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Abstract

Fourteen global atmospheric transport models were evaluated by comparing the sim-
ulation of 222Rn against measurements at three continental stations in Germany: Hei-
delberg, Freiburg and Schauinsland. Hourly concentrations simulated using a com-
mon 222Rn-flux without temporal variations were investigated for 2002 and 2003. We5

found that the mean simulated concentrations in Heidelberg are related to the diur-
nal amplitude of boundary layer height in each model. Summer mean concentrations
simulated by individual models were negatively correlated with the seasonal mean of
diurnal amplitude of boundary layer height, while in winter the correlation was positive.
We also found that the correlations between simulated and measured concentrations at10

Schauinsland were higher when the simulated concentrations were interpolated to the
station altitude in most models. Temporal variations of the mismatch between simulated
and measured concentrations suggest that there are significant interannual variations
in the 222Rn exhalation rate in this region. We find that the local inversion layer during
daytime in summer in Freiburg has a significant effect on 222Rn concentrations. We15

recommend Freiburg concentrations for validation of models that resolve local stable
layers and those at Heidelberg for models without this capability.

1 Introduction

Source-receptor relationships for atmospheric compounds, like gases and fine parti-
cles, are one of the tools for emission control to manage air quality. A set of source-20

receptor relationships forms a response matrix, or Jacobian matrix, and plays a central
role in making an inverse estimate of sources and sinks of compounds. Global at-
mospheric transport models have been developed to describe this relationship, and
include various pathways. Some examples of these pathways are diffusion in the at-
mospheric boundary layer (ABL), transport by convection and synoptic disturbances25

in the free troposphere, interactions with cloud and rain droplets, chemical reactions,
dry and wet deposition to the surface. There is a variety of realism in the modeling
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of each process. Validation of the source-receptor relationship is required for effective
application of emission control, both technically and politically.

A group dealing with the inverse modeling of sources and sinks of carbon diox-
ide conducted an inter-comparison project of global atmospheric transport models
(TransCom-continuous) focused on synoptic (Law et al., 2008) and diurnal (Patra et5

al., 2008) timescales (http://www.purdue.edu/transcom). It was found that the simu-
lated diurnal amplitudes of CO2 have a weak relationship with vertical resolution in the
models. The differences between models in how near-surface mixing is simulated are
as important as the vertical resolution. It was also found that the correlation of simu-
lated and measured daily CO2 is related to the distance of the model sampling location10

from the measurement location. Two factors are suggested to contribute to lower cor-
relations for larger distances: the spatial heterogeneity of surface fluxes in the vicinity
of the site and the spatial scale of concentrations corresponding to meteorological sys-
tems. As for vertical levels, an appropriate level for mountain sites for comparison with
the observation was not apparent. The aim of the observations at mountain sites are to15

measure background, i.e. clean non-polluted air while the observed concentrations as
well as the modeled concentrations at a fixed level may not always satisfy that criterion.
Therefore the model evaluations could not be conclusive. 222Rn was included in the
TransCom simulations as one of their model evaluation compounds.

222Rn is a noble gas emanating from soils and rocks containing 226Ra. It is exhaled20

from the soil air to the atmosphere and decays with a half-life of 3.824 days. Activity
concentrations are measured from its radioactive decay or from the decay of its pro-
genies collected on filters. 222Rn exhalation rate from the ground is a function of the
amount of 226Ra in the soil material, grain size of the soil, water content of the soil, etc.
at a chamber measurement scale (Nazaroff, 1992), while it is a function of water table25

depth at regional scales (Levin et al., 2002). Measurement of radioactivity in the lower
part of the ABL was made on activated charcoal at 0.97 m, 5.72 m, 23.8 m and 39.9 m
level at Argonne National Laboratory (Moses et al., 1960). Other measurements were
made using progenies of 222Rn on aerosol collected on filters at 1 m, 15 m, 30 m and
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100 m level at the plateau of Saclay in the outskirts of Paris (Servant, 1966). Verti-
cal profiles within the ABL have recently been measured with gliders (Williams et al.,
2011). They all showed large vertical gradients during night and almost constant con-
centrations in the vertical down to 1m during daytime.

The vertical gradient of 222Rn between Freiburg (276 m) and Schauinsland (1205 m)5

has been used to evaluate atmospheric transport models (Olivié et al., 2004; Chevil-
lard et al., 2002) because these two sites are considered to be appropriate in terms
of horizontal distances as well as vertical separation. The vertical gradient of 222Rn
in the ABL in an open flat area is the result of accumulation from soil exhalation and
dilution of 222Rn due to ventilation of ABL air with free troposphere air caused by the10

diurnal change of the ABL height. If we assume the area where tower observations
and glider measurements were made to be open and flat, the ratio of concentrations
in Freiburg and concentrations at Schauinsland are expected to approach one if the
ABL top exceeds the height of the Schauinsland mountain ridge. Observed concentra-
tions in Freiburg are twice as high compared to Schauinsland even if the ABL height15

rises above the Schauinsland level. Two types of boundary layer schemes, local and
non-local, are evaluated in TM3 combined with diffusion coefficients archived in the
reanalysis process (Olivié et al., 2004). All boundary layer schemes, including local
and non-local schemes, produced a vertical gradient comparable to the measured one
if the model level for comparison is selected with special care for the site effects of the20

stations (Chevillard et al., 2002). Temperature of the site was used to include the site
effect. The Schauinsland Ozone Precursor Experiment (SLOPE) conducted in June
1996 (Kalthoff et al., 2000; Fiedler et al., 2000) demonstrated the formation of a cold
air pool and the build-up of local low level inversions during daytime on clear summer
days in this area; this feature has not been taken into account in the evaluations of low25

resolution models.
Various 222Rn flux distributions have been proposed including an exhalation rate dis-

tribution based on multiple factors, such as radium content in the soil, grain size of the
soil, etc. (Schery and Wasiolek, 1998), a flux distribution with a decrease with latitude
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north of 30◦N (Conen and Robertson, 2002), a spatially and temporally resolved ex-
halation rate map over Europe using gamma dose rate (Szegvary et al., 2007). A flux
distribution over ocean was estimated using radium content in the sea-water and wind
speed dependency of the gas transfer velocity between air and the sea (Schery and
Huang, 2004). Temporal variations of the 222Rn flux are also important. The flux of5
222Rn has been measured on clay and sandy soils in West Germany for one year (Dörr
and Münnich, 1990). The flux from clay soil was found to have ±36 % maximum de-
viations from the long term mean with higher fluxes in summer than winter. The flux
showed no seasonal variations from sandy soil. A seasonally varying flux with mini-
mum values of 12.2 mBq m−2 s−1 in January and maximum values of 19.5 mBq m−2 s−1

10

in August is usually assumed in the radon-tracer method for estimation of greenhouse
gas emissions in the Heidelberg catchment (Schmidt et al., 2001; Levin et al., 2003;
Hammer and Levin, 2009). In transport model evaluations, however, constant emis-
sions from continental surfaces of 1 atom cm−2 sec−1 (=1.66×10−20 mol m−2 sec−1,
21.0 mBq m−2 sec−1) are mostly used (Allen et al., 1996; Heimann and Keeling, 1989;15

Mahowald et al., 1997; Jacob et al., 1997; Stockwell et al., 1998; Dentener et al., 1999;
Chevillard et al., 2002; Taguchi et al., 2002; Josse et al., 2004; Olivié et al., 2004;
Considine et al., 2005; Donner et al., 2007; Zhang et al., 2008). The use of a constant
flux from continental surfaces definitely introduces some degree of mismatch between
simulation and measurements.20

We have attempted to evaluate individual model output submitted to the TransCom
continuous experiment by means of 222Rn along with boundary layer height (BLH). A
total of 25 models submitted results. We used only the 14 models that submitted both
222Rn activity concentrations and explicit BLH. 222Rn observations and a set of refer-
ence BLH are described in Sect. 2. Participating models and specifications of 222Rn25

experiments are described in Sect. 3. The ensemble mean of model outputs as well
as individual model output are compared with the observations in Sect. 4. A relation-
ship between mean concentrations and BLH, and an estimate of temporal variations of
emissions are discussed in Sect. 5. The results are summarized in Sect. 6.
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2 Measurements

2.1 Hourly concentration measurements of 222Rn

We used data from three inland stations in Germany as shown in Fig.1. Freiburg
(47◦ 59′56′′ N, 7◦ 50′52′′ E, 276 m) is located in the Rhine valley in southern Germany.
The measurement is made at 8 m above the ground. The monitoring site at Schauins-5

land (47◦54′57′′ N, 7◦54′29′′E, 1205 m) is located about 12 km south of Freiburg on the
saddle of a hill (1284 m). Hourly measurements at Freiburg and Schauinsland are per-
formed by the Federal Office for Radiation Protection, Germany. The observational site
of Heidelberg (49◦24′37′′ N, 8◦42′23′′ E, 116 m) is also located in the upper Rhine val-
ley about 170 km northeast of Freiburg. Hourly measurements have been performed10

by the Institut für Umweltphysik, University of Heidelberg (Levin et al., 2002) at 20 m
above the ground. The meteorological conditions during summer in Freiburg and at
Schauinsland have characteristics of complex terrain, as studied in SLOPE (Kalthoff et
al., 2000; Fiedler et al., 2000) and are different from typical continental sites. During
winter, the meteorological situation is characterized by low, persistent stratus decks15

associated with stable conditions (Dentener et al., 1999).
We have applied here two corrections to the 222Rn measurements from Freiburg

used in previous studies, one for the 220Rn daughter contribution and the other for dis-
equilibrium between 222Rn and its measured daughters. Both factors have significant
effects on the measurements in the ABL. A radon monitor measuring total alpha ac-20

tivity (i.e. the Freiburg Monitor) measures the daughters from both 222Rn and 220Rn.
Results from an inter-comparison between the Freiburg instrument and the Heidelberg
instrument (Levin et al., 2002) performed in Freiburg in August 2002 is used to esti-
mate the 220Rn contributions in the Freiburg measurements. In this inter-comparison
project a Heidelberg-type monitor was set up at the Freiburg monitor site. Air was25

taken at 8 m above the ground. Measurements were made in parallel for a month.
Half-hourly measurements of both instruments were very well correlated (R = 0.98)
with the following relation: Rn(Heidelberg Monitor)=0.80Rn(Freiburg Monitor) + 0.21.
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The difference between the two measurements is attributed to the contribution of the
220Rn daughter activity in the Freiburg Monitor measurement which is excluded in the
Heidelberg Monitor measurements (Levin et al., 2002).

The second factor is due to disequilibrium. Vertical profiles of natural radio nuclides,
such as 214Po (one of the progenies of 222Rn, i.e. measured in the Heidelberg and in5

the Schauinsland Monitor) and 222Rn, in the equilibrium state in the ABL under various
turbulent diffusion coefficients are obtained by solving the diffusion equation (Jacobi et
al., 1963). It was shown that the ratio of 214Po and 222Rn itself is not necessarily con-
stant with altitude but varies with the vertical profiles of diffusion coefficients. Although
the disequilibrium factor at Schauinsland is shown to be 87 % without precipitation10

and 74 % with precipitation for a selected wind sector (Xia et al., 2010), we applied a
constant disequilibrium factor at each site for simplicity. Here we corrected for disequi-
librium by dividing the observed 222Rn by 0.704±0.091 (Levin et al., 2002) in Freiburg
and Heidelberg and by 0.847±0.14 for Schauinsland (Schmidt et al., 2001).Altogether,
we thus corrected the Freiburg values as follows: FRB new=1.14FRB old −0.33,15

where FRB new refers to the values used in this study and FRB old refers to the origi-
nal value.

After these corrections, mean concentrations in 2002 and 2003 for Heidelberg,
Freiburg and Schauinsland are 4.6±3.6, 7.3±4.9, 2.5±1.7 Bq m−3, respectively. Note
that in these values, effects related to vertical gradient during nighttime are retained.20

On typical days, Freiburg (and Heidelberg) 222Rn shows maximum concentrations at
dawn, and minimum concentrations in the early afternoon (Levin et al., 2003; Schmidt
et al., 2003; Olivié et al., 2004). Concentrations at Schauinsland have their maximum in
the early afternoon and their minimum during late night. Concentrations are compared
to each other for two time periods, midnight to dawn (0–6 UTC) and early afternoon25

(12–18 UTC), as illustrated in Fig. 2, which shows frequency distributions of differences
of seven hour mean concentrations between Heidelberg, Freiburg and Schauinsland.
Similar results are obtained for single hours to a few hours within each time period.
In midnight to dawn hours (a), concentrations in Heidelberg and Freiburg are both
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higher than at Schauinsland. The most frequent difference between Heidelberg and
Schauinsland concentrations is about 2 Bq m−3. The differences for Freiburg extend
over a much broader range, between 1 to 8 Bq m−3. Much larger differences are more
frequently observed in Freiburg than Heidelberg indicating strong night-time inversions
being more frequent in Freiburg. Also the fact that the Freiburg air intake is closer to5

the ground may contribute to the more elevated 222Rn activities during night. At early
afternoon hours (b), concentrations in Heidelberg sometimes agree with Schauinsland
to within 0.5 Bq m−3, indicating well mixed conditions in Heidelberg. On the other hand,
concentrations in Freiburg are seldom smaller than those at Schauinsland, indicating
that a vertical gradient of about 1 Bq m−3 remains between Freiburg and Schauinsland10

even in daytime. The concentration difference between Freiburg and Heidelberg is
also inconsistent with tower observations (Moses et al., 1960; Servant, 1966) which
suggest that the concentrations at 8 m and at 20 m are indistinguishable in convective
conditions. However the data show that concentrations in Heidelberg (20 m) are lower
than in Freiburg (8 m) even at daytime. One possible explanation is the local low level15

inversion resulting from a cold air pool from the Rhine valley (Kalthoff et al., 2000;
Fiedler et al., 2000). There are two inversion layers over the Schauinsland region in
SLOPE, one at 2 km and a lower one at 1 km. The upper one may be a typical inversion
layer represented in the meteorological data set used in the models. The lower one is
detected in the valley between Freiburg and Schauinsland and may be extended over20

or near Freiburg and suppress vertical diffusion. There is no information regarding
such a low level inversion in Heidelberg.

2.2 Boundary layer height

Boundary layer thickness diagnosed in the European Centre for Medium Range
Weather Forecasts (ECMWF) numerical weather forecast system (NWF) was used for25

a reference BLH. The term, “diagnosed”, means that BLH is not a forecast variable, but
is calculated after the prediction of atmospheric states. We adopted this BLH because it
was available more frequently in NWF systems (3 h) as compared to radiosondes (12 h)

19261

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/19253/2011/acpd-11-19253-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/19253/2011/acpd-11-19253-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 19253–19290, 2011

TransCom
continuous
experiment

S. Taguchi et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

and was available at 0.5◦ horizontal resolution. The archive of BLH used in this study is
different from that used in an earlier study (Olivié et al., 2004) but data were produced
in a similar manner. We also estimated BLH from the vertical profile of temperature in
radiosonde observations available in the neighborhood (Nancy, Hanau, Stuttgart, Sig-
maringen) and found no evidence of inconsistency with diagnosed BLH in the ECMWF.5

We computed hourly BLH at observational sites using interpolation in time and space
from the diagnosed BLH at forecast times of 12, 15, 18, 21 hours starting at 0 and
12 UTC (http://www.ecmwf.int/research/ifsdocs/CY33r1/index.html, Sect. 3.12.1). The
local low level inversion studied in the SLOPE experiments (Kalthoff et al., 2000; Fiedler
et al., 2000) was not used in this study because the horizontal scale of the low level10

inversion may be smaller than the grid interval of the meteorological data used

3 Participating models and the experiment

The fourteen models, or model variants, used in this analysis are a subset of models
collected in TransCom and are listed in Table 1. Six models are on-line, i.e. meteorology
is generated as part of the model simulation with winds (and in two cases, temperature)15

nudged towards National Center for Atmospheric Research (NCAR) and National Cen-
ter for Environmental Prediction (NCEP) reanalysis (Kalnay et al., 1996). Eight models
are off-line, with meteorological forcing provided by ECMWF, Goddard Earth Observing
System Data Assimilation System (GEOS DAS) or NCAR/NCEP. All models analyzed
here reported BLH, although configurations and implementations of the boundary layer20

scheme differ between models including local schemes (A, B, C and F), and non-local
schemes (others). For vertical coordinates, eight models have pressure-sigma mixed
levels. Five models have sigma coordinates. One model, NICAM, has a height-based
terrain following coordinate. Modelers chose the horizontal positions to report simu-
lated concentrations; either from a nearest grid point value, or interpolated to the site25

location from values at surrounding grid points as shown in Fig. 1. Lower case letters
correspond to Heidelberg. Capital letters correspond to Freiburg and Schauinsland.
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Note that two models sampled their output at the same locations (d and D, g and G).
The lowest model level concentrations were always used for Freiburg and Heidelberg.
For Schauinsland, a vertical interpolation was made using a common scheme as de-
scribed below.

Compared to the WMO inter-comparison (Rasch et al., 2000) in which 15 models5

participated, spatial resolutions have increased from 2.5◦ −10◦ to 1.0◦ −2.8◦ in the
horizontal and from 9–21 to 18–60 layers in the vertical. As mentioned before, all on-
line models in this study are forced with the observed meteorological fields, which was
not the case in the previous inter-comparison where the focus was only on seasonal
time-scales.10

Each model simulated global concentrations of 222Rn using a common flux distri-
bution for four years (Law et al., 2008). The flux over land between 60◦ N–60◦ S was
set to 1.66×10−20 mol m−2 sec−1. No temporal variations were considered. Simulation
results in the first two years were discarded as spin up time. Hourly model concen-
trations in the last two years (2002, 2003) were submitted for 100 locations at vertical15

levels up to around 500 hPa for each model. Associated meteorological values were
also submitted.

4 Results

4.1 Boundary layer height

Hourly variations of BLH at Heidelberg and Freiburg (and Schauinsland) are compared20

with those provided from ECMWF. Figure 3 shows Taylor’s diagram of BLH where cor-
relation is shown by the angle from the vertical axis and the size of variations by the
radial distance. Letters correspond to each model listed in Table 1 except “x” which
corresponds to an ensemble average of BLH of all models.

Model H has the highest correlations followed by model M and N. The reason for25

the high correlations of these models is that they explicitly used BLH provided from
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ECMWF, though details of BLH in these models and the present study are not exactly
the same. For example, one difference is that M and N used constant BLH for 3 h while
we used hourly BLH from temporal interpolation of the ECMWF forecast for compari-
son. Some models with low correlations, such as (l) in Fig. 3a, are sampling data at
the largest distance to Heidelberg as shown in Fig. 1. Models (A) and (B) showing5

smaller correlations in Fig. 3b, are also sampling values remote from Freiburg (Fig. 1).
The ensemble average of all models (x) shows higher correlations compared to most
models probably because BLH used in models were distributed around the reference
BLH estimated at exact locations of Heidelberg and Freiburg in Fig. 1. Therefore, it is
suggested that the sampling point of each model may modify the score of each model,10

such as correlation, mismatch and normalized standard deviations. To evaluate each
model, it may be better to distinguish the effect of sampling location from the total per-
formance of the model. The other point suggested from Fig. 3 is that by making the
ensemble average of models, the score is higher; errors in the simulated signal are
reduced by averaging. We will assume this effect in the following discussions.15

4.2 Correlation of hourly concentrations

The effect of sampling location is investigated for concentrations. Figure 4 shows the
correlation between simulated and measured concentrations for individual models at
the surface sites along with the distance of each model’s sampling location from the
site. Two cases (a) Heidelberg in JJA 2002 and (b) Freiburg in JJA 2002 are shown20

as examples. Seasonal mean correlations are distributed around 0.6 with a weak de-
pendency on the distance between the model sampling location and the site. We
also made correlations using one model’s (K) output sampled at the locations of the
sampling points of the other models (Fig. 1). This confirms, for a single model, the
dependence of seasonal mean correlation on distance solely from horizontal distribu-25

tions of concentrations without heterogeneous flux distribution, a complication when
the evaluation used CO2 (Patra et al., 2008). Figure 4c demonstrates the disadvan-
tage for a specific location (A) where seasonal mean correlation in model K is far less
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than the regression line. This disadvantage indicates a type of site effect at the point
due to air flow over complex terrain. Therefore, we conclude that the sampling location
has a small but detectable effect on the evaluation of model performance and future
inter-comparisons might therefore recommend sampling model output for inland sites
as close to the observations as possible, i.e. by interpolation. By contrast, Law et5

al. (2010) noted that interpolation is a poor choice for sampling coastal sites.

4.3 Positioning of simulated concentrations at Schauinsland

Because we collected concentrations and pressure of each level in individual models,
we could derive concentrations at any station altitude. We compare simulated and
measured concentrations at different levels by plotting the normalized standard devi-10

ation and correlations at each model level and the site altitude (1205 m) using hourly
data (Fig. 5). Concentrations at the site altitude were estimated based on a common
pressure value at the site and an individual pressure value at each model level. As a
reference, hourly pressure at the altitude of Schauinsland was estimated from 6 hourly
ECMWF operational analyses using linear interpolation in time and space. Concen-15

trations at Schauinsland at this reference pressure were estimated from the vertical
profile of simulated concentrations of each model.

The standard deviation of the simulated concentrations is plotted in a bold solid curve
in the left side of each panel. It is normalized with the standard deviation of measured
concentration. All models show a steep decrease with altitude up to the station altitude,20

indicated with an arrow. At the station altitude, the normalized standard deviations of
models (B) and (L) are about one, meaning the size of variations corresponds well with
the observations. The size of variations is underestimated in other models.

The correlations are shown at the altitude of each model level. Since hourly concen-
trations are used in the calculations, the correlations include diurnal to seasonal vari-25

ations. We obtained the largest correlations at or near the altitude of the site. Based
on the correlation profile shown in Fig. 5, we use the modeled concentrations at the
altitude of Schauinsland for comparing with observations. However, given the generally
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low NSDs at the site altitude, we also test the sensitivity to sampling the models at a
lower altitude of 800 m.

4.4 Mean model characteristics

We have computed the ensemble mean of model outputs by averaging the 14 models
at each hourly time step and have compared this ensemble mean with the measured5

concentrations at each hour. Monthly averages and standard deviations of the hourly
mismatch (mean simulated concentrations minus measured concentrations) averaged
over two seven hours time periods are shown in Fig. 6 for 2002 and 2003. The solid
curve shows an average of the mismatch for early afternoon hours. Note that the
mismatch is calculated only when the measured concentrations are available. The10

error bar corresponds to one standard deviation. The same statistics were calculated
separately for midnight to dawn hours (0–6 UTC) and are shown as the dashed line.

In Heidelberg (Fig. 6a), the models overestimate the measurements mostly for winter
and spring months, both in afternoon hours and midnight to dawn hours. For afternoon
hours, the typical measured concentrations are only about 2 Bq m−3 even in winter.15

Therefore, simulated concentrations are twice as high compared to measured concen-
trations. These differences can be explained by the constant radon flux used in the
model simulations. This flux is close to the magnitude of the flux around Heidelberg in
summer (Schmidt et al., 2003) but much larger than the winter flux.

By contrast, at Freiburg (Fig. 6b), the models underestimate the measured con-20

centrations in summer seasons, especially during afternoon hours. The overestimate
at Heidelberg and the underestimate at Freiburg are consistent with the large differ-
ences in measured concentrations between the two sites, given the fact that these
two sites are typically separated only by one grid cell in the models. At Schauinsland
(Fig. 6c), the model mean simulated the measured concentrations within the one stan-25

dard deviation range, while mean discrepancies are negative after July 2003. Note
that the vertical axis for Schauinsland (Fig. 6c) is different from Heidelberg (Fig. 6a)
and Freiburg (Fig. 6b). If 800 m sampling is used instead of 1205 m sampling, the
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model-data mismatch (not shown) is more positive, especially for nighttime hours all
year and daytime hours in winter. This would be consistent with the Heidelberg re-
sult which suggested the radon flux used in this experiment was too large in winter.
The temporal evolution of the model-data mismatch is consistent over both sampling
heights.5

Because measured concentrations in Heidelberg are very similar to measured con-
centrations at Schauinsland, we may regard the high concentrations at Freiburg as
sub-grid phenomena not suitable for testing atmospheric transport models which do
not resolve local low level inversion layer. The measured concentrations at Freiburg
may provide a challenging test bed for atmospheric transport models which resolve10

complex terrain and stable layers (Fiedler et al., 2000).
Despite the differences in the mean mismatches, there is a temporal variation com-

mon to all sites. Mismatches decrease in 2003 and are persistently negative at all three
sites after July 2003. This is due to an increase in the observed concentrations rather
than a decrease in the simulated ones. We might imagine at least three possibilities15

to explain this feature. The first is a temporal change of local mixing strength that is
poorly resolved in the global transport models. This seems unlikely; we have com-
pared boundary layer heights of ECMWF in this region between 2002 and 2003, and
there is no evidence that these have changed significantly in the latter half of 2003.
The second possibility is spatial differences in emissions (which were ignored in the20

experiment) combined with changing dominant transport pathways. The third possi-
bility is temporal variations in the 222Rn exhalation rate. These two emissions-related
possibilities are considered briefly in Sect. 5.2.

4.5 Vertical and horizontal gradient of daytime concentrations

We have investigated horizontal as well as vertical gradients of simulated and mea-25

sured concentrations for early afternoon hours. Figure 7 shows concentrations in Hei-
delberg minus concentrations at Schauinsland (sampled at both 1205 m and 800 m).
The first decile, the first quartile, the median, the third quartile and the ninth decile are
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shown with box and whisker for observations (o) and for each model (A–N). Statistics
for models were derived from only hours when the measured concentrations are avail-
able. We also derived these statistics for different hours within early afternoon hours
and obtained the same characteristics.

The measured concentrations (o) are very similar to those at Schauinsland as was5

already shown in Fig. 2. On the other hand, simulated concentrations in Heidelberg
agree with those at Schauinsland less frequently when sampled from the models at
1205 m, i.e. the median is located above the zero line for all models except D and
G. Note that D and G reported surface concentrations in Heidelberg and the vertical
profile for Schauinsland from the same grid point (Fig. 1) and their results show that, for10

these models, the radon concentration always decreases with height within a grid-cell
column.

The models agree better with the observations when sampled at 800 m. In this
case the median Heidelberg-Schauinsland (HEI-SCH) difference is closer to zero and
some models show a proportion of negative differences, similar to those seen in the15

observations. With the exception of models K and L, the range of HEI-SCH differences
is smaller than observed, but given that the models are likely sampling neighbouring
grid-cells to represent HEI and SCH, this would be expected.

The better agreement for HEI-SCH differences when sampled at 800 m compared to
1205 m is consistent with underestimating NSD at 1205 m (shown in Fig. 5) but is not20

consistent with seeing better correlations with the observations when sampling closer
to 1205 m. One possible reason for the difference is that the correlation is driven by
synoptic variations in radon which are driven by meteorology, and sampling the models
close to 1205 m gives a better representation of the meteorology observed at the site
location. However, the median radon concentration and magnitude of variability (as25

measured by NSD) is driven by the input flux. For the observations, the site is at the
surface and close to the input flux, while sampling the models at 1205 m is further from
the input flux and median concentrations become too small.
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4.6 Diurnal amplitude of boundary layer height and mean concentrations

Seasonal mean concentrations and seasonal mean BLH amplitudes in Heidelberg are
shown in Fig. 8 for 2002. BLH amplitude is defined as the difference between the
daily maximum BLH and the daily minimum BLH. Letters correspond to each model.
Mean simulated concentrations are normalized by the measured concentrations. Most5

models showed concentrations from half to twice the measured mean concentration
dependent on season. In all seasons except JJA (c), most models overestimated the
measured concentrations. In JJA (c), mismatches are distributed above and below the
measured concentrations. These seasonal variations are consistent with Fig. 6.

There are systematic mismatches if we group models by the wind fields used. As10

listed in Table 1, three groups of models are defined based on their forcing data; models
F, I, J use the GEOS4 data set, models K, M, N use the ECMWF data set, and the
remaining models use the NCEP data set. Models using the GEOS4 data set are
observed at the lower end of the distribution in all seasons. Models using ECMWF
data set are observed in the upper part of the distributions. The remaining models15

are distributed in between, except for model L. A group of models (A, B and C), those
using a local boundary scheme are located in the lower part of the distributions in
DJF (a) and in the upper part in JJA (c). Therefore seasonal variations are smaller
than the model mean. If we assume that the 222Rn exhalations at regional scale have
no significant seasonal variations, we may conclude that the non-local scheme might20

produce artificial seasonal variations in the mismatch. On the other hand, if we assume
that emanation has a significant seasonal variation, we may conclude that the seasonal
variations in the mismatch are reasonable. This contrast demonstrates the crucial value
of seasonal variations of emanation at regional scale.

The most prominent feature in Fig. 8 is the suggestion of a linear relationship be-25

tween mismatch and BLH which changes with season. The correlations are positive
for winter (a) but negative for 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
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to interpret these characteristics in the next section because the effect of ventilation is
not well explored so far.

5 Discussion

5.1 Conceptual relationship between boundary layer height and mean
concentrations5

Let us consider a super simplified, primitive box model of the boundary layer to un-
derstand the phenomena happening in the global models. We may admit that the
explanation given here is only speculative and qualitative because all details in the real
boundary layers irrelevant to our interests are omitted.

We assume that the 222Rn is well mixed throughout the boundary layer immediately10

after exhalation from the ground and that mixing between this boundary layer and the
free troposphere is prohibited except in the growing and dissipating process. The con-
centration above the top of the boundary layer is set to zero. In the growing process, the
atmosphere above the top of the boundary layer is entrained into the boundary layer.
At the dissipating stage, usually in late afternoon, a stable inversion layer may build up15

below the residual layer. We assume that air in the upper part of the boundary layer
above this inversion layer is disconnected from the lower part of the boundary layer.
The upper part is diluted immediately to zero concentration in the free troposphere.
This process is described using a Heviside function that is a simplified shape of the
boundary layer shape shown in Fig.9, namely the lower height (hi) and upper height20

(hx) is constant. The start and end time of the upper height (hx) is denoted by “is” and
“ie” respectively. The boundary layer height at hour i, (0< i < 24) may be written as

h(i)=hx (for is< i< ie)

=hi (for i< is, or i> ie). (1)

By omitting the effect of radioactive decay we may write the mass of 222Rn per unit25
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area in the boundary layer as

m(i)=m (i−1)+ f (i 6= ie)

=m (i−1)∗hi/hx+ f (i= ie), (2)

where the flux from the ground (f) is constant. The mixing ratio of 222Rn in the boundary
layer is5

c(i)=m(i)/h(i) (3)

where the coefficients for dimensional volume mixing ratio are omitted for simplicity.
Four types of diurnal evolutions of m(i) and c(i) are numerically calculated and are

shown in Fig. 10 using different sets of ABL evolutions in terms of (hi), (hx), (is) and
(ie). The combination of values for each run is (a) 200, 500, 9, 15, (b) 100, 550,10

9, 15, (c) 100, 1900, 9, 15, (d) 100, 1900, 8, 16 respectively with common value
f=100. From (a) to (c), (hi) and (hx) were modified. From (c) to (d), (is) and (ie) were
modified. Diurnal variations of concentrations are almost cyclonically stationary by the
fourth day in Fig. 10. In the right side of the bottom panel, mean concentrations and
maximum minus minimum concentrations are indicated. The mean concentrations and15

the maximum minus minimum concentrations, (also standard deviation), at day four are
increased from (a) to (b) where the nocturnal BLH is reduced and the daytime BLH is
increased.

From the case (a) to (b) in Fig. 10, mean concentrations are slightly increased in
(b). This phenomenon suggests one possibility to explain the positive correlation be-20

tween the mean concentration and amplitude of BLH in DJF (Fig. 8a). On the other
hand, mean and max-min concentration are decreased from (b) to (c), due to increased
daytime BLH, or (c) to (d), due to increased duration of daytime high BLH. These dis-
tinctions may explain the trends in the other seasons in Fig. 8.

Nocturnal BLH has both positive and negative effects on daytime concentrations, as25

demonstrated in the case (a) and (b). As BLH is reduced at nighttime, concentrations
in the nighttime are increased and potentially make daytime concentrations higher. At
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the same time, if the nocturnal BLH is lower, due to an increase in ventilation for the
same BLH in daytime, entrainment is increased, which potentially reduces the daytime
concentrations. The daily mean concentrations are a result of the balance between
these two effects and beyond the scope of the current simplified model.

5.2 Emissions5

If we assume that the transport and mixing are represented in the models correctly, one
way to explain the temporal variations of the mismatch shown in Fig. 6 and 8 is to relax
the condition of a constant flux over Europe. Horizontal as well as temporal variations
have the potential to explain the mismatch. We first tested the effect of the change
of large scale transport using tagged simulations from 30×30 degree patches over10

Europe to determine the so called foot print or catchment area of the site. Enhanced
emissions in southwestern Europe (Szegvary et al., 2007) might influence the site
occasionally. However these tagged simulations (using model K) show that more than
80 per cent of concentrations in Heidelberg and Freiburg are caused by 222Rn emitted
from a 30◦ ×30◦ patch around the sites in all seasons. Therefore, we may conclude that15

high emissions from Southeastern Europe are unable to explain the temporal variations
at the three sites under investigation.

The second option to adjust model concentrations to the observations is to intro-
duce temporally changing emissions. For example, the model concentration in Heidel-
berg may be closer to the observation if we reduce the emission to half of the current20

value between January to May 2002 and between November 2002 to May 2003. If
we increase the emissions after July 2003, model concentrations become closer to the
measurements at all sites. Seasonal changes in flux have been observed in the Hei-
delberg region (Dörr and Münnich, 1990), consistent with the seasonality in modelled
mismatch. This seasonality is thought to be driven by changes in soil moisture, which25

could also provide a mechanism for interannual changes in radon flux. We have used
NOAA Climate Forecast Data System dataset (Saha et al., 2010) to give a time series
of soil water content for Heidelberg for 2000–2006 and find that soil water content is
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above average in 2002 and below average in the second half of 2003 (due to the Eu-
ropean summer heatwave and drought that year). This would be consistent with lower
radon fluxes in 2002 and higher ones in late 2003. Griffiths et al. (2010) incorporate
temporal changes in soil moisture into their estimates of Australian radon fluxes. Future
work might want to apply a similar process to estimate temporal changes in European5

fluxes. This result does suggest that some care may be required in flux estimation
methods where the flux of a second species is estimated assuming a known radon
emission with no interannual variations (Schmidt et al., 2003; Hirsch, 2007).

6 Conclusions

Temporal variations of 222Rn concentrations at three European inland stations were10

studied using hourly concentrations from simulations and measurements. We found
that differences in measured daytime concentrations among these stations were not
reproduced in any model. Concentrations in Heidelberg and at Schauinsland are al-
most identical in daytime while models showed small but significant gradients between
these sites. While the measured concentrations in Freiburg are higher than those at15

Schauinsland by about 2 Bq m−3 during daytime, models show less than 1 Bq m−3 gra-
dient. Seasonal mean of simulated concentrations are correlated with seasonal mean
daily amplitudes of boundary layer height in spring, summer and autumn with a sign
change for winter compared to the other seasons.

From the simulation and measurement mismatch of concentrations, we may specu-20

late that the emissions are changing with time at regional scale beyond the chamber
measurements scale if we assume transport and mixing are reasonably modeled. From
correlations between simulated and measured radon, we have confirmed previous find-
ings that correlations depend weakly on the distance between model sampling site
and observational site due to concentration distributions caused by transport and mix-25

ing. Choosing an appropriate sampling height for mountain sites remains difficult with
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the radon simulations agreeing better with observations at different sampling heights,
depending on the element of the observations being compared.

Due to a lack of effective boundary layer height observations at sites and reliable
222Rn flux observations over Europe in 2002 and 2003, we were unable to rank the
models. In other words, the models reproduced concentrations within the uncertainty5

resulting from boundary layer thickness and emissions.
The effect of diurnal variations of boundary layer height on mean concentrations via

ventilations was largely ignored previously. Boundary layer height observations with
high vertical and temporal resolution are less prevalent nowadays as compared to the
past when air pollution was a more serious problem. Recent development of laser radar10

makes it easier to conduct continuous monitoring of boundary layer height. Detailed
comparison of boundary layer is expected at these two towns in the future.
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Table 1. List of participating models with selected properties. See Law et al. (2008) and
references therein for details.

# On/
Off

Meteorol.
data

Horizontal
resolution

Vertical
resolution

Transport
scheme

Subgrid
diffusion

Convective
transport

A
B
C
D
E
F
G
H
I
J
K
L
M
N

On
On
On
On
On
Off
On
Off
Off
Off
Off
Off
Off
Off

NCEP
NCEP
NCEP
NCEP
NCEP
GEOS4
NCEP
NCEP
GEOS4
GEOS4
ECMWF
NCEP
ECMWF
ECMWF

2.5×2.0
2.5×2.0
208km
2.8×2.8
1.1×1.1
2.5×2.0
240km
1.0×1.0
1.25×1.0
2.5×1.0
1.125×1.125
2.8×2.8
3×2(1×1 Europe)
3×2

24ETA
24ETA
18SIG
32SIG
32SIG
55ETA
54TER
47SIG
25ETA
25ETA
60ETA
28SIG
25ETA
25ETA

Lin
Lin
SLT
LR
LR
LR
Miura
SLT
LR
LR
SLT
SLT
RL
RL

LS
LS
Louis
NL
NL
Kzz
MY
NL
NL
NL
NL
NL
NL
NL

RAS
RAS
McGregor
AS
AS
Rasch
AS
None
ZM/Ha
ZM/Ha
None
None
Tiedtke
Tiedtke

A. AM2,(GFDL), B;AM2t (GFDL), C; CCAM (CSIRO), D; CCSRNIES1 (FRCGC), E; CCSRNIES2(FRCGC),
F;IMPACT(LLNL), G; NICAM(CCSR), H; NIES05(NIES), I;PCTM(CSU), J;PCTM(GSFC), K;STAG(AIST),
L;STAGN(AIST), M;TM5(SRON), N;TM5(ESRL), ETA; Pressure-sigma mixture. SIG; Pressure level scaled
with surface pressure. TER; Terrain following fixed altitude. LS; Lock Scheme, SLT; Semi-Lagrangian, MY; Merror
Yamada, RAS; Relaxed Arakawa-Schubert, AS; Arakawa-Schubert, LR: Lin-Rood, ZM; Zhang and McFarlane, Ha;
Hack, RL; Russell and Lerner.
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Fig. 1. Locations of Freiburg, Heidelberg and Schauinsland measurements along with the
sampling locations of each model (letters). Capital letters are the model locations representing
Freiburg and Schauinsland, lower case letters represent Heidelberg. See Table 1 to identify the
model corresponding to each letter.

19281

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/19253/2011/acpd-11-19253-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/19253/2011/acpd-11-19253-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 19253–19290, 2011

TransCom
continuous
experiment

S. Taguchi et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 2. Frequency distributions of departures of concentrations in Heidelberg and Freiberg
from Schauinsland averaged over midnight to dawn hours (a, 0 to 6 UTC) and afternoon hours
(12 to 18 UTC); solid line for Freiburg minus Schauinsland, dashed line for Heidelberg minus
Schauinsland.
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Fig. 3. Taylor’s diagram for boundary layer height referred to products of European Centre for
Medium Range Weather Forecasts in Heidelberg (a) and Freiburg (b). Letters represent each
model listed in Table 1.
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Fig. 4. Correlations between simulations and measurements of hourly concentrations and the
distance of sampling point from the monitoring site for (a) Heidelberg JJA 2002, (b) Freiburg
JJA 2002. Correlations from model K for Heidelberg JJA 2002 (c) and for Freiburg JJA 2002 (d).

19284

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/19253/2011/acpd-11-19253-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/19253/2011/acpd-11-19253-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 19253–19290, 2011

TransCom
continuous
experiment

S. Taguchi et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 5. Vertical profile of normalized standard deviation and correlation of simulated and mea-
sured concentrations at Schauinsland. Each panel corresponds to a model listed in Table 1.
In each panel, standard deviations of concentrations normalized with the standard deviations
of measured concentrations are plotted in the left side. Correlations between simulated and
measured concentrations are shown in the right hand side of a panel. Altitude of Schauinsland
is indicated by an arrow in each panel.
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Fig. 6. Monthly mean and standard deviations of mismatch defined as simulated minus mea-
sured concentrations for Heidelberg (a), Freiburg (b) and Schauinsland (c) estimated in mid-
night to dawn hours (0–6 UTC, dashed line) and in afternoon hours (12–18 UTC, solid line) for
2002 and 2003. Measured concentrations are subtracted from the ensemble mean of fourteen
model outputs. Vertical line indicates one standard deviation.
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Fig. 7. Departure of seven hours concentrations of Heidelberg from those at Schauinsland.
Measurements are indicated with “o”. Departures in each model are indicated with letters as
listed in Table 1. The fist decile, the first quartile, the median, the third quartile and the ninth
decile are shown with box and whisker only for early afternoon hours (12–18 UTC). Concentra-
tions at Schauinsland are sampled at both 1205 m (a) and 800 m (b).
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Fig. 8. Scatter plot showing seasonal mean of simulated concentrations divided by measured
concentrations and seasonally averaged diurnal amplitude of boundary layer height in Heidel-
berg in 2002. Correlations and regression line were estimated for each season (a) December,
January and February, (b) March, April and May, (c) June, July and August, (d) September,
October and November. Each letter corresponds to a model listed in Table 1.
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Fig. 9. Factors characterizing the time evolution of boundary layer thickness. Minimum height,
maximum height, amplitude are indicated.
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Fig. 10. Boundary layer height and concentrations calculated using one dimensional model.
Top panels show four variations of diurnal cycle of boundary layer height over four days. Mid-
dle panels show four days changes of total 222Rn in the boundary layer assuming a constant
source from the bottom. Bottom panel shows mixing ratio in the boundary layer assuming ho-
mogeneous mixing ratio in the boundary layer and entrainment of free tropospheric air during
growing period only. From left to right, four cases are selected to show the relative change
of concentration in a day to the change of diurnal variations of boundary layer height. The
concentrations in the boundary layer were calculated using Eq. (3). See text for details.
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