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ABSTRACT

This paper proposes the implementation of differeab-local Planetary Boundary
Layer schemes within the Regional Atmospheric MiodeSystem (RAMS) model. The
two selected PBL parameterizations are the Mediamgle Forecast (MRF) PBL and
its updated version, known as the Yonsei Univerét$U) PBL. YSU is a first-order
scheme that uses non-local eddy diffusivity cogdfitcs to compute turbulent fluxes. It
is based on the MRF, and improves it with an exptreatment of the entrainment.
With the aim of evaluating the RAMS results fordadPBL parameterizations, a series
of numerical simulations have been performed amdrasted with the results obtained
using the Mellor and Yamada (MY) scheme, also wideded, and the standard PBL
scheme in the RAMS model. The numerical study edrout here is focused on
mesoscale circulations events during the summethese meteorological situations
dominate this season of the year in the Westernitstednean coast. In addition, the
sensitivity of these PBL parameterizations to thiial soil moisture content is also
evaluated. The results show a warmer and moigerfér the YSU scheme compared
to both MRF and MY. The model presents as well redéacy to overestimate the
observed temperature and to underestimate thew@as@umidity, considering all PBL
schemes and a low initial soil moisture contentadidition, the bias between the model
and the observations is significantly reduced neoistg the initial soil moisture of the
corresponding run. Thus, varying this parameterahpssitive effect and improves the
simulated results in relation to the observatiddswever, there is still a significant
overestimation of the wind speed over flatter terrandependently of the PBL scheme
and the initial soil moisture used, even though iffer@nt degree of accuracy is

reproduced by RAMS taking into account the différgamsitivity tests.
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1. Introduction

Parametrization schemes describe the contributfooneesolved atmospheric
phenomena in terms of variables resolved at theeffsodiscrete grid. An important
parameterization is the Planetary Boundary Lay&LjPscheme, which accounts for
the vertical transport in the turbulent PBL, andevéhthe air layers are directly affected
by the Earth’s surface. Vertical transport of heapisture, momentum and other
physical properties of the lower troposphere aieedrby PBL processes (Hu et al.,
2010), and low level clouds (Hariprasad et al., 401Therefore, a correct
parametrization of the processes in the PBL isndisddo achieve realistic simulations
(Steeneveld et al., 2008; Garcia-Diez et al., 2013)

PBL parametrizations can be classified dependinghaw they approach the
turbulence closure problem. Local closure schensessolely variables and parameters
that are defined at each model level or its neighbde.g local gradients). In contrast,
non-local closure schemes use in addition to IgEakmeters, other variables that
depend on part of the whole vertical profile of heaoisture and momentum within the
PBL, while in addition local eddy-diffusivity codtfents can be functions of
relationships between separated levels (e.g. diffusoefficients dependent on the PBL
thickness). This is often summarized by referriogthem as local and non-local
schemes (Garcia-Diez et al., 2013). Local schefftess nse a Turbulent Kinetic Energy
(TKE) closure, based on Mellor and Yamada (1982Y (\reafter), and have become
popular, since they can represent the entrainméhttte diffusion of the TKE and the
so-called counter-gradient terms, that allow diffus against the local gradients
(Deardorff, 1966). The MY scheme has been wideBdusithin the framework of the
Regional Atmospheric Modeling System (RAMS) (Cottetnal., 2003; Pielke, 2013).

Additionally, several Mellor-Yamada-based PBL sclenhave been developed within



other mesoscale numerical weather prediction systesoch as the Weather Research
and Forecasting (WRF) model (Skamarock et al., R00& Mellor—Yamada—Janijic
(MYJ) TKE closure (Janjic, 1994) and the Mellor—Yasa—Nakanishi—Niino level 2.5
(MYNN) local closure (Nakanishi and Niino, 2004).

The main aim of the present study is to impleméiffér@nt non-local Boundary
Layer schemes within the latest version of the RAM&]el (Version 6.0) to be used as
an alternative to the MY scheme. Particularly, wareh chosen the Medium-Range
Forecast (MRF) PBL (Troen and Mahrt, 1986; Hong &aoh, 1996) and its updated
version known as the Yonsei University (YSU) PBLoftg et al., 2006). In this regard,
the YSU scheme is a first order, modified MRF scae®ince the MRF scheme lacks
an explicit entrainment formulation at the PBL tgmd also because momentum
transfer is only local and downgradient, Hong et(2006) extended the MRF scheme
with an entrainment flux at the top of the PBL €Steveld et al., 2011). The
entrainment is made proportional to the surfaceyhooy flux while the PBL top is
defined as the layer where the bulk Richardson inesdower than zero (Hong, 2010).
Additionally, in contrast to the MRF scheme, YSlesi® Prandtl number formulation
that allows the Pr to be variable in the verticadfie. Finally, the improvement of the
K-profile model included in Noh et al. (2003) ame thew stable boundary-layer mixing
scheme proposed by Hong (2010) are also considered In the next section, the MRF
and the YSU schemes are introduced in more detail.

With the continuous developments in models and avwgments in PBL physics,
several intercomparison studies have been madedy the suitability and application
of specific schemes over different regions andgudifferent Mesoscale Meteorological
Models (see e.g. Cuxart et al., 2006; Steenevedd. e2008; Hu et al., 2010; Shin and

Hong, 2011; Steeneveld et al., 2011; Garcia-Diedd.e2013; Hariprasad et al., 2014;



Kleczek et al., 2014). For example, using the WRideh framework, Steeneveld et al.
(2011) found that the largest differences betwéenMRF and the YSU schemes occur
at night during strong winds. Additionally, Hu ét €010) compared the YSU scheme
with the MYJ scheme over Texas using a seriesrolilgitions spanning three months
during summer 2005 and using the WRF as a host Inasdsell. They found that YSU
leads to predictions of higher temperature and faweisture, with smaller biases than
MYJ in the lower atmosphere both at day and nighétIn the former case because of
its stronger vertical mixing, while in the latteedause of its enhanced mixing during
nighttime. Furthermore, previous works show thatgeneral, local schemes tend to
produce unrealistically shallow and moist boundagers (e.g. Hong et al. 2006). This
is related to their inability to directly represetdrge-scale turbulence and the
underestimation of entrainment. Other works shawdver, that non-local schemes are
not always more skilful (Deng and Stauffer, 20G6)d that they can produce too deep
boundary layers in windy conditions (Braun and T2@)0; Steeneveld et al., 2011).

In addition, other intercomparison studies havenbapplied specifically to
mesoscale circulations in coastal areas (see emva et al., 2007; Zhong et al., 2007;
Miao et al., 2008; Miao et al., 2009; Challa et @009). For instance, Challa et al.
(2009) used the MYJ and the YSU scheme in the BBggpi Gulf coast implemented
within the WRF environment. This study showed tlta diurnal variation in the
surface wind direction is better represented witlyJMscheme. In addition, the
simulated sea breeze front was more intense inase with YSU PBL, which produced
higher surface convergence, upward divergence amtical motion than the MYJ
scheme.

Finally, as compared to MYJ, YSU scheme tendegrtmluce more realistic

mixing heights both at the coast and inland. Daetimixed layer produced by the MYJ



scheme is deeper near the coast and shallow trdrthan that simulated using YSU
scheme. In another recent study a comparison batwee MYJ, the MYNN local
closure and the YSU scheme is performed using tRé&\Wiodel as well (Hariprasad et
al., 2014). In this case, MYJ and MYNN simulatedrdity reasonably well while
YSU produced large dry bias in the night time. MdGhsiderably overestimated the
winds while YSU simulated moderately stronger wimdktive to observations. The
results obtained by Hariprasad et al. (2014) camrate the findings from earlier
intercomparison studies by Hu et al. (2010), Sinid long (2011) and Steeneveld et al.
(2008) using the WRF model.

Thus, additionally to the implementation of the MRand the YSU
parameterizations within the RAMS framework, theasel aim of the current paper is
based on evaluating the effect and influence off RBL schemes in the model results
when compared to the MY scheme. In this regard, have performed an
intercomparison study focused on summer mesosdatelations over a Western
Mediterranean area. The main reason to select sm$ef atmospheric conditions is
because they prevail against other meteorologicaindéworks during the summer
months in this region (Azorin-Molina et al., 202&zorin-Molina et al., 2014; GOémez et
al., 2014a,b; Gomez et al., 2015a,b). In this mbgaris well known that under weak
synoptic forcing, local scale circulations can ikin coastal areas (Pielke, 2013). The
land-sea temperature contrast is also significdmgier during summer and causes sea
breeze induced convection and local thunderstoRredke, 2013; Azorin et al., 2014).
Thus, we have selected two mesoscale circulatimm the 2011 summer season: the
25-26 June and the 11-12 August periods. Consigighirse two distinct events, we
would like to focus on one event at the beginnihthe summer season and another one

into this season, so as to test whether signifidéférences on mesoscale circulations



arises within the summer and considering the M¥amparison with the MRF and the
YSU schemes. The period 25-26 June was selectesidesimg a situation where clear
skies dominates the atmospheric conditions whigelth-12 August period was selected
to include conditions prone to summer storms (Azetial., 2014).

The paper is organised as follows. Section 2 coatan overview of the MRF
and YSU PBL parameterizations. A description of shedy area as well as the model
configuration and the observational datasets i®diced in section 3. In addition, a
detailed description of the experimental desigralso provided in this section. In
section 4, we introduce the synoptic frameworktfa simulated periods and the model
results. Finally, section 5 is devoted to the déstan and the concluding remarks.

2. Implementation of the non-local PBL packages

In order to understand the model development asdltee a brief description of
the formulation for both the MRF and the YSU partereations is included in this
section. A complete description of the MRF schemgiven in Hong and Pan (1996).
According to Troen and Mahrt (1986), the turbuldiffusion equation for prognostic

variables (C; u, W, q) can be expressed by
9C_ a8 |k [9C_
ot _az[KC(az VC)]

where K is the eddy diffusion coefficient ar’c is a correction to the local gradient

(1)

that incorporates the contribution of the largeleseadies to the total flux (Hong and
Pan, 1996). Equation (1) corresponds to the MRIerseh where the counter gradient
correction applies té and g within the mixed boundary layer. As we séle here, the
non-local diffusion approach is adapted for mixager diffusion, while above this
layer, the local diffusion approach is applied ¢o@unt for free atmosphere diffusion.

The counter gradient term within the mixed bougdayer is given by
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where wc) is the corresponding surface flux férand q, while b is a coefficient of
proportionality (=7.8). In addition, the momentuiffukivity coefficient below the PBL

is prescribed as

2
szkwsz(l—z)
h (3)

where k is the Von Karman constant (=0.4), z ishteight from the surface, and h is the
height of the PBL. The eddy diffusivity Kin (1) is computed from K by using the
Prandtl number Pr, which is determined by the btalzit the top of the surface layer, as
Kn = PF! Kp. In the original formulation of the MRF scheme Mgng and Pan (1996),

the Prandtl number is given by

Pr= (ﬁ +bk—0'1h)

oo @

where Pr is a constant within whole mixed boundayser.

The velocity scale win (2) is represented by the value scaled at opeof the
surface layer, ¥ such as
Ws = U Dt (5)
where u is the surface frictional velocity scale afdigh™ is the wind profile function
evaluated at the top of the surface layer.

The value of®d,, is obtained by satisfying the compatibility withet surface
boundary similarity. The profile functions for montem and heat®,, and @, are
given respectively by

_ (. _0.1h
<Dm— <Dh—(1+5T)

(6)

for stable conditions, and
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for unstable conditions, where L is the Monin-Obokiength scale.

Additionally, the boundary layer height is givey b

herip, eV I
“glo,(h-o,)

\

9)
where Rily, is the critical bulk Richardson number, U(h) is tiorizontal wind speed at
h, and6y, is the virtual potential temperature at the lowastdel level, 6,(h) is the
virtual potential temperature at Bs is the appropriate temperature near the surface.
Numerically, the boundary layer height, h, is obeai iteratively (see Hong and Pan,
1996; Noh et al., 2003; Hong et al., 2006; Hond,®0

Above the mixed layer (free atmosphere), the laliflision scheme proposed by
Louis (1979) is used. In this scheme, the vertid#fusivity coefficients for
momentum(m; u, V) and scalars (b;, q), following Louis (1979) above h, are

represented by

szﬁﬁmFr(QQ)
.h ,( Ig) 0z (10)

in terms of the mixing length |, the stability fuians f,; (Rig), and the vertical wind
shear,qU/oz|. The stability functions.f; are represented in terms of the local gradient
Richardson number Ri

The mixing length-scale | is given by

(11)

where z is the height from the surface. Heyes the asymptotic length-scale (=30 m).



Although the original Ripwas set to 0.5, in the current study we have usedus
of 0.25, consistent with those used in differentdsts within the Iberian Peninsula
(Borge et al., 2008; Hernandez-Ceballos et al.,320Additionally, we must remark
here that the stability functions,f are represented in terms of the local gradient
Richardson number Rig, considering that Rig is medifor reduced stability within
cloudy air. Moreover, the stability functiong,f (Rig) differ for stable and unstable
regimes. In this case, we have adopted the stabilimulas used by Hong et al. (2006)
instead of the original ones used in Hong et &96). This modification of the MRF
model is in accordance with the modifications inmpéated in this PBL scheme within
other mesoscale models, such as the WRF Model (dbal, 2006).

These last variations proposed by Hong et al. §2@® relation with the original
MRF scheme developed by Hong et al. (1996) arespred in the YSU scheme as well.
This parameterization is a modified K-theory, wéh additional countergradient term
that incorporates the contribution of large-scaldies to the total flux. The turbulence
diffusion equations for prognostic variables C @omvind u, meridional wind v,
potential temperature, specific humidity for water vapour g, cloud wateixing ratio

Jc, cloud ice mixing ratio q i ) can be expressediyng, 2010)
9C_a |k [2C_, \_(wcl(2)
ot _GZ[KC(GZ VC) (Wc)h(h)l

, (w C)h is the flux at the inversion layer. The PBL heighis defined as the level in

(12)

which minimum flux exists at the inversion level.cAmplete description of the YSU
scheme is given in Hong et al. (2006). A theorétidavelopment of the explicit
entrainment processes algorithm in the YSU schengeven in Noh et al. (2003).

In the YSU model, the mixed-layer velocity-scaaepresented as



Wso= (u® + 8kw p’z/h 2
(13)
where u is the surface frictional velocity-scale, and twvective velocity-scale for
moist air is
W = (@)W 6,0 h)] (14)
In this case, the counter gradient termtf@nd momentum changed equation (2)

to the next one

y.=b (VVI c )o
Weo (15)

where w'e )0 is the corresponding surface flux for, u, and v. The mixed-layerswin
(15) is defined as the velocity at z = 0.5 h in)(1Bhe eddy diffusivity KK for
temperature and moisture is computed fromiK (3) by using the relationship of the
Prandtl number. As a difference with the MRF modle¢, YSU scheme does not apply
the counter gradient term to g, but to u and v.if\oldklly, the MRF assumes that the
Prandtl number remains invariant with height. Néweless, the stability of the
convective boundary layer itself changes from unistaear the surface layer to stable
at the upper boundary. Accordingly, the Prandtl bams also expected to vary within
the PBL (Noh et al., 2003). Thus, the profile o¢ tArandtl number is proposed to vary
as
P.=1+ (R - 1) exp[a(z —ch)’/ ] (16)
where R is the Prandtl number at the top of the surfagerlgiven by (4) and is an
empirical constant (=0.3).

The flux at the inversion layer for scal@sand g, and vector quantities u and v, is
proportional to the jump of each variable at theeision layer, such as

W ¢ lh=w,4c, (17)



where w is the entrainment rate at the inversion layerngdet al., 2006). In addition,
Noh et al. (2003) considers the entrainment fluxvabh so as to express the penetration
of entrainment flux above h irrespective of lodalbdlity. Here, we consider both effects
within the entrainment zone and the local K apphncaitove. More details about the free
atmosphere diffusion and the parameterization @fethtrainment zone can be consulted
in Hong et al. (2006).

Finally, a revised stable boundary-layer (SBL) goaeterization in included
according to Hong (2010), where the surface bulkreithod with a Rossby-number-
dependent critical value, R, is used, expressed by
Ripc= 0.16(10° Ro) %18
(18)
where Ro is the surface Rossby number, which isrghy
Ro = U /(fozo) (19)
where Up is the wind speed at 10 m from the surfac@)e(:ﬂ('f4 m) the Coriolis
parameter, andyzhe surface roughness length.

3. Numerical simulations and methodology

Both the MRF and the YSU schemes with the chadgesribed above have been
implemented in the RAMS model (Cotton et al., 20Ri&lke, 2013), using version 6.0.
In order to test these parameterizations, sevewahenical simulations have been
performed with this model focused in the Valencieagien (Western Mediterranean
Basin) (Fig. 1). RAMS utilised and operated as a-hgdrostatic, compressible,
primitive equation model with &, terrain-following vertical coordinate system with
polar stereographic coordinates. In addition, RABIGis coupled to a Land-Ecosystem
Atmosphere Feedback Model (LEAF-3) that represtr@®nergy and moisture budgets

at the surface and their interactions with the aphere (Walko et al. 2000). It



incorporates the interactions between soil and ta¢ige, and each on the atmosphere at
a subgrid scale; see Walko et al. (2000) for dedamhodel descriptions.

RAMS was initialized using the National Centre temvironmental Prediction
(NCEP) Global Final Analysis (FNL) at 6 h intervedsidd 1 x 1 degree resolution
globally. In addition, a Four-Dimensional Data Assgation (FDDA) technique was
applied to define the forcing at the lateral bouredaof the outermost five grid cells of
the largest domain. Three nested grids were usgd I with horizontal resolution of
48 km, 12 km and 3 km. In the vertical, a totaléflevels were selected following a
stretched scheme, with a 30-m spacing near thacurhcreasing gradually up to 1,000
m near the model top at about 16,000 m and witlkedéls in the lower 1,000 m.

All simulations used the Chen-Cotton scheme fangwave and shortwave
radiation (Chen and Cotton 1983), and the Kuo-medischeme (Molinari et al., 1985)
for convection on the outer grid (Gémez et al.,£20b; Gomez et al., 2015a,b).

Two different mesoscale circulation frameworks weekected, corresponding to
the periods 25-26 June and 11-12 August 2011. Bechlation was performed for 60
h, with a temporal resolution of 1 h, starting 2tUTC 24 June 2011 for the June period
and at 12 UTC 10 August 2011 for the August franmwdhe first 12 h are treated as a
spin-up period to avoid possibles problems relatethis initialization. Consequently,
the analysis will be fulfilled using the remainid@-h. For each of these simulation
cycles, different runs has been operated usingMie MRF and YSU schemes.
Additionally, considering that we focus the currerirk on mesoscale circulations, the
response of these parameterizations to the irsbdlmoisture (SM) content has been
evaluated as well. The role of the soil moisturiéahization on modelling results has
also been evaluated in other studies (see e.g.\vimget al., 2014; Daniels et al., 2015;

Gbomez et al., 2015b; Kalverla et al.,, 2016). Instlhegard, a set of sensitivity



simulations have been performed for each of the BBlameterizations. Using MY,
MRF and YSU schemes to investigate the influendeitél SM content is a commonly
used configuration in modelling studies (see otk et al., 2009; GOmez et al., 2015b;
Kalverla et al., 2016). In these experiments, twiledent SM values are used to
initialize this parameter at a constant value 1btamd grid points and all soil levels: a
low value of 0.2 mm*, representing the moisture content of the sod &sction of the
total water capacity that the soil can hold, ariigh value of 0.4 fhm, doubling the
original. The two SM values used in the currentdgt@orresponds to the extremes
previously applied by Gomez et al. (2015b). As sulte a total of six simulations were
carried out for each selected period: MY20 (MY sukewith the lowest value of SM),
MY40 (MY scheme with the highest value of SM), MRF@VMRF scheme with the
lowest value of SM), MRF40 (MRF scheme with thehgt value of SM), YSU20
(YSU scheme with the lowest value of SM) and YSW48U scheme with the highest
value of SM).
4. Results
4.1. Cases description

In this section, a brief description of the twdested cases is included. First of all,
we must highlight that in both atmospheric situagiothe Iberian Thermal Low (ITL;
Millan et al., 1997; Millan et al., 2000) is devpé (Fig. 2). For the 25-26 June 2011
period (Fig. 2a,b), this low pressure influences wWest part of the Iberian Peninsula.
On the other hand, a high pressure centre affeetadrth of Spain the 25 June, that is
displaced to the centre of Europe the 26 and affeinly the centre and east part of
Spain extending to the Mediterranean and Europeoirirast, the west of the Iberian
Peninsula is under the influence of relative lovegsures associated with the low

pressure over the British Islands. For this simaireperiod, the 500 hPa data shows that



fair weather conditions are established over thegidim Peninsula, influenced by high
pressures and the -10 °C isotherm positioned dusrarea. This fair weather is also
supported by satellite images (not shown). Undds ttmospheric framework,
mesoscale circulations are expected over east&in.Sp

The 11 August 2011, the Iberian Thermal Low is aleeeloped affecting the west
part of the Iberian Peninsula (Fig. 2c). This lovegsure system is deepened the 12
August, greatly influencing the centre of the IbarPeninsula (Fig. 2d). This synoptic
configuration produces instability over this araga,shown in the significant cloudiness
observed in the satellite images (not shown). Besithe surface situation favours a
south-westernly advection to the north-east coiSpain, reaching the Iberian System
(Teruel Province; Fig. 1), that in addition to thhéow pressure located over the Western
Mediterranean, and promoting a north-eastern wiod, fproduces a located cloudy
development and precipitation storms over the meetl area the 12 August 2011.
However, the remaining east part of Spain showgeimeral fair weather, and remains
under the influence of mesoscale circulations.
4.2. Model comparison with surface weather stations

We focus the discussion on the time series froma fitations (SAN, SEG, XAT,
VIL and VQM), as shown in Fig. 1. As the onset fem breeze in the Valencia Region
is establish between 8:00-10:00 UTC (Azorin et2009), it is usually characterised by
an increase in near-surface temperature at sutuiseo the diurnal heating (Fig. 3), as
well as an increase in wind speed (Fig. 4) ancearathange in wind direction (Fig. 5).
We can observe a strong diurnal oscillation, charazed by the daytime development
of the sea-breeze advecting air from sea to lasidwed by night time surface drainage
winds oriented from land to sea. Thermal circuladiodevelop during the day,

stabilizing a flow pattern advecting air from sedand (Fig. 5).



In terms of the 2-m temperature (Fig. 3), RAMSrogluces the general qualitative
trends associated with the sea breeze. It is obde¢hat SM20 produces warmer results
when compared to SM40, for the three PBL schemeshis regard, the tendency of
RAMS for any of these PBL representations is to resgmate the maximum
temperatures using SM20. It seems that MRF fiteebéhhe observations in general for
nocturnal temperatures, while YSU tends to ovediotethis magnitude. Thus, in
general, there is a warm bias that persist througtite day. Contrasting the different
parameterizations, some differences appear bettleersimulated days. On the one
hand, the YSU scheme is warmer than both MY and MRiRe August period for the
whole day, while the response of these last twemds is rather alike, independently of
the SM value. On the other hand, although thislrésuthe August period is also true
for the June period using SM40, the maximum tempesaforecast by MRF is colder
than the one reproduced by both MY and YSU appl@hpR0, which remains rather
similar for the June period. In terms of processhs, diurnal heating is delayed in
MY20 compared to MRF20 and YSU20 for the June satioh. These results in
temperature agree with those found in other stuas&sg other mesoscale models (see
e.g., Hu et al., 2010). In addition, doubling th&NRS initial SM has its impact on the
forecast of temperature, reproducing its daily etroh properly, specially using
YSU40. Fig. 3 also shows that these tendenciesiargar when comparing the two
selected periods. Finally, considering the VQMistgtthe observations show a sharp
decrease in temperature for the second day of atiool within the 11-12 August
period, starting from 12 UTC approximately. The mip in temperature due to
cloudiness in the area (not shown) is capturedIdB&L schemes with different degree

of accuracy. This tendency in temperature is sitedl®dy both MY and MRF for the 11



August although the observations do not show tliadiness, neither shown by YSU
(Fig. 3)).

Considering the 10-m wind speed (Fig. 4), thera@ss a characteristic wind-speed
overestimation for the whole day (Gomez et al.,420th). In general, drying the initial
SM produces slightly windy results when applying three PBL schemes. Additionally,
the 10-m wind speed is minimally affected betwdss MY, MRF and YSU using the
same initial SM. However, more variability is obgst in complex terrain under the
precipitation environment (Fig. 4j). On the otheand, the YSU scheme shows, in
general, the larger deviations from the observatatighttime when compared to MY
and MRF.

In the case of the wind direction (Fig. 5), RAM&ptures the transition between
the night land breeze to day-time sea breeze ratbkrin general. However, YSU and
MY20 reproduce a marked nocturnal maritime compormympared to the MRF
scheme.

4.3. Model comparison with sounding measurements

The upper air model results are compared withtMhHR sounding (Fig. 1) for the
June period (Fig. 6) and the August period (Fig. BQth figures show that RAMS
reproduces the essential features of the sea bpreperly. The model captures the
switch in wind direction, increase in wind speed aamperature and decrease in
relative humidity within the lower boundary repreteg the sea-breeze layer, as well as
the temperature inversion and a marked decreaseirid speed above this layer
representing the return current. RAMS reproduckthase essential features of the sea
breeze using the different simulations. Howevemeadalifferences arise. The potential
temperature shows that the estimation of the mixinger height is lowered by

moistening the soil for all PBL schemes (Fig. 6d &ig. 7b). As it was observed near



the surface at 12 UTC, comparing these parametieniza MRF is colder than YSU,
affecting to the estimation of the mixing layer digi (Fig. 6a and Fig. 7b). At night
(Fig. 6b and Fig. 7a), the differences between Iscthemes are reduced compared to
the results obtained during the day. In this regahg model is warmer than the
observations, specially considering MRF20 and YSW@thin the PBL and at daytime.
Additionally, the MY turbulence scheme shows a \egoerformance than that of MRF
and YSU. However, the height of the PBL is not alsveaptured correctly, as shown in
Fig. 6a,c and Fig. 7b,d, where the jump of the midé temperature and relative
humidity is less pronounced than observed. Consigehe mixing efficiency and the
entrainment of the different PBL schemes, Fig. l&@s an steeper slope of the mixing
line for MRF and YSU when contrasted to the MY soke This is a common
characteristic of the non-local schemes and iteiated to the higher PBL growth,
mainly due to their description of the entrainmergsulting in enhanced mixing
compared to local parameterizations (Wisse and®fii@rau de Arellano, 2004). On the
other hand, Fig. 6a shows that both MRF and YSUb#xh far more stable upper
mixed layer compared to the observations. Hond.€2806) found that the non-local
turbulent mixing of heat due to the countergradedfect plays a role in neutralizing the
gradient by cooling the lower part of PBL and wargiithe upper part. Contrasting
MRF and YSU PBL schemes, the temperature profiesved a stable feature in MRF
and a near neutral temperature in YSU. Thereforsgems that the stable upper mixed
layer reproduced by the non-local schemes in theentistudy could also be related to a
strong countergradient mixing term. The influené¢dghis term in the vertical profiles
has been evaluated here as well by removing it tteoriginal scheme. Similar results

to those found by Hong et al. (2006) have beeniddan this case (not shown).



On the other hand, for the 26 June 2011 at 00 WHI€ trend is the opposite using
MRF40 and YSU40. Comparing the observed relativaiblity with the simulations for
the June period (Fig. 6¢,d), it is observed thattM& moister than MY and YSU, with
both showing a tendency to under-predict the oladEms using SM40. In this case,
YSU40 is the simulation with the lowest relativentidity within the PBL, while
MRF40 performs better. In addition, Fig. 6¢c showseaondary maximum in relative
humidity near 3,000 m. The observational data @®dron 25 June 2011 at 12 UTC
presents a sharp raise above 2,800 m, stabilizimgnd 3,500 m height. However, the
different simulations follow a steady decrease upwabove the PBL, thus providing a
significant deviation from the observations. Howe¥Yer the August period (Fig. 7c,d),
MY simulates the low-level relative humidity moreitable, still producing a lower
PBL than the one observed. Observations show aldaper (Fig. 7a) and with a
significant higher water content (Fig. 7c) boundeyer compared to model results. In
this regard, the model shows more difficulties wlierecasting the relative humidity
field. Comparing MRF and YSU with MY, it is obsedi¢hat the non-local schemes
reproduce the maximum of the relative humidity witbthe PBL at a higher height,
independently of the SM initialization used. Tresult is related to the estimation of the
mixing height, similar for both the MRF and the YSthemes and higher than the one
obtained for the MY paramaterization. In additias, it was already observed for the
near-surface observations, RAMS shows a windy &iatytime (F-O>0) starting from
the surface (Fig. 6f and Fig. 7e). This trend ismaaned aloft and during the night as
well (Fig. 6e and Fig. 7f). However, in this cake model shows a better performance
for the August period, reproducing the observati@asurately. In this regard, the
differences between the model and the measureraentgreater for the June selected

period. Comparing the distinct PBL schemes, it sed¢nat MY is more windy than



MRF and YSU in the lower troposphere, where littntrast is obtained in general
aloft. Finally, both simulated periods show an edgtwind in the low atmosphere with
a northerly wind aloft at night. It is shown thaBRS is able to capture properly the
upper distribution of the wind direction at daytirffég. 6g and Fig. 7h) as well as at
night (Fig. 6h and Fig. 7g). In this case, soméed#nces are still reproduced between
MY, MRF and YSU. Nevertheless, no significant chesi@re observed in terms of the
wind direction.
4.4. Horizontal simulated patterns

Fig. 8 shows the 10-m wind field and the 2-m re&ahumidity for the 25 June
2011 at 06 UTC. Calm conditions are reproduced lbynadel simulations, with little
differences in the wind flow among the PBL paramigétions and the SM variations.
On the contrary, the relative humidity distributi@hows significant divergences.
Considering the SM modification, YSU is the drissheme while MY is the moistest
one, with MRF in between of both parameterizatidnghis regard, differences higher
than 30% are observed between MY and YSU. Additignaoistening the soil has the
same effect among the distinct PBL schemes, wHeoé them show a moister surface
layer for SM40 when compared to SM20. The sameltresobtained considering the
same hour and the other days of simulation (notvelhoHowever, for both simulated
periods, it has been found that there is a geriematl to decrease the moisture field as
the simulation progresses. This result has alsa Emend by Gémez et al. (2015a) for
the whole 2011 summer season and using MY20, wterevalues obtained for the
relative humidity were higher for the first daysimulation and the differences between
the observations and the model increased for thegmonding forecast two and three
days before the specific day of verification. Arcegtion to this general trend is found

using the highest initial volumetric SM (SM40) witthe MY scheme, but not for MRF



and YSU, specially the latter. In MY40, larger wesuof relative humidity are still
maintained for the second day of simulation, whglparticularly significant for those
areas with precipitation (the 12 August at 15 UMerahe Teruel Province, not shown).
At 15 UTC (Fig. 9), as for the 06 UTC, the windl@l structure in the surface layer
is rather alike among the distinct PBL schemes @ntsidering the two initial SM. In
addition, and contrary to the results obtainedtiier 06 UTC, the near-surface relative
humidity shows similar results for all the simuteits at 15 UTC, but distinguishing
between the SM20 and the SM40. In this case, MRfaies close to MY, while YSU is
the PBL with the lowest moisture values (Fig. #lthough this is the general trend
over areas directly affected by the developmenthef sea-breeze flow (Alicante and
Valencia Provinces), some differences arise oveasawith precipitation (inland Teruel
Province). In this regard, a higher moisture contersimulated by MY for the 11-12
August 2011, specially the 12 August (Fig. 9) dughe development of cloudiness over
the area. This result is also reproduced by RAMS 1h August but with not such a
wide extension as in Fig. 9 for the 12 August (sbbown). However, the results are
qualitatively similar. On the other hand, the wiiholv pattern over this area changes
among the distinct RAMS runs. Focusing on the M¥esue, it is seen that the sea
breeze developed by the MY20 simulation reachemndhlareas, while MY40 blocks
this development to areas near the coast, extertilgnland high moisture towards
coastal sites, due to the increased simulatedathinfid cloudiness. This distribution is
reproduced by MRF40 as well, but affecting inlanelba compared to MY40. However,
YSU40 favours the progress of the sea breeze aidhjesmall area of raised relative
humidity is reproduced by this scheme and the spoeding SM content. The
distribution observed here for the relative hunyidias a concrete relation with the

latent and sensible heat flux. In this regard, MYafd MRF40 present values of



sensible heat flux around 50 WArand even lower over Castell6n and Teruel Provinces
reaching coastal areas in the former case, whittiar areas values of about 300 \W/m
and higher are reproduced by the model (not shown).

Finally, considering the SM20 simulations, althbug high moisture area is
observed inland for MY20, the sea breeze reachghtlgl inland areas than those
simulated by MRF20 and YSUZ20. In this case, sonfierdnces are observed in the
wind field, being MY20 the simulation with the l&s$f penetration of the sea breeze
producing high relative humidity inland. Howeverseems that MRF20 and YSUZ20,
specially the latter, block the sea breeze devesoprearlier, producing lower relative
humidity in those areas unaffected by this windwfldAs previously mentioned, a
general trend to decrease the moisture field isiobtl using SM20 as the simulation
progresses. Thus, the results included here (FifpravIRF, YSU and MY20 could be
related to the differences obtained as the sinmrigprogresses, and the same could be
the responsible of the differences between the e the observations obtained in
the simulation for the relative humidity as well @@s the precipitation field. In this
regard, the deviation observed in the simulatiothef moisture pattern by the distinct
PBL schemes is translated in the correspondingigtation distribution. To analyse
this meteorological variable, Fig. 10 includes dladly accumulated precipitation for the
12 August 2011 simulated by RAMS and observed, idensg the Tropical Rainfall
Measuring Mission (TRMM) Multi-Satellite Precipitah Analysis (TMPA) data. In this
regard, we have used the TMPA precipitation esesiat 3-hourly temporal resolution
(3B42 V7 product) developed and provided by the ddeale Atmospheric Processes
Laboratory at NASA Goddard Space Flight Center.

The TMPA product show that the precipitation gdréarly in the morning inland.

However, no surface data is available over this &oebetter support the satellite data.



Nevertheless, about noon the precipitation is disgdl toward the coast using TMPA,
affecting pre-coastal areas located in the Cast&l@vince in the late afternoon. In this
case, the rain gauge data available within the aoedirms that the rainfall started
between 13 and 14 UTC (VQM weather station) aeddte afternoon toward the coast
(SEG weather station) (not shown). The observedu&woa in the precipitation field is
reproduced using MRF40, but with the large amotirecipitation between 12 and 18
UTC. In this case, MRF20 reproduces low preciptatbut covering the area observed
using the TMPA data. MY40 produces the highestwamsof precipitation. In addition,
based on the rainfall trajectory observed using AMRta, this simulation displaces the
greatest amounts inland. However, MY20 follows ttriiectory of the precipitation
toward the coast. Considering all PBL simulatioriSJ20 is the one with the lowest 3-
h accumulated values, below 2 mm, lower than tlobserved.

In terms of the 24-h accumulated rainfall for 2 August 2011 (Fig. 10), it is
seen that the pre-coastal precipitation observeélerCastellon Province is only slightly
reproduced by MY20 (Fig. 10a). This simulation ahrces the rainfall distribution
properly, but with a significant overestimationantl. However, MY40 produces a great
amount of precipitation covering a wider area (Ai@d). This high precipitation is also
obtained with MRF40 (Fig. 10e), with a lesser egten compared to MY40. Finally,
YSU shows absolute amounts of precipitation realbge to the observations (Fig. 10f).
However, the precipitation distribution is displddewards the coast in this case, while
it is observed inland (Fig. 10g).

Non-local schemes, such as the MRF and YSU pageairations, tend to produce
more vigorous mixing, leading to a more efficienvisture transport up to the higher
atmospheric levels. In contrast, local schemesh sag the MY parameterization,

produce stronger capping inversions due to a sepptetransport of moisture and heat



to the free atmosphere increasing the convectialable potential energy (CAPE),
thus affecting to the development of clouds and#efall distribution (Wisse and Vila-
Guerau de Arellano, 2004). In this regard, lochlesces tend to produce more extreme
precipitation rates when simulating convective ppiation events. These results have
also been found in the current study. On the otiaexd, the differences obtained in the
cloudy development and the rainfall distributiomg(FLO), contrasting not only the PBL
schemes but also the SM content, are also inflagritie mesoscale circulations in the
vicinity of the storm, as it was already mentiomdéave (Fig. 9).
4.5. Vertical smulated patterns

Fig. 11 presents the distribution of the relathwenidity and the wind field for a
vertical cross section at latitude 40.53 °N, cqroesling to the VQM weather station
location, for the 11 August 2011 at 15 UTC. Moistgnthe soil produces the
corresponding effect on all PBL schemes withinltweer troposphere. In this regard, a
lower mixing height is obtained as a consequencenofeasing the SM content.
Considering the SM20 simulations, it is found thBt produces a moister mixing layer
(Fig. 11a) than MRF (Fig. 11b) and YSU (Fig. 1%xditionally, the non-local schemes
produce a more extensive area with upward ciranatnot simulated by MY. As a
result, it seems that the non-local parameterinattcansport more moisture away from
the surface and deposits the moisture at higheidein this sense, a stronger vertical
mixing is obtained with the MRF and YSU models thesing MY, thus leading to a
drier PBL at 15 UTC. Thus, differences in vertiogsiking would create divergences in
the vertical development of the PBL. This is cotesis with the results found using
other mesoscale models, such as WRF, and othergggogal areas (Hong and Pan,

1996; Srinivas et al., 2007; Hu et al., 2010).



Moistening the soil has a significant impact oa #BL structure. In this regard,
the vertical motion observed using SM20 is notalelguced by SM40 using all PBL
schemes. As a result, the moisture remains trapjithch a lower layer and close to the
surface layer, thus leading to a reduction in tiveng height. The result is in contrast
with that found for SM20, where this moisture iansported upwards. Comparing
MY40 (Fig. 11d) with MRF40 (Fig. 11e), the formearmoister in the valleys while the
later still moves it to higher levels. The patteeproduced by MRF40 is also seen using
YSU40. However, in this case, even lower valueelative humidity are obtained. This
reduction in the vertical relative humidity is alsbserved between MRF and YSU
using the initial SM20 content (Fig. 11b,c).

Finally, in order to obtain a better understandifighe vertical structure developed
by the different PBL schemes, Fig. 12 and Fig ¥iacluded. In this regard, Fig. 12
shows the vertical profile of the potential tempere, the water vapor mixing ratio and
the horizontal wind speed for the VIL weather statior the 25 June 2011 (left) and the
11 August 2011 (right) at 06 UTC. The different mabgsimulations for SM20 and SM40
separately have similar overall values of verticaltegrated potential temperature and
moisture. However, significant differences are obseé in the lowest troposphere. In
this regard, while YSU simulates a clear stratifma in the surface layer, MY and
MRF, specially the first one, shows a strong inerdayer (Fig. 12a,b) and a sudden
change in the moisture field (Fig. 12c,d) both 820 and SM40. MRF remains in
between the other schemes below 300 m approximatbile MRF is very close to MY
upwards. Additionally, YSU produces higher temperad and less moisture than MY
below 1,500 m, as was also obtained for the sogndiita at 00 UTC (Fig. 6 and Fig. 7)
while all three schemes are very similar to eadfeiotupwards. On the other hand, the

effect of moistening the soil is well reflected tine lower troposphere through the



temperature and moisture fields. Finally, duringhtiime, wind speeds increase with
height rapidly in the lowest 500 m approximatelyd anlow-level jet (LLJ) develops
considering all parameterizations (Fig. 12e,f). this regard, since eddy viscosity
declines near the surface, all the schemes tempdogtuce large low-level wind shear.
However, some divergences still arise among treetRBL schemes. In addition, MY is
the parameterization with the highest wind speeithénlower troposphere. Besides, the
wind speed predicted with MY increases more rapidlyhe lowest 300 m than that
predicted by YSU, resulting in stronger LLJs. Asansequence, during the night, MY
predicts a weaker vertical mixing of momentum nter surface than that predicted
with YSU. On the other hand, although the effectnafistening the soil is reflected by
MY and MRF, YSU20 remains rather similar to YSU4fdw 1,000m approximately.
During the day (Fig. 13), SM20 produces similaximg layer heights over flat
terrain than that simulated by SM40 in general. Eesv, in more complex terrain,
SM20 leads to a deeper PBL layer (not shown). Deisaviour is observed in VIL
location (Fig. 1) as well at 12 UTC. However, tigposite trend is obtained at 15 UTC
(Fig. 13a,b) for the MY runs. In this case, thetieat wind speed exhibits significant
differences over the VIL location in relation tcetbther sites used in the current study
(Fig. 1). Despite the fact that RAMS simulates eatbimilar vertical wind speeds over
flatter terrain and using both SM20 and SM40, theran opposite tendency in this
magnitude over more complex terrain (VQM; Fig.vilpere SM20 simulates an upward
motion while SM40 produces a downward circulatidrhis result is of special
significance for the MY runs, but is not obtainesing the MRF and YSU schemes. In
contrast, considering the VIL site, there is a ieaitlayer from 500 to 1,500 m
approximately, where MY40 produces an ascend \&nimtion, while MY20 produces

a descending trend (not shown). This result is supd by Fig. 13a,b, where the



general trend of a deeper PBL when drying theisaproduced by RAMS using both
the MRF and YSU runs. In this regard, YSU producigher temperatures than MRF,
both for SM20 and SM40.

Although the MY runs predict higher temperaturd &ss moisture above 1,500 m
than MRF and YSU, they produce lower temperatures lagher moisture below this
height. In general, MRF is in between MY and YSUhc® again, Fig. 13c,d shows that
the non-local schemes transport more moisture dway the surface and deposits the
moisture at a higher level, as it was also indidateig. 12.

Finally, considering the vertical profile for thend speed, Fig. 13e,f reflect that
MY leads to a higher predicted magnitude than #iaulated by YSU. This result is
obtained considering both initial SM contents. Heere although the thermodynamic
scalars show that MRF remains in between MY and YStérms of heat and moisture,
the vertical profiles of wind speed indicates timathis case the MRF scheme produces
low wind speed than the other PBL parameterizatibath using SM20 and SM40, as it
was also already obtained for the MUR sounding.(6&).

5. Discussion and conclusions

In the current work, we have implemented two PRin4ocal schemes widely
used by the scientific community, the MRF and pslated version named YSU, within
the RAMS framework. Based on the original formwatiby Troen and Mahrt (1986)
and developed by Hong and Pan (1996) for the MRBeahaove have included the latest
modification to this formulation introduced by Nehal. (2003) and Hong et al. (2006)
for the MRF and the YSU parameterizations, as wsllthe stable boundary layer
mixing scheme proposed by Hong (2010).

The sensitivity of the RAMS model to these PBL estles has been evaluated

within an area of the Western Mediterranean cagscifically focused on mesoscale



circulations, considering that they are the domimaateorological conditions over this
area (Azorin-Molina et al., 2011; Azorin-Molina ak, 2014; Gomez et al., 2014a,b;
Gomez et al., 2015a,b). A comprehensive compafisiween both PBL schemes has
been performed. In addition, the MY parameterizaticorresponding to the standard
PBL scheme used in the RAMS framework, has beeluded in the comparison as
well.

Thus, two mesoscale circulations have been sele2&26 June (at the beginning
of the summer) and 11-12 August 2011 (into the samnBoth periods have been
chosen because they are a good example of themdaigmperature warm bias obtained
in previous studies (Gémez et al., 2014a,b: Gonteal.e 2015a,b). This preceding
research was based on the MY20 configuration ofctimeent work. In addition, the
sensitivity of the different PBL schemes to thdi@iSM content has been analysed as
well. In this regard, two different initial SM caarits have been used, corresponding to a
low value (hamed SM20 here) and a high value (nagMd0), doubling the former.

In general, SM20 shows a warmer and dryer PBL thanone observed for all
PBL schemes. However, some differences appear arni@my. In this regard, it has
been found that YSU is the warmest and driest sehetmle MY is the coldest and
moistest one, with MRF in between of both. Thus, itixing layer height simulated by
MY is lower than that reproduced by MRF and YSUe3é results are also obtained in
the near-surface magnitudes. For example, in teir&m temperature, a significant
overestimation is obtained for all PBL schemes rdurthe day. However, greater
differences are obtained in relation to the obgerma using YSU.

Contrasting the results obtained in the curremdystwith those found previously

for other areas and using different hosting modieisthese non-local PBL schemes,



such as the WRF framework, we have detected sitieiin the performance of the
distinct PBL schemes compared to the observatindsasnong them.

For example, the verification of the 2-m tempematperformed by Garcia-Diez et
al. (2013) found similar results over the whole &a# as those found by Hu et al.
(2010) over Texas and surrounding areas, applyiegWRF model to simulate the
meteorological conditions of the summer season.this regard, there is an
underestimation of the maximum and minimum tempeest using the MYJ
parameterization, derived from the original MY (@@n1994). Although this trend is
also obtained using the YSU scheme, the minimunpégature is very well reproduced
by this model. These results are also obtained vdoasidering the Iberian Peninsula
separately. On the other hand, considering thetareidield, there is a general trend to
overestimate the daytime specific humidity, witlleas bias using YSU. However, the
nighttime specific humidity is closer to the obssrons. Additionally, MYJ has a
tendency to be cooler and moister than YSU forwhele day. The same results have
been obtained by Kleczek et al. (2014) within thensier season. Furthermore, this
temperature cold bias has also been obtained byédrdez-Ceballos et al. (2013) for
the southwestern Iberian Peninsula under mesostatdations using the MRF scheme
within the WRF model.

In the current study, based on the RAMS modeljlaimesults as those described
are obtained when comparing MY and YSU in termthef2-m temperature. However,
contrasting these schemes, as well as the MRF mattél the observations, a general
tendency to overestimate the maximum temperatureobtined for the SM20
simulations, as a notable difference with the abroeationed studies. This warm bias in
temperature was also detected using the WRF mamtelafsingle day from the

Cooperative Atmosphere-Surface Exchange Study (GASH field program, held in



Kansas (USA), and corresponding to the month ofomt 1999 (Shin and Hong,
2011).

As it was suggested by Hu et al., (2010), the ideyttemperature biases may be
caused by errors in SM. Although no further analysas addressed in this direction
there, a comprehensive evaluation of the PBL scheand their relevant surface-layer
schemes was conducted. In contrast, the sensitWityie three PBL schemes to this
parameter has been considered in the current wortkis sense, doubling the original
SM content in the RAMS initialization has a sigo#nt and positive impact towards the
reduction of the temperature field, specially dgrthe day. With the SM40 simulation,
YSU seems to reproduce better the maximum tempetatthile the minimum is still
overestimated in general.

Comparing the vertical profiles, there is a gehtnend to simulate a colder and
moister and less mixed PBL than observed usindate and non-local PBL schemes
within the WRF model (see e.g. Hu et al., 2010;dzabiez et al., 2013; Kleczek et al.,
2014). However, the study by Shin and Hong (20hbws a similar structure as the
one found in the current work using RAMS. In thegard, there is a tendency to
simulate a warmer and dryer PBL than the one obserwv addition, it has been found
that moistening the soil has a positive impacttan reproduction of both the observed
vertical structure and the surface layer pattedwsvever, the significant overestimation
of the near-surface wind speed over flatter tereaid obtained using SM20 continues
using SM40, although the bias is slightly reduc&tdus, more efforts should be
addressed with the aim of reducing these difference

In general, the YSU scheme leads to a higher testyme and a lower moisture
than MY and MRF during daytime due to a strongerie& mixing. This process

causes stronger entrainment at the top of PBL, whi&lps to warm and dry the PBL



(Hu et al., 2010). Additionally, YSU also shows emmhanced mixing during nighttime,
that translates into a higher temperature and adawoisture than MRF and MY. This
has been found independently of the initial SM eahtused. In terms of processes, it
has been found that YSU and MRF produce an eadyifeethan MY, specially using a
low SM content.

In previous studies with the original MRF schemmeRAMS, it was observed that
this model suffers from a substantial cold and ltuimas in the daytime boundary layer,
which results in an underestimation of the diugyalle at screen level (Tolt et al., 2009;
Steeneveld et al., 2011). In the current study,haee found in general the opposite
trend for the Western Mediterranean coast withenshmmer season.

It is well known that if the difference betweeretlchemes were exclusively
caused by mixing within the lowest levels of thmasphere, the scheme that produces
the moistest daytime surface conditions (MY) shaltb produce the warmest daytime
surface conditions, but it does not (Hu et al., 0However, entrainment plays a key
role here. While air originating from the surfaegdr during the daytime typically has
both higher potential temperature and greater m@sthan the average air within the
PBL, air entrained from above the PBL has highetepimal temperature but less
moisture than typical PBL air. Consequently, errorsentrainment would lead to
oppositely signed biases in PBL temperature andston@ (Hu et al., 2010). In this
regard, MY produces lower PBL heights than both M@ YSU, thus suggesting less
entrainment of free-tropospheric air into the PBEsides, although the main difference
between MRF and YSU is the parameterization of #mrainment, significant
differences are found in the vertical developmdrhe PBL, specially during the day.

Therefore, the role of entrainment is highlighted.



Additionally, comparing SM20 with SM40 it has befenind that the former has a
tendency to simulate deeper PBL mixing layers tinwnlatter. In this sense, the mixing
layer height over more complex terrain is decredsgedM40 in relation to the one
obtained by SM20 for all PBL parameterizations. ldwer, it seems that it is necessary
to increase the initial SM content in order to éetepresent the observations during the
day. In this regard, the non-local schemes are nfaw@urable under unstable
conditions, while the local TKE closure scheme (M3gems to reproduce more
properly the observations at nighttime, under statainditions. These results suggest
that the representation of surface variables iswstcertain even using the state-of-the-
art PBL schemes, especially under stable condi{ighs and Hong, 2011).

Finally, the wind speed presents a significantrestemation over flatter terrain for
all PBL schemes during day time, although this b&asotably reduced in complex
terrain. In addition, YSU shows a general windydimcy at nighttime when compared
to the observations as well as the MRF and MY nedEhe systematic differences of
wind speeds in the PBL found during the day mayehawortant implications for the
simulated horizontal dispersion of pollutants in @uality modelling (Hu et al., 2010).
It is well known that an accurate depiction of noetdogical conditions, especially
within the PBL, is important not only for air pafian modelling (Hu et al., 2010) but
also in studies of the carbon budget using modgllirhus, different efforts have been
made in order to better simulate the boundary layetlifferent versions of the RAMS
model, with a special emphasize on the entrainnparameterization (McGrath-
Spangler et al., 2009; McGrath-Spangler et al.,020blk et al., 2009). For instance,
Tolk et al. (2009) found that the simulations witke RAMS MRF scheme showed a
better performance than the standard MY schemsdfjroong the importance of the

parameterizations of turbulence and entrainmentHersimulation of the atmospheric



profiles. Finally, McGrath-Spangler et al. (2010nplemented an entrainment
parameterization in the RAMS model, and found thatenhancement of entrainment
effects increased the model estimate of the PBLthdep the simulation of the
corresponding weather conditions.

Thus, the results obtained in the current workhapg the RAMS model are
consistent with those found in previous studiesgisither mesoscale models. However,
some differences have been highlighted in relatithe bias of the simulation trends
compared to the observations. Although further stigation should be performed in the
future with the aim of improving the RAMS forecastsder mesoscale circulations, we
have specially shown here the overestimation of near-surface and vertical wind
speed over flatter terrain, it is very encouradgimgnotice the improvement produced in
the model results in the current study. On the lbaed, with the introduction of an
explicit treatment of the entrainment, and on ttleeohand, considering a moister soll
for the initialization of the model.
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Figure captions

Fig. 1. Model domain configuration and orography) gm domain D1. Weather station
locations are indicated within the finer domain JOx®mbined to the corresponding
orography.

Fig. 2. Sea level pressure (hPa, solid line), geayil height (gpm, shaded color) and
temperature in °C (dashed line) at 500 hPa from gMbal model at 12 UTC on 25
June (a), 26 June (b), 11 August (c) and 12 Aufi)s2011.

Fig. 3. Observed (black) and simulated 2-m tempeea°C) time series, for different
surface weather stations during the June peridt): (AN (a), SEG (c), XAT (e), VIL
(9), VQM (i), and the August period (right): SAN)(ISEG (d), XAT (f), VIL (h), VOQM
()-

Fig. 4. Same as Fig. 3, but for the 10-m wind sge#g).

Fig. 5. Same as Fig. 3, but for the near-surfacelwirection (°).

Fig. 6. Observed (black) and simulated verticafifg® for the MUR sounding station
and for the June period. 25 June at 12 UTC (Ipfijential temperature, (K; a), relative
humidity (%; c), wind speed (m/s; e) and wind dilet (°; g). 26 June at 00 UTC
(right): potential temperature, (K; b), relativenhidity (%; d), wind speed (m/s; f) and
wind direction (°; h).

Fig. 7. Same as Fig. 6, but for the August periddAugust at 00 UTC (left) and 11
August at 12 UTC (right).

Fig. 8. Comparison of simulated near-surface wietdf(scale: 10 m/s) and relative
humidity (%) on domain D3 on 25 June 2011 at 06 UMXY20 (a), MRF20 (b),
YSU20 (c), MY40 (d), MRF40 (e), YSU (f).

Fig. 9. Same as Fig, 8, but on 12 August 2011 afT6.



Fig. 10. 24-h observed and simulated accumulatedigitation (mm) for the 12 August
2011: MY20 (a), MRF20 (b), YSU20 (c), MY40 (d), MR® (e), YSU (f), Observations
(TMPA; g).

Fig. 11. Vertical variation of the simulated winelél (m/s) and relative humidity (%)

for a cross-section at latitude 40.53° N on 25 RO at 15 UTC: MY20 (a), MRF20
(b), YSU20 (c), MY40 (d), MRF40 (e), YSU (f).

Fig. 12. Comparison of simulated vertical profites VIL station on 25 June 2011 at 06
UTC (left): potential temperature, (K; a), watempwa mixing ratio (g/Kg; c¢) and wind

speed (m/s; e), and on 11 August 2011 at 06 UTghtri potential temperature, (K; b),
water vapor mixing ratio (g/Kg; d) and wind speedq; f).

Fig. 13. Same as Fig. 12, but on 25 June 2011 &iTk5 (left) and 11 August 2011 at

15 UTC (right).
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Highlights

The MRF and YSU non-local PBL schemes have beeheimgnted within the RAMS
model.

The sensitivity of RAMS to different PBL schemesdan mesoscale circulations have
been evaluated.

The impact of the initial soil moisture contenttbese parameterizations has also been
evaluated.



