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Abstract. The difficulties associated with the parameterization of turbulence in the stable
nocturnal planetary boundary layer (PBL) have been a great challenge for the nighttime
predictions from mesoscale meteorological models such as MMS5. As such, there is a gen-
eral consensus on the need for better stable boundary-layer parameterizations. To this end,
two new turbulence parameterizations based on the measurements of the Vertical Trans-
port and Mixing (VIMX) field campaign were implemented and evaluated in MM5. A
unique aspect of this parameterization is the use of a stability-dependent turbulent Pra-
ndtl number that allows momentum to be transported by the internal waves, while heat
diffusion is impeded by the stratification. This improvement alleviates the problem of over-
prediction of heat diffusion under stable conditions, which is a characteristic of conven-
tional atmospheric boundary-layer schemes, such as the Medium Range Forecast (MRF)
and Blackadar schemes employed in MMS5. The predictions made with the new PBL scheme
for the complex terrain airshed of Salt Lake City were compared with those made with a
default scheme of MMS5, and with observations made during the VIMX campaign. The
new schemes showed an improvement in predictions, particularly for the nocturnal near-
surface temperature. Surface wind predictions also improved slightly, but not to the extent
of temperature predictions. The default MRF scheme showed a significantly higher surface
temperature than observed, which could be attributed to the enhanced vertical heat exchange
brought about by its turbulence parameterization. The modified parameterizations reduced
the surface sensible heat flux, thus enhancing the strength of the near-surface inversion and
lowering the temperature towards the observed values.
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1. Introduction

In contrast to its daytime overland unstable counterpart, the progress
in understanding and parameterizing turbulence in the nocturnal stable
boundary layer has been slow due to complexities associated with turbu-
lence in stably stratified flows (Mahrt et al., 1999; Riley and Lelong, 2000).
Stable stratification readily induces drainage flows over uneven topogra-
phy (Whiteman, 2000), causes intermittent turbulence (Nieuwstadt, 1984)
and leads to intriguing phenomena such as highly sheared low-level jets,
linear and non-linear gravity waves, flow blocking, intrusions and mean-
dering (Bluemen, 1990; Fernando 2002), thus posing great challenges to
the quantification of the effects of stable stratification in numerical models
(Louis, 1979; Brown et al., 1994; McNider et al., 1995; Derbyshire, 1999).
Numerous efforts have been made toward understanding turbulence behav-
iour in the planetary boundary layer (PBL), especially through recent field
campaigns such as the Vertical Transport and Mixing (VITMX) (Doran
et al., 2002), CASES (Poulos et al., 2002) and the Riviera project (Rotach
et al., 2004) research initiatives, yet incorporation of new knowledge
into predictive models has occurred slowly, and nocturnal flow simula-
tions continue to be plagued with unacceptable levels of uncertainties.
Concluding an evaluation of three state-of-the-art mesoscale numerical
models — MMS5, RAMS (Regional Atmospheric Modeling System) and
Meso-Eta — conducted at horizontal resolutions finer than 1 km, Zhong
and Fast (2003) pointed out major difficulties with predictions, which
included biases toward weaker nocturnal inversion strengths and too low
near-surface temperatures. They attributed such difficulties to the inadequa-
cies of four default turbulent parameterization schemes of MMJ5 that were
used in their simulations. Zhang and Zheng (2004) compared five turbu-
lent parameterization schemes and found that the predictions are notably
sensitive to the type of parameterization used. All of these studies empha-
sized the importance of developing better radiation and turbulent mixing
parameterizations to improve predictions. Such improvements are partic-
ularly necessary, given that demand for accurate mesoscale-model predic-
tions is ever increasing due to increased emphasis of air quality predictions
and regulations, growing engineering applications of meteorology such as
power demand calculations, as well as urban security needs such as emer-
gency response during an accident or a biological/chemical attack.

The simplest turbulent transport parameterization used in air quality
and numerical weather prediction models is the first-order closure based
on so-called K-theory (e.g. Corrsin, 1974; Wyngaard and Brost, 1984;
Holtslag and Moeng, 1991; Stull, 1993). Notwithstanding its simplicity
and sound phenomenological basis, the K-theory suffers from striking defi-
ciencies, as a result of which alternative approaches have been developed.
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Some examples are the modified first-order closure (Townsend, 1980; Troen
and Mahrt, 1986; Hong and Pan, 1996), higher-order closure (Mellor
and Yamada, 1974; Yamada, 1983; Yamada and Bunker, 1988; Benoit
et al., 1989; Janjic, 1990, 1994; Ballard et al., 1991; Pan et al., 1994) and
non-local exchange schemes (Estoque, 1968; Berkowicz and Prahm, 1979;
1980; Blackadar, 1979; Townsend, 1980; Zhang and Anthes, 1982; Fiedler,
1984; Troen and Mahrt, 1986; Stull, 1988, 1993; Hong and Pan, 1996).

In spite of its drawbacks, the first-order closure based on similarity the-
ory remains the most popular parameterization for stable conditions in
numerical weather prediction models, although alternative approaches have
been used for the daytime convective period [e.g. the Blackadar non-local
mixing scheme (Zhang and Anthes, 1982) and non-local K-theory (Hong
and Pan, 1996)]. The diffusivities for stable periods in first-order models
are formulated using stability-dependent profile functions that take into
account established basic relations between wind shear, turbulent stress and
height for neutral conditions. These neutral relations, however, are ambig-
uous above the surface layer (Derbyshire, 1999).

In an attempt to develop improved turbulent parameterizations for noc-
turnal periods in mesoscale models, our research group has proposed new
semi-empirical eddy diffusivities for heat and momentum based on VIMX
data (Monti et al., 2002). This paper reports on the implementation of
these parameterizations in the Penn State/NCAR Mesoscale Model (MMS;
Grell et al., 1995), which is one of the most commonly used mesoscale
meteorological model in flow and air quality studies. The simulation results
are evaluated against field measurements taken during the VIMX cam-
paign (Doran et al., 2002).

In Section 2, brief descriptions of the new and MMJ5 default parameter-
ization schemes are given. Section 3 describes the configuration of numer-
ical experiments and designs days for simulations. Results of simulation
results and pertinent discussions are described in Sections 4 and 5, and
conclusions of the study are given in Section 6.

2. PBL Parameterization in a Mesoscale Model
2.1. EDDY DIFFUSIVITIES IN MM5

MMS5 provides multiple options for turbulence parameterizations, thus
enabling modification of the model to cater for the user’s specific needs.
Its default schemes include the first-order local K-theory, 1.5-order local
closure, non-local turbulence closure, and modified local closure with non-
local effects. Interestingly, these turbulence schemes employ the first-order
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