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Abstract The boundary-layer processes characterized
through turbulent motion are generally very small scale and
sub grid and are represented through different
parametrization schemes in the atmospheric models. Here,
we evaluate the performance of the atmospheric boundary
layer (ABL) parametrization schemes in the COnsortium
for Small-scale MOdelling (COSMO), a non-hydrostatic
atmospheric model by comparing the model simulations
with the concurrent in situ observations over Thiruvanan-
thapuram (8.5°N, 76.9°E, India). With a view to investi-
gating the role of master length scale (/) in simulation of
the ABL features, the default parametrization
scheme based on the 1-D diagnostic closure, is modified by
adopting a new mathematical formulation for /, and the
new approach is implemented in the COSMO model. A
total of three parametrization approaches, including the
two in-built schemes, are designed and the model simula-
tions with these three distinct schemes are carried out for a
total of 9 days. Results obtained from the present study
reveal the role of / in the estimation of eddy diffusivity
coefficients (K,, and Kj) and the associated vertical tur-
bulent mixing. The study also attempts to highlight the
significance of ABL parametrization schemes over non-
homogeneous environment, hitherto least explored.
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Introduction

The atmospheric boundary layer (ABL), extending upward
from the Earth’s surface, is substantially influenced by
energy and moisture from the underlying surface through
turbulent transport processes. The depth of the ABL pro-
duced by this turbulent transport mechanism undergoes
prominent diurnal evolution over a land surface and may
range from as little as 30 m in conditions of large static
stability to more than 3 km in highly convective conditions
(Arya 2001; Holton 2004). The boundary-layer processes
in this layer regulate the fluxes of energy, momentum, and
matter between the atmosphere and land or sea over a range
of scales, varying from local to global. These processes can
be characterized as complex physical and dynamical
interactions dominated by turbulent transport and mixing.
The turbulent motion responsible for this interaction is
generally very small scale and totally sub grid and there-
fore needs to be parametrized in numerical weather pre-
diction (NWP) models (Deardorff 1972; Troen and Mahrt
1986; Pielke 2002; Teixeira et al. 2003; Lee and Hong
2005). The basic role of an ABL parametrization scheme is
to provide the coupling with the surface through the
determination of turbulent fluxes and their vertical diffu-
sion, to give realistic forecasts of near surface parameters
such as temperature, specific humidity and wind and to
provide input to the cloud and convection schemes (Pielke
2002; Teixeira et al. 2003). With the development of high-
resolution atmospheric models used for the NWP,
requirements for accurate ABL parametrization schemes
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have dramatically increased, making them a key element in
the weather and climate predictions, as well as in several
other environmental applications, such as pollutant dis-
persion and biometeorology (Yamartino and Wiegand
1986; Nielsen-Gammon et al. 2010; Hu et al. 2010).
Despite a considerable progress in the prediction of syn-
optic weather conditions through atmospheric models, the
errors and uncertainties associated with the ABL
parametrization schemes in the NWP model simulations
remain one of the primary sources of inaccuracies, espe-
cially for the tropics where small-scale cumulus convection
dominate (Basu et al. 1998, 1999; Lee and Hong 2005;
Pleim 2007a, b; Shah et al. 2010). One of the major chal-
lenges of modelling the ABL processes through
parametrization is the prediction of the temporal variation
of vertical and horizontal structures in response to the
influence of the major processes acting in the atmosphere
and at the Earth’s surface.

A satisfactory performance of the ABL parametriza-
tion scheme in an NWP model is critical for proper
prediction of the diurnal cycle, low-level winds and
convergence, effects of complex terrain, and timing and
location of convection. Further, the role of an ABL
parametrization scheme becomes more challenging when
the surface inhomogeneities such as boundaries between
land and water surfaces (coastline), different types of
vegetation, and hills and valleys influence the atmo-
spheric flow (Arya 2001). In such situations, the terrain
is effectively characterized with surface inhomogeneities
and the ABL itself behaves in an non-homogeneous
fashion over such locations. The parametrization of non-
homogeneous ABL processes in the NWP models are not
widely addressed and require proper attention. In this
regard, we present a detailed evaluation on the perfor-
mance of ABL parametrization schemes in a regional
non-hydrostatic atmospheric model, namely—COnsor-
tium for Small-scale MOdelling (COSMO), for a coastal
domain centred around Thiruvananthapuram (8.5° N,
76.9° E, India), where the ABL processes are mostly
non-homogeneous in nature and are affected through
mesoscale sea-breeze circulation (Anurose et al. 2012).
The main objective of the present research work is to
assess the performance of three distinct approaches of
the ABL parametrization in the COSMO model by
comparing the boundary-layer features in terms of the
vertical profiles of mean meteorological parameters, the
ABL heights, and their diurnal variations obtained from
the model simulations with the concurrent observations.
The study also examines the role of master length scale
in the estimation of eddy diffusivity coefficients, and its
impact on the predictions of mean meteorological
parameters in the lower atmosphere.
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Details of COSMO model and numerical
experiments

The COSMO (formerly known as “Lokal-Modell” in
Germany or “Alpine Model” in Switzerland), a non-hy-
drostatic limited area atmospheric prediction model was
initially developed at Deutscher Wetterdienst (German
Weather Services) for operational NWP and various
research applications on the meso-f# and meso-y scale and
later in the framework of the COSMO consortium (Step-
peler et al. 2003; Buzzi 2008; Baldauf et al. 2011). The
three-dimensional fully elastic and non-hydrostatic atmo-
spheric equations in this model are based on the primitive
thermo-hydrodynamical equations and are solved numeri-
cally with second- or third-order finite difference methods
on a Arakawa-C grid system. The lowest level of the model
is placed in 10 m above the ground and a generalized
terrain following height coordinate system is adopted for
the definition of vertical grid points (Schar et al. 2002).
The prognostic variables include horizontal and vertical
Cartesian wind components, pressure perturbation, tem-
perature, specific humidity, cloud water content, cloud ice
content, turbulent kinetic energy (TKE), specific water
content of rain, snow and graupel, whereas the total air
density, precipitation fluxes of rain and snow are treated as
diagnostic variables.

Parametrization of ABL processes in COSMO

The turbulence length scales vary typically from a few
millimetres to a few hundreds of metres, which are
smaller than the grid spacing of the atmospheric models,
hence a mathematical framework for the representation
of such sub grid processes in NWP models is accom-
plished through parametrization. As the scale of turbu-
lence in ABL is broadly classified into two categories
consisting quasi-local small eddies and the non-local
large eddies, two separate approaches are being followed
in the parametrization of ABL processes (Stensrud
2007), viz;

1. In the first approach (i.e., bulk/slab or mixed layer
model), a well-mixed boundary layer is described
through the evolution of ABL by its depth, its mixed
layer values and the jump in these conserved variables
at the top of the ABL. Though these models are very
simple and realistic, and do not rely on high vertical
resolution, they are difficult to implement in a large
scale model as it involves a moving lower boundary.
Furthermore, these mixed layer models do not handle
the stable boundary layer quite effectively where the
quantities are not so well mixed.
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2. The second approach (i.e., eddy diffusivity or K-
closure) largely rely on the determination of the eddy
diffusivity coefficients for heat (K,) and momentum
(K, in terms of the grid-scale variables and the ABL
processes are explicitly resolved. In this approach, the
effect of small eddies are parametrized following the
Monin—Obukhov similarity in analogy with the molec-
ular diffusion, and the vertical fluxes are assumed to be
proportional to the mean vertical gradients.

The COSMO model offers two different approaches
based on the K-closure for the parametrization of ABL
processes. The first approach, the 1-D diagnostic closure
(hereafter referred to as MYp scheme), makes use of
boundary-layer approximation by imposing horizontal
homogeneity of variables and fluxes resulting in a neglection
of all horizontal turbulent fluxes. This approximation is
applicable when the horizontal scales of motion are much
larger than the vertical scale (Doms 2011). The second
approach, namely the 1-D TKE based diagnostic closure
(hereafter referred to as MYrxgr scheme), is formulated on
conservative thermodynamic variables together with a sta-
tistical cloud scheme following Someria and Deardoff
(1976) in order to incorporate subgrid-scale condensation
effects on the eddy diffusivity coefficients. The basic dif-
ferences in these two ABL schemes are shown through a
flow chart in Fig. 1. In the MY scheme, the mathematical
formulation for the estimation of eddy diffusivity coeffi-
cients is derived from a diagnostic equation for the TKE
based on Mellor and Yamada (1974) second-order closure
scheme. As per this scheme, K,, and K, are treated as
functions of vertical wind shear, stability of the atmosphere
in terms of Richardson number (Ry), and a master length
scale (/). This master length scale is often defined as the
maximum length that an eddy can move vertically during
the process of turbulent mixing with the surroundings, and
therefore broadly represents the maximum possible size of
an eddy. The basic meteorological variables, such as zonal
(#) and meridional (v) winds, together with the potential
temperature (0) are used for the determination of vertical
wind shear (M) and Brunt—Vaisala frequency (N) for dif-
ferent altitude (z) levels, which are later used for the esti-
mation of Ry. The atmospheric stability is then expressed in
terms of the stability functions for heat (S,) and momentum
(S,,). The final yield of eddy diffusivity coefficients through
the MYp scheme is given as:

K, = P.S3?\/(M? - 0,.5,.N?). (1)
Kh = an-Sh-Km- (2)

where the constant parameter o, (=1) denotes the ratio of
diffusion coefficient for heat and momentum at neutral
stratification. This diagnostic form reveals an equilibrium

between the dissipation of turbulent kinetic energy and its
production due to mechanical forcing by wind shear and
thermal forcing by buoyancy. The MY scheme, however
does not account for the condensation and evaporation of
cloud water and its impact on the eddy diffusivity coeffi-
cients. On the other hand, the MYrxr scheme accounts for
the sub grid scale condensation effects by utilizing the
additional conservative thermodynamic variables, such as
liquid water potential temperature (6;), and total water (g,,
= ¢q, + ¢q.) in terms of vapour and cloud respectively, as
shown in Fig. 1. Here the stability functions for heat and
momentum appear to be the solutions of two linear equa-
tions which contain the vertical wind shear (M) and
buoyancy forcing (through 0, 6, ¢, and ¢, as indicated in
Fig. 1) (Baldauf et al. 2011). Finally, the eddy diffusivity
coefficients for heat and momentum in the MY7gg
scheme are derived as per the following equations:

Ky = q.1.Sp. (3)
Kh = q.l.Sh. (4)

In the above two equations, the turbulent velocity scale

(g = V2TKE) is predicted through a prognostic TKE
equation comprising the turbulent production, transport and
dissipation. This scheme also includes the transition of
large scale diffusive turbulence to very small scale dissi-
pative turbulence by the action of small scale roughness
elements, and thereby handles the non local vertical dif-
fusion (Raupach and Thom 1981). In both these schemes,
the master length scale is estimated using the following
equation, as proposed by Blackadar (1962):
K.Z

- .
14 &2 (%)

In the Blackadar (1962) approach, [ is defined as a com-
bination of the Prandtl mixing length with a limiting value
close to the surface and a length scale depending on the
TKE distribution in the vertical column of the boundary
layer as a limiting value towards the top of the boundary
layer. Through the above equation, it is assumed that the
[ varies as k.z close to the surface (where x is von Karman
constant) and attains a constant value of /,, at greater
heights, which prevents the turbulent length scale from
growing infinitely above the surface. In the COSMO
model, the asymptotic length scale (/) is assigned a
constant value of 500 m.

Modification to the master length scale
In both the ABL schemes of the COSMO model described
in the previous section, the master length scale, a mathe-

matical representative of the whole turbulent spectrum, is
treated as a function of height alone. However, such a
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Fig. 1 A schematic

flowchart representing the
mathematical formulations
adopted for the estimation of
eddy diffusivity coefficients of
momentum and heat (K, and
K},) for two default ABL
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representation of / lacks in adequate information on the
stability conditions of the atmosphere (Nakanishi 2001;
Teixeira and Cheinet 2004; Suelj and Sood 2010). It is
known that for extremely unstable and stable stratification
of the atmosphere, the rate of turbulent mixing and asso-
ciated diffusion behave in a different fashion. In such sit-
uations, the mathematical formulation of / must ideally
include the stability effects, so as to represent the vertical
mixing and diffusion processes within the ABL in an
appropriate manner. Several studies in the past have pro-
posed different kind of formulations for /, leading to more
realistic representation of turbulent fluxes and mean verti-
cal profiles (Lenderink and Holtslag 2004; Teixeira and
Cheinet 2004). Based on the large eddy simulation data,
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Nakanishi (2001) addressed the deficiency in the expres-
sion for the / in Mellor and Yamada (1974) scheme through
a new diagnostic equation by allowing variations in the
| with stability. In the present study, we have altered the
MYy, scheme for accounting the stability corrections in the
master length scale by incorporating a new diagnostic
equation for / based on Nakanishi (2001). Thus, in the new
diagnostic closure approach (hereafter referred to as
MYy,.,), the mathematical formulation is exactly same as
that of the MYp scheme, except for an alteration in the
definition of the /. Instead of treating the master length
scale merely as a function of altitude, it is taken to be
dependent on three different length scales as per the fol-
lowing equation (Nakanishi 2001; Suelj and Sood 2010):



Model. Earth Syst. Environ. (2015) 1:38

Page 5 of 13 38

1 1 1 1
= — 6
l ls+lb+ (6)

Lo

where I, [, and [, represent the surface length scale,
buoyancy suppression length scale and an asymptotic
length scale respectively. Within the surface layer, the
magnitudes of /; are defined in a such a way that the master
length scale is constrained from growing infinitely close to
the surface. The second term I, is mainly used to suppress
the magnitudes of master length scale for statically
stable atmosphere, especially in the upper part of the
boundary layer. The [, in the above expression is same as
that in the MYp scheme.

The [; and [, are assumed to be stability dependent and
vary in accordance with the following equations for stable,
neutral and unstable cases:

k(142707 (>0
k=xz, (=0
K.z.(1 —100.0)"%, (<0

whereas, [, is expressed as:

00,
2. — ; >
2.q/N. FL >0 (20
Iy = (02.g + ¢3.q. lq—O.N)/N, %>0; (<0
Vi 2

a0,

— <
00, oz <0

In the above two expressions, { represents the surface-layer
stability parameter, whereas two variables «2 and o3 are
assigned to constant values of 1 and 5 respectively based
on large eddy simulation data (Nakanishi 2001; Suelj and
Sood 2010). The term g is a vertical velocity scale and is
defined as:

g 1/3
qo = (H-W'QLH.Joc) )

vs

The subscripts ‘s’ associated with different parameters in
the above equations are representative of the surface
values.

Numerical experiments in the COSMO model

With a goal of evaluating the performance of ABL
parametrization schemes in the COSMO model, three
distinct numerical experiments, each one with a unique
approach, are carried out and the vertical profiles of sim-
ulated parameters are compared with the in situ observa-
tions over Thiruvananthapuram. Two  numerical
experiments, namely (i) MYp and (ii) MYk corresponding
to the 1-D diagnostic closure and 1-D TKE based diag-
nostic closure approaches of the ABL parametrization

scheme respectively are based on the default configurations
available in the COSMO model. In addition to these
experiments, we have designed a new parametrization
approach, namely (iii) MY}y, in which the role of master
length scale in non-homogeneous conditions of the ABL is
evaluated with a stability dependent definition of / follow-
ing the mathematical formulation of Nakanishi (2001). In
all these numerical experiments, the ABL parametrization
approaches are kept distinct, whereas the rest of the model
physics and numerical techniques remain identical to each
other. Table 1 provides brief summary of the technical
details of the COSMO, together with the model configu-
ration used in the present study. The initial conditions for
all these simulations are extracted from the analyses of
GME, a German global model, corresponding to 0000
UTC, whereas the lateral boundary conditions are derived
from the forecast fields of GME at +3 hourly intervals. The
vertical profiles of different meteorological parameters
obtained from balloon-borne platform form the primary
in situ database. Technical details on the functioning of
balloon-borne GPS sondes used in the present study, sensor
accuracies and method of analysis are described elsewhere
(Subrahamanyam et al. 2012). A total of 72 GPS sondes
were launched from Thiruvananthapuram at +3 hourly
intervals for three consecutive days in February 2011, 2012
and 2013 respectively, when the experimental site wit-
nessed relatively clear-sky weather conditions. For these 9
days, the COSMO model simulations are carried out by
generating +24 h forecast with three distinct ABL
parametrization schemes.

Results and discussions

The present study is carried out over Thiruvananthapuram,
one of the southern coastal stations in the Indian sub-
continent (Fig. 2). The model domain chosen for this study
is mostly heterogeneous in nature with uneven ter-
rain/plantations surrounding the western ghats on one side
of Thiruvananthapuram and the Arabian sea on the other
side. A steep topography on the eastern side of Thiru-
vananthapuram in conjunction with the Arabian sea on the
western sector make the boundary-layer dynamics very
interesting over the experimental site. The vertical struc-
ture of the ABL over this site is effectively influenced by
inhomogeneity in the surface-layer features of the under-
lying terrain, and is also modulated through the presence of
diurnal evolution of meso scale sea-breeze circulation,
thereby providing a natural laboratory for the evaluation of
ABL parametrization schemes under non-homogeneous
conditions. The spatial heterogeneity over this domain in
terms of the roughness length and terrain elevation is
depicted through shaded area and contour lines

@ Springer
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Table 1 Technical description of the COSMO model used in the present study

Dynamics and numerics

Model equations
thermodynamical equations

Coordinate system

Grid structure

Spatial discretization Second-order finite difference
Time integration
implicit)
Initial and lateral boundary conditions

Initial conditions
model)

Lateral boundary
conditions

Top boundary
conditions

Initialization Digital-filter initialization

Physical parametrization

Surface-layer Louis (1979)

parametrization

Moist convection Tiedtke (1989)

Non-hydrostatic, fully-compressible hydro-

Generalized terrain-following height coordinate
Arakawa C-grid, Lorentz vertical grid staggering

Second-order leap frog (horizontally explicit and vertically

Interpolated initial data from the GME (German global
1-way nesting by Davies-type lateral boundary formulation

Rigid lid condition and Rayleigh damping layer

Radiation 0- two-stream radiation scheme based on Ritter and Geleyn
(1992)
Soil model Multi-layer version based on Jacobsen and Heise (1982)
Turbulence Numerical experiments
Parametrization MYp MYrxg MY e
Schemes 1-D diagnostic closure 1-D TKE based diagnostic New approach based
closure on /

Model run configuration

Longitudinal coverage = 74.5°-79.5° E
Latitudinal coverage 6.0°-11.0° N
Horizontal resolution 0.0625°

Vertical levels 50 levels (vertical stretch)

Time integration split semi implicit (At = 60 s)
scheme

respectively in Fig. 2. The grid point closest to Thiru-
vananthapuram in the COSMO model domain is located at
an elevation of about 20 m and the surface roughness
length corresponding to this grid is roughly 0.42 m (Fig. 2).

Behaviour of eddy diffusivity coefficients

The performance of any ABL parametrization
scheme based on K-closure, largely relies on the way the
eddy diffusivity coefficients represent the turbulent struc-
ture within the boundary layer. Generally, the eddy diffu-
sivity coefficients are prescribed to increase with the
intensity of the turbulence, which vary with height above
the ground, mean wind shear and surface heating (Wallace
and Hobbs 2006). The eddy diffusivity coefficients can
change in time and space depending upon the atmospheric

@ Springer

conditions and stability. These coefficients are usually
estimated as a combination of dimensional considerations
and empirical measurements and can be assumed as a
product of turbulent velocity scale and master length scale,
in analogy with the way molecular mixing is related to the
molecular velocities and mean free path. The vertical
profiles of K, and K} are good representative of intensity
of eddy diffusion and also indicate an altitude upto which
the vertical turbulent mixing is dominated, thereby pro-
viding a rough measure on the ABL heights (Stull 1988;
Garratt 1992). With a view to examining the differences in
the structure of the eddy diffusivity coefficients for typical
daytime and nocturnal conditions, we depict the vertical
profiles of K,,, and K}, for three different numerical exper-
iments corresponding to 1430 and 0230 local time of 10
February 2011 in the top and bottom panels respectively in
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Fig. 2 Spatial heterogeneity in the terrain elevation (contour lines)
and surface roughness length (shaded area) in metres over the study
domain in the COSMO model

Fig. 3. The vertical profiles of K,,, and K}, simulated through
three different numerical experiments corresponding to
daytime conditions differ in magnitudes, but the altitude
corresponding to the peak value of these coefficients
remains identical, as apparent from Fig. 3a and b. The
introduction of stability corrected master length scale for
daytime conditions in the MY}, parametrization approach
leads to a significant increase in the magnitudes of K,, and
K}, in comparison to the original magnitudes inferred from
the MYp scheme, in turn indicating the presence of an
intense vertical mixing within the ABL, primarily attrib-
uted to the improved definition of [ in the MY,,,, approach.
While the vertical profile of K, for the daytime inferred
from the MY}, and the MYrgg experiments do not show
any large differences, the peak magnitude of eddy diffu-
sivity coefficient for heat shows a remarkable increase in
the case of the MY}, experiment (Fig. 3a, b). Unlike for
the daytime convective conditions, the vertical profiles of
K, and K}, corresponding to the nocturnal conditions for all
the three experiments exhibit a stable behaviour of ABL
with a very weak vertical mixing in the lower layers, as can
be clearly seen through the low magnitudes of these
coefficients (~1 m?s~'; Fig. 3c, d). In the case of the
MYrxp experiment for the nocturnal conditions, the mag-
nitudes of K, and K;, remain consistently close to unity for
all the lower levels (<1000 m). From these variations in the
vertical profiles of K, and Kj, it is evident that the mag-
nitudes of these coefficients are sensitive to the choice of

mathematical formulation for the master length scale, as
well as on the parametrization approach itself.

Impact of K,, and K, profiles of the vertical structure
of ABL

The eddy diffusivity coefficients directly influence the
vertical diffusion of momentum, and scalar (heat and
moisture) fluxes, and therefore play an important role in the
simulation of vertical profiles of winds, temperature and
water vapour in the ABL. Here, we investigate the impact
of K,, and K} profiles simulated through three distinct
approaches on the vertical structure of ABL by comparing
the model-simulated features with the concurrent in situ
observations. Figure 4a—c and d—f depict the vertical pro-
files of 0, wind speed (WS) and relative humidity (RH)
simulated through the COSMO model, together with the
in situ observations, for 1430 (top panel) and 0230 local
time (bottom panel) respectively on 10 February 2011. The
balloon-borne in situ measurements of 0, WS and RH
corresponding to 1430 local time show a typical daytime
boundary layer, though shallow in nature, extending from
the surface to an altitude of about 250 m (Fig. 4a—c). The
top of the ABL inferred from the peak value of K, and Kj,
profiles (Fig. 3a, b) also indicates the presence of vertical
turbulent mixing up to 300 m. Though the simulated
magnitudes of 0 are 1-2 ° C cooler than the corresponding
in situ observations, their vertical structure also reveals a
shallow convective boundary layer. Simulation of rela-
tively warmer potential temperatures through the MY,
scheme in comparison with the MYy scheme is attributed to
the redefined mathematical formulation of stability cor-
rected / adopted in the former scheme. During the daytime,
the wind speed variations observed through in-situ mea-
surements are mostly benign (<4 m s~!) within the ABL,
and the lower atmosphere is mostly humid (RH > 60 %).
Qualitatively, the vertical profiles of wind speed simulated
through all the three experiments appear in tune with the
in situ observations, however the model could not repro-
duce the altitude corresponding to the peak winds very
accurately (Fig. 4b). Among the three numerical experi-
ments, the MY7xg and MY}, schemes yield very similar
features in the wind speed profiles, which is possibly due to
the identical behaviour of K, profiles obtained through
these set of simulations (Fig. 3a). The vertical profiles of
water vapour simulated through three schemes show drier
ABL as seen through the RH variations, which are mostly
confined to below 50% only, whereas the in situ observa-
tions indicate relatively humid weather (Fig. 4c). In the
case of nocturnal ABL corresponding to 0230 local time,
the vertical profiles of 0 simulated from all the three
numerical experiments reveal features pertinent to the
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stable atmosphere, similar to that seen in the in situ
observations (Fig. 4d). There are no major differences in
the model-simulated ABL features of WS and RH profiles
among the three schemes for the nocturnal conditions.
With a view to quantifying the errors and deviations in
the model-simulated features of ABL with respect to the
in situ observations, we have estimated the root-mean-
square error (RMSE) in potential temperature (Ogysg),
wind speed (WSgyse) and relative humidity (RHgyse)
corresponding to 1430 and 0230 local time for the whole
database, and are depicted in the top and bottom panel
respectively of Fig. Sa—f. While all the numerical experi-
ments reproduced the turbulent mixing within the ABL and
associated vertical structure reasonably well in comparison
with the concurrent observations, the absolute magnitudes
of 6 obtained from the model simulations differ by 1-3 ° C,
as evident from the Ogysg values shown in Fig. 5a and d.
The errors associated with the wind speed simulations for
the daytime as well as for the nighttime conditions corre-
sponding to the lower altitudes (<600 m) are small, with
negligible differences among the three schemes, whereas
for the higher altitudes (>600 m), the WSgysg magnitudes

@ Springer

are relatively higher (Fig. 5b.e). For these altitudinal
regions, the MYp scheme yields relatively large errors,
which are successively minimized in the MY,
scheme through the inclusion of a new [ formulation. The
magnitudes of RHgyse are relatively higher for the noc-
turnal conditions in comparison with the daytime simula-
tions (Fig. 5c¢,f). A comparison of the model-simulated
features in the ABL from three schemes reveals identical
performance in the lower altitudes during the nocturnal
conditions, in turn indicating a less role of the ABL
schemes in the simulation of basic meteorological param-
eters for the stable state of the atmosphere.

Representation of the ABL thickness

The performance of any ABL parametrization scheme is
also linked with its ability in simulating the vertical
thickness of the ABL and its diurnal variations to a larger
accuracy over a given site. The height (or depth) of the
ABL is one of the fundamental variables which determi-
nes several tropospheric processes critical to air pollution,
such as distribution of aerosols, convection, cloud and fog



Model. Earth Syst. Environ. (2015) 1:38

Page 9 of 13 38

1000 1000 b ’ 4 1000 ' g
900 900 o 1 o900} -
800 800 v 1 soo} -
Ay
—~ ' i L ]
= 700 700 g 700
5 600 600 1 soo} -
",g 500 500 MY 4 s00}f .
E 400 400 D { 400} .
< 300 s0f MYris 300}
- MY].new
200 200 GPS Sonde v o)1 200f ]
100} 4 100} :.-" 4 100} .
of 1 o} 1 o} -
0o 1 3 4 s 0 20 100
WS (ms)
1000 1 1000 o 1 oot ¢ i
900 | 1 o900} 1 00} .
800 | 1 soo} 1 soo} -
L - L i 4 L -
g 700 700 | 700
= 600} 1 oo} f 1 600} ]
T 500} 4 soof i 4 500} 4
= |
= 400F 41 400} | 4 400} .
— ]
< 300} 1 300} ¢ 1 300} -
200 { 200} 2 { 200} 1
100} 1 100} 1 100} -
of 1 o} 1 o} -
L L L L L L L L L L L 1 L L L L
22 24 26 28 30 0 1 3 4 s 0 20 40 60 80 100
6 (°C) WS (ms) RH (%)

Fig. 4 Vertical profiles of a potential temperature (6), b wind speed (WS), and c¢ relative humidity (RH) for the daytime conditions (1430 local
time) on 10 February 2011, d—f same as a—c, but for the nocturnal conditions (0230 local time) on 10 February 2011

formation, and vertical extent of mixing and the level at
which exchange with free atmosphere occurs (Bhumralkar
1976; Seibert et al. 2000; Medeiros et al. 2005; Seidel
et al. 2010). In the atmospheric models, the ABL heights
are used as a key length scale to determine turbulence
mixing, vertical diffusion, convective transport, cloud-
aerosol entrainment, and atmospheric pollutant deposition
(Deardorff 1972; Arakawa and Schubert 1974; Suarez
et al. 1983; Wesely et al. 1985; Holtslag and Nieuwstadt
1986; Lin et al. 2008; Konor et al. 2009). Generally, the
diagnosis of ABL heights in NWP models is accom-
plished through the usage of bulk Richardson number
(Rip) profiles, where an altitude corresponding to the
magnitudes of Rip exceeding a threshold value of 0.25 is
identified as the top of the ABL (Sorensen 1998). In the
present study also, the ABL heights simulated from the
three numerical experiments are diagnosed through the
Rig profiles. The mean diurnal evolution in the ABL
heights corresponding to the three numerical experiments,
together with the in situ observations are depicted in
Fig. 6. Since, many of the observational studies advocate
for the usage of virtual potential temperature (60,) and
specific humidity profiles for the markation of the top of
the ABL (Subrahamanyam et al. 2003, 2012), the ABL

height variations inferred through 0, and specific humid-
ity profiles are also depicted in Fig. 6. Here, the vertical
bars indicate the standard errors associated with the cor-
responding measurements for the entire database. Except
for the noontime conditions (i.e., 1130 and 1430 local
time), the ABL heights obtained from the model simula-
tions (ranging from 98 to 877 m) are well in tune with the
corresponding observations (ranging from 100 to 616 m),
thereby reproducing the vertical mixing within the ABL
in a realistic manner for all the three set of simulations.
However, the ABL heights corresponding to 1130 and
1430 local time diagnosed through the model simulations
are higher than the respective in situ measurements;
though the deviations between the ABL heights obtained
from the model simulations and observations through Rig
method for 1130 local time are relatively smaller. For
typical noontime conditions at 1430 local time, the ABL
heights inferred from the Rig profiles, and 6, and specific
humidity profiles respectively are confined to below 600
m only, whereas the model simulations corresponding to
the MY7xg and MY schemes for these conditions indicate
the presence of vertical mixing to an altitude of about
1700-1800 m respectively, reasonably higher than the
in situ measurements. An inclusion of the stability
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corrected master length scale in the MY, set of simu-
lations shows a moderate decrease in the ABL heights at
1430 local time, and the vertical turbulent mixing is
confined to below 1400 m only. Though the magnitudes of
ABL heights from all the three set of simulations for 1130
and 1430 local time are not in good agreement with the
observations, among the three numerical experiments, the
MY, scheme yields constrained vertical mixing.
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From the diurnal variations in the ABL heights inferred
from the in situ measurements through two different
approaches indicate considerable differences for the 1130
local time, which can be attributed to the plausible inho-
mogeneities in the ABL structure introduced by the onset
of sea-breeze over the experimental site followed by the
formation of a thermal internal boundary layer. Under the
influence of sea-breeze circulation, the ABL is
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simultaneously affected with a humid airmass intruding
from the oceanic regions and a relatively dry airmass
prevailing over the experimental site. An interaction of two
such different air masses leads to a significant inhomo-
geneity in the vertical structure of ABL during the onset
phase of the sea-breeze, which generally occurs at about
1000 local time over Thiruvananthapuram in the month of
February (Anurose et al. 2012). During such conditions,
even though the atmospheric flow remains turbulent up to
an altitude of about 1100 m, the vertical mixing of water
vapour is seen to be confined within 600 m only; thus the
ABL heights inferred from Rig method, and 0, and specific
humidity profiles yield two different values. By the 1430
local time, Thiruvananthapuram experiences a well-
evolved sea-breeze circulation and the ABL heights infer-
red from both the approaches yield shallow boundary layer
confined within 550 m (Fig. 6). The model simulations
with three distinct approaches of the ABL parametrization
scheme did not predict a shallow boundary layer for the
noontime conditions, probably due to the lesser sensitivity
of the schemes to inhomogeneous conditions of the ABL
actually prevailed over the site.

Concluding remarks

The present work evaluates three distinct ABL
parametrization schemes based on the K-closure in the
COSMO, a non-hydrostatic atmospheric model over
Thiruvananthapuram. The COSMO model offers two
options for the parametrization of boundary-layer pro-
cesses, viz, (i) the 1-D diagnostic closure (MYp) and (ii) the
1-D TKE-based diagnostic closure (MY7xg). With a view to
investigating the role of master length scale in the these
schemes, a new stability corrected definition for [ is
adopted and a third distinct parametrization
scheme (MY,,,,) is devised and implemented in the model.
The model simulations with these three configurations are
carried out for a total of nine days and the model-simulated
ABL features are compared with the concurrent in situ
observations. Results obtained from this evaluation study
highlight the importance and sensitivity of / in the vertical
turbulent diffusion and in the estimation of eddy diffusivity
coefficients. The discrepancies between the model-simu-
lated ABL heights and the observations for the daytime
conditions can be attributed to the inhomogeneous beha-
viour of the ABL, which require proper attention in future
studies on theoretical formulation of the boundary-layer
parametrization. The main results obtained from this
research work are summarized below:

1. The magnitudes of eddy diffusivity coefficients (K,
and K},) simulated from the three approaches of ABL

parametrization scheme for the daytime conditions
differ in the magnitudes, but they attain a peak at
similar altitudes. There are no major differences in the
behaviour of K, and K profiles for the nocturnal
conditions.

2. An introduction of the stability corrected master length
scale in the MY}, experiment resulted in improved
performance of the wind speed simulations in com-
parison with the MYp experiment, particularly for the
high altitudes. However, the MY}, simulations
exhibit poor performance in the simulations of scalar
quantities, such as 0, and RH in the lower model
levels.

3. Except for the local noontime conditions, the three set
of numerical experiments yield ABL heights close to
the observations; however the model simulations are
found to be less sensitive to the the inhomogeneous
conditions of the ABL during the noontime, as they are
not able to reproduce the observed shallow boundary
layers.

4.  Among the three set of model simulations, the MY},

experiment leads to constrained vertical mixing and
relatively shallow ABL for the noontime conditions.
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