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1. Introduction

A clear convective boundary layer (CBL) devel-
oped successively over the Cabauw observational
tower (Beljaars and Bosveld (1997))(The Nether-
lands) during the 2nd and 3rd May 1995. The
CBL was characterized by well mixed thermody-
namic variables, high entrainment rates and high
subsequent growth of the mixing layer. The devel-
opment and evolution of this CBL were monitored
in detail. Specifically, the driven sensible heat flux
(SH) and latent heat flux (LE) were measured at
the surface by the eddy covariance methode. The
height of the boundary layer (z;) was observed by
boundary-layer profile measurements, i.e. wind
profiler/RASS system. In addition, vertical pro-
files of wind, temperature and moisture were taken
every six hours by radiosoundings. These mea-
surements were completed with observations at the
tower of the same variables at 6 different heights
(up to 200 m).

In the study described in this paper, the PBL
schemes implemented in the mesoscale model MM5
are evaluated with this observational data set.
Mesoscale models are currently used to simulate
and to forecast short-range meteorological and air
pollution problems. For such length and time
scales, such models will only yield accurate re-
sults if they represent realistically the main char-
acteristics and variables in the atmospheric bound-
ary layer. Previous studies (Seamnan et al. (1989);
Berman and Rao (1999); Braun and Tao (2000))
have investigated whether MM5 was able to sim-
ulate succesfully the main ABL variables and the
growth of the mixing layer. However, these bound-
ary layers studies occured under meteorological sit-
uations with a high degree of complexity: urban
area, coastal zone, ABL in a hurricane. Moreover,
the observational validation was not as complete
as in this current study. Zamora et al. (2000)
also studied using MM5 the evolution of a CBL at
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Nashville. However, they did not perform a sensi-
tivity analysis of the various PBL representations
available at MM5. Our research extends the pre-
vious studies and is focused on critically evaluate
the performance at surface and upper air levels of
the PBL descriptions compared to the complete
observational data set.

2. Synoptic Situation

At the beginning of May 1995, a high pressure
system was established over the north of Germany.
The presence of this synoptical system provide the
optimal conditions to develop a clear (convective
and stable) boundary layer above the almost ho-
mogeneous flat terrain of Cabauw. During the days
under study the main geostrophic winds were east-
erly to southeasterly. The modelled subsidence ve-
locities between 11 UTC to 16 UTC range from
-0.08 ms~! t0-0.14 ms~!. A sea breeze developed
after 12 UTC, but its penetration inland (20-30
km) did not reach the Cabauw mast.

3. Model Configuration

A numerical experiment is set up to investigate
whether a mesoscale model (the non-hydrostatic
Model MM5, Dudhia (1993); Grell et al. (1994))
is able to reproduce the situation described above.
Four domains, two-way nested, are defined using
the following resolution: 27, 9, 3 and 1 km. The
smallest domain is centred at the Cabauw tower.
The initial and boundary conditions are updated
every six-hours with information obtained from the
0.5° x 0.5° ECMWF model. For the two inner
domains, we use a topography and land-use data
base with a 30 sec resolution. For the two outer
domains the resolution is 1 min. In the ABL, four-
teen vertical levels are prescribed of approximately
100 m of grid spacing. Because our main aim is to
analyse the performance of the planetary bound-
ary layer parameterization, we decide not to use
the model option to nudge surface and radiosound
observations during the simulations.

The same physical descriptions are prescribed
for all the simulations, except the boundary layer
parameterization. At MM5, one can classify the
ABL parameterizations in two groups. The first



group includes PBL-schemes based on surface layer
and bulk layer variables, namely the one devel-
oped by Blackadar (1976) (from now on BLA) and
the one known as Medium Range Forecast (MRF)
(Troen and Mahrt (1986), Holtslag and Boville
(1993)). In the other group, the turbulent fluxes
are a function of the turbulent kinetic energy, i.e.
one-and-half order closure. They are: the one im-
plemented in the ETA model (Janji¢ (1994)) and
the one developed by Burk and Thompson (1989)
(BRT).

The parameterization of the surface fluxes dif-
fer in the prescription of the three bulk transfer
coefficients for momentum, heat and moisture. In
our simulations, we have used similar formulas for
the BLA, ETA and MRF, and it is only the BRT
scheme which uses different expressions for the co-
efficients (see Braun and Tao (2000) for a more
thorough discussion).

4. Discussion

The forcing, which drive the evolution and de-
velopment in the ABL, are the heat and mois-
ture flux at the surface and the entrainment flux
at the boundary layer top. For the surface vari-
ables, the partitioning of the incoming radiation
into sensible and latent heat flux is a determin-
ing factor. The entrianment of warmer air from
the free troposphere into the ABL is the second
forcing which specifically contributes to heat and
to dry the ABL. The growth of the mixing layer
is dependent on these bottom and top boundary
layer fluxes.

Figure 1 shows the time evolution of the sen-
sible heat flux. The calculated surface fluxes
for momentum (not shown), heat and moisture
(not shown) are larger than the observed fluxes.
The overestimation can be due to the relativately
higher values of the modelled friction velocity. For
u, the values calculated between 9 UTC and 12
UTC with the four parameterizations are 25 %
higher than the observed values. Only slight differ-
ences were found between the two scheme groups.
However, MRF and BLA yielded always the higher
values for the momentum and heat fluxes. An op-
posite behaviour is found for the moisture flux.
For the latent heat flux, sensitivity to soil mois-
ture availability was previously examined by On-
cley and Dudhia (1995). In our study, we have
modified the standard value (30%) for a more ap-
propiate to the Cabauw conditions (60%). With
this higher soil moisture content, the LE model
results agree better with the observations.

The calculated and observed vertical profiles of
potential temperature at 12 UTC (first day) are
shown in Figure 2. For the four parameterizations,
the profiles show a colder and wetter CBL com-
pared to the observations. This a relative contra-
dictory finding since the calculated surface fluxes
were higher then the observed values. However, it
can be an indication of the inadequate modelling
of the entrainment flux at the top of the CBL.
In our comparison, we also found that the PBL
parametization which depend on the TKE variable
(ETA and BRT) produced the coldest and wettest
boundary layer since the modelled turbulent mo-
tions are not strong enough to model a well devel-
oped CBL.

Figure 3 shows the mixing height evolution ob-
served by the wind profiler, the radiosonde esti-
mation and the MM5 calculations. For the two
latter, the mixing height was estimated by calcu-
lating the Richardson number from the wind and
virtual potential temperature profiles. A critical
number of 0.5 was used as a threshold to estimate
the boundary layer height. For the two days, the
rapid growth of the CBL (between 8 UTC and 13
UTC) is reasonably well modelled compared with
the observations. However, none of the parame-
terizations reaches the maximum observed values.
In particular for the second day, the calculated
boundary layer height is surprisingly low, but dur-
ing this day the wind was higher and it is probable
that the boundary layer development is influenced
by advection. If we concentrate on the first day,
and as mentioned before for the vertical profiles,
the weak turbulent motions produced by the ETA
and BRT resulted in a relatively shallow layer com-
pared (almost 200 m difference at the z; peak) to
MRF and BLA.

Concluding, the CBL modelled by MMS5
strongly depends on the selected PBL scheme.
For the case under study (1st day), the bound-
ary layer height calculated by using the more sim-
ple MRF and BLA agreed better with the ob-
servations. However, the excesive turbulent mix-
ing calculated by using the MRF scheme can give
wors results than the other parameterizations in
modelling other atmospheric flows (Braun and Tao
(2000)). Future work should be addressed to
correct the overestimation of the surface fluxes
(Pagowski and Moore (2001)) and to study the
role of the entrainment flux and its description in
mesoscale models.



5. References

Beljaars, A. C. M., and F. C. Bosveld, Cabauw
data for the validation of land surface parame-
terizations schemes, J. Climate, 10, 1172-1193,
1997.

Berman, S., and J. Y. K. S. T. Rao, Spatial and
temporal variation in the mixing depth over the
northeastern united states during the summer of
1995, J. Appl. Meteorol., 38, 1661-1673, 1999.

Blackadar, A. K., Modelling the nocturnal bound-
ary layer, in Third Symp. on Atmospheric Tur-
bulence, Diffusion and Air Quality, Raleigh, NC,
Amer. Meteor. Soc., pp. 46—49. 1976.

Braun, S. A., and W. K. Tao, Sensitivity of high-
resolution simulations of hurricane bob (1991)
to planetary boundary layer parameterizations,
Mon. Wea. Rev., 128, 3941-3961, 2000.

Burk, S. D., and W. T. Thompson, A vertically
nested regional numerical weather prediction
model with second-order closure physics, Mon.
Wea. Rev., 117, 23052324, 1989.

Dudhia, J., A nonhydrostatic version of the Penn-
State-NCAR mesoscale model: validation tests
and simulation of an Atlantic cyclone and cold
front, Mon. Wea. Rev., 121, 1493-1513, 1993.

Grell, G. A., J. Dudhia, and D. R. Stauffer,
A description of the fifth generation Penn
State/NCAR mesoscale model (MM5), NCAR
Technical Note, NCAR-TN-398+STR, National
Center for Atmospheric Research, Boulder, CO,
138 pp., 1994.

Holtslag, A. A. M., and B. A. Boville, Local vs non-
local boundary-layer diffusion in a global model,
J. Climate, 6, 1825-1842, 1993.

Janjié, Z. 1., The step-mountain eta coordinate
model: further developmenents of the convec-
tion, viscous sublayer, and turbulence closure
schemes, Mon. Wea. Rev., 122, 927-945, 1994.

Oncley, S. P., and J. Dudhia, Evaluation of surface
fluxes from MMS5 using observations, Mon. Wea.
Rev., 123, 3344-3357, 1995.

Pagowski, M., and G. W. K. Moore, A numeri-
cal study of an extrem cold-air outbreak over
labrador sea: sea ice, air-sea interaction, and de-
velopment of polar lows, Mon. Wea. Rev., 129,
47-72, 2001.

Seaman, M. L., F. L. Ludwig, E. G. Donall, T. T.
Warner, and C. M. Bhumralkar, Numerical stud-
ies of urban planetary boundary-layer structure
under realistic syniptic conditions, J. Appl. Me-
teorol., 28, 760-781, 1989.

Troen, I., and L. Mahrt, A simple model of the at-
mospheric boundary layer; sensitivity to surface
evaporation, Bound.-layer Meteo., 37, 129-148,
1986.

Zamora, R. J., J. Bao, A. B. White, and
M. Trainer, An evaluation of mmJ surface fluxes
and mixing depths during the nasville souther
oxidant studies, in 14th Symposium on Bound-
ary Layer and Turbulence, vol. American Mete-
orlogical Society, Aspen, USA. 2000.



00 L e e e e e e e e

SH (W/m?)

S0l v v b b e e b e e b
0 10 20 30 40 50
Time (UTC)

Figure 1: Temporal evolution of the sensible heat flux. The observations are represented by a cross. The
results of the PBL schemes are represented by lines: BLA (dotted), MRF (continuous), ETA (dashed),
BRT (dased-dotted).
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Figure 2: Same as figure 1, but for the vertical profile of potential temperature at 12 UTC. The tower
measurements are represented by triangles.
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Figure 3: Same as figure 1, but for the boundary layer heigth. The estimation from the radiosonde is
represented with a triangle.



