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SUMMARY

This study investigates the possibility of using DMI-HIRLAM for the transport of
passive tracers in the perspective of developing an Eulerian atmospheric long-range
dispersion model for prevision of air-pollution episodes. In the present work the
model resulting from the implementation of passive scalars in DMI-HIRLAM is tested
with different advection schemes applied to a field of one passive tracer. Simulations
of the first European Tracer Experiment (ETEX), which supplies the most suitable
data for such an investigation, are performed to compare model results with actual
observations.

In a first step the Eulerian central difference scheme operating by default in DMI-
HIRLAM-TRACER is tested and it is improved by adding vertical diffusion processes.
Although good qualitative results are obtained with this formulation, it presents very
bad mass conservation properties. In a second step an improved numerical scheme
of the advection, the Bott scheme, is implemented inside the semi-Lagrangian model
version of DMI-HIRLAM-TRACER. Because of its good mass conservation and its
low computation cost, this formulation turns out to be the most suitable of the ones

tested to simulate the transport of pollutants in the atmosphere.
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1. Introduction

Eulerian atmospheric long-range dispersion models have been used by several meteorological
institutes to predict air pollution episodes. At DMI, air-pollution forecast models like
DERMA and DACFOS [1,2], which are based on a 3-D Lagrangian transport model [3], use
HIRLAM meteorological forecasts in an off-line fashion. Though such Lagrangian models
may have lower computer costs, Eulerian models are the most suitable to deal with pollution
processes known on a grid (like for example emission data). Eulerian modelling presents the
characteristic to be complete in the sense that all the physical processes involved can be
included at each point of the model volume. A subsequent advantage of Eulerian models is
that they can display pollutant distribution over the entire modelled region and not only along
trajectories. The purpose for the present project is to investigate the possibility of using the
DMI-HIRLAM model in a mesoscale air-pollution forecast system. This is done by the
development of DMI-HIRLAM-TRACER (shortened as TRACER in the following), which is
a version of DMI-HIRLAM implemented with advection/diffusion of passive tracers. A
further aim, not considered here, is to integrate HIRLAM as a meteorological driver in a
coupled (also called “on-line”’) meteorological/chemical Eulerian atmospheric transport and
chemistry model system.

The main objective of this work is to exercise the advection scheme of HIRLAM by
simulating the transport of passive tracers in the model. A convenient way, commonly used in
literature to test an advection scheme, is to simulate the transport of a simple structure in, for
example, a non-divergent circular wind field. Such artificial conditions are not appropriate
with an advanced model like HIRLAM, for they would not allow to investigate the complete
properties of the model. A more suitable and realistic way to test the transport of a field of
passive tracers is supplied by the European Tracer Experiments (ETEX -1&2) performed in
1994. As a first step the default advection-diffusion schemes operating in TRACER will be
tested on ETEX-1 data and the results will be compared with those of other model
simulations, as well as with measurements during the experiment. In a second step an attempt
will be made to ameliorate the performances of the default advection scheme used in
TRACER by applying an improved numerical scheme developed by Bott [4,5]. This scheme
has been implemented and experimented following a method used at MISU [6,7]. Because of
its mass conservation and low diffusion properties, this scheme is one of the most suitable for
transport of pollutants in the atmosphere.

Additional processes could also be taken into account by adding sources and sinks terms in
the right hand side of the advection-diffusion equation in order to describe chemical
processes, as well as emission and deposition processes. In other words one could integrate a
chemistry module in TRACER. Such extensions are left for further developments of the
model.

The present work has been done using the “recoded” version of DMI-HIRLAM [8] in which
an additional module has been included to handle the emission and the transport of a field of
one passive tracer. The conditions of the simulations of the ETEX experiment are briefly
summarised in the next section. The implementation of the emission of the passive tracers is
outlined in section 3. Simulations performed in the default Eulerian set-up of TRACER and
improvements obtained by applying different vertical and horizontal diffusion profiles to the
passive tracers are presented in section 4. Section 5 is devoted to simulations performed in the
semi-Lagrangian time integration mode and improved with the Bott’s advection scheme. The
results obtained from the different simulations are discussed in section 6. Finally, some
conclusions are drawn in the last section.



2. The ETEX release

The first ETEX release started on October 23™ 1994 16:00 GMT in Brittany (France) and had
a duration of 11 hours and 50 minutes. The precise location of the release was (2.0083°W,
48.0583°N) and it was on the ground at 90 m above sea level. The total amount of material
released was 340 kg of Perfluoro-Methyl-Cyclo-Hexane (PMCH) corresponding to a release
rate of 7.95 g/sec. The release was followed during 3 days by a series of measurements of the
concentration at specific locations in Europe from which it was possible to observe the cloud
evolution [9].

The numerical experiments performed in the present work begin 4 hours before the start of the
ETEX release by using initial meteorological fields from the European Centre for Medium-
Range Weather Forecasts (ECMWF) of October 23" 1994 12:00 GMT. They were carried out
during 66 hours by updating the lateral boundaries from ECMWF every 6 hours (using 6-hour
forecasts and new analysis every 12 hours). The numerical simulations were performed with
TRACER over a model region covering Europe, in a grid with 50x48 points yielding an
horizontal resolution of 0.4° (about 42km x 44km) ; all experiments were performed using a
31-level resolution in a hybrid vertical coordinate system.

Indications about the performances of these simulations are here given by 1) the geographical
position on the surface (more precisely at the lowest model level, about 30 m above the
ground in the present version of DMI-HIRLAM) of the modelled concentration field at
different forecast times after the start of the release, 2) the value and 3-dimensional position at
each time step of the maximum concentration point, 3) the total area mean value of the
vertically integrated concentration per unit horizontal area (called average concentration in
the following), which is given at each time step by the diagnostic calculations of the model
and 4) a time-series of 1-hour averaged concentrations “observed” at a specific model point
corresponding to the site of Rise in Denmark. The first and last of these results can be
compared to real measurements and/or results of other models [9,10], while the other two may
allow an evaluation of the stability and the confidence of different schemes.

3. Emission of the passive tracers

3.1 Geometrical outlook

Since the conditions of the release are exactly known (location, total mass and rate of the
release), the main difficulty is to perform such a local release inside an Eulerian grid point
model. It is necessary to assume uniform distribution of the tracer within the volume of the
grid box inside which the release is initiated. The knowledge of this volume makes it possible
to calculate the concentration of the passive tracer, in order to compare the simulated tracer
field with the observed concentration field.

The specific data for the emission of the tracer (location, duration and release rate) are inputs
of the model and the release is by default performed at the lowest model level ; the altitude of
the emission point is then 32 m over the ground. This approximation on the actual altitude of
the release is assumed to have no effect on the results if we can assume that the release occurs
inside a well-mixed Atmospheric Boundary Layer.

From the geographical coordinates of the release location, it is easy to find the 4 closest grid
points that define the horizontal grid cell (at the lowest level of the vertical grid in the case of
a release on the ground) in which the release point is located. The altitudes of these 4 points at
each of the two lowest levels are then calculated via the geopotential. The knowledge of the
altitude of the 2" lowest level is necessary to calculate the volume of the grid box. Depending



on if the actual release location is closer to the middle of a grid cell or closer to a grid point,
one can choose to use as source of the emission, either the 4 closest grid points, or only the
first closest point respectively. It turns out that this choice has a small effect, mainly in the
beginning of the transport when the tracers are still close to the source. In this study it was
chosen, so as to compare the different experiments independently of this source parameter, to
keep only one single emission point in every case.

Knowing the release rate (mass per time unit) one can thus calculate the concentration change
per time step inside the grid box around the emission point. It is obvious that, since the
volume of the emitting grid box depends on the grid resolution, the initial concentration (or
emitted concentration) also depends on the grid resolution. But since the concentration is as
well calculated from the release rate, it then depends on the length of a time step, that itself
also depends on the grid resolution. To put it in a nutshell, the higher the resolution is, the
higher the emitted concentration will be. This influence of the grid resolution on the
concentration is mainly visible close to the source when the whole concentration field is
contained only in one or a few grid boxes. It tends to disappear away from the source when
the field disseminates in the model and the average concentration decreases.

3.2 Computational outlook
The equation to be solved is the advection-diffusion equation driving the dynamic evolution
of the concentration of a passive tracers field:

0C
50 -0(vC) +O(KOC) + Q0 + S (1)

vector v represents the advecting velocity field, K is the 3 dimensional eddy diffusivity, Q and
S represent source and sink terms respectively. Note that there is at present no sink included,
so S=0. In the next subsection we will focus on the advective part of this equation, but for our
present purpose we only need to describe the emission part, that is:
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where Cijk is the concentration at a point (i,j,k) of the 3-D grid and the source term Qi,jk
represents here the emission of the passive tracers. In the present case Qi,j.k is equal to the
release rate (Q) at the emission point and is set to zero everywhere else.

Deriving concentration change at the emission point with the leapfrog time stepping used in
the Eulerian scheme of HIRLAM gives:
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where 7 is the dynamic time step of the scheme. This is a 3-time level scheme where the value
of the concentration at time level t-1 is represented by C", the value at time t by C” and the

value at time t+1 by CP. The value at time t+1 of the concentration at the emission point is thus given by:
CP=21Q+C" 4)

That is the emitted concentration at the current time step plus the remaining concentration
from the previous time step. Hence, during the duration of the emission, the value of the
concentration at the emission point is forced by equation (4). In the model, the evolution of
the concentration is computed separately from the value of the emission parameter Q which
depends on the volume of the emitting grid box.



There can be other situations where the emission is not only localised at a single point but
rather distributed over an area ; this emitting area is then considered as a group of emitting
points where the concentration is computed in the same way as above.

4. The Eulerian advection scheme

4.1 Formulation with a central difference scheme
Deriving the advective part of equation (1) in a finite central difference form, it becomes:
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where u, v, w are the components of the velocity vector v. It is not possible to use this central
difference scheme in its classic form without meeting problems of mass conservation due to
the staggering of the Arakawa C-grid used in HIRLAM. The equation (5) may be
approximated instead as follows:
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Using the index convention in HIRLAM (i.e. uj;j/» -> u ;) the concentration in the 3-time
level leapfrog scheme is thus computed by:
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1 is the length of one time step.

This is the formulation in which the advection equation is coded in the HIRLAM reference
version[11]. To ensure numerical stability the time step used with this scheme must satisfy the
CFL criterion (Courant number u;t/0x <1) in each direction. In order to avoid negative values

of positive definite quantities such values are set to zero. We will discuss later the
consequences of such a resetting procedure.

Note that the horizontal diffusion is computed separately in HIRLAM by an implicit 4™ order
scheme (eq. 2.1.4.10 in [11]), but vertical diffusion of the passive tracers is not implemented
in the default version of the model.



4.2 Results.

4.2.1 Default formulation

Simulations of the ETEX release have been performed using the default formulation of the
advection/diffusion equation for the passive tracers (7). In figure 1 the result for the modelled
surface concentration of the simulation using ECMWF lateral boundaries updates with a
resolution of 0.4° is presented at 24 and 48 hours after the start of the release.
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Figure 1 : Surface modelled concentration for a simulation of ETEX at 24 hours (28 hours after starting the
simulation) and 48 hours after the start of the release (52 hours after start of the simulation) with the default
Eulerian scheme used in TRACER and with a resolution of 0.4° ; the maximum concentrations on the surface are
187 ng/m3 and 146 ng/m3, respectively.

The surface concentrations obtained are about 100 times too high, and the position and the
shape of the cloud of passive tracers after 48 hours do not correspond to the observations [9].
Moreover, although the value of the maximum concentration slowly decreases while the field
of the passive tracer spreads out, figure 2 shows that the average concentration rapidly
exceeds the level corresponding to the total amount of passive tracers actually emitted in the
model (340 kg emitted correspond to 78.13 ng/mZ2), and it still increases even after the
emission is finished ; this denotes obviously a violation of the mass conservation law.
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Figure 2 : Variation of the average concentration during the simulation reflecting the evolution of the amount of
passive tracer contained in the model. The emission phase is contained between 4 hours and 16 hours after the
beginning of the simulation. The decrease after 60 hours is due to the exit from the model area of a part of the
passive tracers field. The horizontal dashed line indicates the average concentration corresponding to the total
amount of passive tracers introduced in the model (78.13 ng/m?2).



4.2.2 Improvement with vertical diffusion

In the preceding simulation no vertical diffusion was applied to the passive tracers field. In the
present version of TRACER, vertical diffusion for the passive tracers is implemented in the
same way as it is for the cloud water. Two schemes have been tested : an improved version of
the 1* order non-local Holtslag scheme [12] and a 1.5 order local turbulent kinetic energy
(TKE) scheme known as the CBR scheme [13].

The previous simulation is repeated applying the vertical diffusion to the passive tracers.
Figure 3 displays the modelled surface concentration 48h after the beginning of the release,
obtained with the Holtslag scheme and the CBR scheme respectively.
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Figure 3 : Modelled surface concentration at 48 hours after the start of the release (52 hours after starting the
simulation) with the Eulerian scheme and vertical diffusion. Left : Holtslag scheme. Right: CBR scheme. Because
the results obtained (shapes of the clouds and maximum concentrations on the surface : 4,7 ng/m? and 4,9 ng/m3,
respectively) are very close to each other, and thus the plots almost identical, the numbers of isolines displayed
are not the same in order to show different structures inside the clouds.

The shape and position of the cloud are rather close to the observations, but the maximum
value of the surface concentration is at least two times too high according to the
measurements.

Figure 4 compares the evolution of the average concentration obtained with the two vertical
diffusion schemes. The curves are very close to each other, and compared to fig.2 the increase
of the total amount of passive tracers is 30% lower than previously, but it is still 3.2 times too
high, according to mass conservation.

We can conclude that the Holstlag and the CBR schemes perform similarly, and as it was

expected, the use of the vertical diffusion in the transport of the passive tracers greatly
improves the results.
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Figure 4 : Progresses of the area mean concentration during simulations using vertical diffusion for passive
tracers. The horizontal dashed line shows the level corresponding to the total amount of emitted passive tracers.

4.2.3 Altering the horizontal diffusion

The horizontal diffusion coefficient (K =1014m2-s'1) may be modified on each model level by
a factor, whose default value is equal to 1 on every level. The following simulation tests the
effects of strong horizontal diffusion with a factor 4 on every level.

Figure 5 shows the modelled surface concentration field obtained 24 hours and 48 hours after
the start of the release.

109/206/ 31 109/206/ 31
m.s.|. pressure AS51994102312+028

m.sl.pressure A S51994102312+052

60N
W= e

55N [, N
S 2

45N |-

Figure 5 : Surface modelled concentration at 24 hours and 48 hours after the start of the release with horizontal
diffusion factor =4, Eulerian central difference scheme for advection and CBR scheme for vertical diffusion ; the
maximum concentrations on the surface are 4,3 ng/m3 and 2,8 ng/m3, respectively.

Compared to fig.3 (right) the passive tracers field after 48 hours is only a little wider, but the
maximum surface concentration is lower as well as the horizontal gradient is smoother too;
the maximum concentration is divided by almost a factor two, becoming closer to the measurements.
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Figure 6 presents the variations, as a function of time after the beginning of the release, of one-
hour average modelled concentrations at Rise on the lowest model level and compared to the
surface observations [9] from which the background concentration has been subtracted. It
displays the curves obtained with each of the two vertical diffusion schemes and with horizontal
diffusion coefficient factor equal to 1 and 4, respectively. One can see that the time after which
the cloud comes over Risg, around 50 hours after the beginning of the release, corresponds
roughly to the observations, but the shape and the value of the peaks are very different.
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5 T T T
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Figure 6 : Variations of one-hour average surface concentration at Rise. Modelled concentrations obtained with
different horizontal diffusion coefficients and with Holtslag and CBR schemes respectively are compared to
measurements from which the background concentration has been subtracted.

5. Semi-Lagrangian model

5.1 Theory

In the two-level semi-Lagrangian time scheme of HIRLAM [14,15] the equation for the
concentration of the passive tracers field may be written:
dC _JdC oJC ocC oC

—=—H+ + + = O(KOC) + 8
i - ot "ax Vay TWa, T DEHO*O ®

In the semi-Lagrangian scheme, air-parcels are tracked back at each time step along
trajectories from predicted arrival grid points to departure points. Knowing the origin of the
air parcel, its corresponding concentration value is found by interpolation from the
concentration value at the grid point at the previous time level. In the two-time level semi-
implicit scheme, the new concentration is thus given by:

c” =1[0KOC) + Q|+ C? ©)
where the term in brackets is evaluated at the arrival point [11]. Here the horizontal diffusion
is computed by a one way 4™ order implicit filtering [14] using an equivalent horizontal

diffusivity K =10"m?s™!. The CBR scheme [13] will be applied for the vertical diffusion of
the passive tracers. As in the Eulerian model, unrealistic negative values of positive definite
quantities are set to zero. One of the major interests of the semi-Lagrangian scheme is that the
CFL criterion can be overlooked and longer time steps may thus be used.
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5.2 Results

Figure 7 presents modelled surface concentration obtained at 24 and 48 hours after start of
release.
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Figure 7 : Surface modelled concentration at 24 hours and 48 hours after the start of the release with the semi-
Lagrangian scheme, implicit horizontal diffusion and the CBR scheme for vertical diffusion ; the maximum
concentrations on the surface are 2,7 ng/m3 and 1,2 ng/m?3, respectively.

Figure 8 shows the evolution of the average concentration and figure 9 reveals surface
concentration variation at Risg. These results are obviously far from the observations, for the
field of passive tracer rapidly fades and completely vanishes after 60 hours. The neutralisation
of the vertical and/or horizontal diffusions yields similar outcomes, showing that the semi-
Lagrangian scheme has to be improved in respect to the mass conservation requirement.
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Figure 8 : Average concentration variation during
the simulation using the semi-Lagrangian scheme

Figure 9 Same as fig.6 showing modelled
concentration obtained with the semi-Lagrangian

with implicit horizontal diffusion and CBR vertical
diffusion scheme.

13

scheme together with implicit horizontal diffusion
and CBR vertical diffusion schemes.



5.3 Improvement of the advection in HIRLAM with the Bott scheme
5.3.1 Model.

With a view to improving the mass conservation of the model, a separate numerical scheme
for tracer advection has been implemented in the semi-Lagrangian version of HIRLAM [6].
The Bott advection scheme [4,5] has been chosen for its flux conservation properties [16].

The Bott scheme is an Eulerian scheme for the advection, therefore, the CFL criterion has to
be fulfilled in each direction and at each time step. It is inspired by the upstream method in the
sense that it maintains the conservative and positive definiteness properties of the upstream
scheme, but greatly reduces its numerical diffusion. Using the upstream scheme the
concentration may be computed by:

Cly = Clyy =5 (Fiy = F2y) - dy( ‘- FR) - (k+/—FZ/)+r(D(KDc>+Q)(10)

where F represents a flux of concentration (Cv), hence depending on the sign of the velocity
components (u, v, w) and given by:

. 1 . , O
Fi+% = 5 (“i+% + Ui,y )Ci +(Ui+% Uiy )Cm] 0
1
Fiy = 5[("1% YO+ iy ~Viy )Cj+1] B (11a)
. . , 10
Fk+% - E (Wk+}§ + Wisy )C +(Wk+% Wiy )Ci., E

z 1 z z |:|
£ = 2o b v —\ui_%bci] :
1
= _[(VJ—V Vi ‘)C?-l vy j] B (11b)
sz/ 2[(Wk _y Wi /‘)Ckl +(Wk 5 T W= /‘)CZ]E

In the Bott’s method (10) is still used but the advective fluxes are instead of (11) defined in the
following way (for the x- direction):

1 XH%
(Culy = = — [ G o) (12)
.\’H% —ut

This is the flux across a zone boundary at i+1/2, equal to the mass of constituent transported
through the right hand boundary of the grid box i during one time step t. The similar equation
for F,_,, is obtained by replacing 1 with i-1.

Fitting polynomials of order q are used to represent the distribution of the concentration in a

grid box i:
q — xi
c,m=3 o, F22H (13)
£=

where the coefficients a,, are functions of (q+1)C-values and may be obtained by

interpolating the C-curve with the aid of neighbouring grid points. They are chosen so that the
area under the polynomial in grid box 1 equals C;8x ; their values up to the 4t degree are given
in [4]. This is called the upstream form or integrated flux form of the Bott scheme.

14



A mass conservative representation of the passive tracer field in each grid box is obtained if
area preserving polynomials are used. In this case the polynomial coefficients are determined
by solving at grid point i the linear system of q+1 equations:

C, 0= I’*/z ,pgx—gdx with L=, it1, 22, .. (14)

The values of the coefficients for this constant grid flux form of the Bott scheme are given up
to the 4™ degree in [5] in the special situation with equidistant grid spacing'.

The concentration at time level t+1 due to advection in the x-direction may then be computed
by:

i;—l u iz:l + ii_—l u Lis
O =G /ch,-z e (15)
1 L 141
with
1;:‘% — max 0, I;:‘%
i._+y = max|0, I._y (16)

1 = max|I, 1+/+11y+8)

where the small term €>0 is introduced to avoid numerical instability when 1=0 and the
integrals I, depending on the sign of the velocity, may be defined by writing:

a* I O
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B E
which according to equations (12) and (13) yields to:
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where in equations (18) we have ¢ = (¢, yEle, y) /2, in which ¢, p=u i, ,T/0X is the
Courant number ; these integrals are thus constrained by the CFL criterion. The constant grid
flux form of the Bott scheme is simply obtained by substituting the above coefficients a; , by
those defined in (14) and given in [5]. Note that the terms C,/I; and C;,,/I;,, appearing in (17)
are weighting factors in which I; and I, are equal to the integrals in (18) when c;,,,=%1. In

equation (15) the first term of the right hand side vanishes if the velocity is negative and the
last term vanishes if the velocity is positive. Equations (16) ensure positive definiteness, while
the mass conservation is achieved by equations (17), (18) and (19).

' The approximation made here by assuming equidistant grid-spacing in HIRLAM may yield a slight non-
conservation of the mass, as it will be seen in the next section. This is corrected by using higher model resolution.

15



5.3.2 Implementation

The Bott scheme for the advection, which code for HIRLAM has generously been supplied by
Annica Ekman from MISUJ[7], can be combined with the dynamic part of the semi-Lagrangian
model, replacing the default advection scheme for the passive tracers in the semi-Lagrangian
time scheme. The method described above is extended to the three dimensions by using the
time splitting method in which the one dimension procedure is repeated alternatively in each
direction. The scheme uses 4™ order polynomials in the x- and y- directions, and a 2" order
polynomial in the z- direction, in order to save extra computing time due to the variable
vertical grid spacing. To deal with the CFL criterion the scheme is run three times inside one
dynamic time step and the Courant number is checked for each direction at each internal time
step. Both the upstream form and the constant grid flux form of the Bott scheme may be used
by changing the values of the coefficients used in the polynomials. The upstream form having
weaker mass conservation properties, only results obtained with the constant grid flux form
are presented here.

Though the Bott scheme needs a larger amount of calculations, its combination with the semi-
Lagrangian model allows longer dynamic time steps, and thus yields a relative low
computational cost. Compared to the cost of the pure semi-Lagrangian scheme, the present
procedure needs only 8% longer time, and moreover, it is still 59% cheaper than the Eulerian
central difference scheme.

5.3.3 Results.

The Bott scheme has been tested as previously on simulations of the ETEX release. One first
result is the variation of the average concentration shown on figure 10. In the present
simulation, diffusion processes have been removed in order to investigate the properties of the
advection scheme alone. Contrasting with the previous simulations, the average concentration
of passive tracers, after the end of the emission phase, remains constant during almost 40
hours, and then it starts to decrease when the passive tracers field reaches the borders of the
model area. Nevertheless, the total amount of passive tracers still exceeds the actual quantity
(but by only 1.4 time). This is due to the approximation mentioned earlier about equidistant
grid spacing, as it will be discussed later. This better behaviour during most of the simulation
length confirms the major improvement of the Bott scheme as regards the mass conservation
requirement during advection of passive tracers.

Area mean vertically integrated concentration

scheme: SL-Bott
150 T T

100 r

50 -

Average concentration (ng/m2)

O Il Il Il Il Il Il
0 10 20 30 40 50 60

Time after start of simulation (hours)

Figure 10 : Evolution of the total amount of passive tracers during a simulation with the Bott advection scheme.
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Figure 11 presents the corresponding modelled surface concentration forecast at 24 and 48
hours after start of release obtained in the conditions used in fig.10, that is, without any
diffusion and with the Bott scheme applied to the passive tracers. Despite the good
performance concerning the mass conservation of this simulation, the modelled surface
concentrations do not resemble the observations ; the concentration values are too high and
the shape of the cloud is too compact.

109/206/ 31 R 109/206/ 31

m.sl.pressure __ AS51994102312+028 m.s.|. pressure AS5 1994102312+052

10F 15F

Figure 11 : Surface modelled concentration at 24 hours and 48 hours after start of the release with the Bott
scheme alone ; the maximum concentrations on the surface are 121 ng/m3 and 56 ng/m?, respectively.

The preceding simulation is repeated by including the CBR scheme for the vertical diffusion
and also a 4" order implicit filtering to simulate horizontal diffusion. Figure 12 displays the
modelled surface concentration thus obtained. Compared to the observations, the shape and
the location of the passive tracers field are better; the concentration values are divided by a
factor 22 and are close to the measurements.

Figure 13 compares the progresses of the average concentrations obtained during simulations
using the Bott scheme either with or without horizontal and vertical diffusion.

Figure 14 presents the corresponding variations of the one-hour average surface concentration
at Rise compared to the measurements.

Note that the average concentration variation obtained with the Bott scheme together with the
CBR scheme is very similar to the one obtained in fig.10 with the Bott scheme alone, and it is
also the closest to the ideal average concentration level. Moreover, it is the same simulation
which yields the best modelled surface concentration according to the measurements at Risg.
This indicates that the CBR scheme is also mass conservative, while the horizontal diffusion
scheme used here is not.
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Figure 12 : Same as fig.11 with the Bott scheme used together with vertical and horizontal diffusion ; the
maximum concentrations on the surface are 5,1 ng/m3 and 2,6 ng/m3, respectively.
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Figure 13 : Comparative progresses of the total

amount of passive tracers during simulations with
the Bott advection scheme using horizontal and/or
vertical diffusion. The horizontal dashed line shows
the level corresponding to the total amount of
emitted passive tracers.
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diffusion. The background concentration has been
subtracted from the observations.



6. Discussion and conclusions

Comparison of surface concentration measurements [9] and results from other models [10]
with the results obtained in section 4.2.1 shows the poor performances, both qualitatively and
quantitatively, of the default transport scheme used in the first version of TRACER. However,
modelled surface concentration results may depend on the background meteorological data
(quality and/or resolution) used for the simulations. Nevertheless, the same conclusion can be
drawn when using an intrinsic criterion like the mass conservation property, which the
simplest way to check it, is to look at the progress of the total amount of passive tracers during
the simulation. We have seen that the Eulerian central difference scheme does not respect this
criterion, yielding a continuous increase of the average concentration even after the end of the
emission and an important excess of the total mass. The reason for this is that, in the original
Eulerian central difference scheme, unrealistic negative values may appear for quantities with
sharp gradients ; in order to preserve positive definite quantities, such negative values are set
to zero. Tests of the linearity of the model have been performed by simulating the ETEX
release with a double emission rate of passive tracers. The results obtained show an increased
amount of passive tracers by a factor higher than three. Results obtained by using the semi-
Lagrangian model version of HIRLAM are even worse, in particularly as regards the mass
conservation requirement, because no negative values are neither allowed in the semi-
Lagrangian model for positive definite quantities. It has been showed [6] that this resetting
procedure may distort the mass budget of the constituents. Such a behaviour, even if it may
not be consequential for simulation of the meteorological fields, is unacceptable for modelling
of pollution transport, where mass conservation (as well as the property of monotonicity) is of
the highest importance [17].

Among the advection schemes used here only the Bott scheme presents an average
concentration with a regular increase during the emission phase followed by a constant value
during most of the forecast period when the passive tracer field is advected in the model
domain ; this may be due to the absence of physical diffusion during the simulation, but it also
denotes the non-existence of numerical diffusion in the scheme. It is particularly interesting to
note that almost the same behaviour remains when applying the CBR scheme for the vertical
diffusion together with the Bott scheme. Nevertheless, adding horizontal diffusion processes
has shown an important augmentation (more than 30%) of the total mass budget, followed by
a slight increase during transport (cf. Figure 13) ; this would indicate that the horizontal
diffusion terms contain some errors regarding mass conservation. Besides, the Bott scheme
has demonstrated good continuity abilities in every case. However, the total amount of passive
tracers exceeds the actual quantity emitted in the model. This is due to the use of the area
preserving polynomial coefficients given in [5], which are obtained by assuming equidistant
grid spacing. This approximation turns out to be a little too rough when using HIRLAM, as
here, with a lower horizontal resolution than 0.4°. Indeed, preliminary results obtained by
using more accurate meteorological data with a higher horizontal resolution show a complete
resolving of this problem, and the mass conservation requirement is then absolutely fulfilled.
Furthermore, it is obvious that using vertical diffusion improves the modelled surface
concentration field. For example in the case of the Eulerian central difference scheme, the
comparison between figures 1 and 3 (right), which only differ by the use of the CBR scheme
for the vertical diffusion, obviously shows the improvement of the result in the 2" case.
Indeed, the shape obtained in figure 3 looks like the shape given at the same date by other
models like, for example, DERMA [18] and DREAM [19]. The vertical diffusion has also a
positive effect on the modelled maximum concentration which converges to a value of a

19



few ng/m3 on the surface, independently on the advection scheme used. This is confirmed by
the measurements at Risg, where the centre (highest surface concentration) of the ETEX cloud
actually arrived 48 hours after the start of the release [9,10].

Moreover, increasing the strength of the horizontal diffusion in the Eulerian simulations has
shown to decrease the value of the maximum concentration and also to weakly extend the
passive tracers cloud, which thus slightly dilates the curve of the concentration variations at
Risg. Though the shape of the passive tracers cloud obtained with the last Eulerian
simulations is rather close to the observations, the modelled surface concentration at Risg
remains too high and too long in time. The best results are obtained with the Bott scheme
giving values very close to the measurements, but for which the passive tracers cloud,
according to the observations [9] after 48 hours, does not extend far enough toward the South.
However, the comparison with the measurements showing a double-peak structure at Risg
presents some important differences. This, again, may be due to the relatively coarse
resolution of the data used here, i.e. initial meteorological fields and lateral boundary updates
from ECWMF with 0.5° resolution, which may be not enough to detect this structure.

In conclusion, the present tests of the TRACER model have shown that, when including
vertical diffusion processes for the passive tracers, it can be used for transport modelling. The
vertical diffusion schemes used here are the same as the ones used for cloud water, and hence
are assumed to be mass conserving and thus reliable for transport of scalar quantities like
chemical constituents and any other pollutants. The schemes used here to simulate horizontal
diffusion processes have not really been investigated, except for the influence of the vertical
profile of the horizontal diffusivity coefficient. This is thought to be of minor importance
since the horizontal diffusion, operating mainly on very short distances, is mostly assumed to
be an artificial process. Though they do not seem to be mass conserving, the horizontal
diffusion schemes have primarily been employed here to smooth the sharp gradients produced
by the local emission source.

Major improvements of TRACER have been obtained by applying the Bott scheme to the
advection. It presents the primal advantage of being mass conservative and thus yields good
quantitative results, especially when vertical diffusion is added, as shown in the present work.
It has also been showed that using horizontal diffusion together with the Bott scheme corrupts
its mass conservation properties ; one should thus avoid to add horizontal diffusion to the Bott
scheme. One of the principal outcomes of this work is that the Bott scheme used inside the
semi-Lagrangian model yields only 1.08 longer computation time than the semi-Lagrangian
scheme alone, and it is even 1.6 times as faster as the Eulerian central difference scheme.
Better results are thus obtained in a shorter time than with the default setting of TRACER. It
is worth hoping that this behaviour will remain when using several passive tracer fields.
However, the version of the Bott scheme used here is the first published by its author in 1989
[4,5] and improvements of the scheme, which correct some amplitude and phase speed errors,
as well as errors related to the time-splitting for multidimensional modelling, have been
published in 1992 [20], where the non-linear positive-definite flux limitation is replaced by
new monotone flux limiters, and in 1993 [21]. As suggested by [17], new modifications of the
original Bott scheme [22] should be easily implemented in the current version of TRACER ;
on a longer term, it would be wise to use the most recent version of the Bott scheme.

The next step of this work should be to improve the quantitative performances of the model
and confront the results with quantitative outcomes of other models as e.g. DERMA. This will
necessitate more accurate data by using initial meteorological fields and 6-hour lateral
boundaries updates from HIRLAM with a resolution of 0.2° (about 21km x 22km). As already
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mentioned, preliminary results have been obtained which confirm the conclusions drawn here
and even show an improvement of the mass conservation, but these simulations are much
more expensive in computation time.

Other simulations than the ETEX release which have not been presented here were performed.
There was the 2" ETEX release which took place about 3 weeks after ETEX-1. The
simulations of ETEX-2 gave results that present the same characteristics as discussed here.
More recently there has been an exercise organised by RTMOD [23] simulating a release from
Scotland on June 10™ 1999 (experience 4). Though this exercise was not designed for passive
tracers (because of deposition parameters included in this simulation), the results obtained
with the Eulerian central difference scheme and vertical diffusion gave results pretty close to
those obtained with DERMA. The most interesting outcome of this exercise was to experience
the ability of using the present work for future real-time experiments by running the model in
an operational forecast mode.

This also points out the necessity to include other physical and chemical processes in the
model, like for example dry and wet depositions terms added to the advection-diffusion
equation. In the same way, one may apply the model on nuclear accidental releases, like for
example, the recent release of Cs-137 from Algeciras (Spain) that occurred on May 30" 1998,
The results of all these simulations should be compared to simulations made with other
Eulerian models like, e.g. MM5 (MCCM).
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