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Abstract: The simulations of hourly Radon 222%Rn) concentrations are performed with the UnifiédEP model (Simpsoet al, 2003)

in order to validate different parameterization esoles for vertical mixing. In addition to the redgrgvaluated (Jetevic et al, 2010)
operational EMEP vertical diffusion schemes K(kg hon-local O'Brien (1970) and local Blackadarf@Pschemes, as well as the non-
local Grisogono scheme (e.g. Grisogono and Oerlen#002), a new scheme which is local in stablentaty layer (SBL) and non-local in
convective boundary layer (CBL) and based on totdulent energy (TTE) closure (e.g., Mauritsgnal, 2007) is implemented in the
EMEP model. Hourly measurements of tff&n from different stations in Europe (the Cabauwetoin the Netherlands, the Angus tower in
Scotland, and Freiburg and Schauinsland in Germduny)g the years 2005 and 2006 are compared teatiiesponding modelled data.
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INTRODUCTION

The atmospheric boundary layer turbulence is thestnmimportant mechanism for the distribution of &ec The
parameterization of turbulent diffusion K(z) is iaevitable, traditional approach in descriptiortubulent processes and the
estimation of turbulence effects in air quality ratsd Previous studies have already shown thatahengeterizations of K(z)
have significant impacts on simulated chemical eotrations (e.g. Oliviét al, 2004). Various parameterizations, mainly
first-order, non-local eddy diffusivity K schemea® groposed and widely used in practical applicegi@e.g. O'Brien, 1970;
Holtslag and Moeng, 1991; Grisogono, 1995). Sevamadiifications of the first-order schemes are psaubto overcome
deficiencies to accurately simulate dispersion iffeent atmospheric stability conditions (e.g. $&gono and Oerlemans,
2002; Mihailovic and Alapaty, 2007). In this papee evaluate the performance of the higher-ordeswk K scheme based
on total turbulent energy (TTE) closure (e.g., M@enet al 2007) in addition to recently evaluated scherttes,0’'Brien,
Blackadar and Grisogono schemes in the EMEP modwlcgdic et al. 2010). For the model evaluation available
measurement$’Rn from Europe are used.

Radon is a radioactive gas which is found natuiallyace amounts in most rocks and soils. Sincerattlide®*Rn has a
half-life of 3.8 days and it is emitted primarilpm the continents at a fairly constant emisside b&tween 0.8 and 1.3 atom
cm?s? (Denteneret al, 1999)it is ideal to studthe model sub-grid mixing schemes, numerical adwecichemes or to
compare different models. A considerable numbejaal and regional studies have been devotedetsithulation of?Rn

for different purposes (e.g. Lee and Larsen, 1E%hetneret al, 1999; Olivieet al, 2004; Galmarini, 2006). In this work
the simulations of*Rn are performed in order to validate vertical mixchemes in the EMEP model and compare to
available?”Rn measurements in Europe during the years 20052806. The hourly measurements ?1Rn from the
Cabauw tower in the Netherlands, the Angus toweBdotland, Freiburg and Schauinsland in Germany Kaiadtow in
Poland are used. The goal of this work is to evelihe model performance and to find the best Waameterization
scheme for the EMEP model as well as to better nstated the behaviour df?Rn in relation to the meteorological
conditions.

MODEL AND METHODS

Model

The Unified EMEP model (http://www.emep.int/) wasvdloped at the Norwegian Meteorological Instiuneler the EMEP
programme. The model is a development of the edEMEP models (Berge and Jakobsen, 1998), andlisdatumented
in Simpsonret al. (2003). It simulates the atmospheric transport deybsition of acidifying and eutrophying compouras
well as photo-oxidants and particulate matter daope. The model domain covers Europe and thentidl®cean with the
grid size 50 km x 50 km while in the vertical thene 20 terrain-following layers reaching up to 1@®a.The Unified

EMEP models uses the 3-hourly meteorological data fPARallel Limited Area Model with the Polar Stegeaphic map
projection (PARLAM-PS), which is a dedicated versarthe High Resolution Limited Area Model (HIRLAM)adel for

use within the EMEP. In this work the Unified EMBERdel version rv2_6_1 was used. In the EMEP mode$gons of
222Rn are 1 atom ciis* uniformly distributed over the continent.

Description of K(z) parameterization schemes

Vertical diffusion schemes, the O’Brien (1970) anddiadar (1979) applied in convective boundary 14g8L) and stable
boundary layer (SBL) respectively, are called heee®@LD K(z) scheme as they are operationally applied in tbdeh The
OLD and Grisogono schemes (e.g. Grisogono and farls, 2002) are recently evaluated in the EMEP mddecevic¢ et

al., 2010). Empirical coefficients determined from LESta (DATABASE®64; Esau and Zilitinkevich, 2006) stable and
neutral conditions are used in the Grisogono amgbrdaericevic and Vecenaj, 2009).

In this work the description of a néfz) scheme, so called the total turbulent energy (TSdBeme, based on a higher-order
closure for neutral and stratified atmospheric d¢ors, is given. The TTE is the sum of the turlmtlkinetic energy (B and
turbulent potential energy gEwhich is proportional to the potential temperatuariance. In unstable conditions the closure
deploys only the TKE. Here we consider the THE (
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E=E +E, M

According to the TTE scheme vertical diffusion dméént can be found from:

2f2E
K(z) = =8 = )
@=Tie

where f, is the non-dimensional heat fluxs the dissipation length scale a@% is the empirical constant determined based
on the LES data (Mauritsest al, 2007).

Statistical methods for air quality model evaluatin

It is important to properly evaluate air quality deds in order to demonstrate their reliability imslating the phenomena of
interest as well as to properly test different pagterization schemes in model. Multiple performamzasures are applied
and considered as each measure has advantagessadgadtages and there is no single measure thaniversally
applicable to all conditions. In order to evalutiie predictions of a model with observations acicgydo e.g. Wilmot (1982)
and Chang and Hanna (2004) the following statispeaformance measures are used in this work: threlation coefficient
(r), bias BIAS, mean absolute erroMAE), mean square erroMSE), root mean square errdRNISH, fractional biaskB),
the normalized mean square erddMSH, systematigNMSE_3 and unsystematigNMSE_{ and the index of agreemeiraf).(
The best scheme is the one which gives the beselmedults. The best model performance has theekighandd, the
lowestBIAS MAE, MSE RMSE FB and totaNMSE while a better parameterization scheme shoul@i®ystematic errors
in the model i.e. NMSEs values.

RESULTS

Measurements

In Fig. 1 normalized average monttfifRn concentrations at Freiburg and Schauinsland git#B05, at the Angus and
Cabauw towers and at Krakow during 2006 are showa.nbrmalized average concentrations range bet@&eBgm? and
1.9 Bgm®. The seasonal pattern is characterized by an aumaximum and spring minimum. On average, the sedso
maximum in September is found to be higher by aofaof 3 than the April minimum. The measured caniions are
normalized due to intercomparison reasons howéezetis a significant difference in average valééshe Cabauw at 20m
the average year concentratiog(’*’Rn), is 1.72 Bqrit, at 200 mc(®?*Rn) = 1.39 BqnT is found, while at the Angus

measured concentrations are the lowest among alyzed stationsc(?Rn) = 0.87 Bqnit. For Schauinslands(??Rn)
=2.17 Bgn is found, while at Freiburg and Krakow concentmasi are the highest among analyzed stations BEHRN)
= 6.27 Bqnt and¢(**Rn) = 6.0 Bgn? respectively.
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Figure 1. Normalized average montffRn concentrations determined from measurementseoAngus tower in Scotland at 50 m height
(blue line), the Cabauw tower in the Netherland®0amn (light green line) and 200 m (dark green)limeights, and in Krakow, Poland (pink
line) at surface during 2006 as well as in Freitatr00 m (red line) and Schauinsland at 1200 an@e line) in Germany during 2005.

The evaluation of K(z) scheme performance
The results foFB, NMSE_sNMSE_uand totaNMSEare shown in Table 1, while r and d are in Tabl&Rere is a significant
difference in model performance at different staiorhe EMEP model performs almost perfectly atiabauw tower wittFB
nearly equal to zero anNMSE_s= 0, while larger differences from the measurements found at the Angus tower and
Freiburg. The Grisogono scheme has the best pafa®at the Cabauw according to these measuredchuinsland the
OLD scheme has slightly lower systematic error. fitoelel has a good performance for mountain st&rauinsland. Since
Schauinsland is only 8 km horizontal distance ffengiburg, and horizontal resolution in the modéd@skm x 50 km, the level
closest to the height of the station is chosen aspeesentative for that mountain station. Resuitsvsthat accuracy and
systematic error in Schauinsland are low and tieathosen level is representative for the analgtagibn.
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It should be pointed out that tidMSE is reduced with the Grisogono scheme at all statidhe TTE scheme, which
managed to generate the highf8%n concentrations in SBL conditions, improved resaftSreiburg and Krakow.

Index of agreement], which is a descriptive, relative and bounded megsas well as far confirm that the best results are
achieved with the Grisogono scheme at the Cabauertfvable 2).

Table 1. Fractional biaB), systematic part of the normalised mean squaoce @MSE_$, unsystematic part of the normalised mean
square erroNMSE_y and total normalised mean square efdM&H calculated between the modelled and measuredytfétiRn
concentrations (Bq ) for different stations: C-Cabauw tower at 200tie, Netherlands; S-Schauinsland, Germany; K-Krakeoland; F-
Freiburg, Germany and A-Angus tower, Scotland)

FB NMSE_s NMSE_u NMSE

station | OLD | G TTE OLD G TTE OLD| G TTE OLD G TTE
00.4 0.34 0.54

C 0.03 -0.09 -0.22 0.00 0.01 0.05 0.49 0.3% 0.4p

S 0.37 0.39 0.38 0.14 0.16 0.15 0.4p 0.51 0.54 0.600.67 0.69
K 0.43 0.42 0.25 0.20 0.18 0.06 131 1.34 1.0L 1.501.52 1.07
F 0.55 0.52 0.37 0.32 0.29 0.14 0.51 0.51 0.4y 0.8§30.80 0.61
A -0.69 | -0.64 -0.83 0.54 0.46 0.83 0.7% 0.48 1.36 .291 | 0.94 2.19

Table 2. Same as Table 1 but for index of agreeifu@rand correlation coefficient (r).

Index of agreement (d) Correlation coefficient (r)
station OLD G TTE OLD G TTE
C 0.84 0.86 0.8 0.73 0.76 0.69
S 0.62 0.61 0.59 0.45 0.42 0.39
K 0.57 0.55 0.63 0.21 0.12 0.32
F 0.50 0.62 0.45 0.53 0.51 0.48
A 0.41 0.37 0.50 0.48 0.60 0.46

The model results at the Cabauw tower

In this section only measurements from the Cabawetare further analyzed. In Fig. 2 the time seofthe observed
hourly ?*Rn concentrations are plotted against the correspgnohodelled??Rn concentrations calculated with three
different K(z) schemes for the Cabauw tower duringe] 2006. Agreement between the model and measutsns very
good. The performance of the OLD and Grisogono reelseis similar while the local TTE scheme is alolecapture the
measured hourly peaks of concentratier&Bq ni° and 6 Bq 1if, at 20 m and 200 m respectively during SBL condio
From 1 to 14 June difference between the daily mmcentrations during CBL conditions and the nigimetihigher
concentrations during SBL conditions is obvious @tra, while at 200 m the daily course of concerdregiis not so
pronounced. This regular daily course at 20 mtisrinpted in period between the 15 and 18 Juneaisgnoptical situation.
However, it should be noted that daytime mixinglddee more intense to simulate the lower measuoedentrations.
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Figure 2. Thehourly time series of the observed hodffRn concentrations (black dots) against the cormdipg modelled*Rn
concentrations calculated with three different kK§ehemes: the operational scheme OLD (green), tiseg@no scheme (blue) and the total
turbulent energy scheme TTE (pink), at the Cabawet, the Netherlands during June, 2006.

In order to analyze thK(z) schemes performance separately in stable andhlastonditions two different representative
cases are chosen. The modelled hourly verki¢al profiles and the corresponding vertical profitd$?Rn concentrations
are investigated. The first case is from 10 to 1rieJ2006 and it is chosen from the warmer parhefyear when mainly
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CBL conditions prevail (Figs. 3a and 3b), and theoedacase is from 7 to 8 November 2006, in the ¢obdet of the year
when mainly SBL conditions prevail (Figs. 4a and.4b)

The Grisogono scheme produced lower mixing up ® tds?, while much intensified mixing is produced withet®LD
and TTE schemes reaching up to 400sthand 1400 rhs® respectively during the first case in the dayti@®L conditions
(Fig. 3a). On the other hand the non-local Grismgscheme produced higher value@f) ~ 6 nt s*in the layer near the
ground of 400 m thickness during the night-time S&inditions (Fig 3a) while the local-schemes TTH @LD i.e. the
Blackadar scheme have negligible mixing < 05sth Note an occurrence of the intensified mixing witle TTE scheme
(Fig 3a) at approximately 400 m which started teetep in the afternoon of ¥0June reaching its maximum value around
midnight. Obviously the TTE scheme managed to mypce a higher turbulence in the residual layer hias not visible
with the other schemes. The corresponding condentisafor the summer case with different K(z) sckesrare shown in Fig
3b. A daily course in concentrations is obviousriBg SBL conditions, when the mixing is low, the acwilation of the
surface?’Rn concentrations occurs (yellow and red areas gn3B). With the development of unstable conditioes in
CBL from 6 AM to 14 PM vertical transport is interisd, surface concentrations are diluted and higbecentrations are
transported to higher levels. Neutral conditionsvpil in the afternoon from 15 PM to 19 PM when #tmosphere is well
mixed and the concentrations are uniformly verjcdistributed. With the development of SBL nighténconditions the
accumulation starts again. Due to lower mixing BLEoncentrations produced with the TTE and OLD sob® are higher
than those calculated with the Grisogono schemeweder, during CBL conditions with the Grisogono sckem
concentrations are higher than with the other telemes.
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Figure 3. The modelled hourly vertical profiles fbe unstable case during 10th and 11th June 208)8<2) (m? s*) and by**’Rn with the
OLD, Grisogono and TTE schemes, for the Cabauwrtowe

The second case during 7 and 8 November 2006 istosenalyzeék(2) and®*R profiles in the colder part of the year (Fig.
4a and 4b). The vertical mixing with all schemegéserally lower in November than in June, esplcialthe CBL. There

is no clear difference between the night-time aag-tiilme conditions particularly with the non-lodatisogono scheme
which hask(2) = 10 nf s* (Fig. 4a). As a result higher surfaRn concentrations are produced and mainly kegherthin
layer close to the ground (Fig 4b). Generally, siraulated surfacé*Rn concentrations are by a factor of two higher in
November than in June (Fig. 4b). During the aftemand through the night on 8 November 2006, ieenf38" hour of the
model run, the atmosphere was synoptically unstéideto a cold front passage over the analyzed area

CONCLUSIONS

The evaluation of the EMEP model al(¥) parameterization schemes is based’@Rn data which are found to be a good
tracer to study dynamical processes in the atmospBSémulations of?Rn with the EMEP model are performed during the
years 2005 and 2006 and compared to the avaf4ia measurements in Europe: the Cabauw and Anguergpfreiburg,
Schauinsland and Krakow. In addition to recentlgleated the OLD and Grisogono schemes gefi et al, 2010), a new
scheme which is based on total turbulent energgjKlosure (Mauritsert al, 2007) is implemented in the EMEP model and
analyzed. Intercomparison of different local andfaral schemes on tH&Rn data showed that the non-local scheme
Grisogono is less diffusive in CBL conditions thae ©O'Brien and TTE scheme. This is mainly becausgirical coefficients
used in the Grisogono scheme @&ric and Veéenaj, 2009) are primarily developed for neutral atadble conditions based on
LES data (DATABASEG64; Esau and Zilitinkevich, 2008he estimation of empirical coefficients for CBarglitions on the
LES data is foreseen. The local schemes produtehgyrface concentrations in SBL conditions, wthike Grisogono scheme
222n concentrations are dispersed over a thick kay280 m and the resulting concentrations are loweer the surface. Non-
local scheme, such as Grisogono, is highly depéraiemodel’s vertical resolution, while in the lbdiffusion scheme K(z) is
determined independently at each model level basddcal vertical gradients. The present versiothefEMEP model has the
lowest level at 100 m which is an important deficig for non-local K(z) schemes to properly simuldifusion in SBL
conditions. In order to evaluate the model prediiti with observations and to estimate the perfocmad different K(z)
schemes a set of statistical measures is usedN#rgot, 1982; Chang and Hanna, 2004).

Results of the model evaluation #iRn data showed that the model has the best resultsef Cabauw tower. The Cabauw
tower is representative for the model evaluatioe iuits position in a flat terrain as well as do@niform?*Rn emission in
the area. On the other hand data in Freiburg aaidtv are affected by the local natural emissiorf$°&n while the Angus
tower concentrations are dominated by the advectiGffRn free air from the sea (the emission$°@®n are 100 times less
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over the sea than over the land). The highest carat®ns are simulated with the TTE scheme andesyatic error is
decreased while accuracy in increased in the mfmeFreiburg and Krakow. For an appropriate desioip of 2*Rn
distribution in the atmosphere, its response to ltitudinal, time and intensity variability of mmiitation should be

accounted explicitly (Galmarini, 2006). Since theseabilities in radon natural fluxes are not imt¢d in the model certain
deviations from observations are expected.
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Figure 4. The modelled hourly vertical profiles fbe stable case durin§ @nd &' November 2006 of &(2) (m? s?) and bY??Rn with the
OLD, Grisogono and TTE schemes, for the Cabauwrtowe
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