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Executive summary

Substances emitted into the atmospheric boundary layer (ABL) are dispersed horizontal-
ly and vertically through the action of turbulence and eventually become mixed over this
layer. Therefore, it has become customary to use the term "mixing layer" (ML). The ML
coincides with the ABL if the latter is defined as the turbulent domain of the atmosphere
adjacent to the ground. The ABL or ML height A is one of the fundamental parameters
to characterize its structure and is required in dispersion models.

There are two basic possibilities for the practical determination of k. It can be obtained
from profile measurements, either in-situ (radiosonde, tethersonde, tower) or by remote
sounding (sodar, clear-air radar, lidar). The other possibility is to use parameterizations
or simple models with only a few measured parameters as input. Most of the relevant
methods suggested in the literature are reviewed in this report. In any case, it is possible
to substitute output from numerical models (weather prediction or other, e.g. research)
for observed parameters.

The most important methods have been tested on data sets from two operational sites
(Cabauw/NL, Payerne/CH) and a major field campaign (SADE/D). Parcel and Richard-
son number methods to analyze radiosoundings and mixing heights derived from sodar
and wind profiler data have been investigated. Modules to determine & through
parameterizations and models implemented in currently used meteorological preproces-
sors have been tested, too. These preprocessors were OML, HPDM, FMI, Servizi Terri-
torio, and RODOS. For the stable and mechanically-dominated unstable ABL, they use
similarity formulae based on the friction velocity u+, the Monin-Obukhov-length, and the
Coriolis parameter f while in the convective case simple slab models are integrated,
based on an initial temperature profile and the surface heat and momentum fluxes.

A number of recommendations for operational mixing height determination have been
formulated, including suggestions for the preprocessor development and for future re-
search. The most important points are:

If suitable measured data are available, determination of & should be based on these
data. In convective situations, the most reliable method is the parcel method applied to
temperature profiles; bulk Richardson number methods can be used, too. MH determi-
nation in situations dominated by mechanical turbulence is much more difficult. If tem-
perature and wind profiles are available, methods based on bulk Richardson numbers
are considered to be the most appropriate. In many situations, data from remote sound-
ing systems can give good results, but the available algorithms for their evaluation are
not yet reliable enough to recommend them for operational purposes.

All the preprocessors had problems in specific situations. In the stable and neutral ABL, they
rely on similarity formulae involving surface layer parameters and £, which is not satisfactory
from a physical point of view. Richardson number methods appear to be better in this
respect. However, the necessary input for these methods is often not available. Using one-
dimensional numerical models with higher-order turbulence closure, adjusted to
measurements, may become a solution in the future. If surface similarity methods are used,
Nieuwstadt’s (1981) equation appears to be superior to the us/f approach for stable
conditions. Further recommendations concern the initialization of slab models, the ability of
preprocessors to accept measured data, and the use of region-specific constants.



4 Mixing Height Determination COST710 WG2

List of figures

Fig. 1: Idealized structure of the CBL.

Fig. 2: Idealized profiles of the potential temperature and the turbulent heat 9
flux in a zero-order jump model of the CBL (Tennekes, 1973).

Fig. 3: Typical vertical temperature profiles in the SBL; a) weak wind, strong 11
stability; b) moderate wind; c) strong wind.

Fig. 4: Example of a nocturnal low-level jet; a) hodograph; b) wind speed profile. 12

Fig. 5: Scaling regimes in the ABL after Holtslag and Nieuwstadt (1986). 17
a) CBL; b) SBL.

Fig. 6: Typical summer daytime sounding (Payerne, Switzerland, 29 July 1993, 20
15 UTC) with variables used in Betts” analysis.

Fig. 7: Growth of the CBL according to formulae of varying complexity and 38
varying the constants A and B within their range given in the literature.

Fig. 8: The evolution of nocturnal surface inversion (FMI method). 44

Fig. 9: [Illustration of the two parcel methods used to derive the MH in the CBL 47
from radiosoundings.

Fig. 10: Excess temperatures derived from radiosoundings and computed from 48
the similarity formula used by Beljaars and Betts (1992) plotted against
the virtual heat flux.

Fig. 11: Mixing heights during selected days of SADE 94, as derived from 53
different measurement systems.

Fig. 12: Scatter plots of mixing heights derived from temperature profiles and 54
with different Ri-number methods versus sodar-derived mixing heights
for stable situations during SADE-93 and SADE-94.

Fig. 13: Scatter plots of mixing heights derived by different Ri-number methods 55
versus sodar-derived mixing heights in Cabauw. a) stable; b) 00 UTC.

Fig. 14: Scatter plots of mixing heights from RODOS versus sodar-derived 56
mixing heights in Cabauw. a) all stable hours (Hp < -10 Wm-2); b) 00
UTC only.

Fig. 15: Scatter plot comparing MHs based on subjective radiosounding 57
evaluation, sodar data, simple parcel and standard Ri-number methods
with the advanced parcel method. SADE data, unstable hours.

Fig. 16: Scatter plots of MHs derived by Ri-number and parcel methods at 58
Cabauw, unstable cases.

Fig. 17: Scatter plot comparing the MH from remote sensing systems (automatic 59
routines) with the advanced parcel method (Payerne, 12 UTC)

Figs. 18-24: Evolution of the MH during selected periods as computed by different 61
preprocessors and as indicated by different empirical methods. -65



COST710 WG2 Mixing Height Determination

List of tables

Table 1: MH determination from soundings or numerical model results. 22-23
Table 2: Criteria for MH estimation from remote sensing data 25
Table 3: Measuring platforms and methods for MH determination 27-28
Table 4: Critical assessment of different methods to determine the MH 41

List of acronyms and symbols

Acronyms

ABL Atmospheric Boundary Layer

CBL Convective Boundary Layer

ETP Evening Transition Period

EL Entrainment Layer

ML Mixing Layer

MH Mixing Height

MOST Monin-Obukhov Similarity Theory

LES Large-Eddy Simulation

LLJ Low-Level Jet

SBL Stable Boundary Layer

SL Surface Layer

TKE Turbulent Kinetic Energy

Symbols

C72, Cy2, CN? structure parameters for temperature, wind velocity and refractive
index fluctuations

¢p specific heat at constant pressure

D structure function

f Coriolis parameter

g acceleration of gravity

H sensible heat flux

h mixing height

Ky, Ky turbulent exchange co-efficients (eddy diffusivities) for heat
and momentum

L any length scale (specific length scales are defined where they appear)

L+ Monin-Obukhov length (L* = —u*3 / [Bx <w'©'>¢))

n index of refraction

Ngy Brunt-Viisili frequency (Npy = [ByelV/2)

Pr Prandtl number (Pr = Kp/Kg)

p air pressure

q specific humidity

Ri (gradient) Richardson number

Rip, Rif, Ric bulk, flux, and critical Richardson number

r mixing ratio

S sodar backscatter intensity

T temperature

Tq dewpoint temperature



6 Mixing Height Determination COST710 WG2

t time ‘

u,v x, y-components of the horizontal wind vector

ug, Ug x, y-components of the geostrophic wind vector

u* friction velocity

\% (horizontal) wind speed

\ /4 (horizontal) wind vector

Vg geostrophic wind speed

w vertical wind component

Ws large-scale vertical velocity

w convective scaling velocity (w* = [B h <w'@'>0l1/3)

z height coordinate

20 roughness length

a wind direction

B buoyancy parameter (8 = g/T)

Y, Yo vertical gradient of temperature / potential temperature
Ahg thickness of the entrainment layer

3 TKE dissipation rate

0, 0,, 6, potential, virtual potential, equivalent potential temperature
K von-Karman constant (x = 0.35..0.4)

A wavelength

Tt stability parameter (¢ = z/L* or 4 = h/Lx)

p air density

Oq standard deviation of wind direction fluctuations

Oy standard deviation of lateral wind speed fluctuations
Ow? vertical velocity variance

T shear stress

TSBL time scale of the SBL height

@ geographical latitude

® angular rotation velocity of the earth

<w'e'> kinematic (potential) temperature flux

In addition, the following notation is applied:

Subscript 0 refers to values determined at the earth’s surface or within the surface
layer.
Subscript 2




COST710 WG2 Mixing Height Determination 7

Introduction

Environmental authorities need information and forecasts on the state, trends and im-
pacts of pollutant concentrations at different scales. The complexity of the various proc-
esses affecting pollutant concentrations calls for the use of dispersion models. Air quality
assessments using model results are required by different pieces of legislation on air
quality. A key input to these models are the meteorological measurements, fields and
parameters required to compute the transport, dispersion and removal of pollutants.
Dispersion and removal (by dry deposition) of pollutants depend on atmospheric turbu-
lence, but turbulence measurements per se are not routinely performed by the mete-
orological services. Thus, dispersion characteristics are either inferred from basic meteo-
rological parameters such as wind, temperature and radiation using parameterization
schemes or they are determined with specific models.

Assessments of air quality at the local or regional scale are required for a variety of
purposes: emission control, air quality forecasts and implementation of legislation. For
instance, within the framework directive on air quality assessment and management,
models may be used to determine areas where air quality standards may be exceeded.
Environmental impact assessments as part of licensing processes for industrial emitters
usually require air pollution modelling. Since air pollutants cross borders and the
European common market requires harmonized rules, it is important that the models
used and developed by various organizations in different European countries provide
comparable results. As a first step, this requires that the preprocessors or parameteriza-
tion schemes embedded in the models are compared and the interpretation of their
results are harmonized in a transparent way. It is also important to identify agreed data
sets by which such preprocessors can be tested to compare their performance.

The COST Action 710 is a first and major initiative aiming at the intercomparison of
some of the most important meteorological preprocessors for dispersion models used in
Europe. Within this action, the work was divided between four different working groups:

(i) Surface energy balance

(ii) Mixing layer height

(iii) Vertical profiles of mean and turbulent quantities
(iv) Complex terrain

This document reports the findings of Working Group 2 on the mixing layer height. This
COST action required an investigation on the mixing layer height because this height is
a key parameter for air pollution models. It determines the volume available for the
dispersion of pollutants and is involved in many predictive and diagnostical methods
and/or models to assess pollutant concentrations close to the surface. The mixing layer
height is not measured by standard meteorological practices, and moreover, it is often a
rather unspecific parameter whose definition and estimation are not straightforward.
Consequently, this report, although not exhaustive, reviews the various definitions of
the mixing layer height, how it can be assessed, performs some intercomparisons
between selected methods, and makes several recommendations concerning its defini-
tion, its theoretical and empirical determination as well as on the requirements for the
validation of mixing height models. The analysis has been restricted to (at least locally)
relatively flat and homogenous terrain.
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1. Definition of the mixing height and its use in
atmospheric dispersion models

1.1 The atmospheric boundary layer

The atmospheric boundary layer (ABL) is the layer where interactions take place
between the earth's surface (which captures most of the incoming solar energy and
redistributes it in different forms) and the large scale atmospheric flow (which is driven
by this energy). This transfer of energy is partly accomplished by turbulent eddies. The
ABL transfers not only sensible and latent heat but also momentum and atmospheric
constituents between the surface and higher atmospheric levels.

This transfer of properties in the ABL is thus primordial for the dispersion of pollutants
emitted mostly within the ABL. Moreover, the great importance of the exchange of many
trace constituents (e.g., SO, NOx, Oz, COg, CHy4 and non-methane volatile organic
compounds — NMVOQCs) which are often emitted into or deposited from the atmosphere
to terrestrial and aquatic ecosystems via the ABL has been recognized as one of the
main links in global biogeochemical cycles. It is thus of primary importance to be able to
understand, measure, parameterize, simulate and predict the structure and behaviour of
the ABL.

Atmospheric turbulence is produced by two different mechanisms, namely wind shear
and buoyancy. In the ABL, the main source of wind shear is surface friction, but there
may be also wind shear due to baroclinity or certain mesoscale phenomena such as low-
level jets, flow channelling or at the interface of different flow layers. Positive buoyancy
is mainly produced by heating from the ground, sometimes also by radiative cooling of
elevated (cloud) layers or by overturning of gravity waves. Negative buoyancy - as
experienced by eddies under statically stable stratification — is an important sink for
turbulent kinetic energy (TKE) in the atmosphere. The actual level of turbulence in the
atmosphere is thus mainly the result of shear and / or buoyancy production, advection,
buoyant destruction, and molecular dissipation.

The height & of the ABL is one of the fundamental parameters to characterize its
structure. Measurements, parameterizations and predictions of the height of the ABL
have many theoretical and practical applications such as the prediction of pollutant
concentrations or of surface temperature, the scaling of turbulence measurements or the
treatment of the ABL in numerical weather prediction and climate models.

It is beyond the scope of this report to give a very detailed description of the mean and
turbulent structure of the ABL as well as on the variety of phenomena and processes to
be observed within it. The interested reader may be referred to a number of textbooks on
this subject which have been published in the last years (e.g. Arya, 1988, Stull, 1988,
Sorbjan, 1989, Garratt, 1992, Kaimal and Finnigan, 1994). We will limit ourselves to
briefly describing some basic characteristics of the ABL as far as it is necessary and
helpful in order to understand the discussion in the following chapters as well as to
introduce some basic concepts.

Two basic ABL-regimes can be distinguished according to the dominant production
mechanism of the turbulence, namely the convective and the stable boundary layer.
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Thermal heating induced by strong insolation causes positive buoyancy at the earth's
surface and is the main source of turbulence in the convective boundary layer (CBL). In
the CBL, organized convective structures (so-called thermal plumes) can be observed.
They generate an intensive vertical exchange of energy and matter, and consequently all
properties are rather well-mixed over most of the CBL. This mixing is often limited in its
vertical extension by a stable layer (often an inversion) aloft, the height of which varies
depending on the site and on the season. Typical values of this level over Europe range
between a few hundred meters and 2-3 km above ground.

N

Ob Hi H0

A\
)/

Figure 2: Idealized profiles of the potential temperature and the turbulent heat flux in a zero-
order jump model of the CBL (Tennekes, 1973).

The typical structure of the CBL is sketched in Figure 1. Three different sublayers can
be distinguished:

(i) The surface layer (SL) which covers about 5-10 % of the whole CBL. The SL is
characterized by a super-adiabatic lapse rate, a decrease of specific humidity with
height and a significant vertical wind shear. These features of the profiles of mean
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meteorological variables can be, in most cases, well described by the Monin-
Obukhov similarity theory (MOST). The turbulent fluxes of heat, moisture and
momentum are assumed to be roughly constant with height in the SL.

(ii) The well-mixed layer (ML) embeds the major part of the CBL (50-80%). Within the
ML, the vertical profiles of most mean meteorological variables are roughly
constant with height due to the intensive vertical mixing. This especially holds for
potential temperature but with minor restrictions also for specific humidity,
concentrations of trace gases and aerosols, and for wind speed and wind direction.

(iii) The entrainment layer (EL), forms a transition zone between the ML and the stably
stratified, quasi-nonturbulent free atmosphere above. It is characterized by two
counteracting processes: the penetration of the most energetic thermals into the
stable layer aloft, and the entrainment of warm and (in the absence of clouds) dry
air from above into the ML. The EL is mostly defined in a horizontally or temporal-
ly averaged sense since the instantaneous transition zone between the ML and the
free atmosphere can be quite thin. The EL comprises typically 10-30% of the total
depth of the CBL, but can be even deeper than the ML, especially in the morning.
Typical features of the EL are a strongly positive temperature lapse rate, a sharp
decrease of specific humidity and sometimes significant vertical wind shear. Sharp
gradients of aerosol and trace gas concentrations are also often observed across the
EL. In so-called zero-order jump models, which are often used in practice, the depth
of the EL is neglected (see Fig. 2).

The evolution of the CBL on clear, sunny days can be characterized by four basic stages
(e.g., Carson, 1973; Stull, 1988; Garratt, 1992):

I Formation of a shallow CBL near the ground, starting with the morning insolation
and growing gradually until the nocturnal surface inversion has been completely
destroyed. The typical growth rate of the CBL-depth is 10...100 m/h.

II Rapid CBL-growth across the near-neutral residual layer of the previous day, up to
the level of the capping inversion with a rate of 100...1000 m/h.

111 Consolidation of the well-mixed CBL whereby its depth grows — if at all — only
slowly, due to penetration of thermals into the stably stratified free atmosphere and
influenced by large-scale vertical motions at the CBL-top.

IV Decay of the thermally driven turbulence and vertical mixing followed by the forma-
tion of a shallow stable layer close to the ground which converts the CBL into an ele-
vated residual layer for the following day (see phase II).

Under stable conditions, in the absence of buoyant turbulence production, wind shear is
the only mechanism creating turbulence, and stable background stratification associated
with negative buoyancy will act as a sink for TKE. Therefore, in the stable boundary
layer (SBL), a sensitive equilibrium exists between production and destruction of turbu-
lence. Consequently, turbulence does not necessarily occur continuously but may have
an intermittent or patchy character. Since the general level of turbulence is weak, other
effects such as radiative cooling, gravity waves, advection or subsidence may also influ-
ence the structure of the SBL. Thus a great variety of SBL structure types can be
observed.

Thg temperature profile in the SBL is strongly governed by longwave radiative cooling
beglnn}ng at the surface and progressing upwards. Usually, this process results in the
formation of a near-surface temperature inversion. Under conditions of weak pressure
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gradients, weak surface winds and hence weak mechanical turbulence production, the
strongest temperature gradients occur near the surface, and the vertical profile of
(potential) temperature shows a curvature continuously decreasing with height (e.g.
André and Mahrt, 1982; Stull, 1983a,b — see Fig. 3a). It can be described approximately
by polynomial or exponential functions (Surridge and Swanepoel, 1987; Anfossi, 1989).
Under such conditions it is very difficult to assess the height of the SBL.

If mechanical turbulence production is significant, at least two different regions can be
distinguished within the SBL, as shown by observations and numerical modelling
(Garratt and Brost, 1981; André and Mahrt, 1982; Wetzel, 1982; Estournel and Gueda-
lia, 1985; see Fig. 3b). In the lower layer, the potential temperature profile is often char-
acterized by a strong, nearly linear increase with height due to the interaction of radia-
tive cooling of the earth surface and turbulent exchange. In the upper layer, radiative
cooling of the atmosphere itself is the dominant mechanism resulting in a much weaker
temperature gradient.

a) b) c)

S} C) ]

Figure 3: Typical vertical temperature profiles in the SBL; a) weak wind, strong stability;
b) moderate wind; c) strong wind.

Under conditions of strong winds and weak radiative cooling, a layer with relatively
effective mixing (though not really well-mixed) may be observed close to the ground. It is
characterized by only a slight increase in potential temperature with height (Zeman,
1979; Roth et al.,, 1979; see Fig. 3c). This layer is capped by a quite shallow zone
(10..30 m) with a very sharp, jump-like increase in temperature, followed by a zone of
weaker stability aloft.

A common phenomenon connected to the SBL is the nocturnal low-level jet (LLJ). It is
generated by an inertial oscillation of the ageostrophic wind vector in those layers that
are decoupled from the influence of surface friction following the rapid decay of
turbulence during the evening transition period (Blackadar, 1957). Its characteristic
features are the appearence of a supergeostrophic wind speed maximum typically at
heights between 100 m and 300 m and most distinctly apparent 4-7 hours after sunset
(in midlatitudes), and a steady clockwise turning (in the Northern Hemisphere) of the
wind vector (see Fig. 4). Wind shear below the LLJ axis may be as strong as ~ 0.1 s™.
The strength of the LLJ and the timing of its maximum intensity depend on the
magnitude and phase of the ageostrophic wind component during the evening
stabilization period. Due to small values of the ageostrophic wind component in the
upper part of the daytime boundary layer and to the larger ageostrophic deviations near
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the ground, the LLJ occurs first at higher altitudes, and subsequently descends with
time thereby increasing in strength. .
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Figure 4: Example of a nocturnal low-level jet during the SANA field campaign at Melpitz in
Eastern Germany, 31 Aug/ 1 Sep 1991; a) hodographs at different levels; b) wind speed profile at
21 UTC (22 CET).

It should be remarked that this brief description of the ABL-structure only covers the
idealized case of a non-disturbed ABL. The presence of clouds, mesoscale or synoptic
scale perturbations (local wind systems, terrain heterogeneity or frontal activity) may
result in considerable modifications of the ABL structure.

After having discussed these basic structural features of the ABL, we turn back to the
problem of the ABL height. When dealing with pollutant dispersion problems, one needs
to consider the layer over which pollutants are dispersed or mixed due to the prevailing
atmospheric turbulence. This led to the concept of a mixing layer having a specific depth,
whose definition and relation to the depth of the ABL will be discussed in the following
section.

1.2 The concept of the mixing layer and definition of its height

Substances emitted into the ABL are gradually dispersed horizontally and vertically
through the action of turbulence, and finally become completely mixed over this layer if
sufficient time is given and if there are no significant sinks. Therefore, it has become
customary in air pollution meteorology to use the term "mixed layer" or "mixing layer".
On the other hand, since under stable conditions complete mixing is often not reached,
e.g. for a plume from an elevated stack within the range covered by many dispersion
models, the term "mixing layer" seems preferable, because it emphasizes more the
process than the result. The term "mixed layer" shall be reserved for the well-mixed
boundary layer typically encountered under sufficiently convective conditions. Obviously,
the mixing layer coincides with the ABL if the latter is defined as the turbulent domain
of the atmosphere adjacent to the ground.

However, other definitions of the ABL have also been used which may, e.g., include the
domain influenced by nocturnal radiative exchange processes. The height (or depth —
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depending on whether you look at it from below or from above) of the mixing layer is an
important parameter in dispersion modelling and its determination is the subject of this
report. It will be denoted by the short term mixing height (MH) and the letter h. Note
that horizontal dispersion is not considered here, although, due to continuity, turbulent
processes in the vertical always involve horizontal turbulent motion, too.

The practical determination of the MH, and sometimes even its definition, is not trivial,
and there are many associated practical and theoretical problems. This is reflected in the
following selection of definitions which have been given in the literature.

« The MH is defined as the height above the surface through which relatively vigorous
vertical mixing occurs. (Holzworth, 1972)

e The MH refers to the height above ground of the layer of the atmosphere adjacent to
the surface where vigorous mixing occurs as a result of thermal and mechanical
turbulence. (Norton and Hoidale, 1976)

« In general A may be defined as the height up to which significant turbulent transfer
of heat, mass and momentum between the local earth surface and the atmosphere
occur when averaged over a period of the order of one hour. ... In air pollution mete-
orology, h is commonly known as the mixing depth. (Arya, 1981)

e The term MH is used ... to denote the level of a potential barrier to the dispersion of
pollutants at the interface between stable and less stable air (Maughan et al., 1982).

e The mixing height, based on the temperature structure, can therefore be defined as
the height at which a ground-based unstable to neutral vertical temperature profile
becomes stable (Baxter, 1991).

« The MH (is) defined to describe the height to which the pollutants would mix over a
relatively short period of time, 1-2 hours (Baxter, 1991).

« The MH defines the vertical extent of vigorous thermal turbulence during daytime
heating and thus sets a limit to upward mixing of pollutants (Myrick et al., 1994).

It can be seen that these definitions represent quite different ideas on how to define the
mixing height. It seems also that the MH definitions of different authors have to be seen
in the context of the data available to them.

The definition we have adopted as a general guideline for our work is:

The mixing height is the height of the layer adjacent to the ground over which
pollutants or any constituents emitted within this layer or entrained into it
become vertically dispersed by convection or mechanical turbulence within a
time scale of about an hour.

In order to proceed from this general definition to practical realizations, it is necessary to
consider the structure of the stable and of the convective ABL.

Figure 1 depicted the structure of the CBL; the important feature with respect to the
MH definition is the entrainment layer, a zone which is not well-mixed and where
turbulence intensity declines from its bottom to its top. As shown in this figure, two
extreme definitions £ and h* for the mixing height are possible; the above definition
corresponds to k+. The most widespread definition, however, is the intermediate value h,
often defined as the height where the gradient of the heat flux reverses its sign. It is
usually applied for scaling purposes (e.g., to form the dimensionless vertical co-ordinate
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z/h), and it is the definition closest to the thermodynamical CBL height definition in a
zero-order jump model (i.e., a model where the thickness of the entrainment layer, Ahg =
h* — I, is neglected; see Fig. 2). Also the present report uses this definition in practical
CBL applications, unless otherwise stated.. One should be aware, however, that turbu-
lence extends beyond k.

The SBL can be divided into two layers: a layer of continuous turbulence and an outer
layer of sporadic or intermittent turbulence. The corresponding MH values will be
denoted A and h* (see Fig. 5). The layer of continuous turbulence with height A must not
be confused with the surface layer which is the layer where MOST holds and which is a
sublayer of the continuous turbulence layer. Since it is notoriously difficult to measure
sporadic turbulence, and even more to develop a related scaling theory, h is the scaling
height used in work with scaling the SBL. As in the convective case, however, this does
not mean that turbulence is strictly confined to the region below .

We encourage researchers to pay attention to which definitions of the MH or ABL height
their work is based upon, and to specify it clearly. In this study, we have tried to do so
with the notation introduced above.

Specific problem areas remain where the application of these definition has to be
carefully discussed and possibly modified. We have not ventured to discuss and offer
solutions for all of them. They include:

() The region of intermittent (sporadic) turbulence in the outer stable boundary layer
(often related to (ii) and (iii)).

(i) Regions of turbulence caused by the breaking of gravity waves under stable
conditions.

(ili) Regions of turbulence generated by wind shear due to low level jets under stable
conditions.

(iv) The entrainment layer at the top of the convective boundary layer.

(v) Situations with strong non-stationarity, e.g., the evening transition period between
convective and stable conditions.

(vi) Situations with strong vertical transport into or within clouds, e.g., cloud venting of
the CBL, or in frontal zones.

(vii) Situations where horizontal advection plays a major role, as in internal boundary
layers.

(viii) Mountainous regions.

Further complication arises from the fact that slow fluctuations of the mean vertical and
horizontal wind may occur in a laminar (nonturbulent) flow, often through gravity
waves. They will not dilute a stack plume; but if mean concentrations averaged over
periods at least comparable to the time scale of the fluctuations are considered, they will
look as if diffusion had taken place. Since many air pollution models compute half-hourly
or hourly mean concentrations, from a practical point of view, such pseudodispersion
should be also included.
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1.3 The role of the mixing height in dispersion models

The mixing height is a key parameter in models simulating the transport and turbulent
diffusion of pollutants in the atmosphere. There are three major contexts in which the
mixing height has to be known: the determination of the domain where turbulent
dispersion takes place, the formulation of vertical profiles of turbulence characteristics
(e.g., the standard deviations of the turbulent wind components), and the computation of
concentration profiles with a reflective upper boundary condition.

1.3.1 Determination of the turbulent domain

Analytical dispersion models (e.g., Gaussian models) are based on the assumption that
there is an atmospheric layer adjacent to the ground where turbulent dispersion takes
place while there is no turbulence considered above this layer. The height of this layer is
usually referred to as the "mixing height", irrespective whether pollutants emitted into
this layer become well-mixed within short time or not. For receptors within the mixing
layer, only pollutants whose effective source height is below the mixing height need to be
considered.

On the other hand, fumigation (the entrainment of a reservoir layer of pollutants into a
growing mixed layer) is usually not considered in these stationary models. Another
situation where this approach becomes invalid is when a plume above the mixing height
impinges on an obstacle, e.g. a hill or mountain slope.

A further complication is related to plume rise. Even if a stack is within the mixing
layer, a sufficiently buoyant plume may rise above this layer, undergoing detrainment to
a variable extent which determines the pollutant flux available for turbulent dispersion.
While older models have often only crude algorithms to deal with this situation, more
recent models try to treat the problem more accurately and especially aim at quantifying
the portion of the pollutant flux that remains below the mixing height ("partial penetra-
tion"). These models require not only the mixing height as input, but also information on
the vertical profile of stability.

Lagrangian puff (moving box) models are numerical models which follow an air parcel
along its trajectory and simulate processes such as input from sources, vertical disper-
sion, dry and wet deposition, radioactive decay or chemical transformation. They often
divide the simulation domain vertically into a (completely) mixed layer and one or more
reservoir layers above, with a growth of the mixed layer into the reservoir layer(s)
during the day and a sudden collapse of the mixed layer from a high convective value to
a shallower mechanical value at the evening transition. It is essential for this type of
models to specify the mixing height as a function of time and space.

1.3.2 Vertical profiles of turbulence characteristics

It is a typical property of advanced dispersion models to consider the vertical inhomoge-
neity of turbulence characteristics within the ABL (see, e.g., Gryning et al., 1987). Some
models apply different formulae for the surface layer (SL) and for the rest of the ABL
(outer layer), where the height of the SL is assumed to be 0.1 h. Analytical profiles are
often used for quantities such as the standard deviation of turbulent velocity fluctua-
tions or their Lagrangian time scales based on the similarity theory and thus related to
the nondimensional vertical co-ordinate z/h. The formulation of vertical profiles is the
task of Working Group 3 of COST-710, and details can be found in their report. Care has
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to be taken that the definition of the mixing height used as model input, is consistent
with what was assumed for the derivation of these profiles, though the difference
between real situations and idealized situations to which these profiles refer has to be
kept in mind.

The key scaling parameter for the convective boundary layer is the convective scaling
velocity w= which is proportional to 21/3. Thus, in the CBL, not only the profile but also
the intensity of turbulence depends on the mixing height.

In the case of models describing turbulent dispersion by means of the K-theory (flux
equals K times the gradient, where K is the turbulent diffusivity), many K-profiles (such
as the so-called O'Brien-profile, a polynomial depending on the value of K at the upper
and lower boundary [OBrien, 1970]) depend on its gradient at the lower boundary, and
at the ABL height (or, in dispersion modelling language, the mixing height).

1.3.3 Computations of concentration profiles with a reflective upper boundary
condition

It has been customary in many models to compute concentration profiles assuming
complete reflection of the plume at the ground. This is justified for short-range disper-
sion models as deposition can often be neglected in this range; otherwise, suitable
corrections can be applied. If a plume reaches the upper boundary of the turbulent
domain, reflection is usually assumed there as well. In classical Gaussian models, this is
achieved by adding "mirror sources” above the mixing height and below ground, in a
number which depends on the strength of the vertical mixing, the source height, and the
numerical accuracy desired. Other types of models can also realize this boundary
condition by appropriate numerical techniques. Some simple models replace the reflec-
tive boundary condition by limiting the vertical standard deviation of the plume, o, to
0.8 h. In all cases, the mixing height needs to be known.
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2. Theories and methods to derive the mixing height from
meteorological measurements

2.1 Theoretical background

The classical way of describing the structure of the ABL is through similarity theories
(e.g. Kazanskii and Monin, 1960; Zilitinkevich and Deardorff, 1974) where the only
influencing agents are rotation and buoyancy. It is generally assumed that the ABL
structure depends on external parameters such as the Coriolis parameter and the surface
roughness length zg, and on internal turbulent parameters such as the surface momen-
tum flux (proportional to the friction velocity u+) and the surface heat flux<w'®">.
Classically, the ABL height is assumed to be a function of the length scales L = u+/f and
Lx = —us3/(Bk<w '®">p). Zilitinkevich and Deardorff have also introduced the intrinsic
ABL height & as a relevant scale since it embodies the effects of non-stationarity,
especially under strong unstable conditions when the ABL grows quickly through
powerful convective thermals. Then, according to this general similarity theory, the
statistical properties of the ABL, nondimensionalized with the proper scales, depend on
h/L+ and h/Lg.

However, depending on the distance from the surface at which one investigates the
properties of the ABL, and on the stability conditions, certain scales may become
irrelevant. Thus, the ABL can be subdivided into different domains each characterized
by a set of scaling parameters (see Holtslag and Nieuwstadt, 1986). The neutral bound-
ary layer is an asymptotic limit of the stable and the unstable regime. The different
scaling regions are presented in Figures 5a and 5b for unstable and stable conditions,
respectively, where the stability parameter h/L+ is the horizontal axis and the scaled
height z/h is the vertical axis.
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Figure 5: Scaling regimes in the ABL after Holtslag and Nieuwstadt (1986). a) CBL; b) SBL.
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The unstable ABL is divided into five separate regions: the surface layer, the free
convective layer, the near-neutral upper layer, the mixed layer and the entrainment
layer. The basic scaling parameters are z, A and the surface momentum and heat fluxes,
19 = —p<w'u'> = pux2 and Ho = pcp<w'@p'> = —pcpbrus, where 0+ is the temperature scale.
The stable domain differs from the unstable one with local scales expressed in terms of
local fluxes prevailing in specific regions.

Kitaigorodskii (1988) and Kitaigorodskii and Joffre (1988) have extended these similar-
ity theories to include the effect of the background stratification of the atmosphere and
they demonstrated the relevance of a new length scale Ly = u+/Npy, with Npy the
Brunt-Viiséla frequency above the ML.

Solving the equations describing turbulent flows is constrained by the famous closure
problem. In case of marginal turbulence, such as under stable conditions or close to the
top of the boundary layer where turbulence has to perform work against the restoring
force of gravity, it is practical to look at the turbulent kinetic energy (TKE) budget via
the concept of the Richardson number. The so-called flux Richardson number Rif is the
ratio of the buoyant production / destruction of TKE to generation by shear:

. _8 (w'e’)
Rif =2 .
17T, (-u'w') du/dz+(-v'w’) dv/dz

Using the flux-gradient scheme for the parameterization of turbulent fluxes with the
eddy diffusivity coefficients Ky and Kp for heat and momentum, respectively, and
assuming Kz and Kj to be equal as a first approximation, Rif becomes the gradient
Richardson number Ri:

g 00/ dz

" To (du/02)2 +(@v/02)?

Theory and observation show that under homogeneous and quasi-stationary conditions,
turbulence vanishes if the Ri number exceeds a critical value Ri. which is around 0.25.

Substitution of the gradients by finite difference expressions leads to the bulk Rip
number. The critical value of Rip can be different than that of the gradient Richardson
number.

As described before, there are several obstacles for a detailed characterization and
understanding of the ABL: it is not always well defined, turbulent fluxes are not
routinely observed and by all means are seldom measured above the surface layer and
turbulent characteristics are strongly non-homogeneous in time and space and even
intermittent in certain domains and regimes.

Development of remote sensing techniques has enabled a certain breakthrough in the
monitoring of turbulence intensity and of the ABL height. Active electromagnetic or
acoustic wave probing responds to variable scattering properties of the turbulence
through the inhomogeneities of the refractive index of the atmosphere. One important
concept is the structure function D which can be simply parameterized in the spectral
inertial subrange of turbulence:

D(@r) = <[S(z) — S(z+r)]2> = C,2 r2/3
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where C,2 is the structure parameter for the variable S and r is the separation between
the two measurements. The index of refraction n is related to temperature T, moisture q
and pressure p to varying degrees depending on the type of the remote sensor (basically
the electromagnetic or acoustic frequency and signal). Thus, the magnitude of the
returned signal gives Cp2 from which estimates of Cr? , Cq2 and Cp? can be derived
(Lenschow, 1986; Wyngaard and LeMone, 1980). In the case of acoustic waves (sodar)
and backscatter angles other than 180°, the structure parameter of the radial wind
component is relevant, too.

2.2 Practical determination of the mixing height

Different ways exist to determine or to estimate the mixing height for practical applica-
tions. The most important ones will be described in the following sub-sections.

2.9.1 Determination of the mixing height from measurements

A detailed description of various methods and techniques for probing the ABL is given in
Lenschow (1986). Special attention is given to remote sensing in Schwiesow (1986) and
Clifford et al. (1994). A brief characterization of profiling techniques for MH determina-
tion can also be found in Weill (1982).

a) Mixing height estimations from radiosoundings

Radiosoundings are the most common source of data which can be used to determine the
mixing height for operational purposes. Rawinsonde measurements extend well beyond
the height of the whole ABL, they are widely distributed throughout Europe, and the
data are continuously quality-controlled. On the other hand, it is a shortcoming of the
sounding programme that, as a rule, at most of the stations, PTU-measurements are
only taken twice daily at specified synoptic times. Consequently the soundings can only
be used in order to have a reference level at launching time (00 UTC, 12 UTC) to be
compared with model evaluations of the MH. Advanced meteorological preprocessors
utilize information from both ground meteorological measurements and sounding
profiles in order to better characterize the boundary layer structure and evaluate the
MH, especially for convective conditions (e.g., Olesen et al., 1987, 1992). Other funda-
mental limitations of radiosoundings are the poor vertical resolution of standard
aerological data with respect to boundary layer studies (see Appendix A3) and the loss of
accuracy due to the sensor lag constant bounded with the ascent rate of the sonde. Due
to the relatively high ascent rate, the radiosonde gives only a "snapshot"-like informa-
tion on the ABL structure which might be of limited representativity. For research
purposes, the use of special boundary layer sondes with shorter time constant of the
meteorological sensors and a smaller balloon (i.e. a slower ascent rate) may partially
compensate the shortcomings of sensor response.

Routine rawinsonde measurements can be analyzed to determine temperature inversion
and temperature lapse conditions in the lower part of the atmosphere. Under convective
conditions, the mixing height is often identified with the base of an elevated inversion or
stable layer, or the height of a significant reduction in air moisture. Some authors
recommend to take the inversion base altitude increased by half of the depth of the
inversion layer as the characteristic CBL height (Stull, 1988).

Holzworth (1964, 1967, 1972) and others have developed objective methods (categories
and summation techniques) to simplify and homogenize the analysis of the often
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complex stratification of the ABL and to estimate the mixing height (under convective
conditions). The basic idea of the "Holzworth method" is to follow the dry adiabate
starting at the surface with the measured or expected (maximum) temperature up to its
intersection with the temperature profile from the most recent radiosounding. Different
refinements to this simple scheme have been suggested to account for temperature
advection, subsidence and other effects (e.g., Miller, 1967; Garrett, 1981). It should be
remarked, however, that this method strongly depends on the surface temperature, and
a high uncertainty in the estimated MH value may result in situations without a
pronounced inversion at the CBL top. Different authors pointed out that the MH
determined by the "Holzworth method" is not strongly correlated with observed trace gas
concentrations (e.g., Aron, 1983; Jones, 1985).

More recently, methods based on conserved variables were developed which permit
analysis of air mass structures and vertical mixing (Betts and Albrecht, 1987). They
involve the mixing ratio r (with liquid water r7), the potential temperature ©, the virtual
potential temperature ©,, the equivalent potential temperature O, the saturation
equivalent potential temperature ©.s and the difference p* between the actual pressure
and the corresponding pressure of saturated air as calculated from observations of
temperature, dewpoint and pressure.

Figure 6 shows an example of a typical 12 UTC (13 LST) sounding on a clear summer
day with well-developed CBL. The top of the EL (~3000 m asl) is marked by a minimum
of p* and a maximum of @, The base of the capping inversion (~2500 m asl) is charac-
terized by a sudden decrease of p* associated with a local minimum of @s. The inversion
itself shows a relatively constant, low value of p* which is also found often in the
presence of clouds.
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Figure 6: Typical summer daytime sounding (Payerne, Switzerland, 29 July 1993, 15 UTC) with
profiles of the conservative variables suggested by Betts and Albrecht (1987). See text for
explanations.

Betts and Albrecht (1987) have developed these criteria on the basis of averaged and
smoothed profiles. They estimated that averaging the basic data at each 10 hPa pres-
sure level best preserved the vertical thermodynamic profiles of the individual sound-
ings. For the study of an individual profile, a refinement of the criteria is necessary to
differentiate the main features from secondary stratification. Such a refinement has
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been performed by Tercier et al. (1995) to determine the mixing height from radio-
soundings in the POLLUMET field campaign.

Another popular approach is the use of bulk Richardson number methods (e.g., Troen
and Mahrt, 1986; Holtslag and van Ulden, 1996). They differ mainly in the choice of the
level for the near-surface temperature and wind, parameterization of shear production of
turbulence in the surface layer, and the consideration of an excess temperature under
convective conditions.

Parcel methods can be understood as a simplification of the Ri number methods where
the shear contribution is neglected. Thus they are only suited for unstable conditions.
Wotawa et al. (1996) applied a parcel model using vertical profiles of temperature and
specific humidity and taking the MH as the height where the dry static energy of a lifted
parcel equals the one at the starting (surface) level plus an eddy excess energy (see
Section 3.7.2 of this report). This eddy excess energy is calculated from the surface fluxes
of buoyancy and momentum using a mixed-layer scaling approach of Troen and Mahrt
(1986), suggested also by Beljaars and Betts (1992).

Mixing height estimations based on (standard) radiosonde data may result in quite high
uncertainties (e.g. Russell et al., 1974; Hanna et al., 1985; Martin et al., 1988). Special
problems occur for the stable (nocturnal) boundary layer since no universal relationship
seems to exist between the profiles of temperature, humidity or wind and turbulence
parameters (heat or momentum fluxes, turbulent kinetic energy).

Mixing height estimation from tethered balloon or aircraft data is, in principle, not very
different from the analysis of radiosonde data as long as the other measurement
platforms also provide profiles of mean meteorological parameters. The possibility to
carry out measurements of turbulent parameters or trace gas concentration profiles
aboard an instrumented aircraft or by using special sondes under a tethered balloon
offers additional possibilities for mixing height estimation from the shape or character-
istic signatures of these profiles. The operation of both systems, however, is very
expensive and therefore is not suited for routine applications.

A summary of the most popular methods and algorithms to derive the MH from direct
vertical sounding data is given in Table 1. Simple numerical models are also included in
order to illustrate the different criteria (definitions) proposed by various authors. The
table is mainly descriptive. A critical assessment of the advantages and shortcomings of
the most widespread techniques will be given in Section 2.3.
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b) Mixing height estimation from remote sensing systems

In many countries remote sensing systems (lidars, sodars, wind profiling radars) are
more and more introduced into operational application. They provide an interesting
alternative for MH estimation. The basic advantages of remote sensing systems are the
possibility of continuous operation and the fact that the systems do not cause any
distortion or modification of the investigated flow.

Among the different remote sensing systems, the sodar is one of the simpler and less
expensive systems, making it well suited for routine operation. The physical principle
underlying the operation of sodars is the scattering of sound at small-scale inhomo-
geneities in the vertical profile of the acoustic refractive index. These are basically due to
temperature inhomogeneities and can be the result of either turbulent fluctuations or of
the local gradient of the mean temperature. The intensity of these inhomogeneities can
be quantitatively characterized by the structure parameters of the refractive index C,2
and of temperature Cr2, respectively, which hence determine the backscatter sound
intensity measured with the acoustic sounder. Experimental studies as well as results of
numerical models have shown certain typical features of the vertical profiles of Cr2
under stable and convective conditions, which can be used to derive the MH from profiles
of the backscatter intensity. In addition, sodar systems with Doppler capability allow
determination of the mean wind and vertical velocity variance profiles which may also
be employed for MH determination using idealized model assumptions. Methods and
algorithms to derive the mixing height from sodar data are listed in Table 2 (where lidar
and wind profiler are also included). A more comprehensive summary has recently been
given by Beyrich (1994b, 1996). On the other hand, it must be remarked that the
vertical range of most sodars is limited to a maximum of about 1 km; often it is much
less. Nevertheless, MH estimates have been one of the "classical" applications of acoustic
sounders for about 20 years.

Lidars allow the measurement of aerosol or trace gas concentration profiles and may
therefore be considered to provide direct measurements of the MH. Since the top of a
convectively mixed layer is often associated with strong gradients of the aerosol content,
a simple aerosol backscatter lidar seems especially suited to determine the convective
MH. The data analysis of differential absorption lidars, used to measure the concentra-
tion profiles of trace gases, requires an aerosol correction. This may result in quite high
uncertainties of the derived gas concentrations in regions with strong changes of aerosol
content and composition, i.e., just at the top of the ML. However, even the interpretation
of data from aerosol lidars is not often straightforward, since it does not allow to decide
whether the detected aerosol layers are really the result of ongoing vertical mixing or
whether they originate from advective transport or past accumulation processes (e.g.
Russell et al., 1974; Coulter, 1979; Baxter, 1991). Under stable conditions, problems in
mixing height estimation from lidar data come from the fact that the vertical gradients
in the aerosol content are much smaller than those at the top of the convective ML.
Moreover, in the evening, it usually takes some time until a sufficiently clear disconti-
nuity in the backscatter intensity profile develops at the top of the SBL, within the
previously well-mixed layer (e.g., Russell et al., 1974).
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A very promising device for direct and continuous measurement of the mixing height in
a deep CBL seems to be the boundary layer wind profiler, especially the vertical profiles
of backscattered signal intensity (Angevine et al., 1994; Gaynor et al., 1994; Dye et al.,
1995). Similar to the acoustic sounder, the backscatter intensity of the electromagnetic
signal is proportional to the structure parameter of the refractive index (in this case for
electromagnetic waves) which depends on small-scale fluctuations and inhomogeneities
of the temperature and moisture fields, whereby the influence of moisture is the domi-
nant one. The vertical profile of C,,2 usually shows a secondary maximum at the top of a
well-developed CBL. However, the moisture profile is often not as well-mixed as that of
temperature which may result in some ambiguity of the derived MH values. Additional
problems occur in the presence of "fair-weather" cumulus clouds (even if only shallow) in
the upper part of the ML.

The combination of different remote sensing systems (e.g. sodar + wind profiler or sodar
+ lidar) offers a promising way towards the direct and continuous monitoring of the
evolution of the mixing height throughout the complete diurnal cycle (e.g., Beyrich and
Gérsdorf, 1995). However, it must be conceded that the interpretation of data measured
with remote sensing systems is not always straightforward. On the other hand, this
holds true also for the direct measuring systems and may (at least partially) be attrib-
uted to the general problem of MH definition as discussed in Section 2.2.1.

c) Other empirical methods

Another indirect estimation of the MH described in the literature is based on measure-
ments of concentration changes of the non-reactive noble gas radon, which is basically
emitted from natural sources by exhalation from the soil (Guedalia et al., 1980; Nicolas
et al., 1985, 1988). However, as pointed out in Guedalia et al. (1980), such measure-
ments do not allow a direct estimate of the MH but rather provide a value which might
be called an "equivalent mixing height" characterizing the overall dispersion conditions.

Similarly, attempts have been reported to estimate the MH from simultaneous
measurements of SOg ground concentration and the total column depth (e.g., Cappellani
and Bielli, 1995). This method assumes the SOz mixing ratio to be either constant with
height or to follow a specific profile inside the ML and the complete absence of SO, above
the ML. It is obvious that such a method will be applicable only for certain regions and
very specific atmospheric conditions and even then large uncertainties have to be
expected.

2.2.2 Comparison of different empirical methods for the determination of the
mixing height

Considering the great variety of methods for MH estimation from measurements,
experimental results on the relationship between MH values derived from different
sounding systems should be briefly discussed. Table 3 presents an overview of the
characteristics of these systems with respect to operational MH determination.
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A complete agreement between MH values derived from different sounding systems
cannot be expected a priori due to several reasons, the most important ones being:

 The description of the structure of the ABL can be based on mean meteorological
variables (temperature, humidity, wind) or on turbulent parameters (fluxes, variances,
TKE, structure parameters). Vertical profiles of the different parameters are influenced
in a different way by the processes occurring at the earth's surface. In addition, a lot of
turbulent and non-turbulent processes (heating and cooling, convection and subsidence,
radiation processes, baroclinity, advection, gravity waves, phase changes of water)
interact with each other within the ABL and influence the vertical profiles. It is often
difficult, if not impossible, to separate the various contributions to the observed
structure of the ABL. On the other hand, the different sounding systems measure
different atmospheric parameters with varying height resolution and accuracy.

 Especially under stable conditions, when the intensity of turbulence is relatively
weak, it might be very difficult to find a clear upper boundary of the ML or ABL. Vertical
profiles (of turbulent parameters) are sometimes smooth without any clear signatures
together with an asymptotic decrease towards values close to zero which are typical for
the residual layer. In such cases, selecting different threshold values to define the upper
boundary of the ML may result in considerably different MH values.

a) CBL mixing height measurements using different sounding systems

Comprehensive experiments to compare MH values derived from different measurement
systems (radiosonde, sodar, radar, lidar, aircraft) under convective conditions have been
described e.g. by Russell et al. (1974), Noonkester (1976), Coulter (1979), Kaimal et al.
(1982), Baxter (1991) and Marsik et al. (1995). These studies show that the relative
differences are mostly less than 10 %, provided that the elevated inversion capping the
well-mixed CBL is not too weak and has a well-defined lower base. Conclusions on
possible systematic deviations between different estimates of the MH are not consistent
(except for the lidar — see below). This should be attributed to different criteria applied to
analyze the profiles as well as to the often limited number of observations and in some
cases also to spatial differences between the sites where the different systems had been
operated. Comparing radiosonde or tethered balloon data with sodar observations, van
Gogh and Zib (1978), Russell and Uthe (1978a,b), and Beyrich (1995) found no system-
atic differences, while Wyckoff et al. (1973), Tombach and Chan (1976), and Fanaki
(1986) reported slightly higher MH values derived from temperature profiles, whereas
Coulter (1979) found just the opposite.

In cases of a weak inversion or a not perfectly mixed CBL, measurements from different
systems and even the analysis of the same potential temperature profile by several
experienced meteorologists may easily result in relative differences of 25 % or even
larger (e.g., Hanna et al., 1985; Martin et al., 1988).

MH values derived from lidar measurements have generally been found to be slightly
but systematically higher than values derived from temperature profiles or sodar
measurements (e.g. Coulter, 1979; Hanna et al., 1985; Gerasimov et al., 1988; Martin et
al., 1988; Dupont, 1991). This is basically explained by the fact that the most energetic
convective plumes penetrate into the stable or inversion layer thereby transporting
aerosols up to levels higher than the mean height of the inversion or stable layer base.
Under certain conditions, pollutants trapped within the stable capping inversion or free
atmosphere can cause a systematic overestimation of MH values from lidar observations
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(McElroy and Smith, 1991). On the other hand, Sasano et al. (1982) found no systematic
differences between lidar observations and MH values derived from radiosoundings,
which might be due to the criterion that they applied to deduce the MH from the
potential temperature profile (cf. Table 1). Also van Pul et al. (1994) found a high
correlation between MH values derived from lidar measurements and radiosoundings.

b) SBL mixing height measurements using wind and temperature profiles

The comparison of MH values derived from different observing systems under stable
conditions is much more difficult. This is due to certain features of the structure and
evolution of the SBL the most important ones are briefly mentioned here:

1) Static stability acts as a sink for turbulent kinetic energy. This results in a sensitive
equilibrium between the mechanical production of TKE and its destruction by the stable
stratification (leading to the sometimes intermittent character of turbulence in the SBL).

2) The generally weak intensity of turbulence under stable conditions renders it difficult
to measure turbulent quantities (fluxes, variances) with sufficient accuracy.

3) Other processes determining the structure of the SBL (gravity waves, advection,
radiative cooling, drainage flows over sloped terrain, inertial oscillations of the wind
vector) are often of a magnitude comparable to that of turbulent processes.

4) The time scales of most of the relevant processes are much longer than in the CBL.
Therefore, the SBL is often far from stationarity.

Due to these peculiarities, the structure of the SBL may be quite different depending on
the dominant processes (see also Section 1.1) that are considered when deriving criteria
for the MH determination or when comparing different estimates of the MH under stable
conditions.

A comparison of different SBL height scales derived from temperature and wind profiles
(and in some cases also considering modelling results) is described in e.g. Hanna (1969),
Yu (1978), Mahrt and Heald (1979), Mahrt et al. (1979, 1982), Arya (1981), and Wetzel
(1982). In most cases a good correlation between the depth of the ground-based inversion
and the height of the stable layer top was found. On the contrary, no significant
relationship exists between the height scales based on the temperature profile and the
height of the low-level wind maximum. This is basically due to the different time
evolution of the temperature and wind profiles during the night. Thus, the surface
inversion under undisturbed meteorological conditions normally grows with time due to
continuous radiative cooling (see e.g. besides the above Anfossi et al., 1976; Kloppel et
al., 1978; Stull, 1983a; Godowitch et al., 1985).

On the contrary the axis of the nocturnal low-level jet, seems to exhibit more of a
tendency to descend during the night, although the observations are sometimes contra-
dictory (e.g. Beyrich and Klose, 1988; Mahrt et al, 1979; Godowitch et al., 1985;
Smedman, 1988). From the analysis of wind profiles measured in the early stage of the
nocturnal boundary layer evolution, Mahrt (1981a) concluded that "the boundary layer
depth ... (is) a continuous, although rapidly decreasing function of time". Numerical
model simulations (e.g. Delage, 1974; Doérnbrack, 1989) also show — at least for
stationary external conditions (with constant cooling rate and geostrophic wind) — a
decrease of the height of the nocturnal wind maximum as it can be expected from the
theory of the nocturnal inertial oscillation (Blackadar, 1957). However, non-stationary
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forcing, advection or baroclinity may cause a different behaviour. Normally, a
temperature-derived SBL height scale is smaller than the height of the wind maximum
at the beginning of the night, whereas towards its end the opposite often holds true.
Godowitch et al. (1985) observed the subsidence of the wind maximum below the top of
the surface inversion around midnight at midlatitudes. Numerical simulations by Delage
(1974) showed the same feature about 6-8 h after the initialization of the model from
neutral conditions.

Thus, strictly speaking, the structure and the evolution stage of the SBL should be
considered when deriving the stable MH from temperature or wind profiles, or when
comparing MH values derived from different observing systems under stable conditions.
This, however, has rarely been done in those studies reported in the literature.

c) SBL mixing height estimations based on turbulence data

The derivation of conclusions regarding the temporal evolution of MH estimates for the
turbulent SBL and their relationship to MH values derived from mean profiles is even
more complicated. The main reason is that detailed profile measurements of turbulent
quantities under stable conditions are scarce in the literature. In addition, a great
variety of definitions and criteria for the turbulent SBL height can be found in the
literature (Stull, 1983a: "There appear to be as many definitions of the SBL depth as
there are investigators").

Caughey (1982) pointed out, that "there is no simple relationship between the SBL depth
and the depth of the surface inversion layer. As this layer deepens and becomes more in-
tense, (the depth of significant turbulent exchange) decreases, i.e. significant turbulence
exchange becomes confined to a shallow layer close to the ground”. Similar observations
have been reported by Garratt (1982a) and Smedman (1991). Kurzeja et al. (1991) found
a good correlation between the top height of the surface inversion and a turbulent SBL
height derived from profile measurements of the wind direction standard deviation at
the beginning of the night and in general between the latter height and the height of the
wind maximum under strongly stable conditions. These results suggest that the rela-
tionship between different characteristic height values depends on the type of structure
of the SBL as already concluded above.

Model calculations often show an increase of the SBL height defined by the turbulence
profile or a different time behaviour during different phases of the SBL evolution (e.g.,
Nieuwstadt and Driedonks, 1979; Bes'chastnov, 1984). Nevertheless, even the gen-
eralization of model simulations with respect to different turbulent SBL height criteria is
quite difficult. Model simulations using a one-dimensional ABL model with an algebrai-
cally approximated second-order closure (Dornbrack, 1989) have shown that the turbu-
lent MH scales (derived from the vertical profiles of heat flux, momentum flux, and tur-
bulent kinetic energy) exhibit both a different behaviour in time and a different relation-
ship between each other, depending on the external conditions (Beyrich, 1994b).

Another turbulent SBL height scale, which has been determined empirically from profile
measurements by several authors is the level at which the gradient Richardson number
Ri exceeds its critical value. However, there is still some controversy about the numeri-
cal value of the critical Richardson number. The proper choice depends to some extent on
the height resolution of the profile data from which the Ri-number is derived. Compari-
sons with other SBL height scales suggest a closer relation between a Ri-number based
SBL height and the height of the wind maximum than between the former one and the
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depth of the surface inversion. In general, the Ri-number based SBL height is lower
than the height of the wind maximum since a decrease of vertical wind shear resulting
in supercritical Ri-number values normally occurs somewhere below the axis of the low-
level jet.

Thus, it is clear, that the question which of the SBL height scales suggested in the lit-
erature is best suited to characterize the vertical mixing of pollutants under stable con-
ditions has not received yet a final answer. The level at which the turbulent heat flux
has decreased to 5 % of its surface layer value is often used as a definition of the MH
under stable conditions. Mason and Derbyshire (1990) deduced from large-eddy simula-
tions (LES) that "if radiative heat transfer is negligible, the flux of heat is roughly analo-
gous to that of contaminants emitted from low level sources, and so definitions of SBL
depth based on the buoyancy flux profile are easy to relate to a 'mixing depth' appropriate
for dispersion applications”.

d) SBL mixing height values derived from remote sensing data

Among the remote sensing instruments, solely the acoustic sounder seems capable in
providing MH data under stable conditions (Joffre, 1981). Radar profilers and lidars
have mostly a range resolution which does not allow to resolve the SBL in detail. In
addition, their first usable range gate is often at or above the SBL top, a fact which
sometimes even limits the application of a conventional sodar (Garratt, 1982b; Smed-
man, 1988; Baxter, 1991). But even the interpretation of sodar data in terms of MH
determination under stable conditions is controversial (Hanna, 1992: "Have you ever
carefully looked at time series of h observations by Doppler acoustic sounders — I believe
that they are very unreliable").

Results from a comparison of sodar measurements with MH values derived from tempe-
rature and wind profiles are quite inconsistent. Correlation coefficients of the sodar-
based MH and the height of the nocturnal wind maximum are typically in the range
between 0.3 and 0.65 (Arya, 1981; Hanna et al., 1985). A lot of authors report on
comparisons between sodar observations and the height of the nocturnal surface in-
version. No systematic differences were found by Hicks et al. (1977), Singal and Aggar-
wal (1979), Hayashi (1980), or Fitzharris et al.(1983). Singal et al. (1985) reported rea-
sonable agreement in only 30 % of all cases for long-time observations over five years.
However, in their study there was a spatial separation of about 20 km between the so-
dar site and the radiosonde starting point. Some authors concluded that the sodar-based
MH is generally lower than the surface inversion height (Nieuwstadt and Driedonks,
1979; Bacci et al., 1984; Klose and Schike, 1991). Piringer (1988) found agreement with
the top of the lowermost strongly stable layer of a layered surface inversion. Gland
(1981) concluded that there is "no evident connection between ... the form of the pattern of
echo intensity and inversion features”. A similar conclusion was drawn by Dohrn et al.
(1982).

Comparisons of sodar observations with turbulent MH scales have been described in
only very few case studies. Nieuwstadt and Driedonks (1979) as well as Tjemkes and
Duynkerke (1989) reported a reasonable agreement between sodar data and the height
at which sensible heat flux or turbulent kinetic energy have decreased to 5 % of their
surface layer values, which was deduced from model simulations. However, Nieuwstadt
and Driedonks (1979) remarked, "that it is not clear, whether the height where the heat
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flux vanishes is completely equivalent to the boundary layer height found from the acous-
tic sounder registration”.

Comparing MH values derived from simultaneous sodar and lidar operation, good
agreement was found by Dupont (1991) and Devara et al. (1995) for a small number of
case studies in a simply structured SBL. Van Pul et al. (1994) found a high correlation
between the SBL height derived from lidar measurements (based on the first gradient in
the backscatter profile) and radiosonde profiles (first significant level in the potential
temperature profile).

Beyrich and Weill (1993) have demonstrated that the relationship between a sodar deri-
ved value for the stable MH and any other height scale strongly depends on the stage of
the SBL evolution. They concluded that different criteria have to be applied to derive a
MH value from sodar signal intensity profiles depending on the actual shape of these
profiles. Beyrich (1994a) demonstrated that a well-developed nocturnal low-level jet gov-
erns the time evolution of the stable MH especially in the second half of the night.

Comparing ozone profiles measured with a tethered balloon and sodar data under
conditions of a complex structured SBL, Beyrich et al. (1996) reported a generally good
agreement of the MH values derived from both systems.

2.2.3 Determination of the MH by modelling and parameterization

Continuous profile measurements for the operational determination of the MH are not
generally available. Therefore, both simple parameterizations based on standard surface
observations and / or single profile data, as well as numerical models are widely used in
the practice of meteorological and environmental services.

Model simulations or parameterizations certainly do provide numerical values of the MH
with desired resolution in height and time. However, each model or parameterization
scheme has to be considered as an (over-)simplification of the reality. Hanna et al. (1985)
found that the root mean square errors of MH values derived from numerical models
were often twice as large as the observed MH variability. The situation with respect to
numerical models may have improved since, as nonhydrostatic models with a few
kilometres horizontal resolution and turbulence closures based on a prognostic equation
of the turbulent kinetic energy are widespread research tools nowadays and will be used
as operational NWP models in the future (see, e.g., Schliinzen, 1994). However, we are
not aware of a systematic comparison of MHs dervied from such models with those
derived from observations. It is intrinsic to these models that they are prognostic, and
unless for-dimensional variational data assimilation is applied, they will not be able to
make full use of existing observations. Even these contemporary 3-dimensional numeri-
cal models are not able to simulate the structure of the ABL in all its complexity, and
their application to a long time series still is hampered by the massive computational
requirements. Their use is justified especially in situations with strong horizontal
inhomogeneities.

One-dimensional models with (local) turbulence closure of the order of 1.5, 2 or in a few
cases even higher have been used by different authors over the last 20 years in order to
estimate the height of the stable turbulent boundary layer (e.g. Delage, 1974;
Wyngaard; 1975, Brost and Wyngaard, 1978; André et al., 1978; Rao and Snodgrass,
1979; Nieuwstadt and Driedonks, 1979; Mel'’kaya, 1987; Dérnbrack, 1989; Tjemkes and
Duynkerke, 1989; Estournel and Guedalia, 1990). They were also employed to justify or
determine the parameterization constants appearing in simple diagnostic formulae for
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the SBL depth. However, the variety of methods and the rules which were applied to
define the SBL height is quite large (see Table 1, Section 2.2.1). In addition, the model
results have rarely been compared with comprehensive observational data sets. Never-
theless, they could be considered an alternative to oversimplified parameterizations,
especially if coupled to observations.

Simple diagnostic or prognostic parameterization equations for the MH are still very
attractive for operational purposes because of their simplicity and the limited number of
required input data. They are also used within comprehensive parameterization schemes
for the treatment of the ABL in some numerical weather prediction and climate models.

a) Modelling and parameterization of the MH in stable conditions

Parameterizations of the height of the turbulent stable boundary layer (SBL) have been
the subject of numerous theoretical and experimental activities within the last 25 years,
and a lot of equations have been suggested in the literature (e.g. Hanna, 1969; Zilitinke-
vich, 1972; Etling and Wippermann, 1975; Arya, 1981; Mahrt, 1981b; Nieuwstadt,
1984b; Koracin and Berkowicz, 1988; Singal, 1990).

Both diagnostic and prognostic relationships have been proposed and there has been a
controversial debate on the use of either the one or the other type of equations
(Nieuwstadt, 1981, 1984b; Garratt, 1982a,b). The evolution of the SBL is highly
nonstationary, especially during the first hours after sunset, but even later during the
night a quasi-stationary regime is approached very slowly, if at all. A prognostic
equation which contains all relevant mechanisms governing the structure and evolution
of the SBL should be superior to each diagnostic relationship in modelling the MH
evolution under stable conditions. However, comparisons of different diagnostic and
prognostic relationships with observations do not clearly favour the one or other type.
For practical use it is also helpful that diagnostic equations do not require an initial
value of the MH as input.

A second controversy has been whether it is possible to parameterize the SBL height
solely based on surface layer measurements (mainly u+, Lx), or whether bulk SBL
parameters (0,—0g, Vi, Rip) should be considered additionally or even exclusively (e.g.,
Mabhrt, 1981b; Garratt, 1982b; Smedman, 1991; Vogelezang and Holtslag, 1996).

A comprehensive survey of suggested parameterizations for the SBL height is given in
Appendix Al. The most popular diagnostic equations are

h=crux/|f]
and
h =cg (us L+ / |f])V/2

which both have been derived from the equation for the Ekman layer depth and by using
scaling arguments. There are several reasons to use these equations with caution, even
if most of the verification studies done in the past do not seem to favour the application
of more elaborated parameterizations.

The most important objections are:

» The Ekman layer concept has been originally derived for a stationary, neutral
boundary layer.
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o It seems physically questionable to consider 1/f as the only relevant time scale and as
one of the most relevant independent parameters.

As an alternative to using 1/f as time scale, some authors (e.g., Kitaigorodskii and Joffre,
1988) have suggested to use 1/Npy (cf. Eqs. A1.1.10 and A1.1.11 in Appendix Al.1),
replacing the latitude dependent time scale by a stability-dependent one. This model has
been corroborated by measurements in the Arctic (Overland and Davidson, 1992), by
Lidar measurements in the Netherlands (van Pul et al., 1994), and by LES-computa-
tions (Vogelezang and Holtslag, 1996).

Another type of diagnostic equations considering the bulk structure of the SBL is based
on the assumption that turbulence production must vanish at the top of the SBL and the
Richardson number must therefore exceed its critical value. This results in an equation

of the type
h = Ri.(AV)2/ (B A®)

Equations of this type proposed in the literature differ basically in the choice of the
levels over which AV and A® are determined and in the value of Ri. (cf. Egs. A1.1.17 to
A1.1.20 in Appendix Al). Joffre (1981) found that the value of Ri. depends on the
parameter h f/u* with the classical value of 0.25 being relevant for small values of
h f/u* (< 0.1, i.e. small rotational effect), but large values of Ri. ~ 7 can be reached when
h f/ u* = 0.3 (see also Maryon and Best, 1992).

The prognostic equations which have been proposed to parameterize the SBL height
often describe a relaxation process during which & approaches a certain equilibrium
value k.. The speed of this process is governed by a time scale T}. Their general form is:

dh  (he-1)
dt TSBL

The equilibrium height he is often parameterized through one of the two diagnostic
equations given above. The characteristic time scale has been proposed to be propor-
tional, e.g., to the inverse of the Coriolis parameter 1/f, to a combination of surface layer
scaling variables such as L#/u*, or to the inverse of a normalized cooling rate
A® (3 ©y/ 4 1)L, where A® is Ty-TY.

The verification of such diagnostic or prognostic relationships has long been performed
with the aid of radiosonde data (e.g., Hanna, 1969; Yu, 1978; Mahrt and Heald, 1979;
Wetzel, 1982). Since the early Eighties, sodar observations have increasingly been used
for this purpose (e.g. Arya, 1981; Nieuwstadt, 1984b; Koracin and Berkowicz, 1988;
Beyrich, 1993, 1994b). The prognostic equations have rarely been tested at all and only
single case studies are reported in the literature. For the diagnostic equations, correla-
tion coefficients typically range between 0.4 and 0.7, quite often with large scatter. Also,
the numerical constants appearing in all the parameterizations vary considerably, and it
seems difficult to recommend any universal and site-independent value. In addition, the
problem of separating "within-night" and "between-night" variability of the SBL height
(André, 1982) has not found proper consideration in most of the studies. Hence, there is
still a need for verification studies of the different SBL height parameterizations using
comprehensive data sets.
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b) Modelling and parameterization of the MH in convective conditions

A few diagnostic relations based on similarity theory have also been suggested to
parameterize the depth of the convective boundary layer (e.g., Tennekes, 1970;
Zilitinkevich, 1972; San José and Casanova, 1988). However, these are valid only under
certain conditions (e.g. free convection) and are not of much practical relevance.

Today, the integration of mixed-layer slab models is a well established way to simulate
the evolution of the convective MH. It provides reliable results if thermal heating is
really the main driving force of the CBL evolution. These models use values of the
surface heat flux and friction velocity as well as an initial temperature profile as basic
input parameters. The latter one represents a general problem for the application of
such models, since normally the network of radiosounding stations is not dense enough
for boundary layer studies (which is not the basic goal of performing radiosoundings !),
and the representativity of a given station depends much on the surrounding terrain.
This is a non-negligible limitation considering the orography and landscape patchiness
typical of large parts of Europe.

Prognostic equations describing the growth of the CBL are normally derived from a
parameterization of the TKE budget equation which is either averaged over the whole
mixed layer or specified at the ML top. The equations proposed by various authors
mainly differ in which terms in the TKE budget equation have been neglected and how
the remaining terms are parameterized. The spectrum ranges from simply considering
surface heating as the only relevant driving force (Betts, 1973; Carson, 1973; Tennekes,
1973) to additional consideration of

+ mechanical turbulence production due to surface friction (Tennekes, 1973; Driedonks,
1981; 1982b)

+ local changes of TKE at the level z=h (so-called "spin-up" effect, Zilitinkevich, 1975b),

o wind shear across the entrainment layer (Stull, 1976a; Driedonks, 1981; Manins,
1982; Rayner and Watson, 1991)

« explicit parameterization of TKE dissipation (Zeman and Tennekes, 1977),

o and finally rather complex equations taking also into account energy losses in
connection with gravity waves (Stull, 1976¢; Zilitinkevich, 1989a) or the influences of
moisture and advection (Steyn, 1990).

A survey of relationships suggested in the literature to describe the ML growth during
daytime is given in Appendix A2. Comparisons of different relationships from Appendix
A2 with observational data are described by, e.g., Driedonks (1981, 1982b) or Arya and
Byun (1987). These studies as well as sensitivity experiments carried out by Beyrich
(1994b) have shown that the observed variability of the MH during daytime can be, as a
rule, well described if surface heating and mechanical turbulence production due to
surface friction are taken into account. Driedonks and Tennekes (1984) pointed out that
"encroachment handles 80 % of the problem, a crude parameterization of (w'®’), adds
about 10 %, further refinements tend to get lost in the unavoidable inaccuracies of most
experiments ... (and upper) mechanical turbulence production terms (accounting for
inversion layer wind shear) can be neglected, because they are more trouble than they are
worth"
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The two effects of surface heating and friction are properly parameterized in the
following two equations:

o *3 A § B 9
dh = A<w 9 >0 + B2 = e ¥ U (Driedonks,1982a)
de A® BhAG BhAO
and v
dh (w o), ul (1+24) w? + 2Bus
— = (1+424) ——— + 2B T = > .
dt Yol Yo Bh Yo Bh

(Gryning and Batchvarova , 1990a).

The values for the constants A and B which are given in the literature differ considera-
bly, ranging between 0 and 1 (for A) and 0 and > 10 (for B) (see, e.g. Stull, 1976a; Heidt,
1977; Dubosclard, 1980; Young, 1988; Zilitinkevich, 1989a and Sorbjan et al., 1991).

Many authors use A=0.2 as a typical value (e.g. Tennekes, 1973; Yamada and Berman,
1979; Driedonks, 1982b; Zilitinkevich, 1989a). However, recent experimental results
from different climatic regions suggest a higher typical value of A~0.4 which better fits
observations of mixed-layer growth (e.g. Tennekes and van Ulden, 1974; Clarke, 1990;
Betts, 1992; Culf, 1992).

If mechanical turbulence production is neglected, the constant A represents the ratio
between the entrainment layer and surface layer heat fluxes: (w'®"), / (w'®'"). Carson
(1973) pointed out that this ratio is not constant throughout the day. He therefore
suggested the use of different values for A corresponding to different stages of the CBL
evolution (see also Bonino et al., 1989). Garrett (1981) proposed a seasonal variability of
A for operational application.

For B Tennekes (1973) proposed B=2.5, a value used later also by Kolarova et al. (1989)
or Gryning and Batchvarova (1990a). Driedonks (1981, 1982b) achieved the best
agreement with observations using B=5, a value which was also applied by, e.g., Chong
(1985) and Zilitinkevich et al. (1992).

The possible ranges for A and B reported in the literature significantly affect the
simulated CBL growth. It has been demonstrated by Beyrich (1994b) that a variation of
their values over the typical range reported in the literature results in differences of the
simulated evolution of the MH much larger than those which would originate from an
application of a more complex equation (see Fig. 7). Beyrich (1995) therefore suggested
to adapt the model constants to actual observations (e.g., from sodar or wind profiler
data) to improve the model output results.
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Figure 7: Growth of the CBL according to formulae of varying complexity (lines denoted with the
number of the respective egs. in the Appendix) and varying the constants A and B within their
range given in the literature (shaded area). Adapted from Beyrich (1994b).

Another type of model for the simulation of the CBL development has been developed by
Liechti and Neininger (1993). This model was originally aimed at supporting soaring
flight forecasts and is designed to give also parameters such as the magnitude and
vertical extension of updrafts in thermals and the development of capping cumuli. Its
speciality is the consideration of mountainous terrain: it allows for heat input from
slopes, and considers vertical advection compensating the mass transport in the convec-
tion elements, effects which are important in Alpine valleys. The model is entirely
numerical, one-dimensional (but using the area-height-distribution of the terrain), and
makes use of empirical findings about thermals instead of dynamic equations. It is used
operationally at the Swiss Meteorological Institute.

224 Determination of the MH from NWP model output

Dispersion models for the regional scale or for long-range transports often derive the
mixing height from NWP model output. This may also be considered for the local scale if
suitable measurements are not available at the site under consideration. It is obvious
that methods and their reliability depend on the degree of sophistication of the ABL
parametrization and on the vertical resolution of the boundary layer within the NWP
model. Results reported here thus cannot claim universal validity.

A procedure to determine 4 from the output of HIRLAM, the limited area model used in
the Nordic and some other European countries, is implemented at the Danish Meteoro-
logical Institute. It is based on a bulk Richardson number derived from the model level
data.

gh ®U(h) - ®vl
Oy U2 + V()2

Riy () =



COST710 WG2 Mixing Height Determination 39

where @, is the virtual potential temperature at the lowest model level (about 30 m
above ground). This formula is consecutively applied for & = zg, 23, ..., where the z; are
the model levels. The actual value of A is chosen as the height where Rip reaches a
critical value. A value of 0.25 was selected after applying the method to radiosoundings
with a clear convective lid.

The performance of the method in situations without convective lid, especially when the
mixing height is determined by purely mechanical turbulence, has not yet been investi-
gated.

At the U. K. Met. Office, a study to determine the boundary layer height A from vertical
profiles obtained form NWP for use in NAME (the Met. Office’s long range transport,
dispersion and deposition model for nuclear accidents) was undertaken by Maryon and
Best (1992). Model boundary layer heights as diagnosed by six different methods were
tested against radiosonde measurements at noon and midnight from continental Europe
and Izmir in Turkey over the period 13 October to 6 November 1992. In total, 51 profiles
with a well defined boundary layer height were studied.

Four of the methods, based on identifying the level at which a critical gradient Ri-
number equal 1.3 is reached, gave generally poor results, underestimating & particularly
for the daytime boundary layer. The four methods differed in their interpolation schemes
between sub- and super-critical levels. The critical value is usually taken as 0.25, but for
the diagnosis from NWP model output a value or 1.30 was assumed in this study. A best-
fit procedure yielded a value Ri,=7.20, but the improvement was limited. The 5th
method (Middleton , 1993) was also unsatisfactory.

On the other hand, a simple parcel method (see also below and Section 3.8) gave large
improvements: for noon soundings, the rms error was reduced from about 450 m to
about 340 m and the bias was reduced from about 270 m to 70 m. The MH was defined
as the lowest model level with a potential temperature exceeding the surface value. An
addition of +1.2K to the surface temperature minimized the error.

The EMEP MSC-W model has recently introduced another method to derive mixing
heights from HIRLAM output (Jakobsen et al., 1995). The mechanical mixing height is
defined as the lowest level where the vertical turbulent diffusion co-efficient Ky is less
than 1 m2sl, with Kp determined by the method of Blackadar (1979) from the
Richardson number. The convective mixing height is the height of the adiabatic layer,
after the sensible heat input of one hour has been distributed via dry-adiabatic
adjustment. The largest one of the two values is used as the mixing height.

Another method has been applied by Wotawa et al. (1996) for their Lagrangian ozone
prediction model which is based on ECMWF output. They determined a mechanical
mixing height from the friction velocity provided by the model, using Eq. Al.1.3.
However, one has to take into account that the model turbulent drag contains also a
parameterized component representing the pressure drag exerted by subgrid orography.
The proportionality factor c; between u+/f and h must therefore be chosen adequately
(0.07 instead of the typical values around 0.25). This applies to the ECMWF model
version which was used in 1994; in the new parametrization of the mountain drag
introduced in 1995, u* seems to be comparable to its common range of values. A convec-
tive mixing height was computed by Wotawa et al. (1996) from the temperature and
humidity profiles and the respective surface fluxes with the parcel method of Beljaars



40 Mixing Height Determination COST710 WQG2

and Betts (1992; see also Section 3.7). Under unstable conditions, the maximum of the
mechanical and the convective mixing height was used.

2.3 Critical evaluation of existing methods for mixing height
estimation

Strictly following our definition given in Section 1.2, the MH should be determined by
investigating the dispersion process of non-reactive tracer gases. However, this is a very
expensive task and therefore not possible for operational purposes. The analysis of
concentration profiles of atmospheric trace constituents may be considered as the best
approach for MH estimation. On the other hand, vertical mixing is not the only process
determining such profiles. A misinterpretation is therefore possible in certain cases, that
may be avoided by a close sequence of vertical soundings. Nevertheless, concentration
profiles are not generally available on a routine basis.

Considering turbulent diffusion as the most relevant mixing process, profile measure-
ments of any turbulent parameter should therefore be the next choice of data for mixing
height estimation, but these are not performed at most places. Thus, MH determination
is based in most cases on profile measurements of mean meteorological variables such as
wind, temperature and humidity.

In any case, MH determination from measurements requires vertical profiles of atmos-
pheric parameters within the lower troposphere. These profiles should satisfy the
following conditions:

* They should cover the layer between a few tens of meters above the earth's surface
and about 2-3 km above ground, considering the typical height range over which the
MH varies during its annual and diurnal cycles in Europe.

« The profile measurements should be available with a time resolution of about 1 h or
less in order to properly describe the non-stationary evolution of the mixing height,
especially during the morning and evening transition phases.

¢ The measured profiles must have a vertical resolution of about 10-30 m to avoid
relative uncertainties of more than 10-20 %, especially for low MH values (< 250 m).

+ The measured parameters should be linked physically to the process of dispersion and
vertical mixing of pollutants.

The most widespread methods and algorithms to derive the MH from sounding data
were briefly summarized in Tables 1 and 2 (see Section 2.2.1). The advantages and
shortcomings of the different sounding systems were summarized in Table 3.

Table 4 indicates which of the above-mentioned requirements are fulfilled by the
different sounding systems. It clearly appears that none of the systems meets all the
requirements, i.e., the "MH-meter” does not exist. Reliable mixing height determination
under all conditions is therefore still an unsolved problem (e.g., Berkowicz, 1992).
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Table 4: Critical assessment of different methods to determine the MH.
v fulfilled; (v') partly fulfilled; — not fulfilled.

Continuous | Lowest level close | Rangeof | Determination
data output to the ground, 2-3 km of turbulence
high resolution covered parameters or
< 200..500 m trace gas conc.
In-situ measurements:
Radiosonde —_ ) v —
Tethered balloon — v — )
Mast v ) — v
Aircraft _ _ v v
Remote sounding:
Lidar ) ) v v
Sodar v v — v
Radar v — v v
RASS ) ) _ )
Numer. models ) ) v v
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3. Computer routines to derive mixing height values

3.1 The OML meteorological preprocessor

The meteorological preprocessor of the Danish dispersion model OML contains a module
for the mixing height calculation. It is described in detail in Olesen et al. (1987, 1992).
Each hour, the module computes a mechanical and, during daytime, a convective mixing
height and selects the larger one as the actual value. A minimum value of 150 m is
applied, however.

The mechanical mixing height is calculated as & = 0.25 ux/f (Eq. A1.1.3 in Appendix Al).

The convective mixing height is obtained from the integration of the prognostic equa-
tions (A2.8b) and (A2.9) with the numerical values A = 0.2 and B = 5 for the constants. It
starts with the observed temperature profile, normally from the 00 UTC radiosounding,
and uses observed or parameterized hourly values of u» and Hy. The initial values of the
mixing height and the temperature jump through the entrainment layer are determined
from the heat flux during the hour in which the heat flux first becomes positive and from
the temperature gradient near the ground, respectively. If a so-called convective lid is
found in the noon sounding, the calculated convective mixing heights before noon are
multiplied by the ratio of the base height of this lid to the calculated mixing height for 11
UTC. The integration in the afternoon is continued with the profile from the noon
sounding. If a so-called sustained lid is found also in the following midnight sounding,
the interpolated lid height is used as an upper bound for the mixing height.

3.2 The HPDM meteorological preprocessor

The role of the meteorological preprocessor of the Hybrid Plume Dispersion Model
(HPDM) is to produce time series of hourly values of the surface heat and momentum
fluxes and of the mixing depth, using observations of wind speed, cloudiness, surface
roughness length, surface moisture availability and albedo. This preprocessor accepts a
wide variety of possible input data. It uses boundary layer theory to solve the surface
energy balance, determines the mixing depth using upper air data, and derives vertical
profiles of wind, temperature and turbulence. If observations of these derived variables,
including the mixing depth are available, they can be used directly in the model.
However, the preprocessor in its standard form does not accept observed fluxes. The
source code had thus to be modified in the present study in order to use measured fluxes.

HPDM uses the following formulae to estimate the mixing height (Hanna and Chang,
1991):

* Night-time: The interpolation formula of Nieuwstadt (1981), based on u+, L+ and f is
used (A1.1.2).

» Daytime: During daytime, two separate mixing heights are calculated. One is
obtained with Carson's (1973) prognostic formula (A2.8) which parameterizes the
entrainment heat flux as a fraction A of the surface heat flux (A = 0.2). A second MH
is calculated, according to a suggestion of Weil and Brower (1983), considering solely
the growth rate of the CBL due to mechanical turbulence. This MH is obtained from
the relation
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h t
h* @, (h)—2fz®t0 (z)dz = 2—§—qu ) dt’,
0 0

where ©y,(2) is the initial potential temperature profile, and a value of 2.5 is used for
the constant B. Finally, the larger value is taken as the convective mixing height.

 Neutral conditions (irrespective of the time of the day): The u+/f formula (A1.1.3) is
used with the constant ¢ = 0.3; neutral conditions are defined as Pasquill-Gifford
stability category D. The stability category is computed from L+ and zg using Golder’s
(1972) relations.

Details of HPDM (version 4) and its meteorological preprocessor are described in a set of
three papers (Hanna and Paine, 1989; Hanna and Chang, 1992 and 1993). The 1992
paper presents improvements of the meteorological parameterizations (version 4.2). The
present study was based on version 4.4 which, however, is identical to version 4.2 with
respect to the parameterizations used in the meteorological preprocessor.

3.3 The meteorological preprocessor library of Servizi Territorio

The HPDM and OML meteorological preprocessors were developed in connection with
specific dispersion models and also specific data organization. The idea of Servizi
Territorio was to offer a library of subroutines as a flexible tool which can be applied in
different environments. One set of subroutines is provided for the computation of the
ABL parameters. The following alternative routines are included for MH computation:

a) convective mixing height (daytime):

* the so-called encroachment model (Stull, 1989) - Eq. (A2.4) in Appendix A2;

¢ the mixed-layer growth model proposed by Gryning and Batchvarova (1990) - Eq.
(A2.12a) in Appendix A2.

Both routines assume a constant lapse rate above the top of the ML (single value which
will be used throughout the day), to be taken from an early morning temperature
sounding. The other input parameters are the time history of the air temperature, the
friction velocity and the sensible heat flux near the surface. The number of time steps for
the calculation can be chosen.

b) neutral and stable mixing height (night-time)

* Nieuwstadt (1981) - Eq. (A1.1.2a) in Appendix Al

+ Zilitinkevich (1972) - Eq. (A1.1.6) in Appendix Al with ¢ = 0.4
o Clarke (1970) - Eq. (A1.1.3) in Appendix Al

If L+ < 0, only the Clarke's formula (u+/f) can be used. In all the formulae, f is set to
10-4 s°1, but partly absorbed into the constants.
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3.4 The FMI Routine

The module used for the evaluation of the boundary layer height h at the Finnish
Meteorological Institute (FMI) is described in detail in Karppinen et al. (1996, 1997).

a) Wintertime situations

In wintertime in Finland the boundary layer is mostly stable or near neutral, even
during daytime, and & can be estimated as a function of the friction velocity (Deardorff,
1972):
ht = st ust With sg = sg + (s12 — s00) -1%,

where the subscript ¢ refers to the sounding times (¢ = 00 and ¢ = 12). The parameters sog
and sy are calculated from the boundary layer heights g and k12 estimated from the
respective vertical temperature profiles. The friction velocities (as well as the Ho and L+)
are estimated with an energy balance method according to van Ulden and Holtslag
(1985) with slight modifications (see report of Working Group 1).

b) Summer night situations

A summer night is defined as the period when the ABL is stable; in addition there have
to be unstable sections at both ends of the nocturnal period. After sunset the thickness of
the developing shallow inversion hipy is assumed to keep increasing through the course
of the night (see Fig. 8) according to

b ht(@M —@t)=gt,
where g; is the area under the & vs. © curve which is expressed as (Stull, 1983a, 1983b)
¢
8= f(G*u*)dt,
o

Assuming the parameter b to be constant during the whole night, i becomes

&:(©@pm - Bg)
hy = hgg =——"——7,
¢ = hoo 800©py - 6;)

h+

inv

inv

A4
@

+
Bi 0. 0

i M
t=ti+ t=t =0
1

F:igure 8: The evolution of nocturnal surface inversion.The boundary layer height is taken to be a
linear function of the surface inversion height (hipy = bh)
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where © p7 is the mean potential temperature of the unstable boundary layer during the
previous evening (at sunset), © og is the respective temperature at 00 UTC, and hgp is
the boundary layer height estimated from the midnight sounding.

During the first hours after sunset the inversion depth is usually small (< 50 m) and the
neutral boundary layer equation A1.1.3 is used with ¢; = 0.2 (van Ulden and Holtslag,
1985). If the height & given by this equation is larger than that of the previous evening’s
unstable boundary layer prevailing at sunset (¢g) the latter value is used in the model.

c) Summer days
Daytime is defined by an upward turbulent heat flux.

The evolution of the unstable boundary layer is simulated by the set of differential
equations (A2.1)-(A2.3) (Tennekes, 1973; Driedonks and Tennekes, 1984), to be solved
numerically. This system of equations is closed by estimating dh/dt by

-((iiitl = waM /(Ct + RiM)

where Cr= 0.2 and C; = 1.5, and Ripf = phA© / (wy?). The convective velocity scale wy, is
defined by (with ¢ = 25):

wy = w3 +Ctu,§)y3

If v is very small or if yo = 0, the solution of the preceeding equations is not physically
meaningful. In that case a simple encroachment model (Tennekes, 1973) is used:

ot
tyM = MA_% , where st = 6t_1f(—9*u*)dt
8ot 0

On the other hand, the unstable boundary layer height can be evaluated as

(A®)g;
where the temporal evolution of the inversion strength is assumed to be linear, i.e.

(A®)g; = (AO)o(1-0¢/ tpr)
The initial values of the parameters are calculated using analytical solution for h
according to Carson (1973) and Wyngaard (1988) which is Eq. A2.8b in the Appendix
with A = 0.2, and

AO®) =77 oh(t).

After solving the equations for the whole period, the height & is compared to the 12 UTC
sounding and corrected if necessary. The solution of the equations is continuously
checked against the potential temperature observed at 2 m (©g). If the calculated
boundary layer potential temperature ©p = @9, and g starts to decrease despite the fact
that the situation should be unstable, the calculation is stopped (e.g., in the case of a
strong cold air advection). The 12 UTC sounding is then used to estimate the mixing
height for the remaining period. If the sounding shows that the situation is not unstable
as had been suggested by the energy budget method but stable instead, u.., ©,, and L,
are replaced by profile estimates obtained from the lowest layer of the 12 UTC sounding
data.

hst
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3.5 The RODOS preprocessor

MET-RODOS is a comprehensive atmospheric transport and diffusion module, designed
for operational use within the real-time, on-line emergency management system RODOS
(Mikkelsen et al., 1996). It contains a sub-system for the computation of local-scale wind
fields and micro-meteorological scaling parameters (Deme et al., 1996; Mikkelsen and
Desiato, 1993). The mixing height can be calculated from NWP model output utilizing
the bulk Richardson number method (Section 2.2.4) with Ri. = 0.25, or from measure-
ments. The determination of the MH from measurements, which was tested here, is
based on the following routines:

During daytime, the mixed-layer growth model proposed by Batchvarora and Gryning
(1991; see Eq. A2.14) is used. The integration starts with an initial value of A& equal to
50 m; the lapse rate is taken from the previous midnight sounding. Additional input
parameters are u+, L+ and T (the heat flux is implicitly contained in these parameters).

The MH during night is calculated with Nieuwstadt’s (1981) formula (Eq. Al.1.2a) from
ux, Lx and f.

In the case of an upward heat flux during night or a downward heat flux during day, the
MH is calculated using Eq. A1.1.3 with ¢ = 0.3.

In addition, if a strong inversion (lid) is found above 150 m a.g.l., the MH is calculated
using a bulk Richardson number (Eq. A1.1.17) with 3.0 as the critical Ri-number. If this
lid is lower than the MH calculated otherwise, it is taken as the MH. The lid height is
not interpolated in time.

3.6 Methods based on Richardson numbers

Two different methods based on Richardson numbers have been tested both under stable
and convective conditions. Richardson number methods are described in the Appendix in
the section on SBL methods because they were primarily developed for stable conditions.

3.6.1 Standard method

The method is described in Section 2.2.4 for NWP model output and was applied to
significant level radiosonde data in the same way as it would be applied to model level
data. Basically, it is the application of A1.1.17 (using virtual potential temperatures)
with a value of 0.2 for the critical Ri number.

3.6.2 Vogelezang and Holtslag’s method

The method by Vogelezang and Holtslag (1996, hereafter referred to as the VH method)
uses a bulk Ri number between the top of the surface layer (or a fixed level such as 20 m
or 40 m) and the top of the ML. Shear production in the SL is parameterized by an
additional term depending on ux. For unstable situations, an excess temperature as
suggested by Troen and Mahrt (1986) and described in Section 3.7.2 (with C; = 8.5) is
added to the near-surface temperature. The formula is included in Appendix Al as Eq.
1.1.18 (without the excess temperature).
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3.7 Parcel methods for the CBL

Parcel methods determine the mixing height as the equilibrium level of a hypothetical
rising parcel of air representing a thermal. They differ in how the temperature of this air
parcel is found, and in the thermodynamical variable used to define the equilibrium lev-
el. In this study, two different methods have been used; they are illustrated in Figure 9.

3.7.1 Simple parcel method

The simple parcel method, introduced in principle by Holzworth (1964), uses the virtual
potential temperature at the lowest level (ground level) of a radiosounding without add-
ing any excess temperature. The MH is taken as the equilibrium level of an air parcel
with this temperature.
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Figure 9: Illustration of the two parcel methods used to derive the MH in the CBL from radio-
soundings. The simple parcel method 3.7.1 uses the virtual potential temperature at ground
level, while according to the advanced method (3.7.2) an excess temperature is added to this
temperature

3.7.2 Advanced parcel method

This method is based on the paper of Beljaars and Betts (1992) and has also been ap-
plied (with slightly different values of the constants) by Wotawa et al. (1996). The ther-
modynamical variable used by these authors is the dry static energy s, defined as cp®,
whereas in the present study the virtual potential temperature ©, = © (1 + 0.61r) was
used. The temperature of the parcel is given as the temperature near the ground plus an
excess temperature. This excess temperature is calculated as

C,<wo, >

3‘,u3 + Cows

50,
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This formulation was already used by Hoitslag et al. (1990) and Troen and Mahrt
(1986). For Cy, values of 5 and 8.5 have been suggested, while for C3 the value of 0.6 is
used throughout.

Since under convective conditions a superadiabatic layer is usually found near the
ground in radiosoundings, also the simple parcel method implicitly applies an excess
temperature. One may thus wonder whether it is justified to add another excess temper-
ature, especially as the authors who used this concept mainly applied it to NWP model
output. Therefore, we plotted both the temperature excess according to the above equa-
tion (Fig. 10) and the one found in radiosoundings against the heat flux (which is the
dominant term in 80,) for the Cabauw / De Bilt data (see Section 4.1). The temperature
excess in the radiosounding was defined as the difference between the virtual potential
temperature of the lowest level and the first level above which the stratification was
neutral or stable. Two features are striking in Fig. 10: the much higher scatter of the
observed 80, as compared to the computed one, and its larger magnitude. This observa-
tion has two implications. First, it shows that the simple parcel method depends on sto-
chastic influences, as its implicit 80, is not closely related to the heat flux. Secondly,
adding 80, according to the similarity formula does not make much sense, as one would
add only a small quantity (typically 0.5 K) to much larger (typically 2 K) but stochastic-
ally influenced quantity. We suggest that when applying the Beljaars and Betts method
to radiosoundings, one should omit the superadiabatic near-surface layer and instead
use a larger value of the constant Cj. In order to achieve the same order of magnitude as
found in the observed 80, C1 = 20 was used in this study.
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Figure 10: Excess temperatures derived from radiosoundings and computed from the similarity
formula used by Beljaars and Betts (1992) plotted against the virtual heat flux. Radiosonde data
are from De Bilt and heat flux data from Cabauw.
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This reasoning applies to some extent to model data, too, as normal K-type diffusion
parameterization requires superadiabatic gradients to produce an upward heat flux and
thus also model data will in general contain already a certain excess temperature. This
may be the reason why such a small value of the constant C, was used. However, one
may wonder if this mix of two excess temperatures, one created by the model and an-
other one from similarity theory, is really adequate.

3.8 Methods based on sodar and wind profiler measurements

3.8.1 Sodar measurements during SANA/SADE

The MH determined from sodar measurements was based on the analysis of single-pulse
backscatter intensity profiles (usually available with 20 s time resolution). A semi-auto-
matic structure-following algorithm was applied to derive the instantaneous height val-
ues using criteria which consider the actual structure of the ABL as described in Beyrich
(1993, 1994b, 1996). The decisions on the type of the ABL (stable or convective) and on
the layer to be analyzed (in the case of more than one layer of enhanced backscattering
being present) were made subjectively. Resulting height values were then averaged over
30 min.

3.8.2 Sodar measurements at Cabauw

At Cabauw, an automatic procedure (described in detail in Beljaars and Agterberg,
1988) is applied to derive the MH from the sodar measurements. Like for the SANA
data, it is based on an analysis of the backscatter intensity profiles; however, it uses av-
eraged profiles and also the criteria are slightly different from above (see also Table 2).
The decision on the ABL-type and the recognition of the relevant layers is done auto-
matically.

3.8.3 Sodar measurements at Payerne - SMA routine

The algorithm developed at the Swiss Meteorological Institute (SMA) for MH estimation
from sodar data at Payerne (see Berger et al., 1996) simply searches for the uppermost
local maximum in the averaged backscatter intensity profiles but without differentiating
between primary and secondary profile features. It is still in a preliminary test phase.
Especially under convective conditions, it tends to place erroneously the MH within the
range of the sodar, simply finding weak local maxima within a zone of general decrease.
Under stable conditions, the MH may be overestimated if there is more than one layer
with small-scale temperature inhomogeneities.

3.8.4 Sodar measurements at Payerne — manufacturer’s routine

The sodar manufacturer REMTECH S.A. offers a software option which automatically
estimates MH values in real time during the system’s operation. According to the man-
ual, it is based on a determination of the peak frequency in the vertical velocity spec-
trum which is then transformed into a wavelength using the measured wind speed. The
manual claims that similarity theory is used to relate this wavelength to the MH. Meas-
urements at different levels are taken into account for the analysis. The method has
been suggested in the literature for the convective ABL (e.g., Kaimal et al., 1982), but
REMTECH obviously uses this principle under stable conditions, too.
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3.8.5 Wind profiler measurements at Payerne

The MH under convective conditions can be derived from the position of an elevated
maximum in the backscatter intensity profile obtained from electromagnetic wind profil-
ers as described, e.g., in White et al. (1991) or Angevine et al. (1994). The procedure
applied in Payerne and the physics behind it are in principle the same as for the sodar
(3.8.3; see also Table 2).
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4, Data sets used for testing mixing height routines

We identified the following requirements for data sets in order to allow the testing of MH
routines:

» Radiosonde ascents, as frequent as possible

« Continuous profile information (e.g., sodar, electromagnetic profiler, high tower)
¢ Measurements of turbulent fluxes at the surface

+ Sufficiently uniform terrain without too much orographic influence

Searching for such data sets, it turned out that their number is rather limited. As can be
seen from the following sections, only data sets of less than a full year were available.
Some of the data sets, such as Payerne and Cabauw, will continue to grow (Cabauw:
until the end of 1996), and a new data set will be built up at Lindenberg, a major
meteorological observatory and aerological station of the German Weather Service
DWD. Future work should be based on these more extensive data sets.

4.1 Cabauw (1995/96)

Cabauw is a boundary layer study site operated by the Royal Netherlands
Meteorological Institute KNMI (Monna and van der Vliet, 1987). It is located between
Utrecht and Rotterdam (51°58°N, 4°56°E, 2 m), surrounded mainly by pastures and
meadows with interspersed small water channels. There are also some small woods
nearby. Data used in this study comprise turbulent fluxes of sensible and latent heat as
derived by different methods from the energy balance measurements and a 20 m mast
providing profiles of wind, temperature and humidity at several levels. A sodar without
Doppler capabilites (manufactured by Aerovironment Inc.) is operated on the site since
the 1970s; it is used to derive mixing height from the backscatter profile. Recently, a
Radian LAP-3000 1290 MHz wind profiler has been installed. The data used in this
study cover the period from July 1995 until January 1996. In addition to the on-site
data, regular aerological soundings from the station De Bilt, which is about 25 km north-
east of Cabauw, have been used.

4.2 Payerne 1995/96

Payerne is the aerological station of the Swiss Meteorological Institute located in the
western part of the Swiss Midland (46°49°N, 6°57°E, 491 m). The Swiss Midland is a
hilly basin surrounded to the north by the Jura mountains and to the south by the Alps.
There are interspersed flat plains of the size of a few to several tens of square kilome-
tres. Payerne is a town of 7000 inhabitants, situated in the south-western part of such a
plain. Thus, in the north of the station there is a plain of several square kilometres. In
the south and west the terrain is hilly and rises 100-200 m above the plain. The
aerological station is located south of the town, on a shelf 50m above. The distance to the
first buildings around the measurement field is 60 m.

The data relevant for this study comprise routine aerological soundings, measurements
of the sensible heat flux, and data obtained from a Remtech PA1 Doppler sodar and a
Radian LAP-3000 1290 MHz wind profiler.
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The sensible heat flux and the friction velocity were measured at 3 m above ground by
eddy-correlation technique using the Solent sonic anemometer / thermometer of the
manufacturer Gill. The measurements were started in August 1995, but continuous
operation was not achieved before April 1996. In addition, soil heat flux and net radia-
tion were measured. Some periods between August 1995 and June 1996 with more or
less clear days have been chosen for the investigation. Their dates are:

August 1995: 22, 23, 31; January 1996: 16-18;
September 1995: 1, 5-7, 22, 29; April 1996: 5, 6, 19, 20;

October 1995: 2, 17-19; May 1996: 5-7, 15-18, 24, 28-31;
November 1995: 6-8; June 1996: 4-6

4.3 SADE (1993/94)

The SADE-93 and SADE-94 experiments were carried out within the SANA programme
(study of changing air pollution situation and its impacts on highly sensitive ecosystems
over Eastern Germany) at the SANA field station Melpitz (51°32' N, 12° 54' E, 87 m)
about 40 km NE of the city of Leipzig. Melpitz is a flat-terrain site situated within
relatively large agricultural fields and pastures. The basic goals of the two field
campaigns were:

1) to determine experimentally the dry deposition of non-reactive and reactive trace
gases over grass in order to verify models that have been developed to simulate these
processes, and

2) to study the influence of certain boundary-layer processes on the observed concen-
tration patterns at this monitoring site.

Therefore, intensive micrometeorological and chemical measurements were performed,
supplemented by local boundary layer studies using different profiling techniques. The
analysis within this study focused on the three intensive observation periods:

SADE-93: 18 — 23 September 1993
SADE-94: 20 - 30 September 1994, and 6 — 11 October 1994

With respect to the mixing height determination, data from the Doppler-Sodar ECHO-
1D and from frequent radiosoundings (64 soundings during SADE-93 and 103 soundings
during SADE-1994) were used. The Doppler sodar was operated by the Fraunhofer
Institute for Atmospheric Environmental Research (Berlin division), and the radiosound-
ings and wind profiler measurements were performed by the Institute of Meteorology
and Climate Research at the University and Research Centre of Karlsruhe. During both
experiments, surface fluxes were derived from gradient measurements (8 levels) and
from eddy-correlation measurements (Kaijo-Denki sonic anemometers) at 5.5 m and
10 m above ground. They have been provided by the micrometeorology group of the
Meteorological Institute of the University of Munich.
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5. Intercomparison of methods

5.1 Introduction

Testing methods for the determination of the MH is difficult because there are no direct
measurements and except in situations with a well-defined convective lid different
methods usually give different results, without a possibility to recognize clearly one as
being correct. One is therefore limited to an intercomparison of methods. By looking
simultaneously at results based on different measuring systems, obtained by different
data evaluation methods (or different preprocessors), and applying one’s expert knowl-
edge about the behaviour of the atmosphere as well as about the methods, it is never-
theless possible to arrive at conclusions. Considering these difficulties, and also the
limited amount of data that could be used in this study (see Section 4), results should not
be seen as final answers.

5.2 Intercomparison of empirical methods

5.2.1 Time series from SADE

Figure 11 shows the mixing heights derived from frequent radiosoundings, sodar and
wind profiler data during four undisturbed days of the SADE-94 field campaign.
Radiosoundings were analyzed using the advanced parcel method (see Section 3.7.2),
while sodar and wind profiler MHs were obtained semi-objectively from the backscatter
intensity by the method described in Section 3.8.1. Excellent agreement between the
different results was found with the exception of 7 Oct 1996; on the afternoon of this
day, there were differences in the MH derived from the wind profiler and the radiosonde.
The ascents at 10 o' clock local time on September 26 and 29 indicate that both remote
sensors (sodar and radar) are well capable of reproducing the rise of the convective MH.
This can also be seen on other days in the Figures shown in Section 5.3.
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Figure 11: Mixing heights during selected days of SADE 94, as derived from different measure-
ment systems (WTR — wind-temperature-radar, sodar, RaSo — special radiosoundings).
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52.2 Stable situations

The sodar-derived MH during stable situations was compared with different analyses of
radiosoundings for all days of the SADE-93 and SADE-94 intensive observation periods
(Fig. 12). The radiosoundings were subjectively analysed with respect to the tempera-
ture profile (taking into account the typical shapes as discussed in Section 1.1), and with
Ri-number methods. The relationships between MHs derived from sodar and with the
Ri-methods are characterized by a lot of scatter, whereas MHs from the sodar and the
temperature profile agree much better. This demonstrates that during stable situations
sodar-derived MHs are strongly influenced by the shape of the temperature profile
which, however, reflects the effects of mechanical turbulence production for SBL types
(a) and (b) only (see Section 1.1 for the definition of these types). The Ri-method based
on the ground level temperatures yields a number of cases with very shallow MHs
(< 50 m) whereas the sodar gives values between 50 m and 200 m. It is hard to check the
validity of the value of Ri. for these circumstances, and they were derived using
radiosonde winds which are not well resolved and sometimes inaccurate near the
ground. Thus, the reliability of these extremely small MHs is difficult to judge, but it
appears possible that they are overestimated by the sodar, also because MHs of less
than 50 m are below the range of the sodar. On the other hand, if the temperature at the
20 m level is used instead of the ground-level temperature in the Ri-number (similar to
the VH method), this results in a number of cases with Ri-number-derived MHs
exceeding the sodar-derived ones, which means that the VH method tends to overpredict
the stable MH.
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Figure 12: Scatter plots of mixing heights derived (a) from temperature profiles and (b) with the
standard Ri-number method (squares: standard method; triangles: with temperature in 20 m
above ground) versus sodar-derived mixing heights for stable situations during SADE-93 (filled
symbols) and SADE-94 (open symbols).

A comparison between MHs under stable conditions in Cabauw, derived from the sodar
and from Ri-number analyses, is shown in Fig. 13a. In contrast to SADE, the sodar MHs
were derived here with a completely automatic algorithm. It has also to be kept in mind
that the Ri-numbers were analyzed from radiosoundings only, not using the detailed
wind and temperature profile from the Cabauw mast. Like in the SADE data, Ri-
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number derived mixing heights tend to be lower than those indicated by the sodar. The
number of extremely shallow MLs is much lower with the VH method than with the
standard Ri-number method. In some cases the Ri-number methods indicate mixing
heights around 1000 m while according to the sodar it should be below 300 m; these
cases belong to the evening transition period, where the Ri methods can pick up the
height of the residual layer. This can be seen from Fig. 13b which contains only mid-
night data. For the bulk of the data, the agreement between sodar-derived MHs and
those obtained with the VH method is not too bad, though the sodar data tend to be
somewhat higher. The correlation between MHs obtained with the standard Ri-number
and from the sodar does not differ much frecm the correlation obtained for the VH
method, but the standard Ri-number method leads to systematically lower MHs.
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Figure 13: Scatter plots of mixing heights derived by different Ri-number methods (standard
method and VH method) versus sodar-derived mixing heights in Cabauw. a) all stable hours (Hy

< -10 Wm2); b) 00 UTC only.
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Vogelezang and Holtslag (1996) have already shown that their method is superior to
u+/f; Fig. 14 compares the RODOS preprocessor results (which means mainly the
Nieuwstadt formula (A1.1.13) and only in a few cases the u+/f formula, see Section 3.5)
with sodar-derived MHs. For the midnight soundings, RODOS output has about the
same quality as the Ri-number methods while for all stable hours it appears even to be
superior. The latter impression, however, is merely caused by the higher weight of the
few outliers from the ETP in the Ri-number data, whereas in RODOS (which could be
applied every hour as it needs only surface data) many regular night hours contribute to
the correlation. In this plot, the artifical cut-off of the sodar-derived MHs at 50 m is
clearly visible. Thus, in spite of the physical weakness of the similarity formula used in
RODOS, it yields useful results in midlatitudes and appears to be superior to wu+/f.
However, a comparison using a well-resolved temperature and wind profile in the VH
method and sodar data with manual quality control is still missing, and these results
also do not jusitify the inclusion of fin the similarity formula.
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Figure 14: Scatter plots of mixing heights from RODOS (mainly Nieuwstadt’s formula A1.1.2)
versus sodar-derived mixing heights in Cabauw. a) all stable hours (Hgy < =10 Wm2); b) 00 UTC
only.

5.2.3 Unstable situations

Comparisons of different methods based on empirical data of the SADE campaigns
during daytime are shown in Fig. 15. There is a very good agreement between the
results of the parcel method on one hand and sodar-derived MHs as well as MHs
evaluated subjectively from radiosoundings on the other hand, except for a small
number of outliers. The agreement between the parcel method and the Ri-number
method is also very good, only the SADE-1993 data include a few outliers. The
comparison between the standard and the advanced parcel method shows rather small
scatter while the MH obtained with the standard parcel method are slightly lower than
those from the advanced method. From the other comparisons, it appears that the
advanced method is unbiased.
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Figure 15: Scatter plot comparing a subjective evaluation of the MH based on radiosoundings
(temperature, humidity, wind), a semi-objective evaluation of sodar backscatter data, the simple
parcel method and the standard Ri-number method with the advanced parcel method. Data sets
from SADE-93 (full symbols) and SADE-94 (open symbols), unstable hours only.

Fig. 16 shows results from Cabauw (cases with Hg > +10 Wm-2). All the methods (simple
parcel, advanced parcel, standard Ri-number, VH Ri-number) correlated well (r > 0.9)
with each other, and without significant biases. The standard Ri-number method and
the simple parcel methods yield almost equal results. The reason for this is that under
convective conditions, where the wind shear is usually small, Ri-number and parcel
methods are almost equivalent. Especially, the simple parcel method is equivalent to the
standard Ri-number method if Ri. = 0 were used.
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The comparison between the standard and the VH Ri-number method (Fig. 16) shows
that the VH method overpredicts low MHs (< 500 m, according to the standard method)
as compared to the standard method, and has a weak tendency to underpredict for high
MHs: If both methods are compared to the advanced parcel method, a better correlation
(0.82 instead of 0.75) is found for the standard method than for the VH method.
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Figure 16: Scatter plots of mixing heights derived by the standard and the VH Ri-number and
the simple and advanced parcel method at Cabauw, unstable cases.

5.2.4 Conclusions

In the CBL, the Ri-number methods give very similar results to the parcel methods
when the same near-ground temperature is used. Thus we can recommend to use either
the advanced parcel method or a Ri-number method where the near-ground temperature
contains an excess temperature as in the advanced parcel method (this has also been
suggested by Vogelezang and Holtslag, 1996). For boundary layers where shear-pro-
duced turbulence is important, Ri-number methods should be preferred to the parcel
method even if the ABL is unstable. From the limited data available in this study, it
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appears difficult to judge the relative performance of the standard and the VH Ri-
number method. The development of the VH method was based on the sodar mixing
height data in Cabauw. As the critical Ri-number in the VH method has been deter-
mined from Cabauw sodar data (obtained with an automatic routine), evaluations with
other, independant data sets are necessary before final conclusions can be drawn.

During stable situations, sodars give a reasonable magnitude of the MH though some-
times they may overestimate it. During the morning of well-developed convective days,
there is usually a period when the rise of the CBL is very well captured by the sodar.
However, sodars cannot locate the MH if it exceeds the range of the instrument! . Hence,
a large part of the convective hours are not covered by sodar MH data. This can be seen,
e.g., in the time series plots shown in Section 5.3. The problem of the automatic routines
(Cabauw, Payerne, Remtech) is to recognize when they can give a useful MH and when
the MH is beyond the sodar range. The routine of Remtech shows a lot of unexplainable
variability during all times of the day. The limited number of MHs derived from the
wind profiler in Payerne indicates that presently this automatic method either is not
able to produce useful results (Fig. 17).

There is no doubt that the minimum MH of 150 m applied in the OML preprocessor is
not corroborated by observations over rural terrain.
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Figure 17: Scatter plot comparing the mixing height as detected by different remote sensing
systems using automatic routines with results of the advanced parcel method in Payerne
(12 UTC soundings).

1) In principle, similarity methods allow the determination of the MH even in this case,
but in practice they do not work well enough.
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5.3 Intercomparison of preprocessor modules

In the following, the behaviour of the MH modules included in different preprocessors
(OML, HPDM, ST [= Servizio Territorio library], FMI and RODOS) is discussed and
compared with each other and with the results of empirical methods for selected days.
The empirical methods are based on radiosoundings and sodar measurements. The
radiosoundings were analyzed with the Ri-number method and — for hours with positive
heat flux — the parcel method. Sodar-derived MHs are the only empirical method
available which gave continuous information, but they are limited to night-time and
shallow convective boundary layers. We believe that in general these empirical methods
reflect the real evolution of the MH in a reliable way. Looking at a number of different
methods together may produce somewhat confusing figures (especially in black and
white), but it enhances the understanding of the situation and the possibility of identify-
ing unrealistic results. In this way, a number of specific problems of certain preproces-
sors could be identified. In some cases we could identify the cause of these problems
whereas for other problems this was not possible, and it will be a major task for the
model developers to investigate them more in depth.

As all the preprocessors have severe problems in certain situations, it seems to be
premature to compare their results in the form of scatter diagrams.

a) 28-29 May 1996, Payerne (Fig. 18)

OML and HPDM gave similar results during the night. However, during the convective
period of the first day, OML used all the time the MH given by u+/f, while HPDM
produced a convective growth of the ML during the day. Note the difference between the
convective MHs produced by HPDM and ST on the first day, which is probably due to
different initializations. On the second day, HPDM and ST agree well as they both start
from low initial values. OML again uses u+/f, indicating that the convective MH calcu-
lated in OML is lower than the one obtained by u+/f. During the second night, OML gave
its minimum height of 150 m while other methods indicate lower MHs. During daytime,
the sodar/based MHs are erroneously placed within the CBL; the reason for this
behaviour is discussed in Section 3.8.3.

b) 6-7 July 1995, Cabauw (Fig. 19)

On these days, OML produced a growing ML during the daytime, at first determined by
u*/f (growing u+) and then by the convective model. Compared with the sodar, the early
phase of this growth is overestimated by OML (because it uses the u+/f formula which is
not appropriate for this situation) while it is correct in the ST and FMI models. Later on
the day, OML gives MHs which co-incide with the radiosounding while the ST and
RODOS model values remain lower. We cannot explain the behaviour of HPDM on the
first day. The plateau of the MH given by HPDM on the second day is not shown by
other models. During the second day, the FMI model produces an unexplained, unrealis-
tic growth in the afternoon. We consider the sodar values of the night from July 6 to 7
too high, but they show nicely the growth of the ML on the morning of the second day,
co-inciding with the ST convective slab model and the morning radiosounding. However,
while OML reaches the correct MH at noon, ST and RODOS MHs again remain too low.
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Payerne, 28./29.5.1996
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Figure 18: Evolution of the MH in Payerne, 28-29 May 1996, as computed by different preproces-

sors (lines) and as derived with empirical methods (symbols).

Cabauw, 6./7.7.1995
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Figure 19: Evolution of the MH in Cabauw, 6-7 July 1995, as computed by different preproces-

sors (lines) and as derived with empirical methods (symbols).
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c) 14-15 July 1995, Cabauw (Fig. 20)

On the first day, ST produced a too high MH which is attributed to the uniform potential
temperature gradient used by this model, thus not taking into account the stable layer
present above 1300 m. Though the mixing height found by the parcel methods at noon
(1200 m and 1600 m) clearly indicates a well-developed CBL, OML and HPDM used the
mechanical MH for almost the whole day (both days). Again we observe some unrealistic
spikes in the HPDM output. FMI and RODOS start the convective growth of the ML
rather late and thus fail to reach the observed 12 UTC value in time. On the second
day, ST performes reasonably while in the FMI model the MH grows excessively, and
the development in RODOS is again too weak.

d) 12-13 November 1995, Cabauw (Fig. 21)

The sodar was able to detect the mixing height throughout this period, obviously
connected with a strong inversion, and also picked up by the parcel method. OML
detected this inversion as a "sustained lid" and just interpolated the height of this lid
linearly between the radiosoundings. There was a positive heat flux only for a few hours
on each of the two days, as indicated in ST slab model. In contrast to OML, strong winds
with associated high u* cause the HPDM to yield much too high MHs in the first 30
hours. The other models fluctuated around the values observed with the sodar during
the whole period. With the exception of 12 UTC on the second day, the Ri-number
method always yielded MHs considerably lower than obtained by all other methods; the
reasons for this behaviour are not clear at the moment.
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Figure 20: Evolution of the MH in Cabauw, 14-15 July 1995, as computed by different
preprocessors (lines) and as derived with empirical methods (symbols).
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Cabauw, 12./13.11.1995
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Fig. 21: Evolution of the MH in Cabauw, 12-13 Nov 1995, as computed by different preprocessors

(lines) and as derived with empirical methods (symbols).

Melpitz (SADE-93), 18./19.9.1993
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Figure 22: Evolution of the MH in Melpitz, 18-19 Sept 1993, as computed by different preproces-

sors (lines) and as derived with empirical methods (symbols).
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e) 18-19 September 1993, Melpitz /| SANA (Fig. 22)

The OML, the FMI and the RODOS models produced a strong development of the CBL
up to about 1500 m, but there are differences in the onset of the growth, probably
related to the initialization. The ST slab model was not activated during daytime
because there was a short time with slightly positive heat flux already during the night.
HPDM selected its minimum value of 10 m when the heat flux became positive in the
morning until shortly after noon, for unknown reasons. On the second day, we can see
that the FMI model adjusted the MH downward to the observed values of the noon
sounding, but did not correct previous hours or its growth rate. HPDM displayed a very
high growth rate during the second morning, which is higher than the one given by the
slab model of ST and the u+/f formula used by OML. During the second night, u* was
quite high and HPDM gave MHs exceeding those obtained by the other methods. OML
found a lid in the next morning sounding that limited its MH.

i 20-21 September 1993, Melpitz | SANA (Fig. 23)

On both days, the MH did not exceed 1000 m and was detected by the sodar most of the
time. OML and HPDM again showed a too fast growth of the ML because they used the
mechanical formulae. The FMI model started the growth of the ML at the right time,
but with a too high rate, and adjusted downward at noon. The slab model of ST suffers
from the fact that the temperature gradient was taken from the layer 1000-1500 m
which in this case was inappropriate. The RODOS model started the convective growth
much too late, though it reached finally a correct maximum. These two days are exam-
ples where the Ri-number method is equally useful for stable and slightly convective
situations, while the parcel method cannot be used at noon of the second day as there
was a negative heat flux. Due to this negative heat flux, the FMI model switched from
the daytime to the nighttime mode already at noon. On both days, the RODOS model
produced much too low MH from forenoon until the early afternoon. The shrinking ML
during the first half of the night from September 20 to 21 is only picked up by the
HPDM model, while the other preprocessors gave too low values.

g) 7-8 October 1994, Melpitz | SANA (Fig. 24)

The OML and HPDM models showed an explosive growth of the ML in the morning of
the first day, while FMI, ST and RODOS started the ML growth later and at a slower
pace. Sodar and radiosonde data show that HPDM and OML are not realistic. Their
behaviour cannot be explained by u+ either, in contrast to some other cases. The
behaviour of HPDM is even more unexpected than that of OML, which at least shows a
normal convective growth phase between 1100 and 1500 m. The slab model of ST did not
reach a sufficient height, due to its constant temperature gradient, while all the other
models reach the correct maximum MH as indicated by the radiosoundings. On the
morning of the second day, OML, FMI, RODOS and ST all create a very similar growth
of the CBL which is also supported by the sodar data. However, in HPDM the MH rose
until its maximum values of 3000 m, for unknown reasons. During the night between
the first and the second day, all the methods and the sodar measurements are in the
same range, with exception of the ST and RODOS models which lead to considerably
smaller values.
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Melpitz (SADE-93), 20./21.9.1993
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Figure 23: Evolution of the MH in Melpitz, 20-21 Sept 1993, as computed by different preproces-

sors (lines) and as derived with empirical methods (symbols).

Melpitz (SADE-94), 7./8.10.1994
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Figure 24: Evolution of the MH in Melpitz, 7-8 Oct 1994, as computed by different preprocessors

(lines) and as derived with empirical methods (symbols).
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6. Conclusions and recommendations

There are two general possibilities for operational MH determination, namely the
analysis of profile measurements on the one hand and the application of parameteriza-
tions or models based on operationally available data on the other hand. If suitable data
are available, the first option is to be preferred. In convective situations, the most
reliable method at present is the parcel method applied to temperature profiles. The
determination of the MH in situations where mechanically produced turbulence is
important is much more difficult. Given the fact that temperature and wind profiles are
the most widespread information, we consider Richardson number methods to be the
most appropriate ones under such conditions. In many situations, remote sounding data
(sodar, wind profiler, RASS, lidar) can give good results, but it appears premature at
present to recommend them for operational purposes.

It is also possible to substitute NWP model output for measurements, but then the
results strongly depend on the characteristics of the model, especially its ABL formula-
tion. Therefore, no general recommendations can be made here. High-resolution
mesoscale models with good ABL formulation can be useful especially in complex terrain.

For convective boundary layers, the numerical slab model is appropriate, taking into
account the specific recommendations listed below.

In situations characterized by a mechanically determined MH, all the current preproces-
sors rely on similarity formulae involving u* and f, and partly also L. We regard this as
not satisfactory from a physical point of view (see Section 2.2.3). Richardson number
methods appear to be better in this respect, and also according to some published
studies. However, the necessary input for these methods is often not available. Using
numerical models (see Section 6.3, 7) ) may become a solution in the future. In the
meantime, the similarity methods will probably still be used if continuous profile data
are not available, but one should be aware that the implied dependence on f is probably
unrealistic, especially towards low latitudes. For stable conditions, the formula of
Nieuwstadt (1981; A1.1.2) is to be preferred to the simple u+/f approach (A1.1.3).

Since none of the methods and models are perfect, it is recommended to have the results
checked by a qualified scientist, considering the basic data.

We list below a number of specific findings and recommendations which should be taken
into account for the analyses of measurements and the application and development of
preprocessors. In addition, we provide suggestions for future research which appears
desirable to provide a more reliable basis for MH determination under different
conditions.

6.1 Findings and recommendations concerning the analysis of
measurements

1) Parcel methods (for the detection of the convective MH) should be based on the virtual
potential temperature whenever possible. The simple parcel method already gives
reasonable results. If a similarity method is used to calculate an excess temperature,
attention has to be paid to the value to which it is added. If this is the temperature of
the well-mixed CBL, a value of the constant C; (see Section 3.7.2) around 20 appears
to be more appropriate than the values 5 or 8.5 which have been suggested so far. See
also recommendation for future research (6.3.1).
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2) Methods using a Richardson number can also be applied to convective boundary
layers, but then they should use an excess temperature like in the parcel methods to
compute the temperature differences.

3) Under stable situations with low MH, methods using a Richardson number give
questionable results if the wind profile is available from radiosondes only, as such
wind data may be inaccurate and / or not sufficiently well resolved near the ground.
Forming a composite with wind information from other measurement systems (sodar,
mast) might help to overcome this problem.

4) The use of profiles obtained with tethersondes requires a careful preprocessing
including smoothing and removal of trends (substantial local temperature changes
may occur during the ascent or descent of the tethersonde) under the control of a
qualified scientist. This applies also to thethersonde profiles to be used as input in
preprocessors.

5) Direct determination of the MH from sodar data (see Section 2.2.1b) is possible only if
the MH is well within the range of the sodar. This range is typically between about
50 m and 500 m. MHs exceeding the sodar range can theoretically be derived using
similarity methods, but these methods are not sufficiently reliable for operational use.
The preferred method for direct MH determination is to use the backscatter intensity
profile. Problems may occur if it is not known whether the MH really falls into the
range of the sodar, and erroneous conclusions are easily possible in such cases.

6) MH detection routines currently implemented on commercial sodars by manufac-
turers appear to be not reliable. As we did not perform in-depth studies of all such
routines, and as they may be altered in the future, the recommendation we give to
end-users is to have the performance of any routine they want to use carefully
checked on their site, using other reliable methods for comparison.

7) The backscatter intensity profiles obtained from electromagnetic wind profilers
(operation frequency around 1 GHz) are a promising basis for MH determination in
well-developed, cloudless CBLs, as has been shown in a number of published case
studies. However, algorithms developed so far appear not to be reliable enough for
operational use.

8) There are also other remote sensing systems which can be helpful for the determina-
tion of the MH, such as the lidar and the RASS (radio-acoustic sounding systems).
However, they were not considered in detail in this study.

6.2 Findings and recommendations concerning the application and
improvement of preprocessors

1) The numerical integration of a slab model for the CBL should use the actual initial
temperature profile with reasonable vertical resolution. It is not advisable to use a
single or predetermined value(s) of the potential temperature gradient above the ML.
Rate equations in such models should include also the mechanical contribution to ML
growth, parameterized by wux.

2) Preprocessors should allow the substitution of measured data for parameterized ones
at any stage. This requires both that the technical possibility is provided for in the
code, and that the algorithms are able to deal correctly with measured data, even if
they do not follow idealized parameterizations. Preprocessors have to be able to deal
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correctly with such special conditions. For example, measurements include sometimes
cases in which the heat flux reverses its sign more than twice a day, i.e., there are
periods of downward heat flux during the day or upward heat flux during the night.

3) Preprocessors should be able to use all soundings available, not just those at the
standard hours 00 and 12 UTC. Even in the case of standard soundings, the real
launching time of the sounding should be considered, as it may vary by about one
hour around the standard time (see Appendix A3).

4) Preprocessors should be able to work with high-resolution radiosonde data (e.g.,
readings every 10 seconds) and not only with significant levels as reported in the
TEMP part B. This requires appropriate dimensioning of the arrays in the code as
well as taking into account the presence of small fluctuations in the high-resolution
data, which may, e.g., lead to relatively strong positive or negative potential tempera-
ture gradients over small layers in a well-mixed CBL. The preferred solution would
be, in addition to the archival of full resolution data, to provide TEMP part B data
with enhanced resolution in the lower atmospheric layers; some meteorological
services have already started to do so (see Appendix A3).

5) Constants and parameters specific to a certain climatic region (e.g., absolute maxima
or minima of the MH, or criteria to find convective lids) should be clearly documented
in preprocessors, and the users should have the possibility to change such values.

6.3 Recommendations for future research

1) The parcel method is a suitable method for the analysis of measured or modelled
temperature profiles in the CBL. It would be desirable to use the mean temperature
of the well-mixed part of the CBL as a base value, adding an excess temperature
depending on the heat flux and a scaling velocity. Both the practical determination of
the mean temperature from an arbitrary sounding (including cases where the ABL is
not really well-mixed) and the determination of the constants in the calculation of the
excess temperature should receive attention.

2) There is a general need for more work on the SBL. Formulae for the mechanical
mixing height, especially those based on Richardson numbers, should be tested on a
number of data sets. The validity of the MH concepts originating from boundary
layer studies to describe the dispersion of pollutants should be studied, especially
with respect to the effects of intermittent turbulence and of waves in the outer SBL.

3) The development of routines to derive the MH in deep CBLs from the backscatter
intensity profile of electromagnetic wind profilers should be continued with the aim of
operational applicability. Such work would ideally include sodar data to detect the
MH below the lowest profiler range gates, especially under stable conditions.
Supplementing this chain of profilers with minisodars for very shallow MHs should
be considered.

4) The spatial and temporal representativity of mixing heights derived from measure-
ments (including indirect effects, such as those of the initial profile and the heat flux
in CBL slab models, for example) should be studied.

5) It should be investigated whether subsidence velocities and horizontal advection at
the top of the CBL obtained from NWP model output (presently the only practical
source) are reliable enough to improve the performance of CBL models.
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6)

7)

8)

9)

There is still a lack of appropriate scaling for the entrainment layer. The role of
waves at the CBL top and of wind shear across the inversion layer for the turbulent
transport of constituents at the top of the CBL is not completely understood.

Numerical boundary layer models with a good turbulence parameterization, using at
least a prognostic equation for the TKE (closure of the order 1.5), should be con-
sidered as an alternative to simple parameterizations in the future. Especially one-
dimensional models are fast enough to be used operationally even for long data
series.

Using NWP models to provide input for dispersion modelling, specific data
requirements which are different from those of weather forecasting applications
should be taken into account. For example, better temporal resolution of the NWP
model output or providing additional variables such as TKE, Ky or parameters
describing deep convection (venting of the ABL) can be considered.

Techniques to fit parameterizations and models to observed data, such as variational
methods, should be developed and implemented. We believe that this is the most
important improvement which can be made to CBL slab models.

10)We recommend to establish long-term monitoring programmes for the ABL in

different climatic regions, including measurements of the surface energy budget
components, turbulence parameters at several levels, at least two continuous
profiling systems, and radiosoundings on the site or nearby. This goal could be
accomplished by supplementing existing field sites, e.g. sites of national meteorologi-
cal or environmental services.

11)Further dévelopment of remote sounding systems in order to measure turbulence

parameters accurately would bring considerable benefits for MH determination.



70 Mixing Height Determination COST710 wWG2

Acknowledgements

The authors of this report acknowledge the support given by COST through the
European Commission, the Swiss Government (Philippe Tercier), the Austrian
Government (Petra Seibert), Technical University Cottbus (Frank Beyrich) and Risg
National Laboratory. Data for the comparisons have kindly been supplied by the KNMI
(Cabauw data set), the Institute of Meteorology and Climate Research at the Research
Centre of Karlsruhe (radiosonde and wind profiler data during SADE 93/94), the
micrometeorological group at the Meteorological Institute of the University of Munich
(surface measurements during SADE-94/94), and the Institute of Troposphere Research
in Leipzig (management of the Melpitz field site). Ari Karppinen from the Finnish
Meteorological Institute ran the FMI model for the computations of Section 5.3. Special
thanks go to Ernst Dittmann, Bert Holtslag and David Thomson for reviewing a draft of
the report.




COST710 WG2 Mixing Height Determination 71

Appendices

Al Equations for the parameterization of the SBL height

Al.1 Diagnostic Relations

The following basic starting points have been used to derive diagnostic equations for the
parameterization of the SBL height:

* the equation for the Ekman-layer depth & = n (2 Kpr /| f])V/2,

* scaling arguments,

¢ formulation of a criterion for Ri > Ri. at the SBL top

* integration of the hydro-dynamic equations of motion?).

Based on the equation for the Ekman-layer depth and with Kps = u* k 2, one arrives at

2K uxz,

7 with z2,=1.25 m Malcher and Kraus (1983)

(Al.1.1) A

il

The Ekman-layer depth equation with Ky = [z/h (1 - 2/h)3/2 / (1+4.7 2/L*)] x u* h may be
transformed into

us/ f .
Al.1.2 h = 03 —mMmM— N tadt (1981
( ) 031+1.9h/L* ieuwstadt ( )

Derbyshire (1990)

As this formulation contains % also on the right-hand side, it is not well suited for practi-
cal application. One of the possible transformations into a closed solution for 4 is

Lef 14 142282 ).
38 FL

(Al.1.2a) h=

*

The asymptotic behaviour of (A1.1.2) for h/L+ — 0 (neutral stability) provides

AL13) h=¢ yf_
c1=0.2 radiosonde data Clarke (1970)
c1=10.185 Benkley and Schulman (1979)
c1=0.06 hg; from radiosonde data Mahrt et al. (1982)
c1=0.14 sodar data Arya (1981)
c1=0.07 sodar data Koracin and Berkowicz (1988)
c1=0.04 numerical model Delage (1974)

which has also been suggested from scaling arguments.

2) In what follows, generally f is used instead of |f |; this has to be considered for
applications in the southern hemisphere.
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Using a 1-dimensional numerical model with k-e-closure, Estournel and Guedalia (1990)
have argued, that the value for the constant ¢ in (A1.1.3) depends on external conditions,
the following modification is proposed:

(A1.14) h=(014 L« ——f— + b) E;— Estournel and Guedalia (1990)
U

However, the authors did not specify . From their Figure 4 it comes out that b is a time-
dependent function of zg and V. This makes operational application of (Al.1.4) quite
difficult.

Assuming a logarithmic wind profile for a given site (fixed values of f, zp and z,), (A1.1.3)
is reduced to

(A.1.1.5) h=cUjp c=125s Benkley and Schulman (1979)
c=60s Koracin and Berkowicz (1988)

Similarity considerations and scaling arguments were used to derive the "classical"
diagnostic relation for the parameterization of the SBL height:

LL*IA

(Al. 1.6) h= (¢ f
Zilitinkevich (1972)
c2=0.72 comparison with A9 01+ . Businger and Arya (1974)
c2=0.7 non-stationary conditions (ETP) Caughey et al. (1979)
c2=0.74 sodar observations Arya (1981)
revised: c¢g9=0.37..0.43 Garratt (1982a)
cg=10.13 non-stationary conditions, low latitude Garratt (1982a)
cg =0.35 Joffre (1981)
co=0.6 hpg; from radiosonde data Mabhrt et al. (1982)
cg=0.37..0.46 ) numerical model Brost and Wyngaard (1978)
cg = 0.27 } stationary Rao and Snodgrass (1979)
cg = 0.33..0.40 | solution Dornbrack (1989)

(A1.1.6) also follows from (A1.1.2) for the asymptotic limit h/L+ >> 1 (very stable
conditions).

Venkatram (1980) has proposed the relationship L+ = Au+2 with A = 1.1x103 s2m-! for
stable conditions in the absence of any information on the surface heat flux. Using this
formula and f = 104 s~1, (A1.1.6) can be written as

(A1.1.7)  h =csus3? with ¢+ = 3.3x103 s2m~1 ¢y,
where cg is one of the values given in A1.1.6.

Replacing again, as in (A1.1.5) u* with Ujg, (A1.1.7) can be written as

(A1.1.8) h=cUpp32 c=28 Nieuwstadt (1984b)
c=25 sodar observations Gera and Singal (1990)

From similarity considerations and scaling arguments, also the following diagnostic
relations have been proposed in the literature:

(A1.19) h=cL+ c=10 for very stable conditions Arya (1981)
c~6 Mabhrt et al. (1982)
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c~2.4 Kitaigorodskii and Joffre (1988)

(A1.1.10) h=cu+/Ngy c¢~4.13 Kitaigorodskii and Joffre (1988)

(A1.1.11) h=cVg/Npy Rossby and Montgomery (1935)

Laikhtman (1961)

c=0.75 Hanna (1969)

(A1.1.12) h=c —— c=+2 Venkatram (1980)
JfNpy

c=1.2 Neff and Coulter (1986)

The following equations are interpolation formulae between (A1.1.3) (for near-neutral
stability) and (A1.1.6) or (A1.1.9) (for very stable conditions):

-1
(A1.1.13) h=£*-( 1, ‘/E)

f A_O KCh
w=xux/(fL*), Ag=0.3 and Cj=0.85 Zilitinkevich (1989b)
as well as
1 -1
(A1.1.14) h= + f Deardorff (1972)
30 L« 0.35 ux
2
hf h_ hNpy  h [If]l , hyNpvif] e
Al.1l. =1 Zilitinkevich
(A1.1.15) (Chu*) + C. L + Cour + C. Ve + Cyr un ilitinkevic
and Mironov (1996)
Cp = 0.5; Cs = 10; C; = 20;
Cer = (1.0); C;r = (1.7).
h 2 h®
(Al1.1.16) f + ! hf Npv ! =1 Handorf (1996)

+
Ch Uxr Csrz CS Ll‘u* Clr2 u*2
Ch = 0.5; 2= By €2 =0.125.

From the assumption that turbulence production vanishes at the SBL top and the
Richardson number therefore exceeds its critical value, the following equations have
been derived (in all the equations, ® may be replaced by ©,):

V2
= Ri h

(A1.1.17) h=Ri,—h—

B(©f -69)
Ri.=0.33 Hanna (1969), Wetzel (1982)
Ri.=0.5 Mabhrt (1981b), Troen and Mahrt (1986)
Ri.=0.25 Holtslag et al. (1990)
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2 2. 7.2
- - bu?
(A1.1.18) h=Ri, (up = ts)” +(op = 05)” +bu + 2 Vogelezang and Holtslag (1996)
B (gv,h - ev,s)

Ri, =0.25;b=~100;z; ~20 m

W, - V)2
Bl(a®/at), - (0O /] at)glAt
ng2 cosag sinay
Bla@®g /ot |

(A1.1.19) h=Ri Tjemkes and Duynkerke (1989)

(A1.1.20) h=c
c=0.15 Nieuwstadt and Tennekes (1981)

with ag being the deviation angle between the surface wind and the geostrophic wind.

Integrating the equations of motion over the whole (barotropic) SBL, Wyngaard (1975)
has derived the following equation:

2
Us
A1.1.21) h=c——m with ag as in (A1.1.20) and
fVgsinog
c=1.1 Wyngaard (1975)
c=1.6 Brost and Wyngaard (1978)
c=1.56 Rao and Snodgrass (1979)

Al.2 Prognostic Relations

Most prognostic relations for the parameterization of the SBL height can be written in
the form
oh h,-h

(A1.2.0) —= .
Jdt TspL

In (A1.2.0), h. is a stationary limit, which is approached by A during the night. This
process is governed by the characteristic time-scale T. In principle, each of the diag-
nostic equations given in Appendix Al.1 could be used as a definition equation for A,.

With h, according to (A1.1.3) and 1/f being the characteristic time-scale, the following
equations have been proposed in the literature:

(A.1.2.1) 2h_ 0.025 ux* (1 _h Deardorff (1971)
at h,
oh .

(A12.2) —==15f (he - k) Khakimov (1976)
oh us? h 3

Al.2. —=0.06 -|—

( 3) Y 0 iy 1 (he) Smeda (1979a)

Other parameterizations than in (A1.2.1) .. (A1.2.3) for A, and T}, are used in (A1.2.4) ..
(A1.2.7):
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(A1.2.4) h, =« L«

s ‘tSBL=—u* 45+6 "

2
|AV2 1-4Ris K Lo Ngy h
uf 1+ 5h/L* ’

with AV=V,-V, A® = ©p-0, Ri* = hAO|AV|2, § = 1 if oh/ot > 0, and & = O else,

and Ngy =yBy* with y* being yo above k. Binkowski (1983)

The combined effect of an increase in & due to entrainment processes and a decrease due
to the decay of turbulence is described through

AL
(A1.2.5) h, = Riy Iﬁzg ; TSBL = 330m
with Rip = 0.5 Mabhrt (1981b)

From the equations of motion and assuming self-similarity of the vertical profiles of wind
and temperature in the SBL, the following parameterization has been derived:

¢, f V2 sinacosa _
A12.6) b, =2 Ve 30, -09)
B 100/ at] 4 30y /ot
with ¢, = 0.15 Nieuwstadt and Tennekes (1981)

The combined effect of the inertial oscillation of the wind vector and nocturnal cooling
has been taken into account by Garratt (1982a) who suggested a time scale
1/Th = 1/T1 + 1/T2 and the use of (A1.1.6) for the parameterization of h,

(A1.2.7) i_i+i; _1_=i(a®h ﬂ) 1 Xh_.(%‘ti

T, T, T, T; A© ' Ty v,2

) Garratt (1982a)
at ot b

The following relations have been derived from a parameterization of the TKE budget
equation:

(A1.2.8)
* 38(1- Ri
oh =% “ 3 038( th*)IAVhI2 —%u* (Aucosa + Avsina) [+ 5 (AV)» W
it %AV 1+5h7, AV} at
with Ri+ = B h (©4- ©)/ |AV|2 and AV = V3-V. Zeman (1979)

To describe the growth of the turbulent SBL during the initial stage of its development
(h << hg) Zilitinkevich (1975a) has proposed the following relation (from dimensional
considerations):

4

d
(A1.2.9 E[i <w'e'>2 h2] - <wO' sy Zilitinkevich (19752)
Ux

Assuming (w' ©')g and u+ to be roughly constant with time, with ¢ ~ 7.5 it follows

A1.29a) 2 _ 907 ¥l
dat h




76 Mixing Height Determination COST710 wGg2

To describe the time evolution of # for both the CBL and the SBL, Smeda (1979b) used

oh (W) 2B2VeM
(A1.2.10) i AG + BhAO

n =103..102 m1 Smeda (1979b)

A2 Prognostic equations for the parameterization of the CBL height

The majority of equations proposed in the literature to describe the time evolution of the
CBL height has been derived from a parameterization of the heat flux (w' ®') at the
CBL top to close the equation system of a simple mixed-layer (slab) model. The basic
equations of a mixed-layer model (written here for the mean potential temperature in
the bulk of the CBL, ©, are (note that ©® = <@> ):

QE B (wlgr)o__(wlgl)h

(A2.1)

at h
3 (A®) oh 30
A2.2 = yg— ——
( ) at Yo7 "ot
oh
A2.3 -(w'e'), = A=
(A2.3) (w'e’), Py

Similar equations can be written down for the wind components, « and v, and for the
water vapour mixing ratio, g. A large-scale vertical velocity at the CBL top, wp, has been
neglected for convenience, it could be easily taken into account as an additive term to
oh/ot. Consideration of a synoptic-scale vertical velocity implies a time dependent lapse
rate with yo(t) = yo(0) expl-wp(2)t/z] (cf. Carson, 1973; Steyn, 1981).

Assuming that the temperature jump at the mixed-layer top is zero, and therefore
(w'@"), = 0, (A2.1) and (A2.2) can be combined to:

V@I
(A2.4) ok _ w >°.
ot Yoh

This so-called "encroachment"-relation has been shown to provide a good description of
the mixed-layer growth in situations which are clearly dominated by convective heating
from the earth's surface. It has been applied, e.g., by Gamo (1985), Glendening (1990)
and Lyra et al. (1992).

In general, however, (A2.4) underpredicts mixed-layer growth, since entrainment effects
at the top of the CBL cannot be neglected. The heat flux at the mixed-layer top can be
parameterized through the surface heat flux (the so-called flux-ratio-method):

(A2.5) (w' O, =-A(w '9')

Then (A2.3) can be written as

(A2.6) Fyil A A=1 Ball (1960)

A=0.1 Lilly (1968), Deardorff (1972)
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A=02 Tennekes (1973)
A=0..05 Carson (1973)

Assuming d(A®) / ot = 0 and using the flux-ratio-assumption (A2.5), (A2.1) and (A2.2) can
be combined into

oh (w’(~)’)0
(A2.7) _67 = (1+A4) 7 A=0.1 Deardorff (1972), Stull (1976a)
Yo

If one desists from the assumption of a constant temperature jump at the mixed-layer
top but assumes that A® immediately adjusts to the changing conditions at the ML-top
this results in

/@I

A28a) 2 - (1424 @) A 0oros Carson (1973)
at Yoh

A=025 Betts (1973)

This implies

A
1+2A

(A2.8b) AG= Yoh Betts (1973), Carson (1973)

Driedonks (1981)

Further relations for (w' @), have been derived from a parameterization of the TKE
budget equation either integrated over the whole mixed layer or specified at the mixed-
layer top. They mainly differ in which terms of the TKE budget equation have been
neglected and how the remaining terms are parameterized. Considering mechanical tur-
bulence production due to surface friction in addition to the buoyant production from
surface heating this results in

‘0’ }  Awl+ Bl
@azg b O p w _Aw+Bu
at A® BhAG BhAO
A=0.2 B=25 Tennekes (1973)
A=0.2 B=16 Deardorff et al. (1980)
A=02 B=5 Driedonks (1981)

This equation has been studied in detail by Driedonks (1981, 1982b) and is broadely
used today for simulating the CBL evolution (e.g., Chong, 1985; Olesen et al., 1987,
Clarke, 1990; Novak, 1991; Culf, 1992; Zilitinkevich et al., 1992). Thomson (1992)
presents an analytical solution of the complete mixed layer model, comprising (A2.1) to
(A2.3) and (A2.9), valid under certain additional assumptions.

An equation very similar to (A2.9) has been proposed by Smeda (1979b) in his bulk ABL
model to describe ABL height evolution for both stable and unstable conditions:

ol we' Iy
(A2.10) oh _  wO)y uVe
at A© BRAO

n = 102,103 m1
Smeda (1979b)

Assuming again d(A®)/ot = 0 [as for (A2.7)], (A2.1) and (A2.2) can be combined to



78 Mixing Height Determination COST710 WG2

/@I 3
w21n g, p
9t Yok YoBh
A=0.1 B=8.12 Garratt and Francey (1978)
A=02 B=25 Kolarova et al. (1989)

If one again assumes that A@ is in equilibrium with the actual meteorological conditions,
the alternative equation reads

oh (w'®’)0 ud _ (1+24) w? + 2Bu?

(A2.12a) — = (1+24A) + 2B 5 = 5
9t Yo h Yo Bh Yo Bh
A=0.2 B=25 Gryning and Batchvarova (1990a)
For A® this implies
(A2.12b) @ - —Ah-xBL.

(1+ 2A)h-x BLa Yoh

Zilitinkevich (1975b) suggests to consider also temporal changes of the local TKE-level at
the CBL top. These are attributed to the fact that the air which is entrained from the
free atmosphere into the mixed layer has to adjust to the mean energetic level within
the mixed layer (so-called "spin-up"-effect). The "spin-up"-term is of special importance
for near-neutral stability and low values of . Thus, (A2.9) is modified to

3 3
az1y b _AwerBu
at BhA® + cp 03,
A=0.2 B=0 cr=1 Zilitinkevich (1975b)
A=0.25 B=0 cr=1.66 Zeman and Tennekes (1977)
A=02 B=5 cr=15 Driedonks (1981)
A=0.2 B=0 cr=1 Wetzel (1983)

In (A2.13), o,,2is given as 0,2 = w*2+n2u+2, the value for n is normally assumed in the
range n = 1.2 (Zeman and Tennekes, 1977; Tennekes and Driedonks, 1981; Byun and
Arya, 1990). More recent papers describe the relationship between w+ and u* with a
cubic equation, ie. o0yp3 = w+3+n3us3 (Driedonks, 1981, Clarke, 1990, Rayner and
Watson, 1991). Driedonks (1981) points out that this oy, is not identical to a measured
standard deviation of the vertical wind velocity component but is "a scaling velocity for
turbulent fluctuations in the bulk of the mixed layer".

The analogous equation to (A2.12a) considering the "spin-up" term reads

. -1
Yo hz cr LL*Z

0|1+ 24)k —2¢BL. ~ p(1+ Ak —xBLs

w210 2 e
at

A=02 B=25 cr=8 Batchvarova and Gryning (1991)

Although the introduction and theoretical justification of the "spin-up" term is mainly at-
tributed to Zilitinkevich (1975b), it can already be found in an equation proposed by
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Deardorff (1974). The following relation was derived based on experiments in a water
tank and numerical simulations with a three-dimensional boundary-layer model:

18w + 2ud(1-3fh/ux)
oh = * f Deardorff (1974)

at YoBhZ+9w? +0.8u?)

The second term in the numerator of (A2.15) represents a relaxation process during
which & approaches an equilibrium value ke = 0.33 u/f similar to some of the prognostic
equations for the stable boundary layer height. Operational application of (A2.15) was
proposed, e.g., by Smeda (1979a), Wetzel (1983) and Ossing (1987).

(A2.15)

An equation quite similar to (A2.15) is

3 72
oh _ Wit w02 V) Binkowski (1983)
at yeﬁh2+5(w§+9u3)
where V}, is the wind velocity at the top of the EL, while V is the wind velocity averaged
over the ML.
Binkowski (1983) has used (A2.16) to simulate the time evolution of the ABL height for
both stable and unstable conditions with only slight modifications.

(A2.16)

Mechanical turbulence production due to wind shear at the CBL top is additionally
considered in:

Aw3 + Bud
Az16a) N - T
0t BhA®-C|AV|® +cp oy,
A=02 B=5 C=0.17 cr=15 Driedonks (1981)
A=032 B=15 C=1 cr=0.75 Boers et al. (1984)
A=0.18 B=042 (C=0.2 cr=0.8 Rayner & Watson (1991)

Driedonks (1982b) as well as Driedonks and Tennekes (1984) pointed out that the shear
term in the denominator might occasionally cause numerical instabilities when integrat-
ing (A2.16a). Rayner and Watson (1991) therefore propose not only a much smaller
value for the constant C but also a dynamic adaptation of the integration time-step or
the use of (A2.16) in an implicit form:

Aw3 + Bul + C|AVI2 (0h/ab),_
(Az.16h) 2 T i oA
at BhA® +cp o2

with (0h/dt)s.a: being the entrainment rate from the previous time step.

An additive correction term to account for wind shear effects at the CBL top is used in:

Awd + Bud 0.7Ri;! (2 +0.7) Ri;!
(A2.17) ok l p J 1 L
at BhrA® 1+2 (1+0.7Ri;") (1.1-0.7RizY)

with Rip1= T |AV|2ye/ [B (A©)?] Fairall (1984)
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Generally, the parameterization of wind shear across the entrainment layer is still an
unsolved problem. Due to the inherent uncertainties, most authors do not consider this
effect or even dissuade from taking it into account (Driedonks, 1981; Driedonks and
Tennekes, 1984; Deardorff, 1985; Arya and Byun, 1987).

Furthermore, Zeman and Tennekes (1977) explicitly parameterized the dissipation term
in the TKE budget equation which results in:

oh  Aw? +Bud - C, hNpy oy,

(A2.18) - 5 5
.  BhA®-C,|AVI +er oy,

A=05 B~4 C1=0 cr=3.55 C2=0.024 Zeman and Tennekes (1977)
A=06 B=48 C1=0.7c7=4.3 C3=0.030 Driedonks (1981)
A=04 B=0 Cy=0 cr=2 C2=0.020 Arya and Byun (1987)

Equation A2.18 was also used by Benkley (1977) as well as Byun and Arya (1990) with
the same values for the constants as proposed by Zeman and Tennekes (1977). Looking
at the values for the constants in (A2.18) applied by different authors, it becomes evident
that those for A and cr differ considerably from the values proposed for use in connection
with most of the other equations. This is explained by Driedonks (1981) by the fact that
in all equations not explicitly parameterizing the dissipation of TKE, this is achieved by
considering dissipation as a constant fraction of TKE-production, yielding thus different
values for most of the constants.

The CBL growth is parameterized implicitly in

3
R, E
(A2.19) (g +Rip)E+cg Ri3/2| 12| —¢;-2¢, D
(cg + Riy) E +c3 Ri, T+Ri B c1-gcg De
c1=02 c2=0.8 c3=0.1 Zilitinkevich (1989a)
. _ 19k p: PBRA® L. NEyh? h I<w'O'>
with E=—-—=, Ri; = ~ ,R12=——2w*—2, De=<w,®,>0w* = 0

Note that mechanical turbulence production is completely neglected in (A2.19). On the
other hand, (2.19) contains a parameterization of the energy loss to the free atmosphere
associated with gravity wave activity.

Some parameterizations do not consider h itself as the relevant length scale but intro-
duce the entrainment layer depth Ahg, e.g. in

ey 257
a2z b AWl | BEV.clavp

at A® VG
A=0.1 B=005 C=0.001 Stull (1976a,b)
or
@221 o 2 (403 . Bud + ClAVP)

at  BAOAhg

A =0.0167 B=0.5 C =0.0006 Stull (1988)
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- wl@l
Here Ahpg is given through Mg = ( >h .
h -<w'@ >, +(w'e’),

The typical range for the values of the constants A, B and C in (A2.20) was given by
Stull (1976a) as follows: A = 0.1..0.3, B = 0.01..0.22, and C = 0.0008..0.01.

The entrainment layer depth as a relevant length scale in addition to A also appears in

(we)
oh | A, 0
A2.22 9% _ 2A-2E(1 Aty ]
(A2.22) ot LT ¥ 2") A@(“%) _lavp?
h Bh
A=0 E=04 Mahrt and Lenschow (1976)
. 2
with Ahg =2 A" and Riy = 0.25.

A length scale L, which is assumed proportional to the typical wavelength A of the con-
vective eddies is used in

Awd
(A2.23) dh D+ Cown A
at Co BL. A® + cpws L,
A=025 cr=Lsh Co=05 C,=0.15 Mahrt  (1979)

with Ahg = oh/ot Ny
Advection is taken into account in addition to local heating in the following equation:

(A2.24) oh_, <w@' g [1+24) Giwe),
dt AG® 2Y9x

with x being the advective fetch.

Steyn and Oke (1982)

More generalized but much more complicated equations for dh/3¢ have been proposed,
e.g., by Deardorff (1979), Fedorovich (1995) and Fedorovich and Mironov (1995). They
partly even consider horizontal inhomogeneity or the internal structure of the EL. How-
ever, these equations are not suitable for operational application, since they contain
additional constants and parameters which are not really known or at least very
uncertain.



82 Mixing Height Determination COST710 WG2

A3  Questionnaire on the resolution of operational
radiosoundings in WMO Regional Association VI
(Europe) countries

A3.1 Text of the questionnaire

Questionnaire
"Vertical Resolution of Operational Radiosonde Ascents"

issued by COST-710 (Preprocessing of Meteorological Data for Dispersion Models) -
Working Group II (Determination of Mixing Heights)

If the situation is not the same for all of your TEMP stations, please copy this sheet
and fill in separately for each group of stations. If the space provided is insufficient,
please use additional sheets!

1) Name and address of agency filling in this form (if possible, including fax and electronic mail):
2) Contact Person:

3) TEMP stations operated by agency (WMO station code and name, nominal and real launching
hours [UTC] of pTU-soundings):

4) How are significant levels to be reported in TEMP part B selected?

manually, by personal judgement

manually, using graphical instruments

by a computer programme of your own

by a computer programme of the radiosonde supplier

S © © © ©

5) Which are the criteria for selecting the significant levels in TEMP part B?
0 just to meet the WMO requirements

0 resolution usually higher than required by WMO
(please specify your criteria below, separately for wind and temperature!)

6) Do you archive radiosonde data with a vertical resolution higher than transmitted via GT.?

0 yes, on electronic media (please continue with question no. 8)
0 yes, in form of diagrammes or written tables (please continue with question no. 7)
0 no (please continue with question no. 7)

7) Do you consider, or would it be feasible for you, to archive data with higher resolution in
electronic form?

0 yes, with a resolution of
0 no, because
(please continue with question 10)




COST710 WG2 Mixing Height Determination 83

8) When did you start archiving the high-resolution data in electronic form, and what is their
resolution (if specified in seconds, please give also typical rising speed of balloon in the lower
troposphere?

9) Are you able to deliver sets of high-resolution data on electronic media for periods of several
years? (This question refers to the technical possibility only and not to commercial aspects such
as fees charged for data.)

yes
no

10) Would you be in favour of an internationally agreed format for the archiving of high-
resolution radiosonde data?

yes
no

11) Considering the technical progress in radiosonde technology, data handling and trans-
mission, what is your opinion concerning an enhanced minimum standard for the vertical
resolution of TEMP part B data (at least in the lower troposphere)?

I would welcome that

I would welcome that, but our agency is not yet technically prepared for

I do not think that this is important, but we could change / have already changed
our practices

) I do not think that this is important, and it would not be easily possible for us to
change the current practice
o other:

Space for additional remarks:

A3.2 Results

Abbreviations used in the table:

Significant level selection method (S.L. selection method):
CO ... own computer programme
CS ... computer programme of radiosonde supplier
MG ... manually, using graphical instruments

High resolution data archive (high res.d. arch.):
C ... computerized archive
P ... archived on paper (charts or tables)

Improved WMO standards for TEMP part B (imp’d WMO stnd.):
Y-NP ... yes, but not yet technically prepared for that
NI ... not important, but better standards already implemented

The present WMO regulation on the selection of the significant levels for TEMP part B

Countries which provide resolution better than WMO standards are shaded.
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Country # of # of real | S.Lsel- S.L sel high | hrd. | hrd. | ableto | intern. | imprd
sta- asc. | ascent | ection criteria tes.d. | arch. | resol. | deliver | format | WMO
tions | /day time | method (GTS) arch. | since hrd archive | stnd.
Austria 035 1 2 -0:40 Cco WMO C 1987 | (21) Yes Yes Yes
010,120,240 3 1 ? CS WMO C 1994 | (22) No Yes -
Azerbaijan 1 1 - MG WMO P ? ? No Yes No
Belgium 2 2 - CS WMO C (11) 10s Yes No Y-NP
Bulgaria 1 2 -0:30 CcO wWMO C 1960 | 30s Yes Yes Y-NP
Croatia 1 2 -0:45 (13) WMO C 1985 ? Yes Yes Yes
Cyprus 1 1 -0:45 MG wMO No - - No Yes Y-NP
Czech Rep. 1 4 (12) CS WMO C 1971 Yes Yes | Y-NP
Denmark 7 2. S CS better (14) C 1991 ? Yes Yes Yes
Finland 3 2 - CS WMO C 1961 | 10s Yes Yes Yes
Erance T - - v e e e vy ]
07 LT | better® | C ]1989 | ? | Yes | Yes | - |
notinRAVI | 15 |1 : better. (3) C 1989 | 2 Yes | Yes: -
Germany o e ; - : :
10184,10393 | 2 | 4 1:15. - | better(1) | C |1992.| 10s | Yes Yes | Yes
- all other 7| 2 |18 - |better(l) | C | 1992 10s | Yes | Yes | Yes
Greece 1 2 - CS - Cc 1956 | (15) Yes Yes | Y-NP
Ireland 1 3 -0:45 CS WMO C 1994 | 10s No Yes Yes
ltaly .6 4. ]<1:00 CS. better No : 10s ? Yes Yes::
Jordan 1 1 -1:00 MG WMO No - - ? Yes Y-NP
Latvia LA ai C.. | better (4) P ? 73] No Yes .| Y-NP
Lithunia 1 2 - CS WMO No 1978 ? Yes ? Y-NP
Macedonia 1 1 ? CS WMO C 1995 ? Yes Yes Yes
Netherlands 4 1. |- 4 : - CS. | better (5) C: ] 1993 | 10s.| Yes | Yes:| Yes:
Norway (16)
- 01661 1 4 -0:45 (O] WMO C 1995 | 2s No ? Yes
- 01384 1 1 -1:00 CS WMO C 1995 | 2s No ? Yes
- all other 6 2 -0:55 CS WMO C 1995 | 2s No ? Yes
Portugal 2 2 -1:00 CS ? C 1992 ? (10) Yes Yes
- Acores 1 1 -1:30 | CS (8) (9) No - - No Yes
Romania420 1 | "2 | ? Ccs: {17) (18) | 1994 | 10s Yes Yes Yes
16120, 1 p 2 |2 MG better-. | No| 1994 | 10s No Yes | Y:-NP
15480 1 -2 ? MG WMO. No = : No Yes | Y-NP
Russia 116 - - WMO No - - No Yes | Y-NP
Slowakia 1 2 -0:45 CS WMO C 1991 | 10s Yes Yes Y-NP
Spain 7 2 -0:45 CS WMO P ? ? ? Yes Yes
Sweden 4 - - CS WMO C 1995 | (19) No ? -
Switzerland . .1 |20 1 -1:00 MG | better (7) C 1990 [ 10s Yes Yes: NI
Syria 2 2 ? ? ? ? ? ? ? ? Yes
Turkey 7 2 - CS better ? ? ? ? Yes Y-NP
Ukrainia 8 | 2 - (20) | better.(8) P ? ? No Yes | Y-NP.
- Kyiev 11 4 e (20). | better (8) P ? ? No Yes | Y-NP:
Un. Kingdom |- 8 4 1.-0:45 CS better (23) C 1991 | 2s Yes | Yes <
“Gibraltar | 1| 2 | 045] ©S | beter(23) | _C | 1991 | 2s | Yes | Yes
Yugoslavia 1 1 +0:1 Cs WMO No - - No Yes Y-NP
5
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Footnotes

(1)

(2)
6))
4)
(5)
(6)

(7
8)
€)
(10)

(11)
(12)
(13)
(14)
(15)
(16)
(17
(18)
(19)
(20)

(21)
(22)
(23)

T
dd
ff
rh

surface - 700 hPa: 0.3 K, 10°, 2.5 m/s (T, dd, ff)
700 hPa - tropopause: 0.6 K, 10°, 5 m/s

different sondes are used

surface - 700 hPa: 0.8 K; 15 % (rh); 700 hPa - 300 hPa: 1 K; >300 hPa: 2 K
Troposphere: 1 K, 10°, 5 m/s, 15 % (T, dd, ff, rh); Stratosphere: 2 K

0.5 K, 5m/s, 5% (T, ff, rh)

> 10 kt: 0.5 K, 10°, 10 kt, 10 % (T, dd, ff, rh)
< 10 kt: 30° (dd)

Troposphere: 1 K, 10°, 5 m/s; Stratosphere: 2 K
station 08508: by Vaisala Digicora MW11
station 08508: better: T: specified under FM 35-V Temp

station 08522, 08579: Yes, only for two years (1992, 1993)
station 08508: No

station 06476: 1993; station 06447: 1990

00 UTC and 12 UTC: -0:45; 06 UTC and 18 UTC: -0:30

CO, GMD-A1 with our programm for PC; CS, Vaisala Microcora, from 1.8.1995
better for domestic distribution only

every 50 hPa up to 200 hPa

stations 01400: -0:45 real launching time

better (00 UTC), WMO (12 UTC)

C (00UTC), No (12 UTC)

10 s (first 5 min.), 30 s (5 - 15 min.), 1 min. from 15 min.

MG: stations 33658, 33393, 33837, 33946, 33791,
CS: stations 33345, 33317, 33631, 34300

50% of WMO criteria
30 s - 2 min., depending on height .

T 0.5 K; u,v 2 m/s; computer programme allows manual interaction to control
reported structure

temperature
wind direction
wind velocity
relative humidity
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A4 Bibliography on mixing layer height in the atmosphere

A4.1 Introductory remarks to the bibliography:

The bibliography (consisting of the literature list A4.2 and the cross-reference table
A4.3) contains references to literature dealing with the following topics:

¢ determination of the MH on the basis of measurements
» parameterization and modelling of the MH or the ABL height
* regional variability and climatology of the MH

» dependence of trace constituent concentrations on the MH

Literature on the following subjects is not included:

* oceanic mixing layer

 results of laboratory (water tank, wind tunnel) experiments

* internal boundary layer height

* (nocturnal) surface inversion height (if MH / ABL height is not discussed)
* entrainment zone depth (if MH / ABL height is not discussed)

Certainly, the list is far from being complete. Any additional hints or corrections are
welcome and should be sent to Frank Beyrich.

In addition, the literature list (but not the cross-reference table) should contain all
papers quoted in this report, whether they fulfill the above criteria or not. On the other
hand, not all the literature listed in the bibliography is necessarily quoted in the text of
the report.

A4.2 Literature list
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A4.3 Cross-reference table for the bibliography

The following table is intended to assist in finding the references related to a specific
type of problem. Please note that not all the references contained in the literature list
(A4.2) are included in the cross-reference table, especially text books and papers outside
the subjects defined in A4.1.
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