, depends on the soil water content following

2 0) - a "¢Smll—1/xog1o(%a_t)-bnog1o 6>6#
®)
= A 0<0,
D, Depth of soil layer 1 0.07 m
D, Depth of soil layer 2 021'm
D, Depth of soil layer 3 072 m
D, Depth of soil layer 4 1.89 m
R, Fraction of roots in layer 1 >O.33
R, Fraction of roots in layer 2 0.33
R, Fraction of roots in layer 3 0.33
R, Fraction of roots in layer 4 0
pC,  Volumetric soil heat capacity 2.19 10° Jm’K!
at Soil moisture at saturation 0.472 m*m’
eap Soil moisture at field capacity 0.323 m’m’
8,,,  Soil moisture at permanent wilting point 0.171 m®*m?
¥ .  Matric potential at saturation -0.338 m
* Yeat Hydraulic conductivity at saturation 4.57 10 ms’
a Clapp and Hornberger soil parameter 38 .
Clapp and Hornberger soil parameter 6.04
L, Leaf area index 4
@ Surface emissivity 0.996
W_.. Maximum water amount on single leaf 0.0002 m
Iyws, ~ Minimum stomatal resistance of single leaf 240 sm
Ay Skin layer "conductivity" 7 Wm’K!
k Heterogeneity factor for convective precipitation 0.5
c Interception efficiency . 0.25

Table 1 Parameters in the land surfade scheme



b is the Clapp and Hornberger exponent (Clapp and Hornberger, 1978; Cosby et al, 1984), a comes from

the fact that we use different units from McCumber and Pielke and is a constant independent of soil type
(a=3.8), O is the volumetric soil water content (units m*m®) and v is the matric potential, representing the

work required to extract water from the soil against capillarity and gravity (units m of water). A min 1S the
minimum value of heat conductivity (0.171 Wm'K); 8 , 1s the threshold value of soil moisture that assures

first-order continuity of the functional dependency in (5). Subscript sat indicates values at saturation: see

section 2d below for the choice of numerical values for b, Y, and 6_,. Equation (5) is applied to layer

i and layer i+1, and A,,,, is taken as the maximum of the two values. This choice of "upstream” values

of heat conductivity minimizes truncation errors associated with the representation of large gradients in soil

water with a coarse soil grid (Mahrt and Paﬁ, 1984).

The depths of the soil layers are chosen in an approximate geometric relation, as suggested in Deardorff
(1978):
D= 0.07 m, D,=0.21 m, D;=0.72 m, D,=189m

Warrilow et al (1986) have shown that 4 layers are enough for representing correctly all time scales from
one day to one year. With the numerical values of the heat capacity and soil depths, we have analyzed the
amplitude and phase response of the numerical solution of equation (1) for typicai values of soil moisture
in equation (5), and for harmonic forcings at the surface with periods ranging from half a day to 2 years.
The discretization of equation (1) has two consequences: i) For each soil moisture value, there is a quasi-
resonant period, related to the total depth of the soil, and to the no-flux boundary condition; ii) There are
other relevant periods, linked to the ratio of the depths of the soil layers (see Dickinson, 1988). For the
above choice of depths, and the thermal properties defined by equation (5), the analysis of Warrilow et al
indicates an error in the numerical solution of less than 20% in amplitude and 5% in phase for forcing

periods between one day and one year.

2.2.2  The skin temperature

Above the soil layer we assume a skin layer with zero heat capacity, representing the effect of vegetation
and litter on bare soil in isolating the radiative heating from the underlying soil. The skin layer has been
introduced to reduce the phase error in the diurnal cycle of sensible, latent and ground heat flux and to

reduce the magnitude of the ground heat flux (Betts et al, 1993). The skin temperature is defined with the
help of "conductivity" A, which relates the ground heat flux to the difference between T, and T, (eq. 4).
For A,=7 Wm?K", Beljaars and Betts (1993) found that the sensible and latent heat flux of the model

were in phase with FIFE observations, and the diurnal cycle of the ground heat flux was within + 25% of

the observed values. Because the skin layer has no heat capacity, the surface energy balance equation can



be written as
(1-o)Rg+R, - EOTsk4+Hv+L'E = A (T, - T) ‘ (6)
where R, and R, are the surface downward radiative fluxes, H is the sensible heat and E is the surface

evaporation. All fluxes are positive downwards, the energy fluxes have units Wm?, E inkgm?s™'. « is

the surface albedo, e is the surface emissivity, o is the Stefan-Boltzman constant (Wm2K*) and L is the

latent heat of evaporation (Jkg™).

To parametrize H and E we use transfer coefficients between the surface (skin) and the lowest atmospheric
model level expressed as a function of the Obukhov length (Beljaars and Viterbo, 1994). The advantage
of using the Obukhov length, instead of a simpler formulation in terms of a Richardson number (Louis,
1979), is that the empirical stability functions can be specified as they have been measured, and the surface
roughness lengths for momentum, heat and moisture can be chosen independently; we shall take the
roughnéss length for heat equal to that for moijsture. In this formulation one must use an itérative process
to convert the Richardson number into an Obukhov length every time step. The sensible heat flux and the

evaporative flux can be written as:
H = pCplu,|(C,T,+8z,~ CéTsk)

E

' (M

I, I? = U+ V2wl o ow, = (z,.-]gTW’B;)"Sf

pCH"uL ”[anL - asqsat(f[;]p s)]

*
v

In the above expressions p is the air density (kgm™), U, V, T, and g, are the wind speed components,
temperature and specific humidity at the IOWest model level, Cp the heat capacity of the air at constant
pressure, g is the acceleration of gravity, z, is the height of the lowest model level, p is the surface

pressure (Pa), w, is the free convection velocity, z; is the boundary layer height T, is the virtual

temperature and w’8 v’ is the virtnal temperature flux. For the definition of the exchange coefficientCp,

as a function of the Obukhov length see Beljaars and Holtslag (1991) and Beljaars and Viterbo (1994). a,

and a_ are coefficients implicitly defined when the evaporation scheme is further detailed (see section 2c

beldw). The free convection velocity has been added in the transfer law of equation (7) to ensure a proper

free convection limit (see Beljaars, 1995). Since only the order of magnitude of z; matters, a constant value

of 1000 m has been selécted.



By inserting (7) into (6) we obtain a non-linear equation for T . Because of the short time scales associated

with the skin temperature, typically of the order of the time step used, we have to be careful when solving
this equation. We have therefore chosen to solve for the skin temperature together with the solution of the
vertical diffusion in the boundary layer. In solving the tri-diagonal system for the boundary layer
(Richtmyer and Morton, 1967), we will have N+1 layers, where N is the number of model levels in the

atmosphere. The additional N+1 layer, representing the balance of skin temperature, is obtained by

substituting (7) into (6) and linearizing the upward thermal radiation, sensible heat, evaporation and g,(T,,).

2.2.3  Time scales ;
To provide an insight into the time scales associated with each layer we will rewrite (2) and (3) in the

following way

i1 4 S ®)

where §; represents the effe_ct of any fluxes at the boundaries (S;:O’ fori1=2,3,4). ‘c;‘ and 1:;.1 represent time

scales of interaction with the layer above and the layer below respectively. They depend on the soil depths,
the heat capacity and the heat diffusivity, hence the soil moisture. They increase with layer depth and
decrease with soil wetness. For any given layer, the interactions with the layer below have longer time
scales than the interactions with the layer above. Table IT shows the values of t for the 4 soil layers; they
were obtained using equation (5), in combination with the values of the soil depths. Each column represents
.a value of soil moisture, ranging from permanent wilting point value (0% of availability) to field capacity
(100% of availability): see section 2c for a full explanation of the meaning of these quantities. For each
layer, two values are given:'the upper value gfves the upward time’ scale, and ‘the lower value fhe downward
scale. Time scales range from fractions of a day to around 150 déys, increasing from top to bottom and
decreasing with soil moisture. In qualitative terms, the first layer represents the diurnal cycle, the secoﬁd
layer represents variations between one day and one week, the third layer represents variations between one
week and one month, while the fourth layer represents variations with time scales larger than one month.
Notice that the behaviour for 'ver'y short time scales (less than a few hours) is controlled by the skin
temperature and its ability to adjust instantaneously to variations in the surface radiative fofcing; the values

in Table II do not include this effect.



0% 33 % 67 % 100 %

1 upwards - o - -
1 downwards 0.6 0.3 0.2 0.1
2 upwards , 1.8 09 05 : 0.3
2 downwards 5.8 3.0 1.7 1.1
3 upwards 19.9 10.2 59 3.8
3 downwards 55.8 286 16.5° ' 10.6
4 upwards 146.4 75.0 434 - 279

4 downwards - -

Table 2 Temperature time scale (in days) associated to each layer, dependent on soil
moisture (percent of maximum availability). See text for an explanation of
the different quantities. : :

2.3 Evaporation

For the purpose of computing evaporation, we conceptually divide every snow free grid-box over land in

three fractions (Blondin, 1991):

1) C, * Fraction covered by the interception reservoir
ii) (1-C)=C, Dry vegetation fraction
i)  (1-C)*(1-C) Dry bare soil fraction

A different evaporation rate is computed for each fraction, and the total evaporation (E, kgm™s™) is a
weighted sum of the three components, E, E,, E B respectively: - .

E - CE+(1-C)CE, +(1-C)(1-C)E, o ) o 9
The geographical distribution of the vegetation fraction, C,, is prescribéd following Wilson and Hendérson-
Sellers 7(1985), with a correspondence table, relating each vegetation type to a fixed cover, based on

Warrilow et al (1986).

2.3.1 Evaporation from the interception reservoir ;
The interception reservoir represents the reservoir collecting water by interception of precipitation and

collection of dew. The fraction of the grid box covered by the interception reservoir is given by

C, - '1W’ B ' (10)
l_mm(sW )

Imx

where W, is the water content of the interception reservoir (m of water), W, 18 the maximum value for
the intercepted water, given by (see Dickinson, 1984; Noilhan and Plantoﬁ, 1989)

Wine = [C, L+ (1= C )Wy (11)

10



Lf is the leaf area index with a global value (Lf=4) as in the old ECMWEF model (Biondin, 1991). Its value

determines the size of the interception reservoir; the simulations with ARME (see section 3c) seem to justify
that value for that particular place. If reliable information about this quantity (Carlson, 1991) is made
available timely, a NWP model could use a different global distribution say every week or every fortnight.

W_.. 18 a constant, corresponding to the maximum water in a single leaf or that can stay as a film over bare
ground (W, =0.0002 m). Deardorff (1978) argues that, instead of a linear dependency of the interception

reservoir fraction on its water content, one should use a fractional power a, a<1. Using such a power would
produce a faster depletion of intercepted water after an such as collection of dew or interception of rainfall
has taken place. With a=1, as in equation (10) the intercepted water could possibly never quite disappear
because the decrease would be exponential for a fixed value of potential evaporation (see section 2d below,

on the evolution of the content of the interception reservoir). In practice we found no problems by assuming

a=l.

The interception reservoir evaporates at the potential rate

B, = 2@,-0uTyp)) | | . )

a
r, is the aerodynamic resistance (sm™). By comparison of (12) and (7),

1
r, = (13)
Cyllu, |

2.3.2 Dry vegetation evaporation

The dry vegetation transpires at the rate

E=p'—'T, ‘ ,:~‘14
y ra”c(qL 9uTgP)) | | | | (4

The canopy resistance, r, (sm™), is given by a product of a minimum value and a number of limiting

factors, depending on environmental conditions (Jarvis, 1976; see also review by Dickinson et al, 1990):

PAR is the photosynthetically active radiation (PAR=0.55(1-0))Ry), r,,. is the minimum stomatal resistance

of a single leaf (r_,. = 240 sm™), 0 is a mean soil moisture in the root zone, and fi» f; are stress functions

for the photosynthetically active radiation and the soil wetness in the root zone, respectively. We follow

Sellers (1985) in adopting:

11



1 a,+PAR : :
= 1-glog——— ' (16)
f,(PAR) a,+PAR
1 3

For a particular site, a,, a, and a, can be related to canopy properties (see¢ Sellers, 1985). Equation (16)
is based on an integration across the canopy of the conductances (inverse of résistances) of individual

horiiontal leaves actiilg in parallel. The values of Blondin (1991) were used (a,;=0.19, a, =1128 Wm?,

a,=30.8 Wm?), since no particular problem was felt to exist in f, used in the old model.

As noted by Dickinson et al (1990) there is no agreement among modellers for the water stress dependence,
and there is very little experimental evidence to support any of the different model choices available (see
for instance Sellers et al, 1986; Xue et al, 1991, for SiB and SSiB; Wilson er al, 1987, for BATS and

~Abramopoulos et al, 1988, for GISS). . Based on its simplicity, we have adopted the moisture content
approach of Noilhan and Planton (1989), rather than a soil water potential dependence (as in SiB, SSiB,
BATS, and GISS):

0 0 < Bm,
1 é_epwf 2 -
= 6 <0<90 17
fz(é) ecap—em i “ 4
1 9>6.,

J, and f, are set to 1 in case of dew deposition (g,>q,,(T,p)). The specification of the soil moisture at

the root zone, 0, in equation (17), in terms of the soil water contents of the model layers, is probably more
important than the functional relationship chosen. The datasets available (see later for ARME, and FIFE,
and Goutorbe et al, 1989, for HAPEX-MOBILHY) indicate a depletion of soil moisture at the top after a

precipitation event, with a highly curved soil moisture profile. We have adopted
6 - R,6,+R,0,+R,06, 7 (18)
with R =R,-R,=0.33, specifying the vertical distribution of the roots in the soil. Note that since the soil

depths follow a geometric series, the root profile adopted implies a root density exponentially decreasing
with depth. For further discussion in the root profile, and the absence of roots in the fourth layer, see

section 2d below.

Equation (15) does not specify any dependence of stress on the saturatien deficit or temperature, as opposed

to, e.g., SiB or Noilhan and Planton (1989). The specification of both the above stresses is highly species

12



dependent. Since the vegetation in the model is only specified by its fractional cover (there is only one

vegetation type everywhere), it is difficult to include effects that depend strongly on species.

2.3.3 Bare ground evaporation
Soil (bare ground) evaporation is due to a combination of two physical processes (Kondo et al, 1990): i)

Molecular diffusion from the water trapped in the pores of the soil matrix up to the land surface level,

defined by the humidity roughness length, z,g (see Brutsaert, 1982); ii) laminar and turbulent exchange in

the air between z,q and screen level height. Process i) is clearly dependent on the relative humidity of the

air pores adjacent to the water in the soil matrix, in itself a function of the soil temperature close to the
pores. In dry situations this relative humidity in the pores has strong vertical gradients in the first few mm

of soil.

Mahfouf and Noilhan (1991) made a comparative study of several formulations of evaporation over bare
ground. Given the above description it is not surprising that most methods reviewed are very sensitive to
the top soil discretization of NWP models. The methods presently available were classified in bulk
parametrization approaches (o type and B- type, following Kondo et al, 1990) and threshold methods. The
B- methods seem to overestimate the night time dew deposition, although the observation methods were not

accurate enough to draw firm conclusions (Mahfouf and Noilhan, 1991). We have adopted an o- method
modelling the evaporation as a bulk transfer of water vapour between zyg (assumed at relative humidity o,

where 0. depends on the soil wetness of the top model layer), and the lowest atmospheric model level:

E, = Plg,- g, (Tup)] | a9

0.5[1 - cos(—~ 5 ) 6,<8

. 5 £ 1 ¢

@ - 1.6 Bmp P (20)
1 0,26,

0=1 in case of dew deposition (q,>q,(T.p.))- The factor 1.6 has been added to account for the difference

between soil moisture at the surface (for which this parametrization has been designed) and 0, , an averaged

value over 7 cm depth. The factor is compatible with the results by Mahrt and Pan (1984), who studied
the effect of vertical resolution on drying soil at a rate of 1 mm/hr.

24 The soil water budget
The vertical movement of water in the unsaturated zone of the soil matrix obeys the following equation (see

Hillel, 1982; Richards, 1931; Philip, 1957; Milly, 1982, for the conditions under which equations (21) and
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(22) are valid):

a0 oF ‘ ' ' i
At S 21
pw at az +pw 3] ( )

p,, is the water den31ty (kgm™), F is the water flux in the soil (posmve downwards, kgm ] 1) and Sg is

-a_volumetric source term (m® m’ % 1) correspondmg to. root extractlon ~ Using Darcy’ s law, F can be
specified as:

F=—pw(1%9—y) o ,, @

A (m?") and y (ms”) are the hydraulic diffusivity and hydraulic corlductivity, respectively.

Replacing (22) in (21), specifying S, = S4(0,2), and defining parametric relations for A and y as a function

of soil water, we obtain a partial differential equation for the soil moisture that can be numerically integrated
if we provide the boundary conditions and the fluxes of water at the top and bottom of the soil. The top
boundary condition is precipitation minus evaporation minus surface runoff. The bottom boundary condition
is free drainage. Abramopoulos et al (1988) specify free drainage or no drainage, dependent on a
.comparison of a specified geographical distribution of. bedrock depth, with a model derived water table
depth. For the sake of simplicity, and to avoid the use of yet another global dataset, we simply assume no

bedrock everywhere.

2.4.1 Interception and the interception reservoir
The interception reservoir is a thin layer on top of the soil/vegetation, collecting water by interception of

rain and collection of dew, and evaporating at the potential rate. The water in the interception reservoir,
W,, obeys

ow, (I+CE)
a P,

(23)

where C.E, (kgm™s™) is the water eva orated by the interception reservoir (or dew collection, de endin
: 7 \Kgms p y P Pe g

on its sign) and I (kgm?s™) is the mterceptlon that fractlon of pre01p1tatlon that is collected by the
interception reserv01r and is later avallable for potentral evaporatlon Because the mterceptlon reservoir has
a very small capacity (a maximum of 0.8 mm, see equation (11)), it can fill up or evaporate completely in

one time step: special care has to be taken in order to avoid numerical problems when integrating

equation (23). First, the evaporation contribution is considered; because C,E, depends linearly on W, (see

equation (10)), an implicit version of the evaporating part of (23) is obtained by linearizing C(W)E,:
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W/ln+l,1 _ u/ln . E1
A IR

Pw (W - W) (24)

Imx

where Wl'"’l’1 is the new value of interception reservoir content after the evaporation process is taken into
account. Equation (24) guarantees non-negative results for W{”l’l. Collection of dew is done in an explicit

way, obtaining a new value W;”l’l. A rate of evaporation (and collection of dew) effectively used by the

1,1

interception reservoir, E, , can be computed by comparing W, with ; this evaporation rate is deduced

from the total evaporation, , and then used to force the soil (see section 2d below).

Interception is computed as the fraction of the precipitation flux that can be stored in the interception
reservoir, the remaining part being throughfall: |

n+1,1
-W
At

Imx

I = min(c,C,P*,p,, ) ' : (25)
P*=Pjk is a modified precipitation flux, computed by applying the heterogeneity assumption that
precipitation only covers a fraction k of the grid-box, P is precipitation obtained from the atmosf;heric

input, c, is a coefficient of efficiency of interception' of rain (¢;=0.25). The 'heterogeneity factor k is 0.5

for convective precipitation and 1 for large scale precipitation (Viterbo and lilari, 1994). Throughfall T
(kgm'zs"), an input for the soil reservoir, is

T - P-1 | - - (26)

The interception reservoir model described in this section is probably the simplest water conserving
formulation based on Rutter’s original proposition (Rutter et al, 1972; Rutter et al, 1975). For more
complicated formulations, still based on the Rutter concept, see for instance Mahfouf and Jacquemin (1989),

or Dolman and Gregory (1992).

2.4.2 Soil properties

Integration of equations (21) and (22) requires the specification of hydraulic conducﬁvity and diffusivity as
a function of soil water content. Mahrt and Pan (1984) compare several formulations for different soil
types. We have adopted the widely used parametric relations of Clapp and Hornberger (1978), see also
Cosby et al (1984) '
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b is a non-dimensional exponent, y., and §_, are the values at saturation of hydraulic conductivity and

matric potential, respectively. A minimum value is assumed for A and y, corresponding to permanent

wilting point water content.

and Bsat, for the 11 soil classes of the US

Cosby et al (1984) tabulate best estimates of b, ¥_,, v,
Department of Agriculture k(USDA) soil claésification, based on measurements over large samples. VSince

our model specifies only one soil type everywhere, and because the determination of the above constants

is not independent of the values of emp and epw’ we adopted the following procedure.

-One of the fundamental properties of the soil, in its relation to.-the atmosphere, is the total-available water-
holding capacity, or total availability (in m of water), representing the maximum amount of water that can
thehtiaﬂy be extracted from the soil to fulfil evapotranspiration demands. This is the quantity that
determines the slow—\farying response of the soil. In fact; the soil acts as a iow pasg ﬁltef ohv the
pfecipitétioﬁ in such a way as to smooth the fluctuations of near-surface forcing (Delworth and Manabe,
1989). Soils with a larger total availability will be able to store water for longer periods and Will have a

"Ic')nger time constant associated with them (Milly and Dunne, 1994). The soil cannot hold any amount of
water in excess of field capacity for more than a couple of hours after a rainfall event, because of the strong
‘ion-linearity ‘of equations (27): the practical upper-limit for the amount of water that can stay in the soil

-is then field capacity. For a fully vegetated grid-box, the lower limit for soil water content is the permanent

wilting point, as can be seen from formula (17) for the soil water evaporative stress, and from the very low
values of drainage at the bottom corresponding to y(Bp wp) . The volumetric available Watér-holding capacity,
or availability (m’m™), is given by

6

O = Oegp~Opup @9

Total availability is obtained by multiplying 6, , by the total root depth. .

A soil type representative for the whole world should be such as to represent the average response of the

medium texture soils. Because our primary concern is availability, we looked in the literature for

estimations of 6 cap and Gpwp. A comprehensive review of measurements of the above two parameters may
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be found in Patterson (1990). We start from Patterson’s estimates of 0 cap and Gp’wp for the 11 USDA

classes, and average the numbers corresponding to the medium texture soils (class 4, 5, 7, and 8,

corresponding to silt loam, loam, silty clay loam and clay loam, respectively). The resulting numbers are

O ap .___0'323 m’m”? and 8, =0.171 m’m”. We get y, and 6, by averaging the values of Cosby et al

(1984) for the same classes. The numerical values are y_,=4.57 10° ms" and 8,,,=0.472 m’m>. We now

use the Clapp and Hornberger expression for the matric potential

¥ - wsa,(ei)"’ | )

sat

with q;(epw) =-153 m (-15 bar) and w(ﬂmp) =-3.37 m (-0.33 bar) to find the remaining constants b and ¥,

The results are b=6.04 and ¢_,=-0.338 m. The matric potential at permanent wilting point and field

capacity are just large and small values respectively whiéh are commonly used as a definition of wilting

point and field capacity (see Hillel, 1980).

The above process ensures a soil that has an availability corresponding to the average value of the medium

texture soils, and yields a quantitative definite hydraulic meaning to BmxJ and epw’

compatible with the
Clapp and Hornberger relations (See Table I for a summary of the soil constants). Note that, because the
total root depth is 1 m (see next section), the above values give a total availability of 15.2 cm, very close

to the value of 15 cm used in Manabe (1969), and by most of the bucket mddels since.

The soil properties as defined above also imply a maximum infiltration rate at the surface, defined by the
maximum downward diffusion from a saturated surface. If the throughfall exceeds the maximum infiltration
rate, the excess precipitation is put into runoff. However, in practice the maximum infiltration rate is so

large that it is never reached. Runoff is therefore only produced when the soil becomes saturated.

2.4.3 Discretization and the root profile

We have chosen the same soil discretization for the thermal and water soil balance, for ease of interpretation
of the results and simplicity of the code. Howcver, most of the considerations given in section 2b, when
discussing the impact of a particular choice of discretization on the thermal diffusion equatioﬁ, are hardly
relevant for the soil water budget. The main forcing for the soil water ié the precipitation flux, which is
a quasi-random time series, as opposed to the forcing of the thermal part, the harmonic time series of clear
sky radiation, modulated by the presence of clouds. The relevant quantity for water, once the soil
-availability has been chosen (determined by the type of soil, see above section), is the total root depth. We
have chosen a total root depth of D,+D,+D,=1 m; visual inspection of the root depth maps of Patterson

(1990), shows that this is an intermediate value, exceeded for some crops like corn, over North America and
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Australia, and coniferous and deciduous forests of North America and Eurasia. Since the lowest model layer
‘has no roots, it can act as a recharge layer, bringing water up to the root zone through diffusion during

extensive dry spells.

Equations (21) and (22) are diScretized in spacé in a similar way to the temperature equations.‘ HoWever,
we found problems in time integratioris with the "locally" implicit method explained in 2b: under certain
forcing conditions, there was evidence of a bounded oscillation, that could be explained by a simple stability

‘analysis of the numerical method. We therefore adopt a "global" semi-implicit scheme:

ein+1 _ Bin F* F*

_l et o g 30
pw }( At | Di pw 6. ‘ | | - , ( )
. e*‘ _6* . N S . )
F*m/z = ”pw[)“m/z—”n—l“‘l_‘YM/z] i=1,2,3 3D

05(D,+D,,) ' R -

where F,,,, is the flux of water at the interface between layer i. and i+1, p Sy, is the root extraction at
layer i, and

0r, - aIO,."+1+(1 -a)8,” A o . o (32)
o, is the implicit coefficient, a,=1.5. For improved accuracy, the hydraunlic diffusivity and conductivity

are taken as (see Mahrt and Pan, 1984)

Aigp = Almax (67,67 )]
(33)
Vit = ¥ [max(6",8% )] L
The boundary conditions are given by
Fuip = PuYs Lo
(34)

Fip=T-Y+E,,

The difference between throughfall T and surface runoff Y, (kgm™®s™) is the soil infiltration at the surface.

The evaporation at the top of the soil layer, E,, , is computed' as

B, - (B-E5H s | - (35)

Equation (35), together with the treatment of interception reservoir evaporation and the repartition of the
dry vegetated evaporation in root extraction at the different layers, conserves the total amount of water

evaporated to the atmosphere. Root extraction is computed as
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S,. = (1-C)C E, RS =1,2,3
pw 0, Ty ) . 1=1,4, o
D; 3", RS, (36)

prB,4 =0

In case of dew deposition, S, ,=0. The integration scheme detailed in equations (30-32) is flux conservative.

It can be shown to be stable and to have a non-oscillatory behaviour.

Similarly to the analysis of time scales of the different layers for diffusion of heat in section 2b we can
analyze the time scales for diffusion and drainage of soil moisture;. Because the soil diffusivity and
conductivity depend strongly on soil moisture, we compute the time constants at percentages of availability
between field capacity and permanent wilting point. It can be seen from Table 3 that the time scales are
short for moist soil and become very long for dry soil. The asterisks in the table indicate that, for dry soil
moisture values, diffusion and drainage do not play an important part in the evolution of soil moisture at
the deeper layérs. In particular, they show that the lowest model layer acts as a slow recharge layer to the

layers above.

0% 3% 67 % 100 %
1 upWaIds - - - -
-1 downwards . 197 - .25 , 05 - - 0.1
1 drainage ** ** 188.5 - 177
2 upwards 59.0 76 14 0.4
2 downwards 1959 ‘ - 251 47 0 1.2
2 drainage *x ¥ 565.6 , 532 .
3 upwards 671.5 86.2 le.1 4.2
3 downwards ' ** 241.9 ' 45.2 11.7
3. drainage EE g ok L SRED -+ 1823 ¢
4 upwards R 6350 - .- . - 1186 30.7 -
4 downwards - ‘ LI - , .-
4 drainage L ek t ok ' - 478.6

Table 3 Moisture time scale (in days) associated with each layer, dependent on soil moisture
(percent of maximum availability). See text for an explanation of the different
quantities. ** indicates values larger than 1000 days (see text for further discussion).

3. POINT VALIDATION
In this section we use field data to test the parametrization described above (identified with model cycle 48).
We also compare with the old parametrization (model cycle 47), which is described in the Appendix and

further documented by Blondin (1991). The two versions of the land surface parametrization and the surface
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layer part of the boundary layer scheme (cy47 and cy48) are driven, in stand-alone mode, with observational
time series of wind, temperature, specific humidity, precipitation and downward radiation (solar and thermal)
as forcing boundary conditions. The model variables at the lowest model level are replaced by the
observational time series and the height of the lowest model level is replaced by observation height (above
displacement height). In this way only the surface layer part of the boundary layer scheme and the entire
land surface code are used and tested. The advantage is that we:study the performance of the land surface
code without complicated interactions with other parts of the model. The land surface scheme could for
instance have impact on precipitation, cloud cover and radiation, but we exclude such interactions because
precipitation and atmospheric radiation are prescribed from observations. Therefore we can concentrate on
the land surface scheme, without considering deficiencies from other parts of the model. This validation
strategy is also proposed in phase II of the Project for Intercomparison of Land surface Parametrization

Schemes (PILPS, see Henderson-Sellers et.al, 1993).

The aim of the current study is not to optimize the parametrization for a particular location, but rather to
check the performance of the scheme in different climatological regimes, with emphasis on the seasonal time
scale. We use three different datasets: FIFE 1987 data from Kansas USA (Sellers et al, 1988), data from
Cabauw in The Netherlands (Beljaars and Viterbo, 1994) and ARME data from central Amazonia
(Shuttleworth et al, 1984a). The model parameters are not adjusted to these experimental sites but have the
values that are used in the global model for these locations. Note that in this we differ from the PILPS
methodoldgyf In PILPS, all models are giveh a common set of parameters characteristic of the locations,
allowing a more straightforward comparison between the different models (Piﬁnan at al, 1993).
Geographically constant soil and vegetation types are part of the features of both modeljcycles 47 and 48,
and therefore those global valﬁeé are chosen for the validation presented in this section. .,':l“he’parameters
that depend on geographical location in the ECMWF model are ‘specified in Table IV for the three sites
and the two model versions. Initial profiles in the soil are set to a climatological value for temperature and
to model field capacity, g,,, for soil moisture. For all locations, the results are not very sénsitive to the
initial conditions because the initial conditions are sufficiently wet that the soil has a short response time.
Sensitivity to model parameters, to reflect more closely the different experiment locatiopé, ins‘féad of global

model values for these locations is not studied here.

20



albedo Zom Zg, veg cover  obs hei

(m) (m) ~ ' (m).

FIFE cy47 0.17 03 0.3 -~ 085 -
39°%03'N cy48 0.17 03 0.03 0.85 oo
96"32°W obs 0.17-0.21 0.19 0.01 - 2
Cabauw cy47 0.17 0.4 0.4 0.87 -
51°58'N cy48 0.17 04 0.04 0.87 -
4°56'E obs 0.23 0.1 0.0001 - 20
ARME cy47 0.13 25 2.5 0.94 -
3°S cy48 0.13 25 0.25 0.94 -
60°W obs 0.12 1.7 - - 13

Table 4 Model parameters for the different experimental sites

3.1 FIFE

311 FIFE location and data _

The FIFE experimental domain consists of 15x15 km tallgrass prairie on a rather complex undulating
topography. The growiﬁg season is from May to October, with the leaf area index having a maximum of
about 3 toward the end of Jﬁne, which gradually decreases with plant senescence in September and October
(Kim and Verma, 1990). Soil is predominantly Benfield-Florence cemplex and Clime-Sogn complex, with
estimated averaged soil properties of 0.47, 0.39 and 0.17 m*m? for saturation value, field capacity and
wilting point respectively (Famiglietti et al, 1992).‘ The observed albedo is between 0.18 and 0.21 in
October and about 0.02 lower in August (Berts et al, 1993); the roughness lengths for momentum and heat

are estimated by Betts and Beljaafs (1993) to be 0.19 m and 0.01 m respectively.

The FIFE dataset consists of nearly continuous observations of surface parameters from the Portable
Automated Mesonet stations (PAM) covering the period from 1 May 1987 to 16 October 1987 and four
Intensive Field Campajgns'(IFC’s) with surface flux observations (from 26 May to 7 June, from 25 June
to 11 July, from 6 to 21 Angust and from 5 to 16 October). ThePAM data (30-minute averages at
10 statiens) consists of wind at v5.4 m, temperature and humidity at 2m, together with radiometric measure
of the ground surface temperature, downward short wave radiation, net radiaﬁon downward 'long wave
radiation and rainfall. During the IFC’s, fluxes of sensible and latent heat and ground heat flux were
measured at about 13 stations with Bowen and eddy correlation methods. The PAM data have been quality
controlled, edited and averaged by Betts and Ball (1992) (see also Betts et al, 1993, for details) resulting
in a single time series, fepresenting the average ovef an area of 15x15 km. The wind at 5.4 m has been
imnterpolated to the 2 m level with the routines described by Beljaars and Holtslag (1990) using Monin

Obukhov similarity and surface fluxes. Also the flux data has been averaged over all the available stations
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during the IFC’s. The resuiting averages are believed to be representative for the 15x15 km square. All the

observations are available as a time series of half hour averages.

The PAM dataset is virtually continuous and can be used as atmospheric boundéry conditions for the land
surface module in a single column mode. Verification can be done by comparing with surface fluxes during
the IFC’s. It is more interesting, however, to verify the water budgets over the entire time interval from
May to October. For that purpose we use the heat fluxes from continuous temperature profilé observations
of two stations (stations 2 and 28 from 27 May to 16 October; see Smith et al, 1992). The latent heat flux
has been inferred by Smith et al (1992) as a residual from the surface energy balance. These two stations
have Bowen observations during the IFC’s and profile observations in between IFC’s. Smith et al (1992)
compare the two methods and find good agreemént; To see whéther these flux observations are
representative for the entire FIFE area, we compare them with the averages of the IFC’s. The following
parameters are compared: (i) diurnal averages of net radiation, sensible and latent heat flux in Fig 2, and
(ii) midday averages (between 16 and 20 h UTC, 4 hours centred around local noon) of these quantities in
Fig 3.- The agreement between the averages of the IFC’s and the continuous time series of the two Bowen
stations is very good. Also the time series from stations 2 and 28 are remarkably similar although small
differences can be observed. When integrated over the entire measuring period, statioﬁ 38 has 6% less net
radiation, 8% less latent heat flux and 8% less sensible heat flux than station 2. The differences in latent
heat flux are largest between day 200 and day 215 and between day 248 and day 288, when the vegetation
is stressed. The difference between the two stations is probably related to their location: station 2 is in a
valley whereas station 38 is at the top of a ridge. As we will see later, the differences between stations are
small compared to the model deficiencies we want to address. So we conclude that the two time series of
continuous flux observations are sufficiently representative for the FIFE area to study model problems

related to the seasonal time scale.

~ The evolution of soil moisture was also monitored during the FIFE experiment and is shown in Fig 4.
Gravimetric soil moisture measurements were taken for the subsurface layers from 0-5 cm and 5-10 cm deep
at about 10 days intervals together with volumetric soil moisture profiles from neutron probe soundings
(Strubel et al, 1991). The gravimetric observations had a higher frequency during the IFC’s. To allow
comparison with model results, the gravimetric data has been converted to volumetric units using a "dry soil
density" of 1100 kg/m®. However, large uncertainties in soil density have been reported; Wang (1992)
mentions a range of 700 to 1400 kg/m’. The neutron probe observations were taken at depths from 30 cm
to 200 cm. The 30 cm level has been discarded, because of evident biases (probably because of surface
effects on the neutron scattering). Averages have been computed over all the observations available in the
FIFE area. The number of points used for the averaging is about 140 for the gravimetric observations and

decreases gradually with depth for the neutron probe data from about 70 at a depth of 40 cm to about 10
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a) Fife 1987 Data comparison
Diurnal averages
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Fig2  Diurnal averages of surface energy budget. Fig a compares net radiation from the AMS stations (averaged over
all stations) with net radiation from stations 2 and 38. Figs b and ¢ compare sensible and latent heat fluxes
respectively (averaged over all stations during the IFC's) with those from stations 2 and 38.
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a) Fife 1987 Data comparison
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Fig3 AsFig 2 butfor the midday averages. Averages are taken over 4 hours around local noon ‘(1'6 to 20 hours uTC).
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Fife 1987 DATA
Diurnal averages
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Fig 4 = Evolution of observed soil moisture at depths of 7.5 cm (gravimetric observations converted to volumetric units),
40 cm, 100 em and 200 cm (neutron probe data in volumetric units). -

at a depth of 200 cm. The neutron probe profiles were not always measured on the same day for the entire
area. When profiles were measured one or two days apart they are still averaged to a single profile, which

implies that the interpretation of these profiles is-only useful on longer time scales.

The observed seasonal evolution of soil moisture at different levels, as shown in Fig 4, clearly reﬂacts the
effects of continuous drying through evapotranspiration and the moistening from precipitation events. Thisis
even more clear from the time integrated precipitation plus evaporation in comparison with the change in
soil water content vertically integrated over a depth of 2 m.(Fig 5; note that the model convention is used
with positive values for downward fluxes). Although the curves are similar in shape, there is also a
considerable mismatch: the drying of the soil is less rapid than expected from the time integrated P+E. Over
the time period from day 147 to 289, the difference is nearly 100 mm. The reason for this discrepancy is
not very clear. It cannot be explained by runoff because any runoff would make the difference even larger.
However, the uncertainty in the different terms of the budget is quite large. The bﬁdget comparison of Fig 5
suggests that precipitation is a less likely candidate for the mismatch, because the error is mainly during soil
drying rather than during the moistening events. The difference in slope between soil drying and (P+E) is
about 20% for the drying period from day 257 to 285. It is also possible that some of the soil moisture for

evapotranspiration comes from below 2 m.

25



Precip/Evap/Precip-Evap; 1987 DATA
Time integrated quantities

4007 F 400
350 ] _/ PRECIP | 5o
3007 E 300
2503 f—zso
© 200 200
150 3 E 150
1003 E 100

E 50 3 E 50
€§ 50 TOTAL SOIL MOISTURE f-50 -
5 -1003 ; CHANGE F-100
£ 1509 Ssao - o, £ al - -150
& 2003 RV S - -200
< 250 Rl PREGIP + EVAP | 20
-300 § Seaal . E-300
350 "\._\ 350
-400 3 Sseel - -400
450 . RIS E 450
-500 4 S~al E 500

Lo S~ E
5503 ‘ » ‘ Rl C TS ewap [0
-600 +r————————— e —————————————+ -600
160 180 200 220 240 260 280 300
: DAY :

Fig5  Accumulated precipitation.(P), evaporation (E) and P+E in comparison with the change of soil moisture integrated
over a depth of 2 m. These are observations averaged over all data available in the FIFE area.

3.1.2 One column simulations for FIFE

" The simulations with FIFE data start from 1 May 1987 (day 121) with soil moisture initialized at field
capacity and soil temperature initialized at the ECMWF climatological value for May. Here, as for the next
data sets, we will concentrate our discussion on aspects related to soil hydrology. Direct benefits of the use
of skin temperature in cycle 48, in terms of a smaller ground heat flux, are documented for FIFE in Beljaars
and Betts (1993) and can also be seen in Figs 17-19 for the GCM simulations. The comparison with data
is from 27 May (day 147) to 16 October (day 289) and is shown in the Figs 6-10. The diurnal averages
of latent heat flux produced with cycle 48 agree much better with observations than the fluxes from cycle 47
(Fig 6). The eVaporation with cycle 47 is influenced quite strongly by its climatological lower boundary
condition, whereas cycle 48 can sustain evaporation for quite some time after precipitation events. This is
also illustrated by the midday evaporative fraction (Fig 7) and the accimulated moisture budget (Fig 8).
It shiould be noted that the agreement between model cycle 48 and data is much better during the TFC’s than
between the IFC’s (compare Fig 7 and Fig 2); this may be an indication that the data is less reliable outside

the IFC’s, where the profile method has been used instead of the Bowen method to derive sensible and

latent heat fluxes.

The difference between model cycle 47 and 48 is most evident from the soil moisture evolution (Fig 9) and
from the soil moisture profiles (Fig 10). Cycle 47 has an unrealistic response to precipitation events, and
evaporation is influenced rather strongly by the climate layer. With the constant value of the diffusion

coefficient, the diffusion of moisture between the layer 3 (boundary condition) and layer 2 is 2.1 mm/day
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for a volumetric soil moisture difference of 0.1 m*m?, which results in considerable amounts of influx for
" May and June, but leads to rapid loss of water and sub‘sequent reduction of evaporation after June. The
runoff in cycle 47 is also rather unrealistic; it is nearly always a constant fraction of the precipitation even
when the soil is rather dry. This is mainly due to saturation runoff at the surface, because the downward
transfer of moisture is slow. Model cycle 438 behaves quite differently: because the moisture diffusion
coefficients depend on soil moisture, the downward transport is very efficient after precipitation. Therefore
the deeper layers can be filled easily without loosing all the precipitation through saturation runoff. Because
the deeper layers are also filled By precipitation, the eQaporation can be maintained for a much longer period

of time than with cycle 47.

The soil moist‘ure profiles with both model cycles and observed profilé_s are éhown in Fig 10 for the days
that neutron probe profiles are bavailable It is clear that‘the profiles with model cycle 48 look much more
realistic than those with cycle 47. However, the new: model has a systematlc shift in volumetric soil
moisture which can be due to the selection of 3011 properties in the model. The deep soil has a tendency
to relax towards field capacity, which is 0.32 in the model and which is about 0. 39 for the FIFE area
(Famiglietti et al, 1992). This dlfference is relatively ummportant as far as the evaporatlon is concerned.
The soil moisture can be 1nterpreted in terms of availability (as a percentage in the range between permanent
wilting point and field capacity) which makes the value of the field capacity irrelevant. However, the total
size of the soil moisture reservoir is much more important because it determines how much water can be
retained for evaporation after precipitation and determines an important time constant in atmos‘;')heric models
(Milly and Dﬁrzne, 1994). Thev volumetricvholding capaéity of <the soil is ;he difference between the field
capacity and the permanerit wilting point, which is .15 m®m? for model cycle 48 and estimated to be
22 m*m> for the FIFE location. The lower value in the model may be the reason that the model still
underestimates evaporation at the end of the growing season. Another difference between model and
observations concerns the near surface variability in soil moisture. The observed soil moisture proﬁles show
much larger variability thén the model. The model simulations have rather smooth proﬁles. The detail of
the soil moisture weighting in the stress function and the vertical distribution of root extraction play an
important role here. The root extraction profile, as chosen in equatibn (18), ensures that the top layer is
depleted faster than layer 2 and so on. The evolution of the soil moisture profile of the observations
following precipitation events (compare day 213 with day 191 and day 268 with 267 in Fig 10) confirm
that, although they indicate an even stronger variation with height. The observations suggest a gradual

depletion of soil water from top to bottom.
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32 Cabauw

3.2.1 Cabauw location and data

The Cabauw data used in this study have been collected at the 200 m meteorological mast»i'n Cabauw in
the Netherlands. This site is located in flat terrain consisting mainly of grassland interrupted by narrow
ditches. Up to a distance of 200 m from the mast, there are no obstacles or perturbations of any importance'
further on some scattered trees and houses are found for most wind d1rect10ns (see Drzedonks et al, 1978,
for a more detalled descnptlon) The soil consists of a 1 m deep layer of clay on top of al0m deep layer
of peat saturated with water. The bottom part of the clay layer is always inan art1f1c1ally mamtamed water
table. Holtslag and Van Ulden (1983) suggest an albedo of O 23 for th1s site and roughness lengths of
momentum and f‘heat are estimated to be 0.1 and O,QOOI respectlvely (Beljaars and Holtslag, 1991).

In this paper we use the observations of wind, temperature and specific humidity at a height of 20 m as a
boundary condition for the ‘.one column soil model. All quantities are averages over 30 minute intervals for
the year 1987. For verification, fluxes of sensible and latent heat have been deri;/ed from net radiation,
ground heat flux and profiles of wind temperature and moisture. When data.are missing because of
instrument failure or data transmission problems, the dataset is filled in with help of observations from
SYNOP station De Bilt 30 km away. A simple procedure (Beljaars and Holstlag, -1990) was used to
simulate the surface fluxes, to interpolate to the 20 m level and to correct for differences in terrain
roughness. Although the methods used in the procedure have been extensively verified against data and are
in fact tuned to this particular site (Holtslag and Van Ulden, 1983),» the interpolated data cannot be
considered to be real verification material. However, the amouht '(‘)f filled in data is small ‘(abodt 10-20%
dependent on parameter) and the procedure enables us to look at integrated-budgets.- The dataset has been

prepared for the entire year of 1987 (see Beljaars and Viterbo, 1994 for more details).

3.2.2 One column simulations for Cabauw

The simulations with Cabauw data are started from 1 Janhairy 1987 with soil moisture initialized at field
capac1ty and soil temperature at the climatological value of January. The companson of sunulatlons (cycle
47 and 48) with data are shown in Figs 11- 13 The impact of the model change is qu1te dlfferent from the
1mpact on the FIFE simulation. For FIFE the new model increases the evaporation, mainly by reducmg the
runoff. For Cabauw the new model reduces evaporatlon and increases runoff. The precipitation reglme at
Cabauw is very different from FIFE. At Cabauw precipitation comes in small amounts throughout the year,
which implies that evaporation is seldom supply limited. Evaporation is reduced with cycle 48 compared
to 47, because both the minimum stomatal resistance and the aerodynamic resistance have been inereased
by selecting a smaller roughness length for heat and moisture. The latter is of particular importance for

winter situations with water on the vegetation (see Beljaars and Viterbo, 1994 for a more detailed analysis).
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Fig 11 Diurnal averages of latent heat flux for Cabauw, simulated with model cycles 47 and 48 and observed.
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Fig 12 ° Accumulated moisture budget at the surface for Cabauw. -
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Soil moisture (m3/m3)

Soil moisture (m3/m3)
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Fig 13 Seasonal evolution of soil moisture for Cabauw with model cycle 47 (a), cycle 48 (b).
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The effect of the aerodynamic resistance is also reflected in the large extremes with cycle 47 in the diurnal

averages of latent heat flux (Fig 11). These extremes are mainly during days with strong wind.

The seasonal evolution of soil moisture is again more realistic with cycle 48 than with cycle 47. The largest
amplitude in soil moisture variations is at the surface with cycle 48, whereas cycle 47 has a large seasonal

amplitude driven from the deep soil boundary condition (Fig 13).

3.3 ARME

3.3.1 ARME location and data v

The ARME site‘was in terra firma forest located in the Reserva Flores'tal Ducke, 25 km from Manaus,
Amazonas Brazil and was selected as rcpresehtative' of natural vegetation and regional topography (see
Shuttleworth et al, 1984a; S‘huttleworth," 1988). Routine meteorological observations were taken from
1 September 1983 to 30 September 1985 at a height of 45 m, approximately 10 m above the forest canopy.
The hourly observations of wind, temperature, humidity, rainfall and radiation are used as a forcing
boundafy condition to the one column model. Rainfall interception is determined as the difference between
precipitation and throughfall. Lloyd and Marques (1988) studied the sampling errors and the reliability of
the interception estimates and conclude that they can only be used when integrated ovef an extended period
of time. Fluxes of sensible and latent heat were measured during September 1983, July and August 1984
and March to August 1985, using eddy correlation techniques above the forest on the same tower as the
automatic weather station (Shuttleworth ét al, 1984a). The long term imbalance between net radiation and
the sum of sensible and latent heat flux is about 9%, which is interpreted as-a "flux loss” in the eddy

correlation instrument (Sliuttleworth et al, 719784a).

Rooting in the soil is dense down to 15 cm, but it is known that the forest can routinely access soil water
to a depth of 1 m and to at least 2 m during prolonged dry periods (Shuttleworth et al, 1984a). The
observed albedo is 0.12 and the roughness length for momentum is estimated to be 1.7 (Shuttleworth et al,
1984b; Shuttleworth, 1988).

3.3.2  One column simulations for ARME

The simulated latent heat flux and the accumulated surface moisture budget are shown in Figs 14 and 15
for model cycle 47 and 48. The day numbers are counted from 1 January 1983. The main difference
between the two models is the reduced annual cycle with model cycle 48. The rainfall exhibits a marked
seasonal dependence with a mean monthly maximum of about 350 mm in March and a minimum of around
100 mm in August. This is reflected in the deep soil moisture by Mintz and Serafini (1992) which forces
the annual cycle in evaporation with model cycle 47. The annual variation is even more obvious in the

evaporative fraction at local noon (see Fig 16). The data does not show any sign of an annual cycle
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Fig 15 Accumulated moisture budget at the surface for ARME.
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Evaporative fraction

Evaporative fraction

Fig 16 Midday evaporative fraction (averaged over 4 hours around local noon) for ARME with model cycles 47 and 48
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although not all seasons have observations of the surface energy balance. The observations suggest an
evaporative fraction of about 0.7 throughout the year. Model cycle 48 reproduces this value rather closely
and has virtually no annual cycle. Apparently, the soil moisture reservoir is big enough to provide unlimited

supply during the dry season.

Finally we compare accumuléted interception with data by Lloyd and Marques (1988) in Fig 17. Both
model cycles are well within the range of observational data. The accumulated evaporation with cycle 48
is also very close to the results from the Penman-Monteith-Rutter model (Lloyd et al, 1988; Shuttleworth,
1988). The latter is tuned to the ARME location, and uses the observed soil water tension in the stress
function. Therefore it can be expected to give superior results to our two schemes and is used as a reference

for the parametrization under test in this paper.

4. MULTIYEAR INTEGRATIONS WITH THE GLOBAL MODEL

The seasonal evolution of soil temperature and soil moisture in the ECMWF operational forecast system is
the result of forcing from the 6 hour forecasts during the successive data assimilation cycles. The soil
moisture content evolves as the result of precipitation and evaporaﬁon from 6 hour forecasts which are used
as first guesses for the atmospheric fields. In cycle 47 the seasonal evolution is also (perhaps even mainly)
affected by the deep boundary condition, which is updated every month. To test the seasonal time scales
of the soil variables, it would be necessary to do a full year of data assimilation, which is very demanding
in terms of computer resources. It was therefore decided to do a multiyear run (4.5 years in duration) with
model cycles 47 and 48 at T63L31 resolution, mainly to see whether there is any model drift on the seasonal
time scale. The sea surface temperatures vary throughout the year following a climate based on the

averaged annual cycle of the years 1986-1991.

Here we present the mean annual cycle from these multiyear runs at the three different locations that have
been used in the one column simulations. The inter annual variability can be considerable in the model as
well in the observations, which makes for deficient comparisons with data obtained over one or two years
only. On the other hand, the differences between the long run and the data are often larger and more
systematic. than the inter annual variability in the muitiyear, integration. It is therefore felt that the
comparison with the data is a useful exercise. The model may also be biased in components of the general
circulation which have impact on near surface pérameters, but which cannot be attributed to land surface

processes.
It is worth discussing the scales represented by the model values with the scales implied by the observations.

For FIFE, which was a scale integration experiment, the heterogeneity is smaller than the model bias, as

already pointed out in section 3a. The ARME data is from a point over tropical forest and this site is
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typical for very large areas surrounding the observation point. Also Cabauw is a typical site for the
surrounding area. Compared to the model bias, we feel that for these three locations the problem of

representativeness is of secondary scale.

To compare model with data, monthly mean values of different quantities have been computed for the
locations discussed in section 3. To get a single annual cycle the model output for different years has been
averaged month by month (4 years). The same has been done for the data. For FIFE only 4 full months
exists, for Cabauw we have one year of monthly averages and for ARME 2 years and 1 month have been

averaged to a single annual cycle.

The annual cycles of the two models are compared with data in Figs 18, 19, and 20 for FIFE, Cabauw and
ARME respectively. For FIFE we. only have data from June to September. We see that the downward solar
radiation and the net radiation agree well with the data for these months. Cycle 48 is slightly better than
cycle 47. However, the sensible heat flux is too large and the latent heat flux is too small in both versions
of the model. The reason can be found in the soil moisture and the precipitation. The soil moisture is
rather low throughout the year and precipitation is underestimated, with cycle 48 having less precipitation
than ycycle 47. The ground heat flux is smaller with cycle 48 particularly during the second half of the year
when the fixed fernperature boundary condition forces a rather unrealistic annual cycle. This improvement
is due to the.relaxation of the deep boundary condition and due :to the introduction of a skin temperature
(see also Beljaars and Betts, 1993 for a discussion of the impact 6f the skin temperature parametrization

on the diurnal cycle of the ground heat ﬂﬁx).

Fof the Cabauw site the downward solar radiation and the net radiation at the surface are considerably
overestimated by both model cycles, although cycle 48 is slightly better than cycle 47. This is consistent
with results of operational verification indicating a systematic underestimation of cloud cover. The latent
‘heat flux is quite reasonable particuIarly with cycle 48, but the sensible heat flux is poor with both model
cycles. In summer both models produce far too much heating ahd in winter-too much cooling. Precipitation
is too high in winter aﬁd too low in summer with both models. The ground heat flux is slightly smaller

with cycle 48 and has a better balance between summer and winter.

For ARME 1!he -available data is limited to solar downward radiation, net radiation, precipitation and latent
heat ﬂux estimates from the Penman-Monteith-Rutter model kindly provided by Dr John Gash from
The Institute of Hydrology (Lloyd et al, 1988). Thié PMR model has been optimized for the ARME
loca‘tion and is therefore used as reference for the current model. Both our models (Cy47 and Cy48)
overestimate the solar downward radiation and the net radiation. Also fhe latent‘ heat flux is slightly

overestimated, but this is most likely due to an overestimation: of net radiation. The annual cycle of
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precipitation looks reasonable. The ground heat flux is small with cycle 48 -throughout the year whereas
cycle 47 has a systematic flux from the climate layer, because its temperature is not in equilibrium with the

model climate.

Prior to operational implementation of model cycle 48, it was concluded from the multiyear runs that no
dramatic drift occurred. However, the annual cycles for the 3 locations show a very mixed signal. Cycle 48
is sometimes better than cycle 47 and vice-versa. The main reason is that precipitation and the surface
radiation respond in very complicated ways to the model changes. The changes seen in the verification in
climate mode are dominated by the changes in surface radiation and precipitation rather then by the direct
effects of the changes in land surface parametrization. Therefore it would be extremely difficult to decide
from these long runs which of the two parametrizations is the best. The response of precipitation and
radiation to changes in the land surface parametrization prevents us from drawing firm conclusions. A clear
example of interactions of the land surface with the boundary layer structure and moist convection was
obtained in recent work, where the effect of the new land surface parametrization on the precipitation over
the USA is discussed (A K Betts, personal communication). Given these complicated interactions, it is felt
that the stand-alone one column simulations are extremely useful because they allow. one to separate the

issue of land surface parametrization from other model problems.

5. SUMMARY AND CONCLUSIONS

A new version of the ECMWEF land surface scheme has been described. The main difference with the old
scheme is a more physical representation of the soil hydrology. A typical feature of the old scheme is its
rapid relaxation towards a climatologically prescribed deep boundary condition for temperature and soil
moisture. The new scheme has four prognostic layers with free drainage of water and a zero flux condition
for heat at the bottom. Hydraulic diffusivity and conductivity are strongly dependent on soil moisture,
allowing a rapid downward transport of water after rainfall events. The soil water holding capacity of the
new model is large enough in order to maintain evaporation during the dry season, for the datasets tested.
Interception of precipitation is included, and the evaporation rate is different for bare ground, dry vegetation
and wet vegetation. The roughness length for heat and moisture is different from its value for momentum.
Finally, a skin temperature is considered, representing the response of a thin top surface layer, in

instantaneous equilibrium with its forcing.

The emphasis of this paper is on the seasonal time scale and on validation in stand-alone mode using long
observational time series. The study of the seasonal time scale in land surface schemes is relatively new
as it requires continuous observations of fluxes and soil variables over long periods of time
(Henderson-Sellers et al, 1993). However, the seasonal time scales, mainly determined by the soil moisture

reservoir, are crucial to climate and numerical weather prediction models (Manabe, 1969; Milly and Dunne,
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1994). Long datasets are now becoming available and we have used them to test two versions of the
ECMWF land surface parametrization scheme. It is clear that the new prognostic scheme has a much better
capability for handling seasonal anomalies in stand-alone mode than the old model, which is heavily

constrained by a deep soil climate boundary condition.

The different observed datasets illustrate different aspects of the two models. The FIFE dataset (prairie
grass) has two extended periods of drying which are poorly handled by the old model. The old model
produces far too much runoff because the downward diffusion of water between layer one and layer two
is too slow, resulting in large saturation runoff from layer one. Because of the quick loss of precipitation
and the too dry climatological deep boundary condition, the old model has too little evaporation during dry
spells. The new model has conductivities. and diffusivities that are strongly dependent on soil moisture,
which allows a rapid downward transport of water after precipitation. Therefore the new model has more
soil moisture available for evaporation during dry spells. Although the evaporation in the new model is
much closer to the observed evaporation during the dry spells, there is still an underestimation. This may
be due to a mismatch between soil type of the model (we use one type for the entire globe) and the soil type

iri the FIFE area, which has a slightly larger water holding capacity than the model.

The Cabauw dataset (grassland) represents a very different climatological regime. The precipitation comes
at moderate rates throughout the year and therefore evaporation is only rarely supply limited. - For Cabauw,
the formulation of aerodynamic resistance turns out to be important, particularly in winter when the
vegetation is wet for long periods of time. The new model has a reduced roughness length for heat and
moisture which increases the acrodynamic resistance and therefore reduces evaporation. The new model

agrees better with observations than the old model.

For ARME (tropical forest) the old model has a distinct annual cycle in the midday evaporative fraction,
which is forced by the deep soil climatological boundary condition. Observations suggest a constant
‘evaporative fraction of 0.7 for all seasons. The new model has sufficient water capacity in the soil to
maintain evaporation during the dry season. The interception loss is well within the regime of observational

uncertainty with both schemes.

This study clearly demonstrates the importance of observational data to test different aspects of the
parametrization. We feel that stand-alone validation is the only way to isolate deficiencies of the land
surface parametrization from other model deficiencies. This became particularly evident from a comparison
of the old and new scheme in a multiyear run of the global model. From the annual cycles at the different
locations, it was difficult to decide which scheme performed best. The reason is that evaporation interacts

with precipitation in a complicated way. An example is given in recent work, suggesting that a non-local
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response to soil moisture affected the short range precipitation forecasts in the ECMWEF model in July 1993

over the USA (A K Betts, personal communication).

The datasets that have been used were very important for the validation of our new surface scheme, and in
fact very helpful in testing the code. The seasonal time scale is underrepresented in observational studies.
The FIFE experiment had more emphasis on scale aggregation aspects and diurnal cycles than on the
seasonal time scale. The drying phases occurred between the IFC’s and were documented by two flux
stations only. Nevertheless FIFE is one of the very few experiments for which extensive observations of soil
moisture exists. The FIFE neutron probe data has unfortunately not been used much and a study of the
quality of the data and the origin of the mismatch between soil moisture evolution and

precipitation-evaporation difference would be most welcome.

A number of issues are still unresolved in soil parametrization and should be addressed from the
observational point of view. The most important parameter is the total size of the soil moisture reservoir:
how much water can the soil hold and make available for evaporation later. The rooting depth and soil
properties affect this parameter. In spite of its importance (Patterson, 1990; Milly and Dunne, 1994), very
few observational field studies are dedicated to the soil water holding capacity. It is also not very clear how
the soil moisture profile controls the surface resistance of the vegetation.. -'We have adopted a simple
arithmetic average of the soil moisture over the three top soil layers covering a depth of 1 m and a linear
stress function. The resulting soil moisture profiles show qualitative agreement with observed profiles
during FIFE, but observations tend to be much dryer near the surface without apparent impact on
evaporation. The observed profiles suggest a gradual soil moisture depletion from top to bottom, with very
little change in stress on the plants similar to the findings by Federer (1979). It is not very clear how to

parametrize this effect in detail.

The one-dimensional validation presented in section 3 of this paper has shown that the surface model is
realistic when the correct forcing is imposed. This doés not guarantee that the model will perform correctly
when introduced in a GCM, where the forcing is defined at every time step by the atmospheric component.
Errors in the shortwave surface radiation and precipitation can induce soil moisture anomalies which might
feed back on the atmosphere. One such feedback might occur if there is excessive solar radiation at the
surface, due e.g. to a deficiency in the model clouds. This then le.ids to a drying out of the surface, and
thus too little precipitation and cloud cover. The problem can be aggravated in numerical weather
prediction: since there are currently no routine global observations of soil moisture in the root zone, the
model has to run with initial values of soil moisture from a very short-range forecast, representing a balance
between precipitation and evaporation. The only way to minimize the effect of these feedback loops is to

initialise the soil moisture. For instance, Bouttier et al (1993a, 1993b) describe a scheme that relates
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increments in soil moisture to errors in the short range forecast of 2 metre temperature and dewpoint. The
new surface model described in this paper has been running operationally at ECMWF since August 1993.
The feedback described above was encountered in the operational results over Europe, for the months of
April/May/June 1994. We are currently working on a simple method to initialise the soil water in the root

zone.
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Appendix
The "old" ECMWF surface model (Cycle 47)

The previous ECMWF surface model is described in Blondin (1991). For ease of interpretation of the
comparison between the old and the new model, we present in this appendix a brief description of the old

model, emphasizing the differences between the two model versions.

The old model discretizes the soil in two active layers plus one additional layer underneath, with specified,
monthly-varying fields of soil moisture and temperature, acting as lower boundary conditions. The depths
of the model layers are

D= 0.07 m, D,= 042 m, D;=042 m
On top of the soil layers there is an interception reservoir, with properties described in sections 2c and 2d.

No skin temperature is used.

The soil heat budget follows

(Giy-G)
D,

(pC) n+l n -
=T -T"H = - i=1,2
At o ")

where G,,, G,, are the heat fluxes (positive downwards, units Wm™) at the bottom and at the top of layer

i , respectively, defined as:

n +1
G,, - »lTﬂ i-12
: 0.5(D,+D,,,)

-1,
Gi,t = ‘AT—*’—
O.S(D,._l + D,.)

The constants for soil heat capacity pC and thermal conductivity A, have the numerical values 2.4x10° Jm’
K and 1.57 Wm™ K, respectively. T, the bottom boundary condition, is a monthly climatology. Top

boundary condition is specified by G, ,, the sum of sensible plus latent heat plus the net radiation.

1,t°

The sensible heat flux and evaporation follow equations (7), but the roughness length for heat and

momentum are identical, stability is specified in terms of a Richardson number dependency, rather than an
Obukhov length (Louis, 1979), and the top soil temperature T), replaces the skin temperature, T,. The

treatment of evaporation follows the description of section 2c, with some changes: In equation(20), the

constant 1.6 is replaced by unity and the water at field capacity is used instead of the saturation value,

Al



=100 sm™ (compared to 240 sm” used by the new model), and the root profile is specified by

r smin

R~R-2-0.5, R,=0.

The soil water budget of the two sbil layers follows equations similar to (30)-(32), but with constant values
of hydraulic diffusivity and conductivity, given by A=107 m*" and y=10""ms". Note that these values
correspond to the values of the new coefficients for the lower third of availability. Other values for soil
water properties are 8, =0.086 m’m*, 6,,=0.171 m’m”, and 6_,=0.286 m'm”. The flux at the bottom

of the second layer is computed based ona lower soil water boundary condition given by the climatology

of Mintz and Serafini (1992).
Runoff has three components: i) saturation excess, ii) a component die to sloping terrain, dependent on a

variance of subgrid orography, and iii) the third component, when the precipitation exceeds a maximum

infiltration limit, dependent on the water content of the top soil layer (see also Viterbo and Illari, 1994).

A2
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