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Chapter 1

Initial Fields for Idealized Flows
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In many occasions, we want to run simulations starting from highly idealized conditions, such as
an atmosphere in geostrophic equilibrium, with simple vertical and horizontal structure, and simple
orography, or no orography at all. This is useful for theoretical research on geophysical flows, or
simply to test if recent changes in the code have not been detrimental to the quality of previous
results. Meso-NH possesses a general program to prepare initial data for such experiments, named
PREP_IDEAL_CASE.

This program reads data on the vertical structure of the atmosphere from an input file, that may
take a variety of formats for convenience, and prepares a file containing a 2D or 3D initial state
satisfying the geostrophic and anelastic balances, according to various specifications for the geo-
graphical setting. It is also possible to prepare non balanced fields following simple mathematical
formulas, in order to test the good functioning of the post-processing and graphical facility (see
last section).

The fields are produced either for a Cartesian geometry, or for a conformal projection. A stretched
vertical grid may be used, but only regular horizontal grids are supported in this program. The
orography can be zero everywhere, or defined by simple bell-shaped or sine-shaped mountains.

1.1 Input atmospheric profile

The input atmospheric profile may be specified in several ways, depending on the willingness of
the user to use observations (or pseudo observations) in various formats, or to achieve a highly
idealized experiment.

Sounding formats (Option: 'RSOU”)
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If one wishes to use observations or pseudo-observations, the most convenient way to communicate
with the program is to use one of several available “sounding” formats. The data consist of surface
level information, followed by nu levels of temperature and moisture data, and nm levels of wind
data. The date and time of the observation must also be supplied.

The following data formats are supported, and may be selected by specification of the appropriate
value for the parameter YKIND:

"STANDARD’ :

— altitude, pressure, temperature and dew point temperature at ground level,
— nu levels with pressure, wind direction and wind force,

— and nm levels with pressure, temperature and dew point temperature.
"PUVTHVMR’ :

— altitude, pressure, virtual potential temperature and vapor mixing ratio at ground level,
— nu levels with pressure, zonal wind component, meridian wind component,

— nm levels with pressure, virtual potential temperature and vapor mixing ratio.
"PUVTHVHU” :

— altitude, pressure, virtual potential temperature and relative humidity at ground level ,
— nu levels with pressure, zonal wind component, meridian wind component,

— nm levels with pressure, virtual potential temperature and relative humidity
"ZUVTHVHU"’ :

— altitude, pressure, virtual potential temperature and relative humidity at ground level,
— nu levels with altitude, zonal wind component, meridian wind component,

— nm levels with altitude, virtual potential temperature and relative humidity.
"ZUVTHVMR’ :

— altitude, pressure, virtual potential temperature and vapor mixing ratio at ground level,
— nu levels with altitude, zonal wind component, meridian wind component,

— nm levels with altitude, virtual potential temperature and vapor mixing ratio.
"PUVTHDMR’ :

— altitude, pressure, dry potential temperature and vapor mixing ratio at ground level,
— nu levels with pressure, zonal wind component, meridian wind component,

— nm levels with pressure, dry potential temperature and vapor mixing ratio.
"PUVTHDHU” :

— altitude, pressure, dry potential temperature and relative humidity at ground level,

— nu levels with pressure, zonal wind component, meridian wind component,
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— nm levels with pressure, dry potential temperature and relative humidity.
* "ZUVTHDMR’ :

— altitude, pressure, dry potential temperature and vapor mixing ratio at ground level,
— nu levels with altitude, zonal wind component, meridian wind component,

— nm levels with altitude, dry potential temperature and vapor mixing ratio.
* 'PUVTHU’ :

— altitude, pressure, temperature and relative humidity at ground level,
— nu levels with pressure, zonal wind component, meridian wind component,

— nm levels with pressure, temperature and relative humidity.

More idealized format (Option: ’‘CSTN’)

A more idealized manner to communicate with the program is to assume that the atmosphere is
composed of an arbitrary number n — 1 of layers defined by their altitudes Z (k). Within each layer,
the stability is constant, and the wind and relative humidity vary linearly with height. In that case,
the input data consist in the surface level information, followed by the moist Viisild frequency of
each layer V,, and the wind components and relative humidity at the layer interfaces. The virtual
potential temperature on the n input levels is retrieved from the /V, data by

N2(k - 1)

0,(k) = 0,(k — 1) exp { J

(2(0) - 2(k - 1) (1)
for k = 2, n. The situation concerning input data is then the same as for the "ZUVTHVHU’ case
in the 'RSOU” option, and subsequent treatment is similar.

Specifying a jet structure

For other applications, one may want to have a jet structure U(y, z) instead of a horizontally
uniform wind U(z). Then we directly prescribe through a Fortran function the following value of
the x-component wind U(y,z):

1
U(g,2) = (1.2)

IR 2 s 2
J—0 —
cosh ( (zwidt%y ) + ( zvj)idi%z ) )
where zwidthy and zwidthz are the characteristic sizes of the jet along the horizontal and vertical

directions. 7y and Z; are the curvilinear coordinates for the jet center.
An intermediate case is also available where the function U(y,z) is a separable function of y and z:

Uly,z) = U(z) * f(y)
The vertical part U(z) is still obtained from the input atmospheric profile and the horizontal part
f(y) is given by a Fortran function:

N 1
f(y) - COSh( J—4o ) (1.3)

zwidth

with the same notations as for the jet case.
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6 PART II: MODEL SETUP

The jet structure or the separable function, can also be taken into account for the V(x,z). All
combinations between U(y,z) and V(x,z) (function of only z, separable or non-separable function)
are possible.

All these options lead to the prescription of the wind components along vertical planes (I,K) for
V(x,z) and (J,K) for U(y,z) and subsequent treatments to balance the wind and the mass fields are
the same.

1.2 Add an orography

An orography following simple form can be specified:
It may be sine shaped:

=t fon () o)}

1U and JU are the total number of points along x and y directions (i.e. including the external
points). ez, €TPg, €TPy, Gy, Gy,Ts and y, are the degrees of freedom. hyq, is the maximum
height, a, and a, represent widths along x and y directions, x, and y, are the center positions of
the mountain.

or bell-shaped :

1.3 Wind and mass fields on the model grid

To take into account the difference between the orography of the vertical profile and the orography
of the MESONH grid, the variables are subject to a “’shifting” process as in PREP_REAL_CASE
program.

The different grid used in MESONH in PREP_REAL_CASE program are described at section
3.4. In PREP_IDEAL_CASE program, the mixed grid is the Gal-Chen-Sommerville grid with the
same Z levels as the Meso-NH grid and the orography of the input atmospheric profile. The other
grids are defined as in PREP_REAL_CASE program.

Vertical profile on the mixed grid

For the CSTN case, the program will first convert the vertical profile in a common format, featuring
only the surface altitude, pressure, virtual temperature and vapor mixing ratio, together with the
altitudes of the data points, and the corresponding values of 6,,, r,, and wind components. For the
RSOU case, the program will convert in 6;, r;, and wind components.

The correspondance between pressure and altitude is achieved, when necessary, by integration of
the hydrostatic relation, starting from the surface level:

9

dll = —
deev

dz (1.4)

with P = PyyI1Crd/Ra,
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The virtual temperature is obtained as

Rd/cpd
T, = 0,010, (i>

1.5
Py (1.5)

In some cases, this requires the use of an iterative procedure to derive the absolute temperature
and the vapor mixing ratio from available information (virtual temperature and relative humidity).
This is done independantly for each level, and comprises the following steps, starting with 7" = T,
as first guess:

1. The saturation vapor pressure es(7") at temperature T is computed:

R )

T
with
B Buw
a, = In(es(Ty)) + T T In(T3)
t
L,(T)
w = T 5 wT
5 R + Ywlt
G =Gy,
Yw = R,

where 7} is the triple point temperature.

2. The partial pressure of the vapor e = e4(T}) is computed from the relative humidity Hu (in
percents) and the saturation vapor pressure e4(7):

Hu
= e, (T
¢ = To0% )
3. The vapor mixing ratio is evaluated by:
Rd €
Ty = —
R, P—e
4. The temperature is deduced:
1
i G
1+,
Ry’

The iteration continues until convergence is achieved.

Once the variables are known on data points, they are linearly interpolated to the mixed grid. In
the RSOU case, 6; and r, are then convert in ¢, and r, with an adjustement procedure. Here 6, and
r, are located on the mass points of the grid, but the wind components are located on w points.
They will be called hereafter U and V. The next sections explain how the 3D fields are produced,
starting from this single profile.

Wind and mass fields on the mixed grid
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8 PART II: MODEL SETUP

The vertical profile obtained above is supposed to be valid at the point / LOC, JLOC' of the hor-
izontal model grid, and we want to reconstitute the whole 3D fields. As a first step in this com-
putation, the program computes the mass fields on a mixed 3D grid to be the same as the vertical
profile in all the points of the horizontal grid.

The wind is first projected on to model axes. At this stage, the desired jet structure is introduced
to compute the 3D field.

Wind and mass fields on the model grid
Then the shifting process is compute as in PREP_REAL_CASE program.

1.4 Reference state

The reference state is computed on the reference grid, as the horizontal average of the actual state.
First, 0, . and 7, ¢ are computed as a mean value at constant altitude of the 0, and r, field, after
interpolation to the reference grid.

I1'”. is computed as the horizontal average of I1°?(2, 7). Then, the hydrostatic relation for the

ref
reference state is integrated from top to bottom to compute II,...

9

AT = ———0—
d deevref

dz (1.6)

Finally, the density of dry air for the reference state is retrieved

POO(Href)Rd/de_l
Pdref = Rdevref(l + Tvref)

(1.7)

1.5 Enforcement of the anelastic constraint

Obviously, wind field obtained at this stage does not fulfil the anelastic constraint (Eq. 2.14 in Part
I: Dynamics) and the free-slip boundary conditions. Therefore, a last adjustement is necessary
so that this wind field can be used as initial field for the Meso-NH model. Thus, a perturbation
deduced from a potential Pot gradient is added to the wind component U so that the resulting
wind field U satisfies the anelastic constraint.

Let us write this constraint:

U=U,—-VPot
V. (pdrer) =0

From these 2 equations, we deduce an equation for the Pot field given by:

V. (pdrerPOt) = V. (pdrerO) (18)

This equation is equivalent to the pressure equation solved in the temporal loop of the model to
determine the pressure function. Therefore, the same iterative solver is used to solve the equation
(1.8) and the gradient of this potential is added to find the final field U satifying the anelastic
constraint.

Meso-NH version 6.0.0 — 19 March 2026
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1.6 Add a perturbation

In order to start a non-trivial experiment, it is often useful to add a perturbation to the previously
defined balanced fields. Two possibilities are presently available:

* add a perturbation to the 6 field (convective bubble)

N A~ 2 A~ A~ 2 ~ A~ 2
. T — Xg Y—Yo 2 = 20
Dist — =% F” %
st ((Radx> * (Rady> * (Radz> )

0" = Ampli cos® <gDist> for Dist < 1

0 =0 elsewhere

* add a non-divergent perturbation to the horizontal wind, through the use of a streamfunction

d’:
9=9g)? 2md
®' = Ampli e(R“dS) cos ( RZ;Z)

This streamfunction is located at the vertical vorticity point and the »’ and v’ perturbations
are computed at the right locations by:

;o o0’
u__f)yf
;o 0P’
v _+83§

The discretizations use the grid-point curvilinear z, iy because at this point, the orography
has not yet being introduced in the model. This guarantees that the perturbation does not
change the divergence of the previously obtained fields.

1.7 Analytical 3D fields

For the purpose of testing the post-processing and graphical facility, it is also possible to generate
a family of simple 3D analytical fields. Three types of such fields are possible: spherical fields,
plane fields and wave fields.

¢ gpherical fields:

—z —z r—2 m Am — 2
p*u — p* {f0+05<f1_f0)\/ 0+y y0+ 0

L L, L.

(1.11)

—z —z Lm — Xo Ym — Yo Z— 20
prw = p~ < fo+0.5(f1— fo) + +
{ L, Ly L,

(1.12)
Yy L.

p'r, = 0. (1.13)

Yy . Y _ Im —To | Y — Yo
PV o= p {f0+0-5(f1 fo)\/ I + L, + I } (1.10)

POk = o {fo+0-5(f1 —fo)\/ R P

Meso-NH version 6.0.0 — 19 March 2026
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* plane fields :

where

¢ wave fields:

U

7Y

p0(k)

where

{6

0.125(f1 + fo) sin

0.125(f1 + fo) sin

(
7 {fot (= o)
(

0.125(f1 + fo) sin (27Tf2(xm

P {fo + (f1 = fo) (aj

0.125(f1 + fo) sin (27rf2(xm

xr — Yo Zm 0
Lx Ly TN, + N)} (1.14)
y Yo Zm — 20
N, N, 1.15
T o
Lm — — Yo 2= 20
Lz Ly Ny + = N)} (1.16)
Ym Yo Zm 0
Nm N, N, 1.17
B A O
(1.18)
(1.19)
cos(a,) sin(ay,) (1.20)
— cos(a,) cos(ay) (1.21)
— sin(a,) (1.22)
xr — y m — %0
N N 1.2
( L:c Ly + 2 I z) (1.23)
o fo (2 >} (1.24)
Ty — SL’(] y Yo
( L:p L, N, —|— Lz Nz> (1.25)
o fo(Im 00 4 YT - yosn))} (1.26)
y
P {fo+(f1 fo)( I N, + I Ny + I Nz) (1.27)
Lo Ym — Yo
C, + Sn)) } (1.28)
L, Ly
i O, 4 Im % Ly Im — %0, +L—ZNZ) (1.29)
ey ymL— Yo Sn))} (130)
@ y
(1.31)
(1.32)

Cs =
Sp =

cos( o)

sin(a,)
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fo, f1, f2, o, o, are the degrees of freedom. L,, L,,L, are the lengths of the physical part
of the domain. z, 1y and z represent the coordinates of the center point of the physical part
of the domain.
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Chapter 2

Forced Mode Version

Contents
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2.1 Purpose

For some academic studies (1D PBL dynamics, 2D Eady wave problem, 2D mountain flow, moving
squall lines, 3D breeze studies...), it is necessary to impose a large scale environment even crudely
(geostrophic wind, subsidence, ... ), in order to perform consistent simulations with Meso-NH.
Practically, this means that some additional forcing terms have to be included in the Meso-NH
system of equation.

Actually, only the most usual physical forcing terms have been taken into account for simplicity.
The forcing terms are prescribed empirically from external sources of information (e.g. series of
observation) and are mutually independent when acting on the same prognostic variable. Generally
they are non-stationary and horizontally homogeneous, only the case of flat terrain is addressed.
Furthermore, forcing terms are considered for the restricted Cartesian geometry of Meso-NH (con-
stant Coriolis parameter).

The effects of several forcings are considered:

e Domain translation at a constant speed:
(affects the surface fluxes and the Coriolis force)

- : : 0
e Geostrophic wind (or pressure gradient) forcing: —ZL‘FRC = +fVfre
v
v = —JUfspe
Ot |FrC fug

13
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. 0 0]
e Forced ascent or descent (vertical transport) of «: o =— fm_oz
' ‘ ) ‘ Ot |FrRC 9,
applied to all prognostic variables (w excepted in the 1D case)
0 0
e Large scale horizontal transport of o € [0, 7, ]: _u’ = —u(—a) fre
gt FRC gx
e = V(50
A, = —U(=F)frc
Ot |Frc dy !
. o o — Qufpe
e Large scale variables o € [u, v,0,1,]: — =
Ot |FrRC Tfre

for a Newtonian relaxation with damping time 7¢,.

In the above definitions, the subscript ,. tags the forcing fields or scalars which must be provided
by the user for a specific application. The forcing terms are written in the form of a tendency of
the relevant prognostic variable.

2.2 Modified equations

The inclusion of the forcing terms (single underbraced for the physical terms and double under-
braced for the Newtonian relaxation terms) in the Meso-NH system of equation is made as follows:

Conservation of momentum

8 67_} 81}7’6
—(parefU)  +V - (parefU @U) + paref VO + pdrefg—f + 2p4refQUN (U — U )

ot evref
3u. a . U — Ufre . UV —Vfre .
+wfrc_z+wfrc_.7 = pdref-’F_ ! (2 ! J (21)
0z 0z Ttre Tre
W—/ . ~ 7 (. ~-
Thermodynamic equation
0 060 00 00 Ry +r,R,Cpy
a(pdTef9> + V. (pdreer) + pdref(u(%)frc + U<a_)frc + wfrc@ > = pdref [Tp
N , ) X , dLph
6 Oll,.r Pdref D(ri+rs+1,+ 1) Dr, 0 — O
—1] [Lm g L, H] 07 (92
Hrefw 0z * HTefC'ph Dt Dt + Tfre ( )
—
——
Conservation of the water vapor mixing ratio
0 aTu 07’1} arv Tv — Tv fre
_(pdrefrv)—'—v' (pdrefTvU)+pdref ( u(_)f’rc + U(_)frc + wfrc_ ) = pdreva_—f
ot ox dy 0z Tfre
—— ) N——
(2.3)
Conservation of the condensed water mixing ratios
0 or,
E(pdrefr*) + V- (Paresm=U) + parer Wire s~ = PrefCx (2.4)
————
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These forced terms are not independent from each other, the horizontal gradient of € (baroclinicity)
is related to the geostrophic wind by the “thermal wind” equation which takes the following form:

O fre 00,
Uf " g

= —_— 2.
Oz femﬂef ( ay )frc ( 5)
avf?"c g 86”
= - ] 2.
O fem«ef ( o )frc ( 6)

where .. and vy, are the horizontal components of the geostrophic wind and f = 22 - k, the
(constant) Coriolis parameter.

The forced temperature gradients are deduced from these relations but beware that condensation
modifies gradients of 6 or r, and so forced gradients of # or forced advection of humidity might be
excessive in some circumstances.

The relaxation towards large scale variables is useful to constraint a free atmosphere state to match
series of observation above a specified height level.

2.3 Interpolation

The series of asynchronous 1D forcing data are provided by the Meso-NH user in a special for-
mat (see the Forced version described in the Meso-NH user’s guide). Then they are linearly
interpolated to fill the Meso-NH vertical grid system and stored in the LFI files. In the case of
orography, these fields are further projected on the horizontal embedded grids of Meso-NH by
linear interpolation.

The time-evolution of the forcings is obtained by linear interpolation between two bounding forc-
ing fields at each time step. When the last forcing data is reached a stationary forcing is kept on.
Conversely, no forcing is applied until the current time of the Meso-NH integration has reached
that of the first forcing data. The following scheme summarizes how a set of 3 forcing data are
used during the model integration starting at time DTEXP.

TEXEF DTERC] LDTERCZ DTERCE

--h-
-I-h-
--h-

2.4 Discretization

] oa. . ) )
The vertical transport w frc(a_) is lagged and integrated with a first order upstream scheme to en-
z

sure positivity in some situation, e.g. the case of large scale subsidence over a shallow inversion in
the stratus cloud modeling problem. The numerical scheme of the large scale horizontal transport

Meso-NH version 6.0.0 — 19 March 2026
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— . : . da Ja _
is time centered and the horizontal forcing gradients (— ) s, and (——) .. are assumed to be given

ox Jy

on the o (mass) grid. The integration of the large scale relaxation terms is lagged for numerical
stability. This term applies either above a constant selected height or above a time evolving thermal
inversion (useful for PBL dynamics studies).

Meso-NH version 6.0.0 — 19 March 2026
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Initial Fields for Real Flows
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3.1

The simulation of realistic meteorological situations is an important scope of Meso-NH. The
preparation of initial and coupling (LB and LS) fields by interpolation of larger-scale meteo-
rological analyses or forecasts, in a format ready to start a Meso-NH experiment, is therefore
an important task. These may be produced from any situation contained in the ECMWF or
Meteo-France operational archive (including the special reanalyses projects). A Meso-NH file,
coming from a simulation at lower resolution, can also be used as larger-scale model, to provide
initial fields - including finer surface fields and orography - for a Meso-NH run at higher resolution

General presentation

17



18 PART II: MODEL SETUP

(with or without gridnesting technique). This gives access to a wealth of possibilities.

3.1.1 [Initialization for a one-model run, from operationel models

This type of model simulation uses one initial file (with all the fields at beginning time of the
simulation), and a certain number of coupling files to prescribe the lateral boundary conditions to
the model at further time steps. The coupling files are of the same nature than the initial file. Here
is presented the way to produce these initial and coupling files.

This sequence for real cases contains three procedures or programs (Fig. 3.1). In the following, a
Fortran program is written in CAPITAL letters, and is run with the Meso-NH procedure prepmodel
(Unix procedure written in lower case letters).

1. PREP_PGD: this Meso-NH program computes the physiographic data file (called PGD file
below). At this step, you choose the projection, resolution, and horizontal domain. The PGD
file contains all the physiographic data necessary to run the Meso-NH model with interactive
surface schemes for vegetation and town.

2. extractecmwf' or extractarpege: these two friendly procedures extract the surface and al-
titude fields for one date, respectively from MARS archive (ECMWF forecast model) or
from Meteo-France operational archive (ARPEGE and ALADIN models). In both cases, the
fields are written in a GRIB format file, on the Gaussian grid. The extraction must be done
separately for each date and time (for the initial file and each of the coupling file).

3. PREP_REAL_CASE: this Meso-NH program performs the change of orography and verti-
cal grid and writes the Meso-NH file, which will be used either for the beginning of the
simulation or for coupling.

3.1.2 Initialization for a one-model run, from a Meso-NH file

In this case, the initial and coupling files are interpolated from a previous Meso-NH run (at coarser
resolution). It is again necessary to produce separately one initial file and the coupling files. The
following steps are used (Fig. 3.2):

1. PREP_PGD

2. SPAWNING: this program performs the horizontal interpolations from a Meso-NH file into
another Meso-NH file, with a finer resolution and smaller domain.

3. PREP_REAL_CASE

3.1.3 Initialization for a nesting run

Two or more Meso-NH models will be run interactively. The first model, the one with the coarser
resolution and containing the others, needs again one initial file and some coupling files (for lateral
boundary conditions).

'A user is necessary on the station ecaccess of Reading to run extractecmwf
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However, the nested models are contained in another Meso-NH model. This allows to give them
their lateral boundary conditions directly interpolated from the model which contains it, at all
time-steps. Therefore, no coupling file is necessary for those models. The initial file must still be
computed before the run (the interpolation program for all the model fields is not yet included in
the model program itself).

The user can choose the date of the nested model start as he wants (it is not necessary the same
than the coarser model). The only obligation is to start a nested model only if all the coarser
models containing it have already started, or are starting.

The initialisation sequence is a merging of the two previous ones (initialisation and coupling files
of the first model; initialisation files from Meso-NH model for the nested files). However, there
is a major change at the beginning of the sequence: all the PGD files for all models must be
computed before the PREP_REAL_CASE program (and as a consequence before the first model
run). These PGD files are then checked, and conformity between them for gridnesting is imposed
- the orography of one model in every grid mesh is set equal to the average of any of its nested
model orography on the same area.

The initialisation and gridnesting sequence is shown here for three models, model 2 included in
model 1, and model 3 included in model 2.

1. PREP_PGD: this program is run as many time as the number of models:

* physiographic data file for the model 1 (including projection, resolution, domain),
* physiographic data file for the model 2 (including resolution, domain),
* physiographic data file for the model 3 (including resolution, domain).

2. PREP_NEST_PGD: this program checks all the PGD files at the same time, and imposes the
conformity between them.

3. extractecmwt or extractarpege: it extracts the surface and altitude fields for one date, for
model 1. The extraction must be done separately for each date and time (for the initial file
and each coupling file).

4. PREP_REAL_CASE: this program is run several times, for the initial file and the coupling
files of model 1.

5. MESONH: this step is optional. If you do not wish to start all the models at the same time,
you can decide to run the model 1 before the model 2 starts.

6. SPAWNING: when you want to start the model 2, you must use this program to compute the
horizontal interpolations from the model 1 to the model 2. It is used only once.

7. PREP_REAL_CASE: It is used only once, to compute the initial file for the model 2. Do not
change the vertical grid.

8. MESONH: again, this step is optional. If you do not wish to start all model 3 at the same
time as model 2, you can decide to run the models 1 and 2 alone before.

9. SPAWNING: when you want to start the model 3, you must use this program to compute the
horizontal interpolations from the model 2 to the model 3. It is used only once.

Meso-NH version 6.0.0 — 19 March 2026



20 PART II: MODEL SETUP

10. PREP_REAL _CASE: It is used only once, to compute the initial file for the model 3. Do not
change the vertical grid.

11. MESONH: here is now your complete nested run.
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Figure 3.1: schematic view of the interactions between the different files during the initialization
sequence of a real case simulation from a global file of ECMWF or METEO-FRANCE archive.
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Figure 3.2: schematic view of the interactions between the different files during the initialization
sequence of a real case simulation from a Meso-NH file.
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3.2 The PREP REAL _CASE algorithm

The Meso-NH program PREP_REAL_CASE performs the following tasks:

* the horizontal interpolation of the large-scale GRIB data fields (in case of ALADIN,
ARPEGE, or ECMWEF archive).

* the truncation of the horizontal domain (for convenience, one may want to use very large
horizontal domains for the large-scale files (Aladin, Arpege, ECMWF or spawned? Meso-
NH files), and run Meso-NH on a small fraction only (e.g. for testing).

* the conversion, if necessary, of the prognostic variables of the input files to the prognostic
variables of Meso-NH (still on the input - or large scale - grid), and the computation of the
altitude of the points of this grid, in order to prepare for the next steps.

* the variables are subject to a special “shifting” process, to take into account the difference
between the large-scale and Meso-NH orographies.

* Then the variables are vertically interpolated to the Meso-NH grid.

* Finally, the wind and mass fields are forced to satisfy the anelastic constraint, by one call to
the pressure solver, and subsequent modification of the fields.

The resulting Meso-NH file may be used to start a run. In practice, sequences of such files are
produced, separated by a few hours. The first file is used to initialize the Meso-NH run, and
subsequent files are used to update the boundary conditions and/or the large-scale forcing terms.
The remainder of the chapter describes those treatments in detail.

3.3 Horizontal interpolation

3.3.1 Introduction

The first step of PREP_REAL_CASE is the horizontal interpolation of the data fields of the GRIB
file (either ECMWF, ALADIN or ARPEGE archive) from the archive grid to the chosen grid.

The following fields are interpolated :

¢ 3D fields

wind component u

wind component v

absolute temperature T

specific humidity q
* 2D ground and under surface fields

— soil surface temperature

2spawned file: file obtained after the Meso-NH to Meso-NH horizontal interpolation program SPAWNING
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sea surface temperature

deep ground temperature

surface water content

deep ground water content

Snow

The next sections of the paragraph present the general interpolation scheme and the specificity of
each field.

3.3.2 The interpolation algorithm

The interpolations are performed on the 12 surrounding colocation points (Fig. 3.3), with a first
interpolation along the latitudes (with third order polynoms interpolation with 4 points and linear
interpolation for 2 points) and a second along the longitude (third order polynoms interpolation):

+ +
Figure 3.3: Horizontal interpolations in FULL-POS.

Masks may be used for surface fields. In this case, points are interpolated with points of the same
nature (mask value). For example, if we are interpolating a point in the sea and we find that from
the twelve surrounding points, only eleven are sea points, the interpolation will take only these
eleven points into account.

For points which can not be correctly interpolated (points which are not surrounded by enough
data points of the same type), a special extrapolation is performed; the given value is the one of
the nearest data point of the same type.

3.3.3 Definition of interpolated fields

* Absolute temperature
From the archived absolute temperature is computed the virtual potential temperature which
is interpolated and then converted back to absolute temperature.
The used formula is the following one:

_ Rq
0, = T(p%) %l (1+ %T0>/(1 +7y)

* Specific humidity
The relative humidity is computed from the archived specific humidity and the archived
absolute temperature using the following formula:

H=Pq/(ze(T))
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ES(T) = exp(aw - % — Tw log(T))

H is interpolated and then the specific humidity is computed back.

* Wind components u and v
The wind components are read separately and interpolated separately. The interpolation is
done on the value found in the archive, the definition vectors of u and v are projected on
Meso-NH coordinate system after the interpolation.
The projection of these vectors depends on the archive grid:

- ECMWF:
The grid used is a standard latitude, longitude one. The projection consists of a rotation
in the tangent plane. The rotation angle is given by the formula:
a=Ry(A—X) -0
where:
Ry, 1s the projection coefficient of the Meso-NH domain,
A is the longitude of the point,
B is the angle of rotation of the Meso-NH domain.

— ARPEGE:
ARPEGE uses a stretched grid, therefore winds have first to be projected on a standard
lat,lon grid (projection formulas were given by Meteo-France). The projection is then
processed in the same way as for ECMWE.

— ALADIN:
Both Meso-NH and ALADIN use conformal projections, then the projection of the
wind vector consists of a rotation. The rotation angle is given by formula:

a = RPkO‘ - /\0> - B - RpkALADIN ()‘ - /\OALADIN)

* Soil temperature and sea temperature
The soil and sea temperature are computed from an interpolation of the surface temperature
using a land/sea mask.
To define if a data point from the archive is a land temperature or a sea temperature, the
archive land/sea mask is used. This land/sea mask is not a fraction of land, the values store
in the archives are integer. The output points are said to be from land if the PGD land fraction
is not null. They are said to be from sea if the PGD land fraction is not equal to 1.
It should be noted that the mask defining the sea surface temperature and the one used by the
soil surface temperature are not complementary.

* Deep ground temperature
The deep ground temperature is interpolated from the archived value, using the same mask
as for the soil temperature.

* Soil and deep soil moisture
These fields are first converted from specific humidity to relative humidity, the interpolation
is performed and then they are converted back into specific humidity.
The value given are dependent of the soil model chosen for the archive. Therefore they have
to be converted to Meso-NH soil model.

* Snow
Snow is interpolated using the same mask as for soil temperature.
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3.4 The different grids

Six grids are used in PREP_REAL_CASE: the first five share the same location of the points on the
horizontal, and the last one is a purely vertical grid used for reference state computations (Fig. 3.4).

* The large-scale grid: this grid is the one used either in the ALADIN file or large-scale
Meso-NH file. In the case of an ALADIN input file, this grid is defined by the hybrid
coordinate 7, and has L levels. The position of variables on this grid is shown in detail in
Fig. 3.5. The index of level on the large scale grid will be called [ hereafter.

* The Meso-NH grid: this grid is the grid of the output Meso-NH file, which will be used
during the Meso-NH simulation for the 3D fields. It has (KE-KB+1) physical levels (see
Fig. 3.5), plus some levels under the ground or at and over the model top (¢ = H) for
boundary treatments. This grid is defined by the Meso-NH orography and the vertical dis-
cretization of the Gal-Chen coordinate 2. The index of level will be called % hereafter.

* The mixed grid: this grid is the Gal-Chen-Sommerville grid with the same Z levels as the
Meso-NH grid and the large scale orography.

* The shifted grid: this grid is the mixed grid on which has been applied the shifting function
(see hereafter). Therefore it follows the Meso-NH orography, but it is not a Gal-Chen-
Sommerville type grid. It has the same number of levels as the Meso-NH grid, and the levels
are known by their altitudes.

* The profile grid: this grid is the Gal-Chen-Sommerville grid with the same Z levels as the
Meso-NH grid and an orography defined as the minimum of both orographies, z,,;,. This
grid allows to represent the free-atmosphere 0, profiles (see hereafter) whose value could be
interpolated on every point of both mixed and shifted grids. Note that z,,;, can be negative
because of the spectral initial form of the large scale orography (Gibbs phenomenon).

* The reference grid: this grid is the Gal-Chen grid, a particular case of the grid above,
without orography. This grid is only used for the reference state.

For sake of clarity, the horizontal coordinates of the 3D fields are omitted in the following equa-
tions.
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Figure 3.4: The six grids used in PREP_REAL_CASE, shown here for the case where the Meso-NH
orography is lower than the large-scale orography.
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L
P

Figure 3.5: ALADIN grid (left) and Meso-NH grid (right). The main 3D-variables used or defined
in this chapter are shown, except v in the cross section of the Meso-NH grid because it is located
one half-mesh in front of the mass point.

3.5 Altitude of the ALADIN points and conversion of the vari-
ables

This step is performed only when the input atmospheric large-scale file is a GRIB one (if the
input large-scale file is a Meso-NH one, the variables are directly the correct ones). To preserve
the largest accuracy in the hydrostatic balance and the continuity equation through the vertical
interpolation process, we want to interpolate the quantities r,, 6,, pu, pv and w. On the other
hand, the GRIB file contains the specific humidity ¢, the absolute temperature 7', and the wind
components v and v. All four variables are located on the mass points of the ALADIN grid
(Fig. 3.5), therefore the altitudes of those points must also be evaluated as accurately as possible.

Mixing ratio
The mixing ratio of water vapor r, is readily obtained from the specific humidity ¢ as

1 —1
Ty = (— — 1) (3.1)
q
Virtual potential temperature
The virtual temperature at the mass points of the ALADIN grid is readily obtained as

T, = T(1+ ryR,/Ra)/(1 + 1) (3.2)

To obtain the virtual potential temperature ¢, we must know the Exner function II at the same
levels.
Let us call 1:[1 the value of the Exner function at the mass level [ of the ALADIN grid, and I,
the Exner function at the half levels of the same grid. The latter is easy to compute because P is
known there:

B

I, = (P_OO)Rd/C"d (3.3)
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Then, we want to preserve the mass in each layer as accurately as possible in the interpolation.
We note that the discretization of the hydrostatic relation in the ALADIN file would read with the
alternative variables 7, and 6,

g—z= — (Il —Inll_,) (3.4)
a—zig = (I - T ) (3.5)

g

This leads to the optimal way of computing

~ I, — 114
II;, = 3.6
P Il — InTl, (3.6)
from which the virtual potential temperature follows
0,, = T, /11, (3.7)

Altitude of the points of the large-scale grid

Since all variables are located at the mass points of the ALADIN grid, in order to perform the
vertical interpolation, one must compute the altitudes of these points.

1) The altitude of each pressure point is given by integration of the hydrostatic relation from bottom
to top, discretized as equation (3.5).

2) Assuming a linear variation of 8, with 7, the altitude z; of the mass point on level 1 is given by:

de (%le + iele)

; (TI; — 11;) (3.8)

Z~l:Zl—

Horiozontal wind components
The wind components are initially contravariant on the ALADIN grid (i.e. following the iso-n
surfaces and not true horizontal planes). They are projected onto each true horizontal plane
containing the considered point.

Vertical wind components
It is retrieved from the approximated formula of diagnostic vertical velocity in models with 7
coordinate. If 7 equal 0 at model top and 1 at ground, and with p = A(n)po + B(n)ps:

1/’7 (dA dB > ,
guw = -— \v4 —— 1o+ ——ps)U | dn
oy Y\ Gt P

B(n)/1 (dA dB ) ,, Ps
- \Y% —po+ ——ps)U | df + —=B(n)U - V(g z
W[, (Gt G “B)U - V(g2

3.6 Interpolation to the mixed grid

The fields are interpolated to the mixed grid (there is no change of orography). Then, if the chosen
vertical grid top is higher than the highest input model one, the program aborts. There is no
extrapolation, and therefore, the new vertical grid must not go too high.

Pressure at the model top

The values of II at the altitude z = H (top of the Meso-NH grid) are determined by vertical
integration of the hydrostatic equation from bottom to top (surface pressure is known). This in-
tegration is performed on the mixed grid, where all variables have been interpolated, because its
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discretization will be approximately the same as the Meso-NH grid (only change of orography). If
computed with the ALADIN grid, even with attention paid to mass conservation, one could have
for ALADIN levels spaced more than 3 km apart an error of 1 hPa on the surface pressure, when
reintegrated with the Meso-NH grid. This error is evident at the model top.

The field of Exner function at model top is hereafter noted IT'°?(z, y). It will be used to compute
the total dry mass.

Horizontal momentum
We compute p on the mass points of the mixed grid as:

POO (H)de/Rdfl
pa =
Rdev

(3.9)

The values of pu and pv follow.

3.7 The shifting process

The next step is to account for the differences in the ALADIN and Meso-NH orographies. There
is no standard way of doing this, and the treatment relies on conceptual ideas on the way the
flow reacts to the presence of the orography. We also want to preserve some information on the
boundary layer structure, inasmuch as possible.

The basic conceptual model is that the whole atmosphere will be vertically displaced (shifted)
from the large-scale orography to the Meso-NH orography (Fig. 3.6). The maximum vertical
displacement occurs at the ground, where it equals hyy — hps. Further aloft, the displacement
diminishes, and is negligible at some height z,.,;. above the ground. So, we define the shifting
function

f(Z) =z + (hNH — th) (1 — tanh2 (w>) (310)

Zscale

as the vertical displacement experienced by a parcel located at altitude z on the large-scale grid.
By default, z,.. takes the value of 1000 m.

The next problem is to choose those quantities which will be conserved during the shifting pro-
cess. This clearly has important consequences: for instance, if r, and 6, were conserved, this
would generate warm and dry anomalies in the valleys resolved by the Meso-NH orography, and
unresolved by the large-scale orography. This is not desirable.
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Figure 3.6: Action of the shift on the variables for one point shifted down
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The current version of the program conserves

* the difference between 6, (virtual potential temperature) and 6, ’free atmosphere profile’.
This profile is the one where the boundary layer has been removed. It is constructed in the
following manner, which has been found to work fairly well from polar to Saharian boundary
layers:

1. the boundary layer top is found with an algorithm checking 06, /0z, and comparing it
to the gradient between 5000 m of height and the ground.

2. the 6, values under this boundary layer top are replaced considering a constant gradient
equal to the one between 5000 m of height and the boundary layer top.

e the relative humidity H, = 100 % p/es(T)/(Ra/Ry/7Tv + 1)

* The difference between pressure and hydrostatic pressure. This quantity is zero per definition
when input file is an ALADIN one, but is non-zero for a Meso-NH one. This allows to
interpolate in some extent the non-hydrostatic effects.

* the horizontal mass flux pJu, pJv in the corresponding grid layer. .J is the Jacobian, or
volume of the grid box. In practice, since the horizontal grid size is the same for the two
grids, it is sufficient to conserve the product of pu and pv by the vertical grid size.

* the vertical velocity w. However, it is modified in the upper quarter of atmosphere to obtain
a zero value at model top. This will not produce a correct value near the ground (because of
new orography). The aim of this is to construct a smooth vertical velocity field for wyg. The
initial field w will be produced from this guess by the pressure solver.

Therefore there is usually cooling, moistening, and wind speed decrease if the point is shifted down
(in a valley, see Fig. 3.6), and warming, drying and wind speed increase if the point is shifted up
(above a peak or ridge).

3.8 Vertical interpolation

The next step is to perform the vertical interpolation from the shifted grid to the Meso-NH grid.
Since the two grids share the same definition of the orography, this is relatively straightforward.
Llinear interpolation is used.

The variables subject to interpolation are 6,,, H,, pu, pv, w and the difference between pressure and
hydrostatic pressure. They are interpolated to the mass points of the Meso-NH grid. Hydrostatism
is recomputed from model top, and pressure is deduced afterwards.

Then, r, is recovered iteratively from ¢, and H,, and 6 from 6, and r, by:

1+7r,

0=0,—F— (3.11)
1 + R—drv
Finally, the wind components on the Arakawa C-grid are written as
(pu) = (pu) (3.12)
(pv) = (pv) (3.13)

The fields are now correctly localized on the final Meso-NH grid.
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3.9 Reference state

The reference state is computed on the reference grid, as the horizontal average of the actual state.
First, 0, . and 7, ¢ are computed as a mean value at constant altitude of the ¢, and r, field, after
interpolation to the reference grid.

Hi‘g} is computed as the horizontal average of IT"?(z,y). Then, the hydrostatic relation for the
reference state is integrated from top to bottom to compute II,..

9

dMlep = — 39—
d Opdev ref

dz (3.14)

Finally, the density of dry air for the reference state is retrieved

POO(Href)Rd/de_l
Pdref = Rdevref(l + Tvref)

(3.15)

3.10 Computation of the total dry air mass

The total dry air mass within the domain of integration of the model is needed to resolve accurately
the pressure problem (see Chapter 2). First, II is computed by integration of the exact hydrostatic

relation
g

Opd ev

from the top (IT"P(z, yy)) to the bottom of the integration domain. Then, pg is computed as

Il = —

dz (3.16)

POO(H)Rd/de—l
P TR (1 + 1)

Mdz///pddV (3.18)
v

3.11 Anelastic constraint

(3.17)

The total dry mass is deduced

The final step is to enforce the anelastic constraint. The first guess velocity field Uy, = (u, v,
w) does not verify the lower boundary condition. It also does not satisfy the anelastic constraint,
with the reference dry air density. Those two deficiencies are corrected by use of the subroutine
ANEL_BALANCE (see previous chapter for a description). The input field for this routine is
paU g4, and the output field, pq,. U, satisfies all necessary constraints to start an integration.
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Chapter 4

Bogusing for Cyclones
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4.1 Introduction

Mature tropical cyclones are very intense atmospheric disturbances with typical horizontal extent
of several hundred to a thousand kilometers, occurring over the most earth’s tropical oceanic re-
gions. Wind, storm surges and inland flooding generally associated with tropical cyclones cause,
every year, losing of human lives and major material damages in many countries of the tropical
belt. Dedicated airborne missions performed over the Atlantic using Doppler radars, but also gen-
erally coastal Doppler measurements can permit to deduce kinematic and thermodynamic structure
of the vortex.

Meanwhile, since early of 70’s, tropical cyclone modeling significantly improved with using of
sophisticated parameterization schemes of convection, microphysics, turbulence, surface fluxes,...
However, one major drawback of many numerical studies of tropical cyclone is the fact that the
initial vortex, usually obtained from global analyses, is often ill-defined, too weak, and sometimes
misplaced, leading to subsequent simulation of storm track, structure, and intensity.

The following approach is the one proposed by Nuissier et al. (2005) is which airborne Doppler
radar data are used to define a ’specified vortex’ for Meso-NH model initialization.
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4.2 Method

4.2.1 Removal of the analyzed vortex

To incorporate a hurricane-like vortex with realistic size, depth, and intensity in the Meso-NH
initial conditions, it is first necessary to remove the weak vortex analyzed by global models. For
this purpose, the scheme proposed by Kurihara et al. (1993 (hereafter KBR93), 1995) is applied.
It consists of using appropriate numerical filters to extract the vortex from the large-scale analysis
and adding a vortex specified from observations. This can be written symbolically as:

[hi] = [h] = [haw] + [hs] “4.1)

where [h;] is the initial field (that means zonal and meridian wind, thermal field and optionally
the pressure field), [h] is the global analysis, [h,,] is the analyzed vortex and [h;] is the specified
vortex.

A low-pass filter with an exponential weighting function, following Barnes (1964), is first ap-
plied to the modified large-scale analysis field [h] over the outermost Meso-NH domain to remove
features with wavelengths smaller than about 1200 km, the characteristic dimension of the ana-
lyzed vortex. The filtering radius is defined precisely by the condition R, = min(RY%;1.25 X
RGgculated) where RY:" is the maximal filtering radius giving by the user and RE&cwated the
calculated filtering radius following the condition ([Vr < 6 m.s™! and 0V7/dr < 4.107%s7!] or
Vr < 3m.s~!), where V7 is the tangential wind. Using the same terminology as KBR93, this
produces the basic field [h;], which is subtracted from [A] to obtain the total disturbance field [h4]:

[h] = [he] = [hal = [hav] + [Fnn] (4.2)

where [h,,;] is the none-hurricane disturbance.
The next step consists of extracting [h,,] from [hy]. This is done using the same cylindrical filter
as that proposed by KBR93:

hao(r,0) = hg(r,0) — [ha(ro, O)E(r) + ha(ro)(1 — E(1))] 4.3)

where r and ¢ are the radius and the azimuth relative to the center of the analyzed vortex, r is the
radius at which the value of weighting function E(r)=1, and h(7) is the mean value of h4(r, #) for
r =rgand 0 < 6 < 2. The function E(r) (see Eq. (3.8) and Fig. 2b in KBR93) is an empirically
determined exponential equation which increases smoothly from 0 at » = 0 to 1 at » = r, with a
smooth transition between the inner (i.e. hurricane component for < ry) and the outer regions
(i.e. non-hurricane component for r» > ).

4.2.2 A ’specified vortex’ derived from airborne Doppler radar observations

After the analyzed vortex has been removed, the resulting environmental fields are used as new
large-scale conditions, and interpolated over the other innermost Meso-NH domains. A symmet-
rical radar-derived vortex deduced from Doppler radar observations is then added to this modified
large-scale field in every Meso-NH domains. This method is referred to as the ’Radar Vortex
Conditioning” (RVC).

The wave number-0 component (symmetrical part) of the tangential wind is first deduced from the
Extended Velocity-Track Display (EVTD) or Ground-Based Velocity-Track Display (GB-VTD)
analysis (Roux and Marks 1996, Roux et al. 2004). Although the EVTD-derived velocities bring
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valuable information on the storm dynamic structure, they do not cover a large enough domain to
properly define the specified vortex. Hence, an analytic model is used to describe the radial and
vertical distribution of the tangential wind over a larger domain. The analytic wind Vi (r, z), where
z 1s altitude, 1s defined through the formulation proposed by Holland (1980), as:

exp {1 — 1/[r/RMW (2)]B®} {%} " ‘% (4.4)

VT(Ta Z) = \/V%maw(z) X [T/RMW(Z)]B(Z)

where V.. (2) is the maximum wind, f is the Coriolis parameter, RM W (z) is the radius of
maximum wind, and B(z) is a scaling parameter for the radial variation of the wind. We can
notice that the tangential wind is not an axisymmetric field because of the Coriolis parameter.
In order to avoid spurious variations of V4., RMW and B between the different levels, they
suppose to obey the following relations with respect to z:

Vimae(2) = Viemae(z =0) [1 ~ & ] (4.5)
Z z 2
RMW (z) = RMWyx |1+ p, X . + o X [z } ] (4.6)
z z 2
B(z) = Byx |1+p,x + Bz X { ] ] (4.7)
Zma:v Zma:v

where By, (., .. are fixed values. Once 2,4z, Vimae(2) and RMW (z) have been determined
at each level from the EVTD-derived tangential winds, coefficients V4. (z = 0) and C in (4.5),
RMW,, p., p.. in (4.6) are deduced from least-squares fits along the vertical. Then, parameters
By, B., B.. in (4.7) are deduced from a least-squares fit of the EVTD-derived winds in the radius-
height domain, with the constraint that B(z) must be between 1.0 and 2.5 (Holland 1980).

To create the initial field [h;] following (4.1), the specific vortex [h,] is added on a domain 7 < Ry,
where Ry, is defined following the condition Vi (R, 2 = 0) = 0.5 m.s™ with Ry, > RMW,
and where V7 is defined by (4.4) with a fixed value for the Coriolis parameter f = f3,, at the center
of the bogus.

4.2.3 The thermal-wind balance

As shown by other studies, a numerical model may produce more realistic tropical cyclones when
a specified vortex includes wind and sea-level pressure information. Pressure perturbations asso-
ciated with a tropical cyclone are mainly caused by hydrostatic effects due to the warm anomaly
at its center. Hence, the specified vortex to be added to the large-scale analysis must include com-
plementary descriptions of the cyclonic wind and temperature perturbations. Temperature can be
deduced from the analytic tangential wind Vi (r, z) in (4.4) through the thermal-wind relation:

9 90('2) Vi (Ta Z) 0
—0 = 2 —Vr(r,Z 4.8
a?" 1(717 Z) g r +f 3C T(Ta ) ( )
where 6y(z) is the potential temperature in the environment ([h;] in 4.2), 61(r, z) is the cyclonic
perturbation, f is the Coriolis parameter, g is the acceleration due to gravity, Z is a modified
vertical coordinate such that Z = z x (6y) /0o(z), where (6) is the mean value of 6y(z). 61 (r, 2)
is obtained from the horizontal integration of (4.8) starting from O to the bogus radius 4.
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Figure 4.1 illustrates the RVC methodology for the case of Hurricane Bret on 22-23 August 1999
over the Gulf of Mexico, from the ECMWF large-scale analysis. Fig. 4.1a shows that the ECMWF
model, because its coarse horizontal resolution, failed to properly reproduce the mature hurricane,
whereas the "specified’ radar vortex highlights wind maximum intensity much stronger and closer
to the hurricane center (Fig. 4.1b).
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Figure 4.1: Horizontal streamlines at 850 hPa for Hurricane Bret on 22 August 1999 from (a)
the ECMWF global analysis at 00 UTC and (b) the inclusion of the airborne Doppler-derived
“specified”

4.2.4 The radial circulation

It must be emphasized that the EVTD analysis could permit to retrieve a realistic structure of the
secondary circulation (i.e. updraft centered on the radius of maximum wind, inflow (outflow) in
the lower (upper) part of troposphere). In numerical models (as in reality) the radial and vertical
circulation results from: sensible- and latent-heat fluxes from the ocean surface increasing 6, in
the lowest atmospheric layers; surface friction inducing radial convergence; latent-heat release
sustaining vertical motions through thermal buoyancy; and vertical momentum fluxes generating
horizontal and vertical pressure perturbation gradients. Including these physical constraints in an
analytical formulation of a symmetric secondary circulation would be a very difficult task.
However it is easy to include the effect of surface friction. Indeed according to the Ekman theory,
the friction forces due to the surface (ocean or land) induce a radial convergence in the lower
layers. The frictional verring (in radian) is given by:

afrl‘;’gﬁ(ﬁl(lat,z) = |z — Hy| % % for z < H 4.9)
= 0 for z > H,

where H, is the height of the boundary layer and K the Ekman exchange ratio (which is constant).
It is therefore a linear function of altitude but independent of the wind and hence the distance from
the centre. By cons, it is a function of latitude through the Coriolis parameter. However this theory
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leads to severe restrictions on the atmosphere that are not verified. Climatological studies (Gray
1968, 1972) on tropical depressions can highlight a profile of inflow in low levels by friction. Such
a climatological profile is characterized by (4.10), whatever the latitude and intensity of the wind
(hence the distance from the centre of the system):

alim () = 12° for0 <z <1000m
= 3° for1000m < z < 2000m (4.10)
= 0° for2000m < z

To include this convergence, the radial wind is calculated following the relation Vg(r,2) =
Vir(r, z) X tan & fricion(2) where Vip(r, z) is obtained by (4.4) and r > RMW. We can notice
that radial wind is nil for r < RM W, positive for an inflow and is no axisymmetric field because
of the Coriolis parameter in Vr(r, z). The user can choose the values of the friction angle but
thought the climatological values are preferable, the default value being nil. For every point (i, j,
k), the bogusing wind is:

Viog = Vrcos¢ — Vgsing @10

where, for a vertical model level k, ¢ is the projection angle on the meridian axis of the vector

{Ubog = —Vpsing — Vi cos ¢

e
Iyog M, defined by the bogus center I3, and the considered point M(; ;).
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| type of data | resolution | area | file name |
surface cover type Ikm global | ecoclimats_v1
orography 1km global gtopo30
clay fraction 10km global clay_fao
sand fraction 10km global sand_fao

Table 5.1: Default data files.

5.1 Introduction

As shown in many studies, a good representation of land surface characteristics is often necessary
for numerical models to reproduce realistically certain meteorological events and climatological
patterns. For example, particular atmospheric phenomena such as mesoscale waves, typical pre-
cipitation patterns, blocking of synoptic systems, and cyclogenesis, can be generated or induced by
the topography, thereby indicating the need to use realistic and high-resolution two-dimensional
fields in numerical models to represent this surface feature. Similarly, the land-water mask, the
soil-vegetation characteristics, and the urbanized area locations are required for the calculation of
surface fluxes of heat, moisture, and momentum over continental and oceanic surfaces. Other sur-
face fields, like the albedo and emissivity, have direct effects on the radiation balance at the surface
and in the atmosphere.

For the Meso-NH atmospheric model, the determination of the two-dimensional surface fields
reveals to be particularly crucial and difficult. Crucial because many of the scientific purposes of
this model are related to the examination of mesoscale circulations generated by discontinuities in
the surface characteristics (e.g., mountain waves, sea and land breezes, urban heat island, meso-~
fluxes heterogeneities); and difficult since this model can be run at horizontal resolutions ranging
from the micro-scale to the meso-« scales, thereby making the automatic generation of surface
fields bewildering. Nevertheless, it is the aim of this part of the Meso-NH atmospheric modelling
system to produce an MNH file containing all the surface fields necessary for an integration of the
model. Such a file is called a PGD file (for ’PhysioGraphic Data file’). This is done by a program
called PREP_PGD, which averages (or interpolates) the geographic data onto the MESONH
grid. The averaging is arithmetic, except for some fields, such as heat capacities and stomatal
resistances (where it is harmonic), or for roughness lengths.

Since many users will want to use their own physiographic data sources (especially for very high
resolution runs, some hundreds of meters or less), we have designed a system which allows easy
interfacing with the model. This is based on “data files” having a very general and simple format.
How to use such data files is explained in the MESO-NH book3.

However, for those users that are not preoccupied by these problems, we also provide default data
files. These have a very good resolution, of the order of 30 seconds (approximately 1 km), they
are global, and thus assure the MNH users that correct surface characteristics will be considered in
their simulation, regardless of the position of the model grid on the globe. Over Europe, a surface
cover type file with finer resolution (250m) is available.

The default information comes from 4 distinct data files (see tabledataPGD).

All the physiographic data necessary to the different parameterizations of the MESO-NH model are
recovered from these data. The next section presents the surface cover type data. The following
section will present the fields computed from the surface cover type. The next one the fields
computed with the orographic data.
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5.2 The surface cover types

The most important data is the cover type. A surface cover type is the type of landscape that is
present at a certain location: sea, river, forest, town, grassland, crops, desert... Idealy, the more the
cover types are, the more it is possible to refine the description of each location. The default data
file contains 250 cover types. This is fine enough (as will be presented in next section) to derive
reasonable vegetation parameters all around the world. Here is explained how this file was built:

5.2.1 On the world, except Europe

1. the coastline, lakes and river paths (finer data, resolution 1km) come from the Digital Chart
of the World (DCW) data.

2. 15 main cover types come from the University of Maryland data (Hansen et al. 2000) derived
from satellite NOAA/AVHRR. The two last cover types come from the IGBP-DIS data set
(Belward 1996). The resolution of these two datasets is 1km. However, we can consider that
the real resolution is about a few kilometers. These types are:

(a) evergreen needleleaf forest
(b) evergreen broadleaf forest
(c) deciduous needleleaf forest
(d) deciduous broadleaf forest
(e) mixed forest
(f) woodland
(g) wooded grassland
(h) closed shrubland
(i) open shrubland
(j) grassland
(k) cropland
(1) bare soil
(m) urbanized areas
(n) permanent snow and ice
(o) wetlands

3. The problem is that this classification does take into account only the most general pattern
of the cover. In reality, an open shrubland in polar regions (tundra) and in tropical aeras
(savana) will have a very different vegetative behaviour. The same stands for all these main
types. Therefore, a map of climates of the world derived from Koeppe and De Long (1998)
was used to add a discrimination between these cover types. 16 climates were used:

(a) dry summer subtropical
(b) tropical desert

(c) semiarid tropical
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(d) wet and dry tropical
(e) wet equatorial
(f) trade wind littoral
(g) humid subtropical
(h) semiarid continental
(1) intermediate desert
(j) moderate polar
(k) cool marine
(1) polar
(m) cool littoral
(n) humid continental
(o) extreme subpolar

(p) marine subpolar

4. The combination of the 15 cover types with the 16 climates for the six continents (both for
northern and southern hemisphere parts for Africa, South-america and Oceania) led to a
very important number of possible ’ecosystems’. Some of them occupy a very small area
on the earth, and are not representatives. Others, even in different climates or continents
have a very similar behaviour. In order to discriminate the representative cover-climate
ecosystems, the 1km NDVI composites from NOAA/AVHRR from April 1992 to March
1993 (Eidenshink and Faudeen 1994) were used. Aggregation between different ecosystems
into one representative ecosystem was performed according to the following rules:

* an ecosystem with one cover type can not be aggregated with one other ecosystem with
another cover type (e.g. closed shrubland will not be aggregated with open shrubland).
This respects the main cover types above. Exception: a forest could be aggregated with
another forest, leading either to a forest with one of their type (needleleaf or broadleaf,
evergreen or deciduous), or to a mixed forest.

* the aggregation was performed with priority between climates on one continent. This
was perfomed comparing the NDVTI annual profiles (minimum, maximum, shape of the
profile). When more than one month seperates the minimum (or the maximum) of two
profiles, they were considered to be representative of two different vegetations, and
were not aggregated. The ecosystems in the *wet equatorial’ climate must be the same
on the two sides of the equator.

« if two NDVI profiles for two ecosystems of the same cover type are found on several
continents, they could also be aggregated.

Finally, this procedure lead to 125 representative cover types on the world (except Europe).
They are really representative of one vegetation behaviour, allowing to derive vegetation
parameters for each of them (leaf are index, fraction of forest, roughness,...).
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5.2.2  On Europe, for the 1km map

The same procedure was used over Europe, but with initial data at a better resolution:

1. where available, the coastline is derived from the CORINE land cover data set (resolution
250m), averaged at 1km.

2. the cover types are issued from CORINE land cover when available. When not available,
they come from the PELCOM data set (Mucher, 2000). The main goal of PELCOM project,
which was an European project, was to obtain a 1km pan-european land cover database from
NOAA/AVHRR.

3. the climate map is derived on Europe from the FIRS project.

4. this leads to about 100 ecosystems on Europe
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5.3 Fields deduced from the surface cover types

5.3.1 Sea, inland water, town and artificial surfaces, natural and cultivated

landscape
| field | notation | unit |
fraction of sea fsea -
fraction of artificial areas frown -
fraction of inland water Jwater -
fraction of natural and cultivated areas | frature -

Table 5.2: Main surface parameters.

These four surface types are the most important fields deduced from the cover types. They define
the partition of the grid mesh between four very different surfaces. During the MESO-NH run,
a particular surface scheme will be used for each of them to compute the energy fluxes towards
the atmosphere. Then, the four fluxes will be averaged according to the surface occupied by each
surface, in order to retrieve the global energy fluxes to the atmosphere.

Default values for these four fields are prescribed for each of the representative ecosystems: for
example, natural surface fraction is 1 for forest, but only 0.3 for urban areas (garden), while the
other 0.7 are for artificial areas. See appendix for details.

5.3.2 Artificial parameters

field notation unit
geometric parameters

fractional artificial area occupied by buildings apld -
fractional artificial area occupied by roads 1 — apyq -
building height h m
building aspect ratio h/l -
canyon aspect ratio h/w -
dynamic roughness length for the building/canyon system 20,400 m
radiative parameters

roof, road and wall albedos AR, Oy, Oy -
roof, road and wall emissivities €R, €, € -
thermal parameters

thickness of the k%" roof, road or wall layer dr,, dr,, du, m
thermal conductivity of the k*" roof, road or wall layer ARp> A A, | Wm—LK™!
heat capacity of the k*" roof, road or wall layer Chry» Cryr Cp | Tm™3 K1

Table 5.3: Parameters of the TEB scheme. Note that some surfaces between the buildings, such
as gardens or parks for example, are not treated by the TEB model, but modify the canyon width,
w.

For each of the cover types partially or totally covered by artificial areas (typically urban areas),
some parameters describing the surface are needed. These parameters will be used in the *Town
Energy Budget’ model (Masson 2000).
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5.3.3 Water parameters

H field notation \ value H
water near-infra-red albedo | oy, | 0.20
water visible albedo Oiswar | 0.07
water emissivity € at 0.98
sea ice near-infra-red albedo | vy, | 0.85
sea ice visible albedo Qis;.. | 0.85
sea ice emissivity €ee 1.

Table 5.4: Water and Sea ice parameters

At the time being, the physiographic fields (albedos and emissivity) for water are uniform.
Occurence of sea ice is detected using the Sea Surface Temperature (coming from the meteorolog-
ical analyses). If SST is below two degrees below 0° (273.15K), then the sea surface is assumed
to be frozen. Its radiative parameters correspond to those of fresh snow.

5.3.4 Main natural landscape parameters parameters

| field | notation | unit |

fraction of vegetation type -

trees firees

grassland forass

C3 type crops fes

C4 type crops feu

bare soil (smooth) Joare

rocks f'r‘ocks

permanent snow Fsnow
Leaf Area Index (monthly) LAL | m?/m?
height of trees h m
root depth do m
soil depth ds m

Table 5.5: Main ISBA parameters.

When a representative ecosystem contains some vegetated or bare soil part (this is the most com-
mon case, the only exception being for sea or inland water types), surface parameters are needed
to describe both the vegetation and its horizontal extension.

Some parameters are prescribed for each ecosystem.

* The fractions of each type of vegetation are estimated from the 15 main cover types (before
climatic treatment). Small variations are allowed for ecosystems coming from the same main
cover type. For example, some wooded grassland contains more bare soil than some other
ones, and then less trees or grass.
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 The Leaf Area Index (LAI) is the surface of leaves per surface of ground (m?/m?). It

describes the amount of green vegetation over the area. A monthly evolution of the LAI is
necessary, to describe the annual cycle of the vegetation. For the default data files, LAI is
deduced from measured NDVI profiles, with consideration of the type of vegetation (there
is less LAI over wooded grassland than over forest, even if NDVI is close). A LAI profile is
defined for each representative ecosystem.

However, if a user wants to use directly his (or her) LAI data, it is possible to include it
during the PREP_PGD step, and this LAI will be used during the MESONH run.

The height of trees is defined for the representative ecosystems containing trees. It is used to
compute the roughness length of the vegetation.

The root depth d> defines the area within the soil reached by the vegetation roots. The
transpiration of the vegetation takes water in the soil by these roots.

The total soil depth d3 is not strictly a vegetation parameter. This is an approximation to
use the ecosystems to define this depth, but it is legitimated by the fact that in the ISBA
scheme, this is the soil area which is in interaction with the root layer above (water goes
up by capillarity if transpiration occurs). Therefore, it depends of the type of the vegetation
above.

5.3.5 Other natural landscape parameters parameters

H field \ notation \ unit H
vegetation fraction (green veg. + dead biomass) veg -
vegetation roughness length for momentum 20eq m
vegetation roughness length for heat 20h veg m
emissivity of the ecosystem €eco -
near-infra-red albedo of the vegetation (only) Qi yeq -
visible albedo of the vegetation (only) Misyeg -
minimum stomatal resistance Tsyiim sm~!
coefficient for the calculation of the stomatal resistance vy -
maximum solar radiation usable in photosynthesis rgl Wm™2
mesophyl conductance gm ms*
biomass LAI ratio B/lai | kgm™2
e-folding time for senescence € o1a days

e Co | Km?J™

Table 5.6: other ISBA parameters.

The other ISBA scheme parameters are computed from the parameters described in previous sec-
tion. If a user wants to use its own data for some of these parameters, it is still possible.
Vegetation type, Leaf area index and height of vegetation (for trees) are used in these computations.
Because the Lai is representative of the entire surface, it is not used directly, but is re-scaled on the
potentially vegetated surface:

lai is the leaf area index corresponding to the area occupied by trees, grassland, and C3 and C4
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lai

crops, excluding bare land, rock.s an.d‘ snow types: lai = JFOES S
greater than the area averaged la: (las is zero on bare surfaces).

vegetation fraction

veg= 1— e 06l for C3 cultures, C4 cultures

veg= 0.95 for grassland
veg= 1—e 9% for trees
veg= 0. for bare soil, snow and rocks

When averaging is needed, it is performed arithmetically

roughness length for momentum

The height of the vegetation is computed as:
hoeg = min (1., hagen)  for C3 cultures
Pueg = min (2.5, hayen)  for C4 cultures

hyeg= for trees
hyeg = lai/6 for grassland
hyeg = 0.01 m for bare soil and snow
hyeg= 1. m for rocks
where Ay, = e(lai=35)/1:3

The roughness length is deduced: zg,., = 0.13hyey

When averaging is needed, it is performed according to the 1/In*(2%¢) quantities.

10
roughness length for heat

Z0h veg 18 €qual to one 10 ™ of 2g e,

emissivity

Therefore, lai is

Emissivity is equal to 0.99 on the vegetated part (veg), to 0.96 on bare soil and rocks, and to 1. on

snow. Averaging is linear.

other vegetation parameters

Other vegetation parameters are computed from the vegetation types. The ’bare soil’, 'rocks’ and
snow’ vegetation types are not pertinent. When averaging is needed, it is performed linearly,

except for the C', parameter, where it is harmonic.

Onirpeg | Qispeg | Tsmin | Y rgl | gm B/lai € tord Cy
trees 15 .05 150 [ .04 | 30 [.001 | 25 |365.|1.107°
C3 crops .30 .10 40 | 0. | 100 | .003 | .06 60. | 2.107°
C4 crops .30 .10 40 | 0. | 100 | .003 | .06 60. [2.107°
grassland .30 .10 40 | 0. | 100 | .020 | .36 90. [2.107°
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5.4 Soil characteristics

5.4.1 Composition of the soil

| field | notation | unit |

clay fraction felay -
sand fraction |  fsund -

Table 5.7: composition of the soil

The soil is supposed to be of uniform compostion over its total depth (but it can vary horizontally).
It is defined by its sand and clay fractions. These come from the FAO database.

5.4.2 Color of the soil

H field \ notation \ unit H
near-infra-red albedo for dry bare soil | pr,,, -
visible albedo for dry bare soil Qisgy, -
near-infra-red albedo for wet bare soil | i, -
visible albedo for wet bare soil Oyisuer -

Table 5.8: composition of the soil

At the time being, there is no soil color data incorporated in MESO-NH. An estimation of the dry
bare soil albedo is computed from the sand fraction, using linear formulae:

Quisyy, = 0.05 + 0.30 fugna

Wnirgry = 015 + 0.30 fogna

If the soil is wet, it is darker. This happens when soil water content reaches the field capacity
(capilarity and gravity are in equilibrium). The albedos for wet soil are estimated as:

Oévisdry

N[

Myisyer —

_ 1
anirwet - Oénird,«y - 2 Oém’sdw
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5.5 Orography

| field notation | unit |
mean orography Zsmean m
envelop orography Zsenw m
silhouette orography Zssil m

Table 5.9: orography

Three types of orography can be computed by PREP_PGD: mean, envelop or silhouette orography.
Note that orography is not computed on seas, where it is automatically set to zero.

5.5.1 Mean orography

This orography is simply the averaged of the subgrid-scale-orography in each grid mesh.

5.5.2 Envelope orography

This envelope orography is computed as the mean orography in each grid mesh z,,.., plus a
contribution from the smaller scales, proportional to the subgrid scale orography standard deviation
.. This reads

Zseny = Zsmean + XENV x 1, _, (5.1)

where XENV is a parameter of the namelist. For XENV=0, one obtains the mean orography.

5.5.3 Silhouette orography

The silhouette orography is computed as shown on figure 5.1, from the maximum relief silhouette
one could see in the grid mesh, looking in x and y directions. The ’resolution of the eye’ is given
by the parameter XSIL, expressed in meters (also see book3):

e XSIL = grid mesh width :
one obtains the maximum relief in the mesh.

* XSIL = resolution of input data :
one obtains the typical silhouette orography.

* XSIL - 0:
one obtains the mean orography, since all the points will be seen in the silhouettes'.

lexcept if input data is exactly located following x and y directions; it is the case in Mercator projection without
rotation with input data on a regular latitude-longitude grid. In this case, one obtains again the typical silhouette
orography
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silhoustte aoragraphy
in y directian

dimcoetized with XSIL

[ 1

mean silhouette
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|

|
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KEIL

\
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Figure 5.1: Computation of silhouette orography in one grid mesh
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5.6 Subgrid-scale orographic parameters

5.6.1 Roughness length for momentum

H field \ notation \ unit H
obstacle front area (A) S AH/S, D A-)S | -
over mesh surface (S) in each direction Y A/S, > A-/S
characteristic heights of obstacles encountered Pty hi—, I+, hj- m
in each direction
subgrid-scale-orography dynamical roughness lengths 20ef fi+5 20ef fi—s m
in each direction 20ef f 4> Z0eff j-
subgrid-scale-orography dynamical roughness length Zorel m

Table 5.10: parameters for roughness lengths computations

Roughness lenghts are computed along each model main axis (z and y) and in both directions,
leading then to four roughness lengths. They are computed according to Mason (1991), as in
Georgelin et al (1994), in each direction:

1 ~0.5Cp )y A 1
In2 < b+ > N Sk2 In2 <hz_+>
220ef f 4+ 220veg
where Cp is a drag constant near unity, depending on obstacle shape (equal to 0.8), and £ is the
Von Karman constant, 0.4.
Note that the roughness lengths are computed both from subgrid-scale orographic parameters and

from vegetation roughness length for momentum. The uni-directional roughness length zg,.; is
defined as the mean of the four directional roughness lengths.

(5.2)

5.6.2 Subgrid-scale orography structure

| field | notation | unit |
subgrid-scale-orography standard deviation T m
subgrid-scale-orography anisotropy Vzo -
direction of small axis of subgrid-scale-orography 6., °
according to x axis
subgrid-scale-orography characteristic slope 0., -

Table 5.11: Subgrid-scale orography structure parameters

The computations of these parameters is performed as in Lott and Miller 1997. One uses the
topographic correlation tensor, defined according to the directions ¢ and 7 of the model domain axes
on the conformal plane (and not the input data axes, since data is not necessary on a regular grid).
As for the case of the silhouette orography, a parameter is used to define the subgrid sampling
of the data, in order to compute the subgrid gradients (also see book3). This allows to use any
orographic data set directly in PREP_PGD, without any necessary prior computation.
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The tensor is diagonalized to find the directions of the principal axes and the degree of anisotropy.

If
1 [ /on\? oh\? 1 [ /on\? oh\? Oh Oh
e —_— —_— = - —_— —_ | — M:——
" 2{(%)‘*@%)} - 2{(%) Qw) o Oy

Then the angle of the main axis according to ¢ axis is:

0., = 1 it L=20
0., = 1% arctan(M/L) if L>0
0., = 5arctan(M/L) +% if L <0
The slope parameter is defined as:

2 =K + VIET I
The anisotropy is given by:

V2 = 1 ifo,, =0

733 = g;\/—i Vﬁzi%z ifo,, >0
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5.7 Appendix: default parameters for the ecosystems
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Since the Meso-NH Masdev4-6 version, the surface schemes were externalized in the so-called
SURFEX scheme. In absence of scientific documentation associated with SURFEX, the docu-
mentation of the surface schemes, as it was in the Meso-NH Masdev4-3 version is given below, as
the principles of most of the surface schemes remain the same.
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6.1 Introduction

By providing more realistic lower boundary conditions, land surface schemes can help to improve
the numerical simulation of the atmosphere. The surface and the atmosphere interact via energy
fluxes applied at the base of the atmospheric numerical model. The fluxes provided to the at-
mospheric model are the momentum flux, turbulent sensible and latent heat fluxes, the upward
radiative fluxes, and, as an option, the CO2 flux.

The MESO-NH grid box is partitioned in 4 main surface types: sea, inland water, towns (artificial
areas only), natural and cultivated areas (including gardens and town parks). In order to keep the
subgrid surface type information, an appropriate surface scheme is used to compute the fluxes
between each of the surfaces and the atmosphere (assumed identical for all the sub-components).
Then, the averaging of the 4 fluxes gives the flux received by the atmospheric part of MESO-NH.

Figure 6.1: Partitioning of the MESO-NH grid box, and corresponding turbulent fluxes. F stands
either for M (momentum flux), H (sensible heat flux), LE (latent heat flux), ST (the reflected solar
radiation) or LT (the upward longwave radiation).

M = Msea + Mwater + Mtown + Mnature
H = Hsea + Hwater + Htown + Hnature
LE = LEsea + LEwater + LEtown + LEnature
ST = Szea + S;Later + StTown + Sgature
LT = Llea + Ljuate'r + LIoum + LILature

For the natural surfaces, an ’aggregated’ vegetation is used, viz a vegetation representative of all
the species present in the grid mesh.

As an option, it will be possible to use the soil and vegetation scheme on the different landscape
types present in the grid mesh. Then averaging the fluxes coming from each landscape type will
give the flux coming from the natural part of the grid mesh. Only a limited number of landscape
types will be available: forests, grassland, C3 type cropland, C4 type cropland, irrigated crops,
bare soil, rocks and permanent snow. For each lanscape, there will be a temporal evolution of the
surface variables independently of the other landscape types.

Meso-NH version 6.0.0 — 19 March 2026



CHAPTER 6. SURFACE PROCESSES SCHEME 59

The fluxes coming from the urban area are themselves average of fluxes from the roofs, roads and
walls (see TEB scheme hereafter).

The surface schemes used for the 4 main surface types are:

* over seas: a Charnock’s formulation, with stationnary SST

* over inland waters: a Charnock’s formulation, with stationnary temperature.

* over natural areas: an improved version of the Interactions Soil-Biosphere-Atmosphere
(ISBA) scheme by Noilhan and Planton (1989), Noilhan and Mahfouf (1996), Calvet et
al. (1998) and Boone et al. (1999),

* over artificial areas: the "Town Energy Budget’ scheme by Masson (2000).
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6.2 Fluxes over water surfaces

6.2.1 Free water surfaces

For ocean surfaces and over inland waters, all the prognostic variables are kept constant.
The surface fluxes are calculated using Eqgs. 6.89, 6.90, 6.92 and Egs. 6.115, 6.116, 6.117, taking
the relative humidity of the ocean hu = 1, and veg = ps, = 0. The roughness length is given by
Charnock’s relation:

2

Z0sea = 0.0152 6.1)
g

6.2.2 Seaice

Sea ice is detected in the model when sea surface temperature (SST) is two degrees below 0°C (i.e.
271.15K). In this case, in order to avoid an overestimation of the evaporation flux, the calculations
are performed with the roughness length of flat snow surfaces:

Z0ice = 2.4 x 107*m (6.2)

In the same manner, the sea ice albedo is set equal to the fresh snow albedo instead of the free
water albedo. This leads to a much brighter surface. This has no effect on the sea ice cover (since
there is no evolution of the sea surface parameters), but modifies the lower boundary shortwave
flux input for the atmospheric radiative scheme.
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6.3 Urban and artificial areas: the TEB surface cheme

The Town Energy Budget (TEB) scheme is aimed to simulate the turbulent fluxes into the atmo-
sphere at the surface of a mesoscale atmospheric model which is covered by buildings, roads, or
any artificial material (see Masson 2000 for all details and equations). It should parameterize both
the urban surface and the roughness sublayer, so that the atmospheric model only ’sees’ a con-
stant flux layer as its lower boundary. At mesoscale (with a grid mesh larger than a few hundred
meters), spatial averaging of the town characteristics, as well as its effect on the atmosphere, are
necessary. The individual shapes of each building are no longer taken into account. The TEB
geometry is based on the canyon hypothesis. However, a single canyon would be too restrictive at
the considered horizontal scale. We therefore use the following original city representation:

1. the buildings have the same height and width (in the model mesh). The roof level is at the
surface level of the atmospheric model.

2. buildings are located along identical roads, the length of which is considered far greater than
their width. The space contained between two facing buildings is defined as a canyon.

3. any road orientation is possible, and they all exist with the same probability. This hypothesis
allows the computation of averaged forcing for road and wall surfaces. In other words, when
the canyon orientation appears in a formula (with respect to the sun or the wind direction),
it is averaged over 360°. In this way, no discretization is performed on the orientation.

R snow R

R V\I{ Wsnow R

Figure 6.2: Canyon geometry in the TEB scheme ,and its prognostic variables.

These hypotheses, as well as the formulations chosen for the physics (see Masson 2000), allow
the development of a relatively simple scheme. The parameters describing the city are displayed
in Table 5.3 in chapter 5. The prognostic variables of the scheme are in Table 6.1. The TEB
model does not use one urban surface temperature (representative of the entire urban cover),
but three surface temperatures representative of roofs, roads and walls (see figure 6.2). There are
two reasons for that:

* this allows to keep the maximum of results gathered by the urban climatologists about the
urban surface energy budget,
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Figure 6.3: Energy fluxes between the artificial surfaces and the atmosphere.

* the use of only one temperature should be debatable, because it is observed that the Monin-
Obukhov similarity theory does not apply for temperature in the urban roughness sublayer.

As a consequence, three surface energy budgets are computed, one for each surface type. The re-
sulting fluxes at town scale are obtained by averaging (see figure 6.3 for the links between surfaces
and atmosphere).
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w w
road perpendicular to sun direction road perpendicular to sun direction
Sun low over the horizon A> A, Sun high over the horizon A<},

Figure 6.4: Solar radiation input for a road perpendicular to the sun azimuth. In the TEB scheme,
the contribution of all the other road directions are averaged with this one.

The physics of the scheme are relatively complete, thanks to the use of this non-flat canyon geom-

etry:

interception of snow and water.
longwave computations (with one reemission), infra-red trapping effect.

shortwave computations (with an infinity of reflections), solar trapping effect. The solar
zenith angle influences each surface energy input (see figure 6.4) and thus the trapping effect.

momentum fluxes (with an urban roughness).
sensible and latent heat fluxes, dew.

storage flux (by explicit conduction equation), domestic heating (buildings internal temper-
ature).

anthropogenic fluxes (car traffic, factories).
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H symbol \ designation of symbol \ unit H
prognostic variables
TR, Try s Ty temperature of the k" roof, road or wall layer K
Wg, W, roof and road water interception reservoir kg m—2
Wsnowrs Wsnowr roof and road snow interception reservoir kg m—2
Tsnowrs Tsnowr roof and road snow temperature K
Psnow R> Psnownr roof and road snow density kg m—3
Qsnow Ry Xsnowr roof and road snow albedo -
diagnostic variables
Tean canyon air temperature K
Qean canyon air specific humidity kg kg~!
Uean along canyon horizontal wind ms~!
Ctown town effective albedo -
Ty, oum town area averaged radiative surface temperature K
input energy fluxes
s downward infra-red radiation on an horizontal surface W m~?
St downward diffuse solar radiation on an horizontal surface W m~2
S downward direct solar radiation on an horizontal surface W m—2
Hirapygic anthropogenic sensible heat flux released in the canyon W m~2
LEaffic anthropogenic latent heat flux released in the canyon W m—2
Hindustry anthropogenic sensible heat flux released by industries W m—2
LE;ndustry anthropogenic latent heat flux released by industries W m—2
other energy input
Tiya building interior temperature K
output energy fluxes
Sk, Sk, Sy net solar radiation budget for roofs, roads and walls W m—2
Ly, Ly, Ly, net infra-red radiation budget for roofs, roads and walls W m—2
Hgr, H,., H, turbulent sensible heat flux for roofs, roads and walls W m—2
LEgR, LE,, LE,, turbulent latent heat flux for roofs, roads and walls W m—2
GRyrsr> Griopsrs Gup sy | conduction heat flux between k' and k + 1*” roof, road or wall layers | W m~2
Hiown town averaged turbulent sensible heat flux W m—2
LE;,un town averaged turbulent latent heat flux W m—2

Table 6.1: Energy fluxes and variables in the TEB scheme

The original TEB introduced by Masson (2000) is coupled to Meso-NH at the surface only (single-
layer coupling; left panel of Fig. 6.5). This means that the mean building height is at the ground
level of Meso-NH and the street level in the urban area is below the Meso-NH surface level.
This modelling approach is suited for homogeneous low- and mid-rise cities, but becomes more
problematic for heterogenous and high-rise cities. Therefore, a multi-layer coupling (right panel
of Fig. 6.5) has been introduced by Schoetter et al. (2020). With the multi-layer coupling, the
city ground level is the same as the ground level in Meso-NH, and the buildings are immersed in
the atmospheric model. The prognostic variables of horizontal wind, subgrid turbulence kinetic
energy, potential temperature, and water vapour mixing ratio are impacted by the buildings at all
model levels which intersect the buildings.

The prognostic Meso-NH equations need to be modified for the multi-layer coupling. The friction
exerted by the buildings on the horizontal wind components is taken into account using a drag
force approach. The theoretical basis for this approach is explained in Raupach 1992. For highly
three-dimensional flow over sparse roughness elements (e.g. the buildings in the urban roughness
sublayer), the total turbulent stress can be written as the sum of the stress on the roughness elements
and the stress on the underlying surface. This approach assumes that the wake and drag properties
of an isolated roughness element can be characterised by an effective shelter area and volume. This
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Figure 6.5: The single-layer and multi-layer approach for the coupling between Meso-NH and
SURFEX-TEB. For the single-layer coupling, the urban canopy layer is located below the surface
of the atmospheric model and the Surface Boundary Layer (SBL) scheme is used to calculate
the profiles of the meteorological variables there. For the multi-layer coupling, the buildings are
immersed in and interact directly with the atmosphere.

hypothesis is valid at low roughness density, but is unlikely to hold at high roughness density due
to sheltering effects. For this reason, the drag force approach might yield uncertainties for high-
density cities. The drag force approach translates into Equation 6.3 for the © component (similar
for the v component).

0 (pde ff U)
ot

The horizontal wind speed (| wpor |) is calculated based on the prognostic v and v wind compo-

nents (Equation 6.4).
| Uhor |= VU2 + 02 (6.4)

The vertical frontal wall area density (d,,,;) is calculated under the assumption that all buildings
at grid point scale have the same height (Equation 6.5) to maintain coherence with the geometric
assumption in TEB. A cylindrical building shape is assumed to calculate the frontal wall area
density based on the wall to plan area ratio (\,). The real shape of the buildings is not taken into
account, since this would require the definition of a large number of additional model input maps
describing the frontal area density as a function of height and wind direction.

= —Pdeff (Céﬂa”dwall + CZOOfdroof) U ’ Uhor ‘ (6.3)
build

2w fO’I“ Z;;UJrl < Hbld

mHpla
dopan(271) = { (=2 ) X fop v o [ < oW (6.5)
wall\~[ - Z}:—o—l_zlg} THypq k bld > k+1 .
0 else
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The grid point average building height is denoted with Hy,y. The height above ground of the k™
model level is z;*, the height above ground of the interfaces between the model levels is 2.

The roofs are assumed to be horizontal. The vertical density of horizontal roofs (d,...f) is calculated
following Equation 6.6.

Ap
drooy (21") = {Z’?“_z’?

or z¥ < Hyg < 2z
for z bd < 2 6.6)

0 else
The drag coefficient for the vertical walls (c¥?!") is set to 0.4 since this corresponds to the value
from wind tunnel studies reported by Raupach (1992) for cubes - a type of obstacles similar to

actual buildings. The drag coefficient due to the roofs is calculated similar to Hamdi and Masson
(2008) following Equations 6.7 and 6.8.

roof 2
ool = o 6.7)
d < ‘ Uhpor (ZZ}roof) ‘
roof __ K | uhor(z]::b,,.oof) ’

* m
I (23 o0 —Hota)
n roof
ZO,'m

Ziroos 18 the height above ground of the level, at least 0.5 m above the roof. The von Karman

(6.8)

roof

constant () is 0.4, the momentum roughness length of the roof (2 ,,,) is assumed to be 0.15 m to
represent chimneys, air conditioning systems, or other small constructions that are usually present
on the roofs. Atmospheric stability is not taken into account in the calculation of the friction due
to the roofs; it is assumed that the strong wind shear close to the roofs dominates the effects due to
buoyancy.

The production of subgrid turbulent kinetic energy (e) due to the wind shear close to the buildings
walls and roofs is considered in a similar manner as in Martilli et al. (2002), Chin et al. (2005),
and Hamdi and Masson (2008), following Equation 6.9.

a(pdeff 6)

ot = Pdeff (Czlva”dwall + CZOOfdroof> | Uhor ’3 (69)

build

The tendencies of potential temperature and water vapour mixing ratio due to the sensible (Q¥,

roof

7?7y and latent (Q¥", Q7°°) heat fluxes from the walls and the roofs towards the atmosphere
are calculated following Equations 6.10 and 6.11.

Qﬁa” y
0 m) g(zm CpHyia Jor zy < Hpa
(pdeff(zk ) (Zk )) _ Hya—z"\ Quall L Q;oof for oo g o
ot build zip1—2y ) CpHua — Cpa(2i—2) k bd S Zphq
0 else
(6.10)
Qvéuall y
m m L;Hypq fO?“ 21 < Hyq
a(pdt?ff(zk ) T/U(Zk )) — Hbld—zl’fgv> Q’évall znof fo,r Zw < H < Zw
ot build 2 =20 ) LiHpa © Li(zf ,—2) k bld > Zpiq
0 else

(6.11)
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Turbulent fluxes are in Wm™2 of total horizontal plan area of the grid point. They are calculated
in the physical routines of TEB with respect to the potential temperature. The specific heat L; is
2.5008e+6 Jkg~! for evaporation and 2.8345e+6 Jkg~! for sublimation.

The coupling between Meso-NH and SURFEX-TEB is technically modified such that SURFEX-
TEB can receive the forcing from the first to the NC™ (1 : NC) Meso-NH level. For the sake
of simplicity, the horizontal dimensions of the Meso-NH variables are not explicitly given in the
equations. The horizontal wind speed (| upor |) is calculated based on the prognostic « and v wind
components (Equation 6.12).

| Unor (21Ine) |= \/U(ZTN(,‘)Q +o(fye)? (6.12)

The air temperature (7") is calculated based on the prognostic potential temperature (6) and the
Exner function (®) following

T(2'ne) = 021 e ) T2y e) (6.13)
(z{lxc) = (p—@TNC))CP (6.14)
Poo

where p is the diagnostic absolute pressure. The absolute humidity (q) is calculated based on the
prognostic mixing ratio of water vapour (r,) following

4(21'ne) = To(2line) Paesr(21ine) (6.15)
and the density of the moist air (p) is given by

) 1+ (Ref/Rr(eine)
RyT(27!y¢) L+ 7y(2ve)

p(2nc) (6.16)

The height of the atmospheric forcing level used by SURFEX-TEB (zj, forc.) needs to be calculated
based on the height of the Meso-NH levels (z;*). It is ambiguous whether this forcing height should
be the distance of the atmospheric level to the potentially inclined surface (inclination angle «) or
the vertical height above the surface. It is assumed that for katabatic winds located in the first few
meters above ground level (a.g.l.), the distance to the surface is the most relevant, whereas for the
other processes it will be the vertical height above the surface. Therefore, the forcing height is
defined as the shortest distance between the model level and the surface in the lowest 5 m vertical
distance to the surface, and as the vertical distance at or above 20 m vertical distance to the surface
(Equation 6.17). A linear transition is applied in between (Equations 6.17 and 6.18).

2k fore. = fozp + (1 — fi)zp cos(a) (6.17)
m—5.0,0.0
o = min (1.0, max(zkw - )) (6.18)

The multi-layer coupling of TEB is technically enabled by a logical switch which deactivates the
prognostic equations of the SBL scheme of Hamdi and Masson (2008) and instead at each time
step fills the SBL scheme’s prognostic variables with the corresponding Meso-NH variables. With
this implementation it is easy to switch between the single-layer and the multi-layer coupling. The
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meteorological forcing for the impervious surfaces such as roads (zmp.), which have an aerody-
namic roughness length of 0.05 m, and the low urban vegetation (lveg.) is taken from the first
Meso-NH level following

Q}ronfc/lveg % (6.19)

where () denotes the specific humidity, U the wind speed, and the height of the forcing is given by

Ugore " =l unon(1) | Ty = 1(1)

imp. [lveg.
z?g;];/ "= 21, fore. (620)

The meteorological forcing for the roof (Equation 6.21) is taken from the closest Meso-NH level,
but at least 0.5 m above the roof (k,,.¢).

kroos)
UTZ% =| Unor (kroof) | ; Trgff = T(kroof) ; Q“;% = M (6.21)
! ! d g ! p(kroof)

The height of the forcing above the roof is
Z;Z% = Zkypop,fore. — Hoid (6.22)

Since in TEB the walls are not vertically discretised, there is only one value for the prognostic wall
temperature at grid point scale, hence the average value of the meteorological forcing variables is
calculated for all Meso-NH levels intersecting the walls (Equations 6.23 to 6.25).

kTOO w w w
Uwall _ 1 z:f | 'U/hor(k) | (zk-+1 — Zk) fOT’ 211 < Hbld (623)
Hyy | Whor (k) | (Hua — 2) for zi < Hya < 2}/,
kroo w ’LU w
TUJall _ 1 S T(k‘)(zk+1 — ) fOT Zk+1 S Hbld (624)
for Hbld 1 T(k) (Hbld — Zk) fO?" Zk < Hbld < Zk-i—l
kroo k w w w
Qput = f ’q’E_z'ii(ZkH ~ &) Jor b < Hua (6.25)
bld 1 q(k) (Hbld ) fOT Z}: < Hyy < Z};UJrl

The sensible and latent heat fluxes from the roof, walls, impervious and pervious surfaces to the
air in the street canyon are then calculated with the same formulas that are detailed in Hamdi and
Masson (2008) and Lemonsu et al. (2012).
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6.4 Soil and Vegetation

6.4.1 Treatment of the soil heat content

The prognostic equations for the surface temperature 7 and its mean value 75 over one day 7, are
obtained from the force-restore method proposed by Bhumralkar (1975) and Blackadar (1976):

W~ OBy~ - 1B) - (1), (6.26)
T, 1
5 = (L), (6.27)

where H and LFE are the sensible and latent heat fluxes, and R,, is the net radiation at the surface.
The surface temperature 7 evolves due to both the diurnal forcing by the heat flux G = R,, —
H — LFE and a restoring term towards its mean value 75. In contrast, the mean temperature 75 only
varies according to a slower relaxation towards 7.

The coefficient Cy is expressed by

(1 - Ueg)(l _psng) Ueg(l _psm)) Dsn
Cr=1 + + 6.28
r 1 (B Sbm) b 629
where veg is the fraction of vegetation, Cj, is the ground heat capacity, C is the snow heat capacity,
C, is the vegetation heat capacity, and

Wy . B hs _
Wet Worn' D™ 7 b 4 50002
are respectively the fractions of the bare soil and vegetation covered by snow, and the fraction of
the grid covered by snow. Here, W,,., = 10 mm, and hy, = W, /p; is the thickness of the snow

canopy (ps is the snow density). The partitioning of the grid into bare soil, vegetation, and snow
regions, is indicated in Fig.(6.6) .

LE,

Psng = Psn = (1 - Ueg)psng + VEGPsnv (629)

5
AE,
Vegetation Srow
v A |
:_. I 'FI:-\.n-. -!-. FI:-\..||-. -:-. E‘I\-Ill.' -!-. J .FI:"'"l-' I
N veg g l-veg "

Figure 6.6: Partitioning of the grid

The heat capacities of the ground and snow canopies are respectively given by
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w b/2log10
Cy = Cysat <—t) 0, < 1.5x107° Km*J* (6.30)
W2

where G 4,4 is the heat capacity at saturation, and w, the volumetric moisture content of the soil

at saturation; and
- 1/2
C,=2x ( ) (6.31)
AgCoT

where A\, = \; X ps88; ¢, = ¢i(ps/pi): i is the ice conductivity; ¢; is the heat capacity of ice;
and p; is the relative density of ice (see Douville 1994, Douville et al. 1995).

After an intermediate surface temperature 75" is evaluated from Eq. (6.26), the cooling due to the
melting of snow is considered following

T.F =T — CrLs(melt)At (6.32)
where L; is the latent of fusion, At is the timestep, and the melting rate of snow is

Tn - TO
C.L;At

melt = pgp ( ) ;o melt >0 (6.33)

Here,

Ty = 273.16 K;;

T, = (1 —veg)Ts* + vegTy

Similarly, the intermediate mean temperature 75" obtained from Eq. (2) is also modified due to
the melting/freezing of water in the soil layer occurring for temperatures between —5°C and 0°C.
The resulting mean temperature is

T2+ = TQ* + (Awg)fmzeanng (634)
with
T,* — 268.16
(AwQ)fmzen = |:1 — (25—>:| (wz(t) — wz(t — At)) (635)
(Aws) frozen =0 if To < =5°Corif To > 0°C (6.36)

where d = 15 c¢m is an estimated average of the penetration of the diurnal wave into the soil.
Only the mean temperature 75 is modified by this factor. The surface temperature 75, however,
indirectly feels this effect through the relaxation term in Eq. (1).

6.4.2 Treatment of the soil water

Equations for w, and w, are derived from the force-restore method applied by Deardorff (1977) to
the ground soil moisture:

ow o Cy

o pud (By = Bg) = —(wy = Wyeq) ;0 < wy < Woar 6.37)
ow 1 C

at2 — m([)g ~E,— E,)— EST maz 0., (wy — w)] ;0 <wy < weer  (6.38)
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where P, is the flux of liquid water reaching the soil surface (including the melting), £, is the
evaporation at the soil surface, Fy, is the transpiration rate, p,, is the density of liquid water,
and d; is an arbitrary normalization depth of 10 centimeters. In the present formulation, all the
liquid water from the flux P, goes into the reservoirs w, and w,, even when snow covers fractions
of the ground and vegetation. The first term on the right hand side of Eq. (12) represents the
influence of surface atmospheric fluxes when the contribution of the water extraction by the roots
is neglected. The coefficients C; and (', and the equilibrium surface volumetric moisture wgyeq,
have been calibrated for different soil textures and moistures.

The expression for 'y differs depending on the moisture content of the soil. For wet soils (i.e.,
Wy > W), this coefficient is expressed as

b/2+1
C1 = Clear (w“‘t) (6.39)

Wy

For dry soils (i.e., wy; < wy), the vapor phase transfer needs to be considered in order to re-
produce the physics of water exchange. These transfers are parameterized as a function of the
wilting point w,;, the soil water content w,, and the surface temperature 77, using the Gaussian
expression (see Braud et al. 1993, Giordani 1993)

(wy — wmax)Q}

202

C1 = CimazeTp [— (6.40)

where W40, Cimaz, and o are respectively the abscissa of the maximum, the mode, and the stan-
dard deviation of the Gaussian functions (see Appendix B). The other coefficient, C5, and the
equilibrium water content, w4, are given by

Wa
- re 41
Cs Cares (wwt — Wy + 0.01) 6.41)

wy \? wy \ %P
Wgeq = W2 — AWsqt < = ) 1-— ( 2 ) (642)
Wsat Wsat

For the w, evolution, Eq. (13) represents the water budget over the soil layer of depth dy. The
drainage, which is proportional to the water amount exceeding the field capacity (i.e., wa —wy.), 18
considered in the second term of the equation (see Mahfouf et al. 1994). The coefficient C5 does
not depend on wy but simply on the soil texture (see Appendix A). Similarly, run-off occurs when
wy or wo exceeds the saturation value wg;.

Root zone soil layer option

In the standard two-soil layer version of ISBA, it is not possible to distinguish the root zone and
sub-root zone soil water reservoirs. With the three-layer version, the deep soil layer may provide
water to the system through capillary rises only, and the available water content (for transpiration)
is clearly defined.

The bulk soil layer (referred to as w- in the previous sections) is divided into a root-zone layer (with
a depth d) and base-flow layer (with a thickness defined as d3s — d5). The governing equations for
the time evolution of soil moisture for the two sub-surface soil layers are written following (Boone
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et al. 1999) as

Ows 1 Cy Cy

5 = oy (P,— E,— Ey) — dZ—TmaX 0, (wy — wye)] — — (wg —ws3)  (6.43)
a’lU3 o d2 Cg C4
at o (dS — d2) {Emax [07 (w2 - Uch)] + ? (U)Q — ’w3)} (644)
Cs
N (d3 — d2) TmaX [07 (U)g - wfc)} ) 0 < w3 < Wsat (645)

where C) represents the vertical diffusion coefficient. It is defined as

Cy = C4refE2,3C4b (6.46)
(6.47)

where W, 3 represents the interpolated volumetric water content representative of the values at
the layer interface (d»). The C4,.;r and Cy, coefficients are defined using the soil sand and clay
contents, consistent with the other model parameters (see the section on model coefficients). In
addition, the Cy,. s coefficient is scaled as a function of grid geometry. The equations are integrated
in time using a fully implicit method.

6.4.3 Treatment of the intercepted water

Rainfall and dew intercepted by the foliage feed a reservoir of water content I¥,.. This amount of
water evaporates in the air at a potential rate from the fraction ¢ of the foliage covered with a film
of water, as the remaining part (1 — 0) of the leaves transpires. Following Deardorff (1978), we set

oW,
W = UGQP - (Ev - Etr) - Rr ; 0 S WT S Wrmaz’ (648)

where P is the precipitation rate at the top of the vegetation, F, is the evaporation from the vegeta-
tion including the transpiration £y, and the direct evaporation £, when positive, and the dew flux
when negative (in this case £}, = 0), and R, is the runoff of the interception reservoir. This runoff
occurs when IV, exceeds a maximum value W,.,,., depending upon the density of the canopy, i.e.,
roughly proportional to vegL AI. According to Dickinson (1984), we use the simple equation:

Wimae = 0.2vegLAI  [mm)] (6.49)

6.4.4 Treatment of soil ice

The inclusion of soil freezing necessitates the addition of so-called phase change to the thermal
and hydrologic transfer equations. In addition, a freezing/drying wetting/thawing analogy is used
to model changes in the force-restore coefficients so that they must also be modified accordingly.
Terms which have been added to the baseline ISBA scheme are underlined in this section, while
terms which are modified are denoted using an * superscript. Additional details related to soil
freezing scheme can be found in Boone et al. (2000).
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The basic prognostic equations including soil ice are expressed as

0T, 2
s = o [Rn ~H — LE* — Ly(M, - Fgw)} . TW(TS - (6.50)
oTs 1
—= = (T,-T *LiFyy | 6.51
T —~( 2) + Cc"'LiFow (6.51)
8wg 1 02*
— C*(P.— E M) — F,| — — Wyeq 6.52
It dlpw[l(g g1 + M;) g} T(wg Weq") ( )
(wmin S wg S Wgat — wgf) ) (653)
Qw2 L (P By Byt M- Fay) - Cmax(0, we—wt) (654
ot - dppw g gl tr s 2w - ) 2 fc .
(wmin S Wa S Wgat, — W2 f) ) (655)
8w f 1
az = dlpw (Fgw - ng) (0 < Wy f < Weat — wmin) ) (656)
(’3w2f 1
- —Fw < < sat — Wmin) - 6.57
BT (dg—dl)pr (0 < wap < Weap — Winin) - (6.57)

where w, ¢ and w, ; represent the volumetric soil ice content (m® m™?) in the surface and deep-soil
reservoirs, respectively. The phase change mass and heat sink (source) terms (£; kg m—2 s71) are
expressed as

Fow = (1 =psng) (Fyp — Fym) (6.58)
Fow = (1=pog) (Foy — Fom) (6.59)

where the m and f subscripts represent melting and freezing, respectively. The freezing and melt-
ing phase change terms are formulated using simple relationships based on the potential energy
available for phase change. They are expressed for the surface soil layer as

F,y = (1/7) min [K, e, pmax(0, Ty — T5)/Cr Ly, pwdi (Wyg — Wmin)] ,  (6.60)
Fyn = (1/7) min [K €., max(0, Ty — 1y)/Cr Ly, pwdiwgg] (6.61)

and for the deep soil layer as

Fgf = (52f/7'2) min [ng maX(O, TO — TQ)/C} Lf, pw (dg — dl) (’LUQ — wmin)] s (662)
Fgm = (1/7’1) min [Cgm maX(O, T2 — T())/C[ Lf, Pw (dg — d1> ?,Ugf] . (663)

The characteristic time scale for freezing is represented by 7; (s). The phase change efficiency
coefficients, €, introduce a dependence on the water mass available for phase changes which are
expressed as the ratio of the liquid volumetric water content to the total soil porosity for freezing,
and the ratio of ice content to the porosity for melting. The ice thermal inertia coefficient is defined
as C; = 2(mw/\; C’i,oﬂ)l/ 2 (J m~2 K~!). The insulating effect of vegetation is modeled using a
coefficient defined as

veg LAI
K,=(1—--2 1— , 6.64
(-5 =% G0
where the dimensionless coefficients have the values Ky = 5.0 and K3 = 30.0 (Giard and

Bazile 1999). The most direct effect of vegetation cover is to slow the rate of phase changes for
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more dense vegetation cover as energy not used for phase change is assumed to cool/warm the
vegetative portion of the lumped soil-vegetation layer.

The deep-soil phase change (freezing) term is multiplied by a factor (d, ;) which essentially limits
ice production during prolonged cold periods. It is defined as 0 if 2y > 274 Where

meax = 4/(CG*Cg) (665)

and the actual depth of ice in the soil is defined as

5 = d (%) (0 < 25 < dy) (6.66)

Wa f + Wo

Ice is assumed to become part of the solid soil matrix. This is accomplished by defining the
modified porosity (eg. Johnsson and Lundin 1991) as

wsat* = Wsat — Wy f (667)

where j corresponds to the surface (g) or sub-surface (2) soil water reservoirs. This, in turn, is
used to modify the force-restore coefficients (see Boone at al. 2000 for more details).

6.4.5 Treatment of the snow
One-layer snow scheme option
The evolution of the equivalent water content of the snow reservoir is given by

oW,
ot

where P is the precipitation of snow, and E is the sublimation from the snow surface.

The presence of snow covering the ground and vegetation can greatly influence the energy and
mass transfers between the land surface and the atmosphere. Notably, a snow layer modifies the
radiative balance at the surface by increasing the albedo. To consider this effect, the albedo of snow
o 1s treated as a new prognostic variable. Depending if the snow is melting or not, a; decreases
exponentially or linearly with time.

If there is no melting (i.e., melt = 0):

=P, — E; —melt (6.68)

At P,At
7 (t> = O (t - At) - Ta? + m(asmax - asmin) (669)
Qsmin S Qg S Asmax (670)

where 7, = 0.008 is the linear rate of decrease per day, Qg = 0.50 and o = 0.85 are the
minimum and maximum values of the snow albedo.
If there is melting (i.e., melt > 0):

At

P.At
as(t) = [as(t — At) — agmin] exp |:—7_f7:| + Qgmin +

m(asmtm - CYsmin) (671)

A smin S Qg S Usmazx (672)

where 7; = 0.24 is the exponential decrease rate per day. Of course, the snow albedo increases as
snowfalls occur, as shown by the second terms of Egs. (21) and (23).
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The average albedo of a model grid-area is expressed as

ar = (1 = psp)a + Penis (6.73)
Similarly, the average emissivity ¢, is also influenced by the snow coverage:

€ = (1 — psn)€ + Psnés (6.74)

where €, = 1.0 is the emissivity of the snow. Thus, the overall albedo and emissivity of the ground
for infrared radiation is enhanced by snow.

Because of the significant variability of thermal properties related with the snow compactness, the
relative density of snow p; 1s also considered as a prognostic variable. Based on Verseghy (1991),
ps decreases exponentially at a rate of 7 per day:

At P,At
ps (t) - [ps (t - At) - psmax] exrp |:_7-f T:| + psma:c + Wpsmin (675)
Psmin S Ps S Psmax (676)

where pgsmin = 0.1 and pgqe, = 0.3 are the minimum and maximum relative density of snow.
Finally, the average roughness length 2, is

20t = (1 - psnzO)ZO + Psnz070s (677)

where

W
snz0 — 6.78
b 0 Ws + Wcrn + 5592’0 ( )

Here, 3, = 0.408 s*m ! and g = 9.80665 ms~? are physical constants, whereas 2, is the rough-
ness length of the snow.

Multi-layer snow scheme option

An additional snow scheme option has been added to ISBA. It is a so-called intermediate com-
plexity scheme which is representative of a class of snow models which use several layers and
have simplified physical parameterization schemes based on those of the highly detailed internal-
process models while having computational requirements more closely resembling the relatively
simple composite/force-restore or single layer schemes (eg.s Loth et al. 1993; Lynch-Steiglitz
1994; Sun et al. 1999). Compared to the baseline ISBA snow scheme, the explicit multi-layered
approach resolves the large thermal and the density gradients which can exist in the snow cover,
distinguishes the surface energy budgets of the snow and non-snow covered portions of the surface,
includes the effects of liquid water storage in the snow cover, models the absorption of incident
radiation within the pack, and calculates explicit heat conduction between the snow and the soil.
The conservation equation for the total snow cover mass is expressed as

oW
ot
where F; represents evaporation of liquid water from the snow surface, and the product

psn (P — P) represents the portion of the total rainfall that is intercepted by the snow surface
while the remaining rainfall is assumed to be intercepted by the snow-free soil and vegetation

:Ps+psn (P_Ps)_Es_Esl_Qna (679)
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canopy. The snow-runoff rate, (), is the rate at which liquid water leaves the base of the snow
cover.

The snow state variables are the heat content (Hy), the layer thickness (D), and the layer average
density (ps). The temperature (75,) and liquid water content (w,) are defined using the heat
content. The total snow depth, D, (m) is defined as

D=3 "D (6.80)

=1

where a three-layer configuration is currently used by default (i.e. N; = 3). The surface snow layer
is always less than or equal to 0.05 m, and this temperature is used to calculate the fluxes between
the atmosphere and the snow surface. The snow density is compacted using standard empirical
relationships (Anderson 1976). Additional changes arise to snowfall which generally reduces the
snow density, and densification resulting from ripening. The snow heat content (J m~2) is defined
as

Hsi = CsiD'i (Tsnl - TO) - Lf Pw (wsi - wsli) ) (681)

where w; is the total snow layer water equivalent depth (m), wy is the snow layer liquid water
content (m), and ¢, is the snow heat capacity (J m~3 K~!) (using the same definition as the baseline
ISBA snow scheme). The snow heat content is used in order to allow the presence of either cold
(dry) snow which has a temperature less than or equal to the freezing point or warm (wet) snow
which is characterized by a temperature at the freezing point and contains water in liquid form.
The snow temperature and liquid water content can then be defined as

Tsni - Tf + (H51+prw wsz)/(cszDz) ; Wy = 0 (682)
Wsp; = Wi + (Hsz/Lf pw) ; Tsni = Tf and Wg 4 < Wsl maxi (683)

where wg max; 1S the maximum liquid water holding capacity of a snow layer, which is based on
empirical relations. All water exceeding this flows into the layer below where it can do one or all
of the following; add to the liquid water content, refreeze, or continue flowing downward.

Snow heat flow is along the thermal gradient as any snow melt or percolated water within the snow
cover is assumed to have zero heat content. The layer-averaged snow temperature equation (7 ;)
is expressed as

0T

% = Gsi-1 — Gsi + Rgio1 — Rsi — Ssi (6.84)
where S, represents an energy sink/source term associated with phase changes between the liquid
and solid phases of water. Incoming short wave radiation () transmission within the snowpack
decreases exponentially with increasing snow depth. At the surface, it is expressed as

csiDj

Ryo= R, (1 —ay) (6.85)

where the snow albedo is defined using the same relationships as in the baseline version of ISBA
(Douville et al. 1995). The sub-surface heat (G) flux terms are evaluated using simple diffusion.
At the surface, this flux is expressed as

GsO = €s (RA - USBTsn14) - H (Tsn 1) — LE (Tsn 1) — Cy Psn (P - Ps) (Tf - T’I‘) ) (686)
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The last term on the right hand side of the above equation represents a latent heat source when
rain with a temperature (7;.) greater than 7| falls on the snow cover, where c¢,, represents the heat
capacity of water (4187 J kg—! K—1). Rainfall is simply assumed to have a temperature which is the
larger of the air temperature (7},) and the freezing point. The latent heat flux from the snow includes
the liquid fraction weighted contributions from the evaporation of liquid water and sublimation.
The ISBA surface soil/vegetation layer temperature is then coupled to the snow scheme using

1 T
Cr ot

2
= (1-pu) |R,(1—0)+e (RA—JTS4)—H—LE—C—7TT(TS—T2) (6.87)
T

+pn [GsN + RsN + Cw Qn (Tf - Ts)] . (688)

The term on the right hand side of the above equation involving the snow runoff (Q),,) represents
an advective term. The net surface fluxes to/from the atmosphere are then calculated as the snow-
cover fraction weighted sums over the snow and non-snow covered surfaces. When the 3-layer
option is in use, the default ISBA scheme is used when the snow cover is relatively thin (arbitrarily
defined as 0.05 m depth). When the snow depth exceeds this threshold, the snow mass and heat
is transferred to the multi-layer scheme. This prevents numerical difficulties for vanishingly thin
snow packs.

6.4.6 The surface fluxes

Only one energy balance is considered for the whole system ground-vegetation-snow (when the
3-layer snow scheme option is not in use). As a result, heat and mass transfers between the surface
and the atmosphere are related to the mean values T and wy.

The net radiation at the surface is the sum of the absorbed fractions of the incoming solar radiation
R¢ and of the atmospheric infrared radiation R 4, reduced by the emitted infrared radiation:

R, = Rc(1— o) + €& (Ra — 055T,") (6.89)

where ogp is the Stefan-Boltzmann constant.
The turbulent fluxes are calculated by means of the classical aerodynamic formulas. For the sensi-
ble heat flux:

H = poc,CyVo(T, — T,) (6.90)

where ¢, is the specific heat; p,, V,, and T}, are respectively the air density, the wind speed, and the
temperature at the lowest atmospheric level; and Cyy, as discussed below, is the drag coefficient
depending upon the thermal stability of the atmosphere. The explicit snow scheme sensible heat
flux is calculated using the same formulation (but with 7%, ). The water vapor flux E is the sum of
the evaporation of liquid water from the soil surface (i.e., Fy;), from the vegetation (i.e., F,), and
sublimation from the snow and soil ice (i.e, s and £ f):

LE = LE, +LE,+L;(E,+ E,;) (6.91)
Egl = (1 - veg)(l - psng) (1 - 52‘) PaCrVa (huant(Ts> - Qa) (6.92)
E, = veg(l = ponw)paCrVaho (¢sat(Ts) — qa) (6.93)
Es = psnpaCrVa (@sat(Ts) — qa) (6.94)
Eyp = (1—wveg) (1= psng) 0i paCrVa (hui Gar (T5) — qa) (6.95)
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where L and L; are the specific heat of evaporation and sublimation, ¢ (7s) is the saturated
specific humidity at the temperature 7, and ¢, is the atmospheric specific humidity at the lowest
atmospheric level. The water vapor flux £ from the explicit snow surface is expressed as

LE(Tsn1) = LEg+ LiE; (6.96)
Esl - 5sn paCHs‘/a (QSat (Tsnl) - Qa> (697)
Es = (1=0sn) paCrsVa (st (Tsn1) — da) (6.98)
5sn = wsll/wslmaxl ; 0 < 65n < 1 (699)

where evaporation of liquid water is zero when T,; < Ty. The transfer coefficient (Cyy) is
calculated over the snow covered surface using the same formulation as C'y.

The surface ice fraction is is used to partition the bare soil latent heat flux between evaporation and
sublimation, and it is defined as

0 = wyr/ (wy f 4+ wy) ; 0<9;<1. (6.100)

The relative humidity 7, at the ground surface is related to the superficial soil moisture w, follow-
ing

h, = [1 — cos ( wg*ﬂ>] , if wy < wy” (6.101)

Wfe
if wy > wy* (6.102)

= N

hy =

where the field capacity with respect to the liquid water is defined using the modified soil porosity
so that wy.* = wy, W, /Wsqe:. The humidity for the ice covered portion of the grid box is calculated
in a similar fashion as

h = {1 — cos (Mw)] i wy < wy (6.103)

Wfe
L ifwg > wp™ (6.104)

= N

hui -

where W™ = Wee(Wsat — Wy)/Wsar- In case of dew flux when ¢sa(T5) < gq. hy is also set
to 1 (see Mahfouf and Noilhan 1991 for details). When the flux E, is positive, the Halstead
coefficient h, takes into account the direct evaporation £, from the fraction o of the foliage covered
by intercepted water, as well as the transpiration £}, of the remaining part of the leaves:

he = (1—0)Ra/(Ra+ R.)+6 (6.105)
1)
Er - Ueg(l - psnv)R_ (QSat<Ts) - Qa) (6106)
1—-9
E, = wveg(l— Psnv)m (@sat(Ts) — qa) (6.107)

When F, is negative, the dew flux is supposed to occur at the potential rate, and A, is taken equal
to 1.

Following Deardorff (1978), ¢ is a power function of the moisture content of the interception
reservoir:

6 = (Wy/Wymae)?? (6.108)
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The aerodynamic resistance is R, = (CxV,)~!. The surface resistance, R,, depends upon both
atmospheric factors and available water in the soil; it is given by:

Rsmin

R, = 6.109
Ny FsFyLAI ( )
with the limiting factors Fi, F5, F3, and Fj:
f + Rsmin/Rsmax
F = 6.110
1 117 ( )
R o= 270l d0< B <1 6.111)
Wge — Wawilt
F3 = 1- 7 (QSat(Ts) - Qa) (6112)
F, = 1-1.6x107%(T, — 298.15)* (6.113)

where the dimensionless term f represents the incoming photosynthetically active radiation on the
foliage, normalized by a species-dependent threshold value:
Re 2
=0.55—"F—— 6.114

/ Rei LAI ( )
Moreover, 7y is a species-dependent parameter (see Jacquemin and Noilhan 1990) and R4, 18
arbitrarily set to 5000 sm L.
The surface fluxes of heat, moisture, and momentum can be expressed as

S H

(W), = e TG, (6.115)
atpta/Va

— E

(w'r})s = m (6.116)

w'V'|s = CplVo|> =2 (6.117)

where 7, is the water vapor mixing ratio, w is the vertical motion, #, is the potential temperature at
the lowest atmospheric level. The primes and overbars denote perturbation and average quantities.
For the drag coefficients C'y and Cp, the formulation of Louis (1979) was modified in order to
consider different roughness length values for heat z; and momentum zy;, (Mascart et al. 1995):

Cp = CpnFy, ; Cug = CpnFy, (6.118)
with
k‘2
= 6.11
PN = e (©119)
(6.120)

where k£ is the Von Karmann constant. Also

10Rq
F, = 1—-— " __ ifRi<0 (6.121)
1+ Cyy/|Ri d
1 . .
V1+5Ri
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and
15Ri In(z/z2o) ] R
Fp,= 11— X if Ri <0 6.123
| oy <L) e ¢12
1 In(z/zo) } e
F, = X Ri >0 6.124
" 1 ¥ 15RiIVI bR {ln(z/zo;l) if fu (6.124)

where Ri is the gradient Richardson number. The coefficients C),, and C}, of the unstable case are
given by

Cm = 1OCm*CDN(Z/Zo)pm (6125)

[
Ch = 15Ch*CDN(Z/ZOh)ph X [%} (6126)

where C, Cf, p,,, and py, are functions of the ratio o = In(zy/zo) only:

C; = 3.2165 4 4.3431 x p + 0.5360 x p* — 0.0781 x p? (6.127)
Cr = 6.8741 4 2.6933 x pu — 0.3601 x p? +0.0154 x u* (6.128)
pn = 0.5802 — 0.1571 x pu + 0.0327 x p? — 0.0026 x p* (6.129)
Pm = 0.5233 —0.0815 x e+ 0.0135 x p? — 0.0010 x p* (6.130)

6.4.7 Summary of Useful Parameters

The parameters have been chosen in order to characterize the main physical processes, while at-
tempting to reduce the number of independant variables. They can be divided into two categories:
primary parameters needing to be specified by spatial distribution, and secondary parameters
which values can be associated with those of the primary parameters.

In the present state of the method, the primary parameters describe the nature of the land surface
and its vegetation coverage by means of only four numerical indices: the percentage of sand and
clay in the soil, the dominant vegetation type, and the land-sea mask.

The secondary parameters associated with the soil type are evaluated from the sand and clay com-
position of the soil, according to the continuous formulation discussed in Giordani (1993) and
Noilhan and Lacarrere (1995) (see Appendix). These parameters are:

* the saturated volumetric moisture content wgg;;
* the wilting point volumetric water content w,;;;;
* the field capacity volumetric water content w ¢.;
* the slope b of the retention curve;

* the soil thermal coefficient at saturation C'gz;

* the value of (] at saturation (i.e., C'44);

* the reference value of Cs for wy = 0.5wse (i.€., Copef);
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* the drainage coefficient C5 ;
* the diffusion coefficients Cy,.r and Cly ;
¢ and the coefficients a, p for the wg., formulation.

On the other hand, the parameters associated with the vegetation can either be derived from the
dominant vegetation type, or be specified from existing classification or observations. They are

* the fraction of vegetation veg;

the depth of the soil column d; (or the root zone depth);
* the depth of the soil column dj (if third soil layer option in use);
¢ the minimum surface resistance Fq,in;
¢ the leaf area index LAI;
* the heat capacity C, of the vegetation;
* the R¢; and v coefficients found in the formulation of the surface resistance R,;
* and the roughness length for momentum z, and for heat zgj,.
Other necessary parameters are
* the albedo «
* the emissivity e.

* and characteristic time scale for phase changes (currently constant) 7;.

6.4.8 Apendix A: Continuous formulation of the soil secondary parameters

Following Giordani (1993), Noilhan and Lacarrere (1995), the sand and clay composition (i.e.,
SAND and CLAY') are expressed in percentage.

The saturated volumetric water content (m3m=3):
Weat = (—1.08S AN D + 494.305) x 1072 (6.131)
The wilting point volumetric water content (m3m=3):
Wi = 37.1342 x 107*(CLAY)?? (6.132)
The field capacity volumetric water content (m?*m=2):
wy. = 89.0467 x 1073 (C LAY )34 (6.133)
The slope of the retention curve:

b=0.137CLAY + 3.501 (6.134)
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The soil thermal coefficient at saturation (Km?J~1):
Casat = —1.557 x 1072SAND — 1.441 x 10 *C LAY + 4.7021 (6.135)
The value of (' at saturation:
Cleat = (5.58CLAY + 84.88) x 1072 (6.136)

The value of C for wy = 0.5wgg:

Carer = 13.815C LAY~ (6.137)

The coefficient C's:
Cy = 5.327TCLAY 0% (6.138)

The coefficient Cyy:
Cyp =514 + 0.115CLAY (6.139)

The coefficient Cy . :
2ds —dy), ’ : |

Clres D) B Bo + jzl (8; SAND? + a; CLAY) (6.140)

where the 3; (j = 0, 3) coefficients are 4.42 x 107%, 4.88 x 107*, 5.93 x 10~* and —6.09 x 107°.
The a; (j = 1, 3) coefficients are defined as —2.57 x 107!, 8.86 x 107 and —8.13 x 107°.
The coefficients for the wg., formulation:

= 73242 x 1073CLAY ~95% (6.141)
p = 0.134CLAY +3.4 (6.142)

6.4.9 Appendix B: Gaussian formulation for the (' coefficient

Following Giordani (1993) and Braud et al. (1993), for dry soils (i.e., w, < W), the C; coeffi-
cient in Eq. (13) is approximated by the Gaussian distribution:

(Wy — Winaa)*
C = Clmaz —— 6.143
1(w) = Cimazerp { 5,2 ( )
In this expression,

Cimaz = (119w — 5.09) x 1072T, + (—1.464w,,; + 17.86) (6.144)
Wmaz = NWwilt (6145)

with
n = (—1.815 x 1072T} + 6.41)wyi + (6.5 x 107°T, — 1.4) (6.146)

and

W2

o’ = maz (6.147)

- 0.01
2ln <Clmam >
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