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Abstract. Fourteen global atmospheric transport models1 Introduction

were evaluated by comparing the simulatiof¥Rn against

measurements at three continental stations in Germany: HeSource-receptor relationships for atmospheric compounds,
delberg, Freiburg and Schauinsland. Hourly concentrationdike gases and fine particles, are one of the tools to under-
simulated by the models using a comnféfRn-flux without  stand and to manage air quality. A set of source-receptor re-
temporal variations were investigated for 2002 and 2003. Wdationships forms a response matrix, or Jacobian matrix, and
found that the mean simulated concentrations in Heidelberglays a central role in making an inverse estimate of sources
are related to the diurnal amplitude of boundary layer heightand sinks of compounds. Global atmospheric transport mod-
in each model. Summer mean concentrations simulated bgls have been developed to describe this relationship, and in-
individual models were negatively correlated with the sea-clude various pathways. Some examples of these pathways
sonal mean of diurnal amplitude of boundary layer height,are diffusion in the atmospheric boundary layer (ABL), trans-
while in winter the correlation was positive. We also found port by convection and synoptic disturbances in the free tro-
that the correlations between simulated and measured corposphere, interactions with cloud and rain droplets, chemical
centrations at Schauinsland were higher when the simulatedeactions, dry and wet deposition to the surface. There is
concentrations were interpolated to the station altitude ina variety of realism in the modeling of each process. Vali-
most models. Temporal variations of the mismatch betweerdation of the source-receptor relationship is required for ef-
simulated and measured concentrations suggest that there detive application of emission control, both technically and
significant interannual variations in tA&Rn exhalation rate  politically.

in this region. We found that the local inversion layer dur- A group dealing with the inverse modeling of sources
ing daytime in summer in Freiburg has a significant effect onand sinks of carbon dioxide conducted an inter-comparison
222Rn concentrations. We recommend Freiburg concentraproject of global atmospheric transport models (TransCom-
tions for validation of models that resolve local stable layerscontinuous) focused on diurndlgw et al, 2008 and syn-

and those at Heidelberg for models without this capability. optic (Patra et a].2008 timescalestfttp://www.purdue.edu/
transcon. It was found that the simulated diurnal ampli-
tudes of CQ have a weak relationship with vertical resolu-
tion in the models. The differences between models in how
near-surface mixing was simulated were as important as the
vertical resolution. It was also found that the correlation
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location. Two factors are suggested to contribute to lowerand virtual temperature whereas non-local schemes take
correlations for larger distances: the spatial heterogeneity ointo account counter-gradient transport due to eddiesen
surface fluxes in the vicinity of the site and the spatial scale ofand Mahrf 1986 Holtslag and Boville 1993 Lock et al,
concentrations corresponding to meteorological systems. A2000. All boundary layer schemes, including local and
for vertical levels, an appropriate level for mountain sites for non-local schemes, produced a vertical gradient comparable
comparison with the observation was not apparent. The aimo the measured one if the model level for comparison is
of observations at mountain sites is to measure backgroundselected with special care for the site effects of the stations
non-polluted air but the observed concentrations (and mod{Chevillard et al.2002. Temperature of the site was used to
elled concentrations) at a fixed level may not always satisfyinclude the site effect. The Schauinsland Ozone Precursor
that criterion. Therefore the model evaluations could not beExperiment (SLOPE) conducted in June 198&lthoff et
conclusive 222Rn was included in the TransCom simulations al., 200Q Fiedler et al. 2000 demonstrated the formation of
as one of their model evaluation compounds. a cold air pool and the build-up of local low level inversions
222Rn is a noble gas emanating from soils and rocks con-during daytime on clear summer days in this area; this
taining??®Ra. Itis exhaled from the soil air to the atmosphere feature has not been taken into account in the evaluations of
and decays with a half-life of 3.824 days. Activity concen- low resolution models.
trations are measured from its radioactive decay or from the Various ?2?Rn flux distributions have been proposed in-
decay of its progenies collected on filteF€2Rn exhalation  cluding an exhalation rate distribution based on multiple fac-
rate from the ground is a function of the amouné#fRa in tors, such as radium content in the soil, grain size of the soil
the soil material, the grain size of the soil, and the water con{Schery and Wasiolekl998 a flux distribution with a de-
tent of the soil at a chamber measurement sdsbezéroff crease with latitude north of SN (Connen and Robertspn
1992, and it is a function of water table depth at regional 2002, and a spatially and temporally resolved exhalation
scalesi(evin et al, 2002. Measurement of radioactivity in rate map over Europe using gamma dose iaredvary et al.
the lower part of the ABL was made on activated charcoal at2007, 2009. A flux distribution over ocean was estimated
0.97m, 5.72m, 23.8 m and 39.9 m level at Argonne Nationalusing radium content in the sea-water and wind speed de-
Laboratory Moses et a.1960. Other measurements were pendency of the gas transfer velocity between air and the sea
made using progenies &°Rn on aerosol collected on filters (Schery and Huan@004. Temporal variations of th&?Rn
at1m, 15m, 30 m and 100 m level at the plateau of Saclay irflux are also important. The flux d?°Rn has been mea-
the outskirts of ParisJervant1966. Vertical profiles within  sured on clay and sandy soils in West Germany for one year
the ABL have recently been measured with glid&¥lifams (Dorr and Minnich 1990. The flux from clay soil was found
et al, 2011). They all showed large vertical gradients during to have £36 % maximum deviations from the long term
night and almost constant concentrations in the vertical dowrmean with higher fluxes in summer than winter. The flux
to 1 m during daytime. showed no seasonal variations from sandy soil. A season-
The vertical gradient of 222Rn between Freiburg ally varying flux with minimum values of 12.2 mBqm s~ 1
(276ma.m.s.l. (above mean sea level)) and Schauinsin January and maximum values of 19.5mBg%s ! in
land (1205 ma.m.s.l.) has been used to evaluate atmospherfugust is usually assumed in the radon-tracer method for
transport models Qlivié et al, 2004 Chevillard et al, estimation of greenhouse gas emissions in the Heidel-
2002 because these two sites are generally within the saméerg catchmentSchmidt et al. 2001, Levin et al, 2003
model grid-box horizontally, but Freiburg is a low-level site Hammer and Levin2009. However, in transport model
and Schauinsland is a mountain site. The vertical gradienevaluations , including the TransCom simulations anal-
of 222Rn in the ABL in an open flat area is the result of ysed for this paper, constant emissions from continental
accumulation from soil exhalation and dilution®Rn due  surfaces of 1atomcn? st (=1.66 x 1072°mol m2s71,
to ventilation of ABL air with free troposphere air caused 21.0mBq nT2 s~ 1) have mostly been useddéimann and
by the diurnal change of the ABL height. If we assume Keeling 1989 Allen et al, 1996 Mahowald et al. 1997
the area where tower observations and glider measuremenfiacob et a).1997 Stockwell 1998 Dentener et al.1999
were made to be open and flat, the ratio of concentrationhevillard et al. 2002 Taguchi et al. 2002 Josse et al.
in Freiburg and concentrations at Schauinsland are expecte2004 Olivié et al, 2004 Considine et a).2005 Donner et
to approach one if the ABL top exceeds the height of theal., 2007 Zhang et al.2008. The use of a constant flux
Schauinsland mountain ridge. Observed concentration§rom continental surfaces definitely introduces some degree
in Freiburg are twice as high compared to Schauinslandbf mismatch between simulation and measurements.
even if the ABL height rises above the Schauinsland We have attempted to evaluate individual model output
level. Two types of boundary layer schemes, local andsubmitted to the TransCom continuous experiment by means
non-local, were evaluated in the TM3 chemistry transportof 222Rn along with boundary layer height (BLH). A total
model combined with diffusion coefficients archived in the of 25 models submitted results. We used only the 14 models
reanalysis processOfivié et al, 2004. Local schemes that submitted botF??Rn activity concentrations and explicit
simulate vertical diffusion based on local gradients of wind BLH.
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222Rn observations and a set of reference BLH are de-

scribed in Sect. 2. Participating models and specifications i
of 222Rn experiments are described in Sect. 3. The ensemble Y ‘e
mean of model outputs as well as individual model output @
are compared with the observations in Sect. 4. A relation- GERMANY +h L 1k
ship between mean concentrations and BLH, and an estimat wgerg(mm)f@
of temporal variations of emissions are discussed in Sect. 5. e
The results are summarized in Sect. 6. 49°N 2 *
D <g
FRANCE L +H ¢ *

2 Measurements +K

Freiburg(276m)
2.1 Hourly concentration measurements of??Rn 48N J u

Schauinsland(1205
We used data from three inland stations in Germany as shown "
in Fig. 1. Freiburg (475956" N, 7°5052" E, 27 6 ma.m.s.l.) +C <
is located in the Rhine valley in southern Germany. The
measurement is made at 8m above the ground. The _ SWITZERLAND
monitoring site at Schauinsland B&'57"N, 7°54'29”, o
1205ma.m.s.l.) is located about 12 km south of Freiburg TE e e

on the saddle of a hill (1284 m). Hourly measurements at

Freiburg and Schauinsland are performed by the Federal Of- _ _ _ _

fice for Radiation Protection, Germany. The observationaIF'g' 1. Locations of Freiburg, Heidelberg and Schauinsland mea-
site of Heidelberg (4@4/37,,,\1 8°4223"E, 116 ma.m.s.l.) surements along with the sampling locations of each model (let-

. . . ters). Capital letters are the model locations representing Freibur
is also located in the upper Rhine valley about 170 km north- ) f n g g

- and Schauinsland, lower case letters represent Heidelberg. See Ta-
east of Freiburg. Hourly measurements have been pefpie 1 to identify the model corresponding to each letter.
formed by the Institutiir Umweltphysik, University of Hei-
delberg Levin et al, 2002 at 20 m above the ground. The
meteorological conditions during summer in Freiburg anddelberg, Freiburg and Schauinsland. Similar results are ob-
at Schauinsland have characteristics of complex terrain, agined for a single hour to a few hours within each time pe-
studied in SLOPEKalthoff et al, 200Q Fiedler et al,2000  riod. In midnight to dawn hours (a) concentrations in Heidel-
and are different from typical continental sites. During win- perg and Freiburg are both higher than at Schauinsland. The
ter, the meteorological situation is characterized by low, per-most frequent difference between Heidelberg and Schauins-
sistent stratus decks associated with stable conditidbesa{ land concentrations is about 2 Bq# The differences for
tener et al.1999. Freiburg extend over a much broader range, between 1 to
We have applied here two corrections to #%8Rn mea- 8 Bq mr3. Much larger differences are more frequently ob-
surements from Freiburg used in previous studies, one foserved in Freiburg than Heidelberg indicating strong night-
the220Rn daughter contribution and the other for disequilib- time inversions being more frequent in Freiburg. Also the
rium betweer???Rn and its measured daughters. Both fac- fact that the Freiburg air intake is closer to the ground may
tors have significant effects on the measurements in the ABLcontribute to the more elevaté®Rn activities during night.
See Appendix for details. After these corrections, mean conAt early afternoon hours (b) concentrations in Heidelberg
centrations in 2002 and 2003 for Heidelberg, Freiburg andsometimes agree with Schauinsland to within 0.5 Bfm
Schauinsland are 4463.6, 7.3£4.9, 2.5+ 1.7 Bq n3, re- indicating well mixed conditions in Heidelberg. On the
spectively. Note that in these values, effects related to vertiother hand, concentrations in Freiburg are seldom smaller
cal gradient during nighttime are retained. than those at Schauinsland, indicating that a vertical gradient
On typical days, Freiburg (and HeidelbefffRn shows  of about 1 Bq nT2 remains between Freiburg and Schauins-
maximum concentrations at dawn, and minimum concentraland even in daytime. The concentration difference between
tions in the early afternoor_évin et al, 2003 Schmidt et  Freiburg and Heidelberg is also inconsistent with tower ob-
al., 2003 Olivié et al, 2004. Concentrations at Schauins- servations (Moses et al., 1960; Servant, 1966) which sug-
land have their maximum in the early afternoon and theirgest that the concentrations at 8 m and at 20 m are indistin-
minimum during late night. Concentrations are comparedguishable in convective conditions. However the data show
to each other for two time periods, midnight to dawn (01:00—that concentrations in Heidelberg (20 m) are lower than in
06:00UTC) and early afternoon (12:00-17:00 UTC), as il- Freiburg (8 m) even at daytime. One could explain the hor-
lustrated in Fig.2, which shows frequency distributions of izontal gradient by assuming higher exhalation rate around
differences of six hour mean concentrations between Heifreiburg due to soil type, but this cannot explain the vertical
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T  eure | estimated BLH from radiosonde observations .availe.tble in
o Heidelberg-Schauinsland the. n_elghborhood (Nancy, Hgnau, Stuttgart, S|gntar|ngen),
~ Freiburg-Schauinsland defining the BLH as the height at which potential tem-
. perature is the same as the surface when the lowest layer
is unstable. We computed hourly BLH at observational
sites using interpolation in time and space from the di-
§ agnosed BLH at forecast times of 12, 15, 18, 21h start-
ing at 00:00 and 12:00 UTftp://www.ecmwf.int/research/

80 -

FREQUENCY [days]

20 -

420 2 4 6 810121416 18 20 22 24 26 28 30 ifsdocs/CY33rl/index.htmiSect. 3.12.1). We found reason-
DEPARTURE FROM SCHAUINSLAND [Bq/m’] able correlation between the radiosonde and ECMWF BLHs
LA LI L B S B except at Sigmaringen which had relatively few radiosondes
hed o @ edetbereSonaunaang | 2Vallable in 2002-2003. The local low level inversion stud-
10| T FreiburgSchaumsiand | ied in the SLOPE experiment&4lthoff et al, 200Q Fiedler
120 - 8 et al, 2000 was not used in this study because the horizontal
100 - scale of the low level inversion may be smaller than the grid
interval of the meteorological data used.
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DEPARTURE FROM SCHAUINSLAND [Bg/m]

o

The fourteen models, or model variants, used in this anal-
ysis are a subset of models collected in TransCom and are

: : . ) listed in Table 1. Six models are on-line, i.e. meteorology is
Heidelberg and Freiberg from Schauinsland averaged(ayenid- . . . .
night to dawn hours (01:00 to 06:00 UTC) afi@) afternoon hours generated as part of the model simulation with winds (and

(12:00 to 17:00 UTC); solid line for Freiburg minus Schauinsland, in two cases, temperature) nudged towards_ National Center
dashed line for Heidelberg minus Schauinsland. for Atmospheric Research (NCAR) and National Center for

Environmental Prediction (NCEP) reanalysi&@(nay et al,
1996. Eight models are off-line, with meteorological forc-

gradient. One alternative explanation is the local low level N9 Provided by ECMWF, Goddard Earth Observing System
inversion resulting from a cold air pool from the Rhine val- Data Assimilation System (GEOS DAS) or NCAR/NCEP.

ley (Kalthoff et al, 200q Fiedler et al,2000. There are two Al models analyzed here reported BLH, although configu-
inversion layers over the Schauinsland region in SLOPE, ond@tion and inplementations of the boundary layer differ be-
at 2km and a lower one at 1km. The upper one may be dween models. For vertical coordinates, eight models have

typical inversion layer represented in the meteorological dat"€Ssure-sigma hybrid levels. Five models have sigma co-
set used in the models. The lower one is detected in the valordinates. One model, NICAM, has a height-based terrain
ley between Freiburg and Schauinsland and may be extendd@!lowing coordinate. Modelers chose the horizontal posi-

over or near Freiburg suppressing vertical diffusion. There istions to report simulated concentrations; either from a near-

no information regarding such a low level inversion in Hei- est grid point value, or interpolated to the site location from
delberg. values at surrounding grid points as shown in RigLower

case letters correspond to Heidelberg. Capital letters corre-
spond to Freiburg and Schauinsland. Note that two models
2.2 Boundary layer height sampled their output at the same locations (d and D, g and
G). The lowest model level concentrations were always used
Boundary layer thickness diagnosed in the European Cenfor Freiburg and Heidelberg. For Schauinsland, a vertical in-
tre for Medium Range Weather Forecasts (ECMWF) numer-terpolation was made using a common scheme as described
ical weather forecast system (NWF) was used for a referbelow.
ence BLH. The term, “diagnosed”, means that BLH is not Compared to the WMO inter-comparisoR&gsch et a.
a forecast variable, but is calculated after the prediction 0f2000 in which 15 models participated, spatial resolutions
atmospheric states. We adopted this BLH because it wabave increased from 2510 to 1.0°-2.8 in the horizontal
available more frequently in NWF systems (3h) as com-and from 9—-21 to 18-60 layers in the vertical. As mentioned
pared to radiosondes (12 h) and was available &t, 0ér- before, all on-line models in this study are forced with the
izontal resolution. The archive of BLH used in this study observed meteorological fields, which was not the case in
is different from that used in an earlier studyliié et al, the previous inter-comparison where the focus was only on
2004 but data were produced in a similar manner. To as-seasonal time-scales.
sess the diagnosed BLH in the ECMWF dataset, we also

Fig. 2. Frequency distributions of departures of concentrations in
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Table 1. List of participating models with selected properties. On/Off indicates that the model is run with the calculation of wind fields
(On) or without them (Off). Meteorological data set to drive transport is indicated in the abbreviation of the organization which produced
the data set. Horizontal resolution is shown either in degrees or length. Vertical levels are indicated with number of levels and the type of
coordinatest indicates that the vertical levels are defined with the ratio of pressure at the level and a referierfoe hybrid of pressure

ando. “z” indicates the vertical levels are altitude without temporal variations. See Law et al. (2008) for organizations which provided
output. Also see the references at the end of each line for details.

# On/ Meteor Horizontal Vertical Model Reference
Off data resolution levels Name
A On NCEP 25° x 2.0° 24 AM2 GFDL (2009
B On NCEP 25° x 2.0° 24n AM2t GFDL (2009
C On NCEP 208 km 18 CCAM Law et al.(2006
D On NCEP 28° x 2.8° 320 CCSRNIES1 Patra et al(2009
E On NCEP 11° x1.1° 320 CCSRNIES2 Patra et al(2009
F Off GEOS4 25° x 2.0° 55n IMPACT Rotoman et al(2004)
G On NCEP 240 km 54z NICAM Satoh et al(2008
H Off NCEP 10° x 1.0° 470 NIES Maksyutov et al(2008
| Off GEOS4 125°x10° 25 PCTM(CSU)  Kawa et al(2004
J Off GEOS4  25°x20° 251 PCTM(GSFC) Kawa et al(2004
K Off ECMWF 1125 x1.125 60y STAG Wada et al(2007)
L Off NCEP 28°x2.8° 280 STAGN Sawa et al(2007)
M Off ECMWF 3°x2° 25 TM5_eurlxl Krol et al. (2005
(1° x 1° Europe)
N Off ECMWF 3°x2° 25n TM5_glb3x2  Krol et al. (2009
(a) HEIDELBERG (b) FREIBURG 4 Results
0.1 0.2 0.1 0.2 .
0.4 0.4 4.1 Boundary layer height
0.6 0.6
Hourly variations of BLH in terms of altitude above the
0.8 0.8 mean sea level at Heidelberg and Freiburg (and Schauins-
o] \ ] land) are compared with those provided from ECMWF. Fig-
I/, g Qm i el 3 ure 3 shows Taylor diagramsTéylor, 2001) of BLH where
i’ ® BL g ® correlation is shown by the angle from the vertical axis and
Lo h § ' § the size of variations by the radial distance. Letters corre-
spond to each model listed in Table 1 except “x” which cor-

00 05 10 15 00 05 10 15
Normalized standard Normalized standard responds to an ensemble average of BLH of all models.

deviations deviations Model H has the highest correlations followed by model
M and N. The reason for the high correlations of these mod-
els is that they explicitly used BLH provided from ECMWF,
Fig. 3. Taylor diagram for boundary layer height referred to prod- though details of BLH in these models and the present study
ucts of European Centre for Medium Range Weather Forecasts iire not exactly the same. For example, one difference is that
Heidelberg(a) and Freiburgb). Letters represent each modellisted \ and N used constant BLH for 3 h while we used hourly
in Table 1. BLH from temporal interpolation of the ECMWF forecast
for comparison. Some models with low correlations, such
Each model simulated global concentration®Rn us-  as (I) in Fig.3a, are sampling data at the largest distance to
ing a common flux distribution for four yearédw et al, Heidelberg as shown in Fid. Models (A) and (B) show-
2008. The flux over land between 68-6CN was set ing smaller correlations in Figh, are also sampling values
to 1.66x 10-2%mol m2s~1. No temporal variations were remote from Freiburg (Figl). The ensemble average of all
considered. Simulation results in the first two years weremodels (x) shows higher correlations compared to most mod-
discarded as spin up time. Hourly model concentrations inels probably because BLH used in models were distributed
the last two years (2002, 2003) were submitted for 100 loca-around the reference BLH estimated at exact locations of
tions at vertical levels up to around 500 hPa for each modelHeidelberg and Freiburg in Fid. Therefore, it is suggested
Associated meteorological values were also submitted. that the sampling point of each model may modify the score
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(o) Heidetberg (Al Models (o) Frofburg (All Models) tion, a complication when the evaluation used(IPatra et
o8 osl al., 2008. Figuredc demonstrates the disadvantage for a spe-
cific location (A) where seasonal mean correlation in model
o™, ey U K is far less than the regression line. This disadvantage in-
N s l; £ osi%% dicates a type of site effect at the point due to air flow over
° . ’ ° F L o4 complex terrain. Therefore, we conclude that the sampling
05 05f location has a small but detectable effect on the evaluation
os ncad R=-0.31 of model performance and future inter-comparisons might
0 Distance(km) 0 Distance(km) therefore recommend sampling model output for inland sites
(c) Heidelberg (Model K) (d) Freiburg (Mode! K) as close to the observations as possible, i.e. by interpolation.
08 08l By contrast,Law et al.(2010 noted that interpolation is a
o m poor choice for sampling coastal sites.
é 0.7 - i d é 0.7
H c 7 H TS 7 o _ _
8 %° 8 o 4.3 Positioning of simulated concentrations at
05 o5l 4 Schauinsland
R=-0.83 R=-0.52
045 700 045 100 Because we collected concentrations and pressure of each
Distance(km) Distance(km)

level in individual models, we could derive concentrations at
any station altitude. We compared the mo#f&Rn concen-

Fig. 4. Correlations between simulations and measurements ofrations at each altitude in the model to the observed concen-
hourly concentrations ot22Rn and the distance of sampling point trations at Schauinsland (1205 m) using hourly data in%ig.
from the monitoring site fota) Heidelberg JJA 2003p) Freiburg ~ Concentrations at the site altitude were estimated using an
JJA 2002. Correlations from model K for Heidelberg JJA 2002 interpolation based on pressure value at each model level.
(c) and for Freiburg JJA 200@). See text for details. Where sam-  As a reference, hourly pressure at the altitude of Schauins-
pling locations are the same for different models only one letter is|and was estimated from 6 hourly ECMWF operational anal-
shown. yses using linear interpolation in time and space. Concen-
trations at Schauinsland at this reference pressure were esti-

, i ated from the vertical profile of simulated concentrations
of each model, such as correlation (Sect. 4.2), mismatch an f each model

normalized standard .deV|'at|ons. To evaluate egch modgl, It The standard deviation of the simulated concentrations is
may be better to distinguish the effect of sampling location

¢ h | perf tth del. Th hod q (Plotted in a bold solid curve in the left side of each panel
romt € tOta.‘ performance of the model. ne metho use R (Fig. 5). It is normalized with the standard deviation of
define BLH in each model may also contribute to the differ-

f he EC derived he ofh ) measured concentration (N.S.D.). All models show a steep
ences from the ECMWF derived BLH. The other point sug- decrease with altitude up to the station altitude, indicated

gested from Fig3 is that 'by making the ense.mble average \ith an arrow. At the station altitude, the normalized stan-
of models, the score |s_h|gher; errors in the sw_nulated _mgnaﬁlard deviations of models (B) and (L) are about one, meaning
are re_duce_d by averaging. We will assume this effect in thethe size of variations corresponds well with the observations.
following discussions. The size of variations is underestimated in other models.

. . The correlations are shown at the altitude of each model
4.2 Correlation of hourly concentrations level. Since hourly concentrations are used in the calcula-

tions, the correlations include diurnal to seasonal variations

The effect of sampling location is investigated for concentra-5s seen bfpatra et al(2008. We obtained the largest correla-
tions of22Rn. Figure4 shows the correlation between sim-  ions at or slightly below the altitude of the site. Based on the
ulated and measured concentrations for individual models agqrelation profile shown in Figs, we use the modelled con-
the surface sites along with the distance of each model's sameentrations interpolated to the altitude of Schauinsland for
pling location from the site. Two cases (a) Heidelberg in JJAcomparing with observations. However, given the generally

2002 and (b) Freiburg in JJA 2002 are shown as example§oy N.S.D.s at the site altitude, we also test the sensitivity to
Seasonal mean correlations are distributed around 0.6 W'“%ampling the models at a lower altitude of 800 m.

a weak dependency on the distance between the model sam-

pling location and the site. We also made correlations usingt.4 Mean model characteristics

one model’s (K) output sampled by linear interpolation at the

locations of the sampling points of the other models (E)g. We have computed the ensemble mean of model outputs by
This confirms, for a single model, the dependence of seasonalveraging the 14 models at each hourly time step and have
mean correlation on distance solely from horizontal distribu-compared this ensemble mean with the measured concentra-
tions of concentrations without heterogeneous flux distribu-tions at each hour. Monthly averages and standard deviations
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N.S.D. N.5.D. N.S.D. N.S.D. N.S.D. [/}
2 2 2 2 2 s 8
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Fig. 5. Vertical profile of normalized standard deviation (N.S.D.) _. o .
and correlation of simulated to measured concentrations af !9- 6- Monthly mean and standard deviations of mismatch de-

Schauinsland. Each panel corresponds to a model listed in Table fined as simulated minus measured concentrations for Heidelberg
In each panel, N.S.Ds are plotted on the left side (blue). Correla{@): Freiburg(b) and Schauinslangc) estimated in midnight to
tions between simulated and measured concentrations are shown fvn hours (01:00-06:00 UTC, dashed line) and in afternoon hours
the right hand side of a panel. Altitude of Schauinsland is indicated(12:00-17:00 UTC, solid line) for 2002 and 2003. Measured con-

by an arrow in each panel. Correlations at the altitude is indicated”ntrations are subtracted from the ensemble mean of fourteen
with the red bar. model outputs. Vertical line indicates one standard deviation of 6

hourly mean of mean model. Statistics obtained at 800 m are shown
in red.

of the hourly mismatch (mean simulated concentrations mi-
nus measured concentrations) averaged over two six hoWyeen the two sites, given the fact that these two sites are
time periods are shown in Fig for 2002 and 2003. The typically separated only by one grid cell in the models.
solid curve shows an average of_the mismatch for early af- At schauinsland (Fig6e), the model mean simulated the
ternoon hours. Note that the mismatch is calculated onlymeasyred concentrations within the one standard deviation
when the measured concentrations are available. The eImghnge, while mean discrepancies are negative after July 2003.
bar corresponds to one standard deviation. The same statifjote that the vertical axis for Schauinsland (Fég) is dif-
tics were calculated separately for midnight to dayvn hoursterent from Heidelberg (Figsa) and Freiburg (Figéb). If
(01:00-06:00 UTC) and are shown as the dashed line. 800m sampling is used instead of 1205m sampling, the
In Heidelberg (Fig6a), the mean-model overestimates the model-data mismatch is more positive, especially for night-
measurements mostly for winter and spring months, both intime hours all year and daytime hours in winter. This would
afternoon hours and midnight to dawn hours. For afternoorbe consistent with the Heidelberg result which suggested the
hours, the typical measured concentrations are only aboutadon flux used in this experiment was too large in winter.
2Bq m3 even in winter. Therefore, simulated concentra- The temporal evolution of the model-data mismatch is con-
tions are twice as high compared to measured concentrationsistent over both sampling heights.
These differences can be explained by the constant radon flux Because measured concentrations in Heidelberg are very
used in the model simulations. This flux is close to the mag-similar to measured concentrations at Schauinsland, we may
nitude of the flux around Heidelberg in summer (Schmidt etregard the high concentrations at Freiburg as sub-grid phe-
al., 2003) but much larger than the winter flux. nomena not suitable for testing atmospheric transport mod-
By contrast, at Freiburg (Figb), the models underesti- els that do not resolve local low level inversion layer. The
mate the measured concentrations in summer seasons, espaeasured concentrations at Freiburg may provide a challeng-
cially during afternoon hours in terms of one standard devi-ing test bed for atmospheric transport models which resolve
ation of daily mean of the mean model. The overestimatecomplex terrain and stable layefigdler et al.2000).
at Heidelberg and the underestimate at Freiburg are consis- Despite the differences in the mean mismatches, there is a
tent with the large differences in measured concentrations betemporal variation common to all sites. Mismatches decrease
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July 2003. This is due to an increase in the observed con- I
centrations rather than a decrease in the simulated ones. We ,, |
might imagine at least three possibilities to explain this fea- =
ture. The first is a temporal change of local mixing strength & |
that is poorly resolved in the global transport models. This& | é é é g £ ; g
seems unlikely; we have compared boundary layer heights ; O £ g | g .
of ECMWEF in this region between 2002 and 2003, and there T -

. . . . . O A B C D E F G H 1 J K
is no evidence that these have changed significantly in the
latter half of 2003. The second possibility is spatial differ- | (b) Heidelberg-Schauinsland(800m)

ences in emissions (which were ignored in the experiment)
combined with changing dominant transport pathways. The® 1| l
T

in 2003 and are persistently negative at all three sites after (a) Heidelberg-Schauinsland(1205m) %

(=Y

L M N

-
=)
w

L
[=]

third possibility is temporal variations in tH&2Rn exhala-
tion rate. These two emissions-related possibilities are con g

sidered briefly in Sect. 5.2. :

o%%%%zééréé%

4.5 Vertical and horizontal gradient of daytime 25 A B ¢C E F H J
concentrations

o5

D G 1 K L N

We have investigated horizontal as well as vertical gradientsTig. 7. Departure of six hour (12:00-17:00 UTC) concentrations
of simulated and measured concentrations for ear|y afteer Heldelberg from those at. Schauinsland. Mgasyrement; are indi-
noon hours. Figur@ shows concentrations in Heidelberg mi- cat(_ad W|t_h “O". Departur(_as in ea_ch mod_el are m(_jlcated wnh_letters
nus concentrations at Schauinsland (sampled at both 1205 r?f listed in Table 1. The first decile, the first quartile, the median, the
and 800m). The first decile, the first quartile, the median,t ird quartll_e and the nlnth decile are shown with box and whiskers.
. . - . . Concentrations at Schauinsland are sampled at both 1Z8pand

the third quartile and the ninth decile are shown with box g, m(b).
and whisker for observations (O) and for each model (A—N).
Statistics for models were derived from only hours when the
measured concentrations are available. We also derived theggnen sampling closer to 1205 m. One possible reason for the
statistics for different hours within early afternoon hours and gifference is that the correlation is driven by synoptic vari-
obtained similar characteristics. ations in radon which are driven by meteorology, and sam-

The measured concentrations (O) agree each other as Wafing the models close to 1205 m gives a better representation
already shown in Fig2. On the other hand, simulated con- of the meteorology observed at the site location. However,
centrations in Heidelberg agree with those at Schauinslanghe median radon concentration and magnitude of variability
less frequently when sampled from the models at 1205 m(as measured by N.S.D.) is driven by the input flux. For the
i.e. the median is located above the zero line for all modelspbservations, the site is at the surface and close to the input
except D and G. Note that D and G reported surface concenfiyx, while sampling the models at 1205 m is further from the
trations in Heidelberg and the vertical prOf”e for SChannS-input flux and median concentrations become too small.
land from the same grid point (Fid) and their results show
that, for these models, the radon concentration always de4.6 Diurnal amplitude of boundary layer height and
creases with height within a grid-cell column. mean concentrations

The models agree better with the observations when
sampled at 800m. In this case the median HeidelbergSeasonal mean concentrations and seasonal mean BLH am-
Schauinsland (HEI-SCH) difference is closer to zero andplitudes in Heidelberg are shown in Fig§.for 2002. BLH
some models show a proportion of negative differences, simamplitude is defined as the difference between the daily max-
ilar to those seen in the observations. With the exceptionmum BLH and the daily minimum BLH. Mean simulated
of models K and L, the range of HEI-SCH differences is concentrations are normalized by the measured concentra-
smaller than observed, but given that the models are likelytions. Most models showed concentrations from half to twice
sampling neighbouring grid-cells to represent HEI and SCH,the measured mean concentration dependent on season. In all
this would be expected. Models also implicitly average overseasons except JJA (c), most models overestimated the mea-
small scale features within a grid-box which reduces theirsured concentrations. In JJA (c), mismatches are distributed
variability. above and below the measured concentrations. These sea-

The better agreement for HEI-SCH differences when sam-sonal variations are consistent with Fg.
pled at 800 m compared to 1205 m is consistent with under- There are systematic mismatches if we group models by
estimating N.S.D. at 1205 m (shown in Fi).butis not con-  the wind fields used. As listed in Table 1, three groups of
sistent with seeing better correlations with the observationsmodels are defined based on their forcing data; models F, I,
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Heidelberg. Schauinsland gives close to zero correlatoin for
winter and negative correlations in other seasons. Also note
that the diurnal amplitude of boundary layer height is much
smaller in winter than in the other seasons. We will try to
interpret these characteristics in the next section because the
effect of ventilation is not well explored so far.

R= 0.64 (a) DJF R= -0.80 (b) MAM
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Let us consider a simple box model of the boundary layer to
understand the phenomena happening in the global models.
k We may admit that the explanation given here is only specu-
lative and qualitative because all details in the real boundary
layers irrelevant to our interests are omitted.
We assume that th&2Rn is well mixed throughout the
2000 boundary layer immediately after exhalation from the ground
and that mixing between this boundary layer and the free tro-
posphere is prohibited except in the growing and dissipat-
Fig. 8. Scatter plot showing seasonal mean of simulated concening process. The concentration above the top of the bound-
trations divided by measured concentrations and seasonally avegry layer is set to zero. In the growing process, the atmo-
aged diurnal amplitude of boundary layer height in Heidelberg in sphere above the top of the boundary layer is entrained into
2002. Correlations and regression line were estimated for each seahe boundary layer. At the dissipating stage, usually in late
son(a) December, January and Februghy,March, Apriland May,  afternoon, a stable inversion layer may build up below the
(c) June, July and August, arid) September, October and Novem- resjdual layer. We assume that air in the upper part of the
ber. Ea_ch letter correspor_wd_s to a model listed in Table_l. See texﬁoundary layer above this inversion layer is disconnected
for details of seasonal variations of a grdapb, c)colored in red. from the lower part of the boundary layer. The upper part
is diluted immediately to zero concentration in the free tro-

osphere. This process is described using a top-hat function
J use the GEOS4 data set, models K, M, N use the ECMWI’—p : P

o T that is a simplified shape of the boundary layer shape shown
data set, and the remaining models use the NCEP data s P b y ay P

. 5k Fig. 9, namely the lower heigh:() and upper heighti(.)
Models using the GEOS4 data set are observed at the Ioweig constant. The start and end time of the upper heightié

end of the distribution in all seasons. Models using ECMWF . . . !
denoted by; andi, respectively. The boundary layer height
data set are observed in the upper part of the distributions ¥ : pecive’y . y'ay '9

at houri, (0<i < 24) may be written as
The remaining models are distributed in between, except for uri, (0=7 < 24) may be wri
model L. A group of models (A, B and C) are located in the hi) =

lower part of the distributions in DJF (a) and in the upper part H=

in JJA (c). Therefore seasonal variations are smaller than the " . . .
model mean. If we assume that #%@Rn exhalations at re- BY omitting the effect of radioactive decay we may write the

gional scale have no significant seasonal variations, we magpass of 2R per unit area in the boundary layer as

conplgde that the mode!s other than A, B, C might produce [mG-D+f (if i #ip+1)
art|f|C|r?1I seasonal variations in t.he mlsmat.ch.' Qn the other” (i) = {m(,- —Dh/he+ f (f i =i, +1)
hand, if we assume that exhalation has a significant seasonal
variation, we may conclude that the seasonal variations ifvhere the flux from the groundf) is constant. The mixing
the mismatch are reasonable. This contrast demonstrates tf@tio of 22Rn in the boundary layer is
crucial value of seasonal variations of exhalation at reglonalc(l.) —m(i)/hi) 3)
scale.

The most prominent feature in Fi@. is the suggestion where the coefficients for dimensional volume mixing ratio
of a linear relationship between mismatch and BLH which are omitted for simplicity.
changes with season. The correlations are positive for winter Four types of diurnal evolutions af (i) andc(i) are nu-
(a) but negative for other seasons. Analysis for Freiburg alsanerically calculated and are shown in Fi using differ-
gives a positive correlation for winter and negative in otherent sets of ABL evolutions in terms ofif), (k,), (is) and
months though the correlations are slightly weaker than for(i,). The combination of values for each run is (a) 200, 500,
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R 9, 15, (b) 100, 550, 9, 15, (c) 100, 1900, 9, 15, (d) 100,
x N 1900, 8, 16, respectively, with common value f=100. From
(Maximum Height) (a) to (c), ¢;) and () were modified. From (c) to (d);)
: and ¢.) were modified. Diurnal variations of concentrations
are almost cyclically stationary by the fourth day in Fi@.
In the right side of the bottom panel, mean concentrations
and maximum minus minimum concentrations are indicated.
The mean concentrations and the maximum minus minimum
concentrations, (also standard deviation), at day four are in-
creased from (a) to (b) where the nocturnal BLH is reduced
; 1 and the daytime BLH is increased.
(Minimum Height) From the case (a) to (b) in Fi$j0, mean concentrations are
h,[ s!ig_htly increasgd in (b). 'I_'his phenom_enon suggests one pos-
sibility to explain the positive correlation between the mean
Y T T S— V' concentration and amplitude of BLH in DJF (F&). On the
i ie other hand, mean and max-min concentration are decreased
from (b) to (c), due to increased daytime BLH, or (c) to (d),
Daytime ABL due to increased duration of daytime high BLH. These dis-
tinctions may explain the trends in the other seasons irgFig.
_ o _ _ Nocturnal BLH has both positive and negative effects on
Flg. 9. Factor_s _characte_rlzmg the_tlme evo_lutlon of b_oundary I_ayt_ar daytime concentrations, as demonstrated in the case (a) and
thickness. Minimum height, maximum height, amplitude are indi- (b). As BLH is reduced at nighttime, concentrations in the
cated for top-hat shape (red). - . - . .
nighttime are increased and potentially make daytime con-
centrations higher. At the same time, if the nocturnal BLH
—@ —® Q) ) is lower, due to an increase in ventilation for the same BLH

apnyijdwy

£ E £ EEJ = in daytime, loss due to that ventilation is increased, which

% j j i% i potentially reduces the subsequent daytime concentrations.

&N LN 322 NN i%g& g 3 The daily mean concentrations are a result of the balance be-
— el = tween these two effects and beyond the scope of the current

a 2 2 2 simplified model.

= £ £ =

é g é l é 5.2 Emissions

g g =2 2 If we assume that the transport and mixing are represented in

B 8% £% =3 = the models correctly, one way to explain the temporal vari-

§ v§§ ?g ;g [i ations of the mismatch shown in Figs.and 8 is to relax

W, . . s\, iUV U UL U UILS the condition of a constant flux over Europe. Horizontal as

123 4 1234 1234 123 4 well as temporal variations have the potential to explain the

Days pays Days Days mismatch. We first tested the effect of the change of large

scale transport using tagged simulations frorfi 3@0° re-

. . . . gions over Europe to determine the so called foot print or
Fig. 10. Boundary layer height and concentrations calculated using . .. .
our one dimensional model, as described in section 5.1. Top panel atchment area of the site. Enhanced ermss[ons in south-
show four variations of diurnal cycle of boundary layer height over WEStern EuropeSzegvary et al2007 2009 might influence
four days. Middle panels show four days of changes of ##4Rn the site occasionally. However these tagged simulations (us-
in the boundary layer assuming a constant source from the bottoming model K) show that more than 80 % of concentrations in
Bottom panels show mixing ratio in the boundary layer assumingHeidelberg and Freiburg are caused?®Rn emitted from a
homogeneous mixing ratio in the boundary layer and entrainmenB0° x 30° region around the sites in all seasons. Therefore,
of free tropospheric air during growing period only. From left to we may conclude that high emissions from Southeastern Eu-

right, four cases are selected to show the relative change of conrgpe are unable to explain the temporal variations at the three
centration in a day to the change of diurnal variations of boundarysjtes under investigation.

layer height. The concentrations in the boundary layer were calcu-

lated using Eq. (3). See text for details. The second option to adjust model concentrations to the

observations is to introduce temporally changing emissions.
For example, the model concentration in Heidelberg may be
closer to the observation if we reduce the emission to half of
the current value between January to May 2002 and between
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November 2002 to May 2003. If we increase the emissions Due to a lack of effective boundary layer height observa-
after July 2003, model concentrations become closer to thé¢ions and insufficienf22Rn flux observations over Europe in
measurements at all sites. Seasonal changes in flux ha@002 and 2003, we were unable to rank the models. In other
been observed in the Heidelberg regi@o(r and Minnich words, the models reproduced concentrations within the un-
1990, consistent with the seasonality in modelled mismatch.certainty resulting from boundary layer thickness and emis-
This seasonality is thought to be driven by changes in soilsions.
moisture, which could also provide a mechanism for inter- The effect of diurnal variations of boundary layer height
annual changes in radon flux. We have used NOAA Climateon mean concentrations via ventilations has largely been ig-
Forecast Data System datas8tlia et a).2010 to give a  nored up until now. Unfortunately, boundary layer height ob-
time series of soil water content for Heidelberg for 2000- servations with high vertical and temporal resolution are less
2006 and find that soil water content is above average in 200prevalent nowadays as compared to the past when air pol-
and below average in the second half of 2003 (due to the Eulution was a more serious problem. Recent development of
ropean summer heatwave and drought that year). This woulthser radar makes it easier to conduct continuous monitoring
be consistent with lower radon fluxes in 2002 and higherof boundary layer height. Detailed comparison of boundary
ones in late 2003Griffiths et al.(2010 incorporate tempo-  layer is expected at these two towns in the future.
ral changes in soil moisture into their estimates of Australian
radon fluxes. It may be appropriate in future work to apply
a similar process to estimate temporal changes in EuropeaAppendix A
fluxes. This result does suggest that some care may be re-
quired in flux estimation methods where the flux of a sec-Corrections applied to FRB data
ond species is estimated assuming a known radon emission
with no interannual variationsSchmidt et al.2003 Hirsch A radon monitor measuring total alpha activity (i.e. the
2007). Freiburg Monitor) measures the daughters from BS8Rn
and 22°Rn. Results from an inter-comparison between

) the Freiburg instrument and the Heidelberg instrument

6 Conclusions (Levin et al, 2002 performed in Freiburg in August
2002 were used to estimate tHé€°Rn contributions in

inland stati tudied using hourl ¢ the Freiburg measurements. In this inter-comparison
Eesn fl:] ;n i;al'c:{]iweaz smu 1€ rursnmgt ouvrvy ?onﬁgrlr:a'ﬁroject a Heidelberg-type monitor was set up at the
ons from simuiations and measurements. Ve fou a reiburg monitor site. Air was taken at 8 m above the
differences in measured daytime concentrations among thes

&ound. Measurements were made in parallel for a month.

stations were poorly reproduced by the model. Concentra-r'ahc_hourly measurements of both instruments were

tions in Heidelberg and at Schauinsland are almost identicavery well correlated § = 0.98) with the following relation:
in. daytime while model§ showeq small but significant gra- Rn(Heidererg\/Ionitor)26.80 Rn(Freiburgvionitor) — 0.23;.
%he difference between the two measurements is attributed
¥o the contribution of the??°Rn daughter activity in the

Temporal variations 0f22Rn concentrations at three Euro-

tions in Freiburg are higher than those at Schauinsland b

about 2Bg m* during daytime observations, models show Freiburg Monitor measurement which is excluded in the

3 . .
less than ;Bq m" gradient. Segsonal mean of S|mu|ated_ HeidelbergMonitor measurements évin et al, 2002.
concentrations are correlated with the seasonal mean daily ; : o .
The second factor is due to disequilibrium. Vertical pro-

amplltude_s of bgundary layer he_|ght N Spring, summer andflles of natural radio nuclides, such #$Po (one of the pro-
autumn with a sign change for winter compared to the other_ " o . . :
genies of??Rn, i.e. measured in the Heidelberg and in the
seasons. . . 2 : o2
. . . Schauinsland Monitor) ané??Rn, in the equilibrium state
From the simulation and measurement mismatch of con-

. . in the ABL under various turbulent diffusion coefficients
centrations, we may speculate that the emissions are chan%—

ing with time at regional scale beyond the chamber measure’ < obtained by solving the diffusion equatiafa¢obi and
9 atreg Y = André, 1963. It was shown that the ratio 8F*Po and?2?Rn
ments scale if we assume transport and mixing are reason:

ably modelled. From correlations between simulated an{self is not necessarily constant with altitude but varies with
a

measured radon, we have confirmed previous findings th he ver_t?ca_l profiles of diffusior_l coeffic@ents. Although the
correlations depénd weakly on the distance between mode(i“.sequ'“bnur_n _faqtor at Schaums_land IS .S*?OW_” to be 87%
. . ’ . . . Without precipitation and 74 % with precipitation for a se-
sampling site and observational site due to concentration dlrsl—ected wind sectorXia et al, 2010 we applied a constant
tributions caused by transport and mixing. Choosing an ap- ’

ropriate samoling heiaht for mountain sites remains diﬁicultdisequ“ibrium factor at each site for simplicity. Here we cor-
prop pling heig rected for disequilibrium by dividing the observé&fRn by

L ferent samplng helghe, depending on the elmens of 0% 0.031 Levin ot l, 2003 in Freurg and Heide
the observationspbe?n cgm :clredp g erg and by 0.84# 0.14 for Schauinsland (Schmidt et al.,
9 P ' 2001). Altogether, we thus corrected the Freiburg values as
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follows: FRB.new=1.14FRBold — 0.33, where FRBiew and methyl iodide by deep convection in the GFDL Global
refers to the values used in this study and E&t@ refers to Atmospheric Model AM2, J. Geophys. Res., 112, D17303,
the original value. doi:10.1029/2006jd007542007.
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