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Abstract. Boundary layer turbulence has a profound influ-  Simulations 0£22Rn with the TM3 model using these four
ence on the distribution of tracers with sources or sinks at thesets of vertical diffusion coefficients are compared to surface
surface. The 40-year ERA-40 meteorological data set of thaneasurements ¢2Rn at the mid-latitude continental sta-
European Centre for Medium-range Weather Forecasts cortions Freiburg, Schauinsland, Cincinnati and Socorro in or-
tains archived vertical diffusion coefficients. We evaluatedder to evaluate the effect of these different sets of diffusion
the use of these archived diffusion coefficients versus off-linecoefficients on the tracer transport. It is found that the daily
diagnosed coefficients based on other meteorological paraneycle of the?22Rn concentration is well represented using
eters archived during ERA-40 by examining the influence on3-hourly diffusion coefficients. Comparison with observa-
the distribution of the radionuclid?Rn in the chemistry  tions of???Rn data with the station in Schauinsland which is
transport model TM3. In total four different sets of verti- situated on a hill shows that all considered schemes underes-
cal diffusion coefficients are compared: (i) 3-hourly vertical timate the amplitude of the daily cycle of tR&Rn concen-
diffusion coefficients archived during the ERA-40 project, tration in the upper part of the atmospheric boundary layer.
(i) 3-hourly off-line diagnosed coefficients from a non-local
scheme based odroltslag and Boville(1993, Vogelezang
and Holtslag 1996, andBeljaars and Viterb@§1999, (iii) 6- 1
hourly coefficients archived during the ERA-40 project, and

(iv) 6-hourly off-line diagnosed coefficients based on a local Boundary layer turbulence is an important transport mecha-
scheme described ibouis (1979 and Louis et al.(1982.  pism in the troposphera\ang et al. 1999. In the convec-
The diffusion scheme to diagnose the coefficients off-line intjive or turbulent atmospheric boundary layer (ABL) tracers
(ii) is similar to the diffusion scheme used during the ERA- can be transported throughout the height range of the ABL
40 project (i and iii). in time intervals of tens of minutes. All species emitted at
The archived diffusion coefficients from the ERA-40 the surface must pass through the ABL in order to reach the
project which are time-averaged cause stronger mixing tharfree troposphere. Because turbulence acts on spatial scales
the instantaneous off-line diagnosed diffusion coefficients.that are much smaller than the typical size of the grid cells of
This can be partially attributed to the effect of instantaneousglobal atmospheric models, turbulent diffusion must be pa-
versus time-averaged coefficients, as well as to differencegameterised in these models.
in the diffusion schemes. The 3-hourly off-line diagnosis of The European Centre for Medium-range Weather Fore-
diffusion coefficients can reproduce quite well the 3-hourly casts (ECMWF) re-analysis project (ERA-40) aims at pro-
archived diffusion coefficients. viding a consistent time series of the state of the global at-
Atmospheric boundary layer heights of the sets (ii) andmosphere for the period 1957-200&irimons and Gibson
(iii) are also compared. Both were found to be in reason-2000. A wide variety of meteorological fields were archived
able agreement with observations of the atmospheric boundn ERA-40. In the earlier ERA-15 re-analysis proje€iilf-
ary layer height in Cabauw (the Netherlands) and from theson et al. 1997 where the atmosphere for the period 1979—

Introduction

FIFE-campaign (United States) during summer. 1993 has been reanalysed, meteorological fields describing
small-scale transport like convection or boundary layer tur-

Correspondence tdD. J. L. Olivié bulence were not archived. The more recent ERA-40 data set

(olivie@knmi.nl) is one of the first long-term meteorological data sets where
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vertical diffusion coefficients for heat are archived (availableistics on short time scales (hours to weeks) because it has
as 3- or 6-hourly averaged values). an almost uniform emission rate over land and is only lost
Meteorological data sets such as ERA-40 and ERA-15 arghrough radioactive decay with an e-folding lifetime of about
commonly used to study the transport and chemical evolub.5 days Dentener et al.1999 Balkanski and Jacqld99Q
tion of atmospheric gases and aerosols in chemical transpoKritz et al, 199Q Brost and Chatfield1989 Polian et al.
models (CTMs). The chemical transport model TM3 (Tracer 1986. Therefore???Rn has been used extensively to evaluate
Model Version 3) is a global atmospheric model, which is ap- parameterisations of convective transpdtiafiowald et al.
plied to evaluate the atmospheric composition, and change$997 Allen et al, 1996 Feichter and Crutzer199Q Jacob
herein caused by natural and anthropogenic changes. For dand Pratherl990 and ABL diffusion Gtockwell and Chip-
scribing the turbulent transport, it can use different turbu-perfield 1999 Stockwell et al. 1998 Jacob et a].1997 Lee
lent diffusion data. Until now, two off-line vertical diffu- and Larsen1997 Mahowald et al. 1997 in atmospheric
sion schemes have been used in the TM3 model, where thmodels.
diffusion coefficients are diagnosed off-line based on other In this work, we try to answer the following questions:
regularly (e.g. 6-hourly) archived meteorological fields. The (1) How well is the mid-latitude summer time ABL height re-
first scheme, based drouis (1979 andLouis et al.(1982), produced in the ERA-40 data and in an off-line model driven
is a local diffusion scheme that describes the vertical diffu-by ERA-40 data? (2a) Can diffusion coefficients be repro-
sion coefficient as a function of a mixing length scale, theduced accurately off-line for use in CTMs? (2b) How do
local gradient of the wind, and the virtual temperature. How-local ABL schemes perform versus non-local ABL schemes
ever, under convective conditions, when the largest transwhen applied off-line? (3a) How crucial is a 3-hourly time
porting eddies may have sizes similar to the depth of theresolution for diffusion data for CTM-modelling? (3b) What
ABL, local schemes do not perform welloen and Mahrt  is the influence of using time-averaged diffusion coefficients
1989: the characteristics of the large eddies are not properlyon the tracer transport in CTMs?
taken into account. The second scheme, based on a combi- To answer these questions, we will start with a description
nation ofHoltslag and Bovillg1993, Vogelezang and Holt-  of the TM3 model and the diffusion schemes that generate
slag (1996 andBeljaars and Viterb@1999, is a non-local  the different sets of vertical diffusion coefficients (Sect. 2).
diffusion scheme. Non-local ABL schemes often contain ajn that section we will also describe th&Rn emission sce-
term that describes counter gradient transport by the larg@ario in the TM3 model, thé2?Rn observations, and the
eddies Troen and Mahit1986), and prescribe the shape of ABL height observations. In Sect. 3 we will first compare
the vertical profile of the diffusion coefficient. Apart from the vertical diffusion coefficients from the different schemes.
the meteorological fields needed for a local scheme, a nonThen we will compare the modelled ABL height at two mid-
local scheme also uses the surface sensible and latent hejatitude stations with observations. Next we will compare the
fluxes. The vertical exchange has been shown to be moré22Rn concentration which is modelled in the TM3 model
pronounced with non-local schemes than with local schemesising the different sets of diffusion data, with surface mea-
(Holtslag and Boville 1993 Holtslag et al. 1995. The  surements of th&?2Rn concentration at four selected surface
3-hourly off-line schemeHoltslag and Boville 1993 Vo-  stations. In Sect. 4 we will formulate the conclusions and
gelezang and Holtslad 996 Beljaars and Viterbol999 is formulate some recommendations.
currently most used in the TM3 model. The 6-hourly off-line
scheme I(ouis, 1979 Louis et al, 1982 was until recently
used in the TM3 model for various studieBentener etal. 2 Methods
(2003 used meteorological data from the ERA-15 project
(which does not provide 3-hourly surface latent heat fluxes)2.1 The TM3 chemistry transport model
and the 6-hourly off-line scheméduis, 1979 Louis et al,
1982. From now on however, the ERA-40 data set allows The chemical transport model TM3 (Tracer Model Version
the use of archived vertical diffusion data (3-hourly or 6- 3) is a global atmospheric CTM with a regular longitude-
hourly) in the TM3 model. One of the first to use archived latitude grid and hybrids-pressure levelsLglieveld and
sub-grid meteorological parameters wilken et al. (1996. Denteney 200Q Houweling et al. 1998 Heimann 1995.
They used archived convective mass fluxes and detrainment3he meteorological input data for TM3 from ERA-40 is
as well as the ABL heights. An advantage of the use ofavailable for 1957 to 2002. For dynamics calculations
archived meteorological fields to describe small-scale transERA-40 used a spectral truncation of T159. The physi-
port in CTMs, is the consistency of these fields with the cal calculations were done on a reduced Gaussian grid of
archived fields of cloud cover, temperature, humidity or pre-160 nodes (N80). In the vertical, 60 hybrdpressure lev-
cipitation. els (Simmons and Burridgel981) were used, reaching up
The effect on the transport of tracers by the diffusion datato 0.1 hPa. To be used in the TM3 model, the meteorologi-
can be studied by making??Rn simulations with CTMs. cal data is interpolated or averaged to the desired TM3 grid
222Rn is an excellent tracer to study the transport charactereells Bregman et a).2003. For advection of the tracers,
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the model uses the slopes scheme developed by Russel afission of heat were stored during the ERA-40 project as 3-
Lerner Russell and Lerned981). To describe the effect of hourly averaged values. They can also be combined to 6-
convective transport on the tracer concentration, we used thhourly averaged values.
archived convective mass fluxes from the ERA-40 data set Different formulations are used based on the stability
(Olivié et al, 2004. The convection scheme in the ECMWF- regime that is determined by the virtual potential temperature
model used during the ERA-40 project is basedTaedtke  flux (w’6))o. If the surface layer is unstabléu{’6!)o>0),
(1989, Gregory et al(2000, andNordeng(1994). then a method according firoen and Mahr{1989 is ap-
The vertical diffusion of tracers in the TM3 model is de- plied. This method determines the ABL heightusing a
scribed with a first order closure scheme. The net turbulenparcel method where the parcel is lifted from the minimum

tracer fluxw’y’ is expressed as virtual temperature, rather than from the surface. The dimen-
sionless coefficient for the excess of the parcel temperature
—wy = KZB_X , 1) is reduced from 6.5Troen and Mahrt1986 or 8.5 Holt-
9z slag and Boville1993 to 2 (to get a well controlled entrain-

whereKk, is the vertical diffusion coefficient for heat; the ~ Mentrate and a less aggressive erosion of inversions). In the
vertical velocity, x the tracer concentration, andhe height ABL, the vertical profile of diffusion coefficients is prede-
above the surface. It is assumed that the vertical diffusiorfined (Troen and Mahrt1986

coefficient for tracers is equal to the vertical diffusion coeffi-

772
cient for heat. In contrast tdoltslag and Bovillg1993 and K =« w2 (1 - E) , (2)
Wang et al.(1999, there is no counter gradient term in the

TM3 implementation. where wy, is a turbulent velocity scale and=0.4 the

The vertical diffusion coefficients are applied in the TM3 Von Karman constant. At the top of the ABL, there is an ex-
model by converting the vertical diffusion coefficients into plicit entrainment formulation in the capping inversion. The
upward and downward vertical air mass fluxes of equal mag¥irtual heat flux at the top of the ABL is taken proportional
nitude which model the exchange between two model layersto the surface virtual heat flux
These air mass fluxes are combined with the vertical con-—_ —
vective mass fluxes from the convection parameterisation tdwW'on =—C W), @)

calculate the sub-grid scale vertical tracer transport with an, C=0.2 and, the virtual potential temperature. Know-
. .. . . . . —\ v .
implicit numerical scheme. This allows the time steps in theing the flux, the diffusion coefficient at the top of the ABL
TM3 model to be rather large, without introducing stability can be expressed as

problems. In the case of very large time steps, the effect of

the scheme is that it pushes the tracer concentration at once (w'6))o
to its equilibrium distribution. In this study, we used a time Kz =C —— . 4)
step of 1 h for the small-scale vertical transport. dz

From Eq. () one derives that the dimensions &f are
L2T-1. Taking the ABL height as a representative length
scale for the effect of diffusion gives a relationship between
K, and the time scale of turbulent diffusion. If for example
the ABL height is 1000 m and . is 300 n¥/s, one finds a
time scale of around 1 h. This means that a tracer initially
only present at the surface, will be well mixed throughout ¢ %
the complete ABL on a time scale of 1 h. Ri=9 W2 (5)
0z

Where‘% is the virtual potential temperature gradient in the
inversion layer.

If the surface layer is stabléw’6/ )o<0), the diffusion co-
efficients are determined by the gradient Richardson number

Ri which is defined as

2.2 \Vertical diffusion data
wherev is the horizontal wind velocity. When the atmo-

Different sets of vertical diffusion coefficients are used in the sphere is locally unstabler{ <0) then
TM3 model. We will briefly describe the schemes that are

2
used to calculate these data sets. K. — L v (6)
= )
®,, &y |0z
2.2.1 The ERA-40 3-hourly and 6-hourly diffusion coeffi-
: where
cients

_1
The scheme as it is used in the ERA-40 project is describeép’”(;) =(1-1657%, (7)
in the documentation of the cycle CY23r4 of the ECMWF gnd where
model, see http://mww.ecmwf.int/research/ifsdocs/CY23r4/. L
It is a non-local scheme. The coefficients for vertical dif- ®,(¢) = (1 —16¢)" 2, (8)
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where¢ is taken equal tRi. The mixing length}, is calcu-
lated according to

1 1 1
il 9
N KZ + M ©)
The asymptotic mixing length;, [m] is defined as

120

=30+ ————,
1+ (7500)

(10)
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(1996, andBeljaars and Viterb@1999. The diffusion co-
efficients are calculated every 3h, based on 3-hourly latent
and sensible heat fluxes and 6-hourly fields of wind, tem-
perature, and humidity. It has been implemented and tested
in the TM3 model Jeuken200Q Jeuken et al.200). The
calculatedk, values are instantaneous values.

Although the scheme is rather similar to the aforemen-
tioned E3/E6 scheme, there are some differences: (i) a bulk
Richardson criterion instead of a parcel ascent method is
used to determine the height of the ABL; (ii) there is no en-

wherez [m] is the height above the surface. The asymptotic trainment formulation at the top of the ABL; (ijii) the temper-
mixing lengthy,, is a typical length scale in a neutral atmo- ature excess of the large eddies under convective conditions
sphere for the vertical exchange of some quantity (momenis |arger; (iv) the prescribed profile of the asymptotic mixing

tum, heat, or tracer) due to turbulent eddies. In the loweslength is different; and (v) the stability functions are differ-
layers of the atmosphere, the size of the turbulent eddies ignt,

limited by the presence of the earth's surface, which is taken |f the surface layer is unstabléu{’s] )o>0), a prescribed

into account in the mixing length in Eq. 9).
When the atmosphere is locally stabki £0), ¢ is read

from a table £=¢(Ri)). The diffusion coefficients are cal-

culated with

K. =12 (11)
h

ov .
—‘ Fn(Ri),
90z

where the stability functiorFy, (Ri) is a revised function of
theLouis et al.(1982 function Beljaars and Viterbal999

1

F Ri = 9
R = S RIVIT IR

(12)

profile of the vertical diffusion coefficients as in E®) (s
used. According t&ogelezang and Holtslag 996 the ABL
height is the layer where the bulk Richardson number

%(evh — Oys)(h — z5)

Rip =
vy — vg|2 + bu?

(13)

reaches a critical valuRi,=0.3 (in Vogelezang and Holtslag
(1998, the critical value iRi,=0.25). The index refers to
values in the lowest model layer, the indexefers to values

at the top of the ABLu, is the friction velocity. The value

for b=100. The exact ABL height is calculated by linear
interpolation. The temperature excess under convective con-

whereb=5 andd=1. This formulation has less discrepancy ditions is calculated using a coefficient with valué 8sersus
between momentum and heat diffusion: the ratio of momen-2 in the E3/E6 case).

tum and heat diffusion is reducediferbo et al, 1999. The

If the surface layer is stabléy’6,)0<0), the diffusion co-

formulation of K, in case of a stable surface layer also ap- efficients are calculated with EdL1). When the atmosphere

plies to the formulation ok, above the ABL in case of an

unstable surface layer.

The calculation of the atmospheric boundary layer heightf, (Ri) =
stored during the ERA-40 project is also described in the in-

is locally stable Ri>0), we take
1

, 14
1+ 10Riv1+ Ri 14)

formation about the cycle CY23r4. As well in the stable, while when the atmosphere is locally unstabks %0), we
in the neutral, as in the unstable case, a parcel lifting methodake

proposed byf'roen and Mahr€1986 is used. They use a crit-

ical bulk Richardson numbeRi,=0.25. The bulk Richard-

F(Ri) = 1. (15)

son number is based on the difference between quantities at Apove the ABL, a formulation according to tHeouis

the level of interest and the lowest model level. This ABL (1979 scheme is used. In the free atmosphere the stabil-

height is available every 3 h and represents an instantaneoqﬁ, functions in the unstable cas&i<0) (Williamson et al,
value. We only studied the 6-hourly values. We will refer 19g7 Hojtslag and Boville1993 is

to these 3-hourly diffusion coefficients as E3, and to these

6-hourly diffusion coefficients and 6-hourly ABL heights as Fn(Ri) = v1—18Ri,

E6.

2.2.2 The TM3 off-line 3-hourly and 6-hourly diffusion co-

efficients

(16)
and in the stable cas®(>0) (Holtslag and Boville1993
1
F(Ri) = (17)

1+ 10Ri(1+8Ri)’

The first set of off-line diagnosed diffusion coefficients in The asymptotic mixing length, [m] in this scheme is de-
TM3 is calculated with a scheme that is rather similar to fined as

the above-described scheme. It is a non-local scheme based
on Holtslag and Boville(1993, Vogelezang and Holtslag

Atmos. Chem. Phys., 4, 2313336 2004

(18)

{300 if z <1000m
=

30+ 270 exp(l— &) if z > 1000 m,

www.atmos-chem-phys.org/acp/4/2313/
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Asymptotic mixing length

Mixing length
lo T T

height [km]
height [km]

‘ ‘ ; . oL ‘ ‘ ‘
0 100 200 300 400 500 0 200 300 400 500
asymptotic mixing length [m] mixing length [m]

Fig. 1. Vertical profiles of the asymptotic mixing length (left) and mixing length (right) for heat in the different diffusion schemes: E3/E6
scheme (solid black line), H3 scheme (dotted red line), and L6 scheme (dot-dashed blue line). The mixing length can be derived from the
asymptotic mixing length using EcQ)

We will refer to the diffusion coefficients calculated with this such as NO, N@, propane, butane and other moderately re-
diffusion scheme as H3. active hydrocarbons, makes it interesting for evaluation of
The second set of diffusion coefficients that are off-line transport parameterisations.

diagnosed in TM3 is based on a local diffusion scheme de- We adopted thé2?Rn emission scenario recommended
scribed inLouis (1979 andLouis et al.(1982. These fields by WCRP (acob et a).1997: land emission between
of vertical diffusion coefficients are calculated every 6h, 60°S and 60N is 1 atoms cm? s1; land emission be-
based on 6-hourly fields of wind, temperature, and humid-tween 70S and 60S and between 6N and 70N is

ity. The vertical diffusion coefficients are expressed as in0.005 atoms cim? s~1; oceanic emission between7® and
Eq. 11). The stability functionF;,(Ri) in the stable case 70° N is 0.005 atoms cr? s~L. This leads to a glob&P?Rn

(Ri>0)is emission of 16 kg per year. We did not account for any re-
1 (19) gional or temporal variation in the emission rate.
Fp(Ri) = ; =, 19
1+3bRiv1+dRi 2.4 Measurements
whereb=5 andd=>5, and in the unstable caski(<0)
3b Ri 2.4.1 ABL height measurements
Fy(Ri)=1— : =, (20
' (1+¥)%—1 ABL height observations from two mid-latitude sites are
14+ 3bcl? —% i used in this study. They are made in Cabauw (the Nether-

lands) and during the FIFE campaign in Manhattan (Kansas,
United States). The ABL height in Cabauw (52N, 4.9 E)
is derived from measurements with a wind profiler during the
day, and with a SODAR (Sound Doppler Acoustic Radar)
during the night. The wind profiler is a pulsed Doppler radar.
The strength of the echo from the radar pulse depends on
the turbulence intensity. In the clear air case (no clouds or
2.3 222Rn emission rain drops), the strength of the echo is directly proportional
to the eddy dissipation velocity, and ABL heights can be de-
222Rn is emitted at a relatively uniform rate from the soil on rived from it in a straightforward manner. ABL heights be-
the continents. It is relatively insoluble in water, inert and not low 2 km are measured with a resolution of 100 m and ABL
efficiently removed by rain. It has a mean e-folding lifetime heights above 2 km with a resolution of 400m. The SO-
of about 5.5 days due to radioactive decay. It is assumedAR measures wind velocities and wind directions between
that the average flux from the soil lies somewhere betweer?20 and 500 m by emitting sound pulses and measuring the
0.8and 1.3 atoms cnf s~ 1 (Liu et al, 1984 Turekian etal.  reflection of this pulse by the atmosphere. The ABL height
1977 Wilkening and Clementsl975. Oceans are also a is available as 30-min averages. The Cabauw observations
source for?22Rn. However, the mean oceanic flux is esti- that are available to us were performed during 12 days in the
mated to be 100 times weaker than the continental sourcsummer of 1996.
(Lambert et al. 1982 Broecker et al.1967). The fact that The second set of ABL height measurements was made
222Rn has a lifetime and source characteristics that are simiduring the field experiments of the First ISLSCP Field Ex-
lar to the lifetime and source characteristics of air pollutantsperiment (FIFE) $ellers et a].1988, which were performed

wherec=5 andAz is the height difference between the cen-
tres of two model layers. The asymptotic mixing length
is taken to be 450 m. We will refer to this diffusion scheme
as L6. A plot of the mixing length and asymptotic mixing
length for heat in the different schemes is shown in Eig.

www.atmos-chem-phys.org/acp/4/2313/ Atmos. Chem. Phys., 4, 23882004
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Fig. 2. Profiles ofK;, [m2/s] in January (left) and July (right) 1993 over land as a function of pressure level. Profiles are given separately for

3 latitude bands. The solid black line denotes the E3/E6 case, the dotted red line the H3 case, and the dot-dashed blue line the L6 case. Th
thick lines denote the median, the thin lines denote the 10- and 90-percentile. The mean surface pressure level is indicated as the horizonts
dashed line. For an overview of the different cases, see Table

Table 1. Overview of the diffusion schemes.

code scheme time step data origin K, ABL height
E3 non-local 3h archived averaged
H3 non-local 3h off-line diagnosed instantaneous instantaneous
E6 non-local 6h archived averaged instantaneous
L6 local 6h off-line diagnosed instantaneous

N no diffusion

in 1987 and 1989 near Manhattan. Measurements of ABLof the data is about 30 min. The SODAR in Manhattére(
height were done with a Volume Imaging LIDAEIlpranta sely, 1994 measured during day as well as night and gave
1994 and with a SODAR \Vesely 1994. The Wlume  estimates of the height of the mixed layer and the vertical
Imaging LIDAR is an elastic backscatter LIDAR that uses dimensions of inversions within the lowest kilometre of the
atmospheric light-scattering particles as tracers. It measureatmosphere. It worked at a frequency of 1500 Hz. It has
the radial component of the air velocity, and operates at aneasured during 42 days in summer of 1987. The data is
wavelength of 106.4 nm. Measurements are available for 2zvailable as 30 min averages, and the vertical resolution is
days in the summer of 1987 and 1989. The time resolutiomapproximately 25 m.

Atmos. Chem. Phys., 4, 2313336 2004 www.atmos-chem-phys.org/acp/4/2313/
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Fig. 3. Time series oK, profile [m2/s] in lowest 3 km of the atmosphere at@and 26 N (India) from 1 until 15 January 1993.

2.4.2 222Rn measurements 1951 and 1957. Monthly mean daily cycles over this period
of the 222Rn concentration in Socorro (34, 107 W) are

222Rn observations from four stations are used in this studyPublished inWilkening (1959. Although the measurements
Hourly measurements 8#2Rn at Freiburg and Schauinsland Were not continuous (only 692 days were sampled during this
(both at 48 N, & E) for the year 1993 are used. These dataP€riod), they give a good indication of the average monthly
have also been used in a study Dgntener et al(1999.  mean daily cycle of thé22Rn concentration in Socorro.
Freiburg and Schauinsland are located at heights of 300 an
1200 m above sea level respectively. Schauinsland is locate
approximately 12 km south of Freiburg. Because the orogras

phy on horizontal scales smaller than 150 km is not resolvec}Ne have performed model simulations with the TM3 model

; . . ; separately for each of the available sets of vertical diffu-
gc;]haeu;gznn;oscizligg r;rlg-fgtu::%ﬁy ;:Ieedo\i:iﬁr\tlsgocr:)sn?;rg?rz§ion coefficients. We performed 5 simulations, each with
. P . different vertical diffusion coefficients. The 5 model setups
tions from the lowest model layer, but with the concentra-

. are: (E3) using 3-hourly averaged fields from the scheme in
tions from the model layer at 900 m above the surface. Sect.2.2.1 (H3) using 3-hourly instantaneous fields from the

222Rn measurements were made in Cincinnati°®0 first scheme in Sec2.2.2 (E6) as E3 but with 6-hourly aver-
84> W) at 8:00 and 15:00 LT from January 1959 until Febru- aged fields; (L6) using 6-hourly instantaneous fields accord-
ary 1963. The monthly meaif’Rn concentrations at these jng to the second scheme in Se&z2.2 and (N) using no dif-
two times of the day have been taken from the literaturefysjon. Tablel gives an overview of the different model sim-
(Gold et al, 1964. The measurements in Cincinnati were y|ations. The model is used with a horizontal resolution of
in the past extensively used in tracer transport models bup 502 50 and 31 layers up to 10 hPa. The lowest layer has
never allowed a direct comparison. The ERA-40 reanaly-3 thickness of about 60 m, the second layer of about 150 m.
sis, which starts from the year 1957, now allows a month-to- ¢y comparison with thé22Rn observations in Freiburg
month comparison of these measurements. and Schauinsland, we performed model simulations from

In Socorro (34N, 107 W) measurements 88°Rninthe  November 1992 until December 1993. November and De-
atmosphere over a 6-year period have been made betweeember 1992 are included as a spin up period, and the

2.5 Experiments

www.atmos-chem-phys.org/acp/4/2313/ Atmos. Chem. Phys., 4, 23882004
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Fig. 4. Time series ofk, profile [m?/s] in lowest 3 km of the atmosphere at 24band 20 S (Australia) from 1 until 15 January 1993.

analysis is restricted to the year 1993. To allow com- efficients in the free atmosphere have values between the L6
parisons with??Rn measurements in Socorro and Cincin- and H3 case.

nati, we made model simulations from November 1958 until \ye studied time series df, at many different sites. As an
Fel_)ruary 1963. We analyzed the period from January 195%xample, Figs3, 4 and5 give time series of the&, profile

until February 1963 and used November and December 1958, the |owest 3 km of the atmosphere at 3 different locations:
as a spin up period. For this period we did not perform ang: g E and 20 N (India) in January 1993, at 14€ and
E3-simulation. 20° S (Australia) in January 1993, and at 250 and 30 N
(Pacific Ocean) in July 1993. In the ABL, the profile &

in the H3 case is very similar to the E3/E6 case. The ver-
tical extent of the intens&, values is a bit smaller than in
the E3/E6 case. In the H3 case, the values are also slightly
less intense, except in the winter over the continent at mid-

Zonally averaged , profiles from the E3/E6 scheme, the H3 latitudes. Also in these time series,_ one can observe the very
scheme, and the L6 scheme are shown in Eifpr January onv value_s in the f_ree_ Froposphere in the_ H3 case. Thereis a
and July 1993. High values between the surface and 600 hpglightly higher variability in the E3 than in the H3 case (see
correspond to the presence of an ABL, a local maximumFig- ), which might be due to the archival &f; (E3) versus
around 300 hPa corresponds to strong vertical wind gradiOff-line diagnosis ofk’; (H3): only every 6 h, new profiles of
ents in the upper troposphere. Between 900 and 600 hPa ovégmperature, humidity and wind are used in the H3 case.
land, the 90-percentil&, value is almost a factor 10 smaller ~ The K, value in the L6 case differs often strongly from
in winter than during summer. The largest differences be-the other data sets. At mid-latitudes, E6 is much stronger in
tween the data sets can be found above the ABL. In the freevinter. Above sea, the vertical extent of the ABL is much
atmosphere the L6 diffusion coefficients are 2 to 3 orders ofsmaller (see Figh). Also the profile ofK, is sometimes very
magnitude larger than the H3 diffusion coefficients. This is different, because one finds locally sometimes very tkgh
mainly due to the difference in the asymptotic mixing length: values in the L6 profile: above sea (see FHy.in the sub-

450 m in the L6 case, 30 m in the H3 case. The E3/E6 co-ropics over land in the upper part of the ABL (see Fy.

3 Results

3.1 Comparison of the diffusion coefficients

Atmos. Chem. Phys., 4, 2313336 2004 www.atmos-chem-phys.org/acp/4/2313/
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Fig. 5. Time series ofk, profile [m?/s] in lowest 3 km of the atmosphere at 230 and 30 N (Pacific Ocean) from 1 until 15 July 1993.

or as disconnected spots in FRy. Although the strong de- vations before 21:00 LT) we see that the observations and
viation for the L6 case which is caused by the local naturemeasurements do not correspond very well (the model ABL
of the scheme, there is still a strong similarity with the other height is much larger). At this time of the day, the ABL is
K, profiles. This is due to the fact that the L6, values  hard to define anyway: a stable inversion layer is building up
are based on atmospheric profiles of temperature, humiditypelow the residual layer. Later during the night we see that
and wind, which carry the imprint of the ABL scheme used the agreement between the observations and model is much
during ERA-40. better. It is clearly visible in Fig3 that the ABL height with

low as well as with high wind speeds corresponds well be-
3.2 Evaluation of the model simulated atmospheric bound-tween model and observations. The H3 case gives a better

ary layer height agreement than the L6 case.

We compared the 6-hourly ABL height from the ERA-40 Also during daytime there is a good agrgemgnt. For both
data (E6), and the 3-hourly ABL height diagnosed in the cases (E6 and H3), the m_odelled ABL height is Iarger_ than
H3-scheme with ABL heights observed in Cabauw and dur-CPServed: the H3 ABL height corresponds however slightly
ing the FIFE campaign. The calculated and measured ABI_better with the observations. The higher AB_L_helght in the
heights during the FIFE campaign are shown in Bigonly E6 case can be caused by the smaller coefficient for _the ex-
a subset of the data is shown); for Cabauw they are shown if€SS of the parcel temperature un_der.unstable conditions. It
Fig. 7 (all data is shown). The maximum value of the height alsp _shows that a Gthourly res_olutlon is rather coarse for de-
of the ABL is quite well represented both for the E6 and H3 SCIPing the ABL height evolution.
case. Also the time of strongest growth and decrease is well Due to the limited amount of data in Cabauw, we only look
represented. at the time evolution of the ABL height in Fig. We see
Figure8 gives a scatter plots of the measured ABL height that the quality of the ERA-40 ABL height and the H3 ABL
during the FIFE campaign versus the modelled ABL heightheight are similar: for both schemes, the ABL height in the
for the cases E6 and H3 separately. A distinction is madeafternoon falls off in the model sometimes too fast, and is at
between measurements made during daytime and measuraight sometimes too high. Comparison of the ABL height be-
ments made during nighttime. At the end of the day (obsertween model and observations is hampered by representation

www.atmos-chem-phys.org/acp/4/2313/ Atmos. Chem. Phys., 4, 23882004
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Fig. 6. Time evolution of the ABL height during the FIFE campaign in 1987 and 1989 in the US. Pink stars denote the observed ABL height,
the dashed green line denotes the ABL height archived in the ERA-40 data (E6), the dotted red line denotes the ABL height calculated in the
H3-scheme. The time is expressed in GMT+6h.
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errors in modelled fluxes, the presence of clouds during day-

22 ; 1
time, and limited space and time resolution of the model..T"’lble 2. Mean value of thé2Rn concentration [10°* mol/mol]

Bosveld et al.(1999 have compared observed heat fluxes
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with modelled heat fluxes from ERA-15 at Cabauw. They
found that the ECMWF model underestimates the amount of
clouds at Cabauw, which leads to excessive surface heating,
resulting in too large surface heat fluxes. Similar deficiencies

seem to be present in the ERA-40 data.

Despite the rather limited comparison with measurements,
we can conclude that the ABL heights as calculated during
the ERA-40 project (E6) and with the H3 scheme, agree
reasonably with the measurements during summer in mid-

latitudes.

in 1993 in Freiburg and Schauinsland.

diffusion  Freiburg  Schauinsland
E3 102+45 33t15
H3 110+59 33t16
E6 98+41 34+15
L6 125+68 32+16
N 501+113 2617
observed 11370 3H19

2323

3.3.1 Seasonal cycle of the modelled and meastiérh

3.3 Comparison witk?°Rn measurements in Freiburg and

Schauinsland

Schauinsland. Time series of modelled and obsef¢égn
concentrations are shown in Fig.for the first 15 days of

June and September 1993.

www.atmos-chem-phys.org/acp/4/2313/

concentration

The monthly mean values of tH#&2Rn concentration, the
We compared the simulatéd?Rn concentrations from the correlation of the modelled with the observed daily mean val-
TM3 model with surface observations from Freiburg and ues, and the correlation of the residues for the year 1993 in

Freiburg and Schauinsland are shown in Big(the residue
is defined as the hourly concentration minus the daily mean

concentration). Tabl@ gives the 1993 yearly meait?Rn

Atmos. Chem. Phys., 4, 23882004
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Fig. 8. Scatter plot of the measured ABL height during the FIFE campaign versus the modelled ABL height for E6 (left) and H3 (right).
In the upper panel the nighttime observations are shown: black signs refer to measurements before 21:00 LT, green signs (wihd speed
m/s) and red signs (wind speed m/s) refer to measurements after 21:00 LT. The regression line for the nighttime is only based on the
observations after 21:00 LT. In the lower panel the daytime observations are shown.

Table 3. Correlation of the modelled with the observé&Rn concentration in 1993 in Freiburg and Schauinsland. In column (a) the
correlation of the modelled with the observed daily mean is given, in column (b) the correlation of the modelled with the observed hourly
value, and in column (c) the correlation of the modelled with the observed residue (the residue is defined as the hourly concentration minus
the daily mean concentration).

diffusion Freiburg Schauinsland
@ (b) (© (a) (b) (©)
(N=306) (N=7731) (N=7344) (N=243) (N=7250) (N=5832)

E3 0.870 0.773 0.498 0.589 0.508 0.282
H3 0.871 0.790 0.522 0.528 0.455 0.242
E6 0.871 0.759 0.449 0.596 0.509 0.262
L6 0.844 0.735 0.484 0.538 0.477 0.286
N 0.704 0.648 0.364 0.400 0.347 0.125

concentration. All schemes reproduce the monthly mearthe correlation of the modelled with the observed residue
values quite well, both in Freiburg and in Schauinsland. Inis smallest. It clearly shows that the variation of #%éRn
Freiburg, the spread in mean concentration between the difeoncentration by large scale synoptic variability is well mod-
ferent diffusion schemes is about 20%. The L6 scheme reelled, and that the variation of tf&°Rn concentration due
sults in the highest mean concentrations, the E6 scheme ito local and short time scale phenomena (like diffusion) is
the lowest mean concentrations. The E3 case gives almostarder to describe. There is also a remarkable difference
similar results as the E6 scheme. In Schauinsland, the spredsetween the correlation of the modelled with the observed
in the modelled result is much smaller (except in February),residue between the E6 and the E3 case, as well in Freiburg
but the agreement with the measurements is smaller. Foas Schauinsland. Tab&gives the correlations between the
both stations, the correlation of the modelled with the ob-observed and modelléd?Rn concentration during 1993.
served mean daily value is higher than the correlation of the

modelled with the observed hourly value (not shown), and

Atmos. Chem. Phys., 4, 2313336 2004 www.atmos-chem-phys.org/acp/4/2313/
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Fig. 9. Time series 0f22Rn concentration [1021 mol/mol] in first 15 days of June and September 1993 for Freiburg (1st and 3rd panel)
and Schauinsland (2nd and 4th panel). The pink stars denote the observations, the lines denote the results from the model runs: using E
data (black line), using H3 data (red line), using E6 data (green line), using L6 data (blue line), and using no diffusion (yellow line).

3.3.2 Daily cycle lower 22?Rn values. For all schemes the daytime concentra-
tions are almost the same in JJA, while differences persist in
The mean daily cycle of th#2Rn concentration in Freiburg DJF.
and Schauinsland for December, January and February (DJF) The daily cycle in the model simulations in Schauinsland
and for June, July and August (JJA) are shown in Eig.In is clearly not as strong as in the measurements. The devi-
Freiburg, the daily cycle of the L6 case is largest. The E3 andation is quite large in DJF. In JJA, the simulations repro-
E6 cases are very similar, except for the periods 6:00-9:0@luce an increase in the concentration in the morning, but
and 15:00-21:00 (only in DJF) where the E6 case results imot large enough. The schemes differ in the time positioning
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Fig. 10. Monthly mear?22Rn concentration (upper panels), correlation of the modelled with the observed mean daily value (middle panels),
and correlation of the observed with the modelled deviation (lower panels), for Freiburg (left) and Schauinsland (right) in 1993. The pink
stars denote the mean observations, the lines denote the results from the model runs: using E3 data (solid black line), using H3 data (dotte«

red line), using E6 data (dashed green line), and using L6 data (dot-dashed blue line). The error bars (upper panels)sistantzd
deviation of the observations.

of this increase. The second maximum in the measurementiaximum. In Schauinsland, we see that the minimum values

in JJA in Schauinsland is clearly not present in the modelin the model are in general higher than the observed mini-

simulations (except for the H3 case). In Fil, one can  mum values, that the maximum values are in general smaller

clearly identify the times when the meteorological fields arethan the observed values, and that the modelled amplitude

updated. is therefore much smaller than the observed amplitude. The
The daily minimum, daily maximum and daily amplitude amplitude in the L6 case is largest. In Schauinsland, the vari-

of the 222Rn concentration are closely related to the daily ation between the schemes is much smaller than in Freiburg.

cycle of the ABL turbulence. In Figl2 the monthly mean All this shows that the coarse time and spatial resolution of

value of the daily minimum, maximum and amplitude are the model limit its ability to reproduce variations on short

shown. It can be seen that in Freiburg these values correlime scales.

spond quite well with the measurements. The amplitude is

slightly overestimated by the L6 scheme, while it is underes-3.3.3 Ratio betweeR??Rn concentration in Freiburg and

timated by the E3, H3 and E6 scheme. At the same time the Schauinsland

correlation (not shown) of the modelled with the observed

daily amplitude is considerably smaller than the correlationBecause the stations at Freiburg and Schauinsland are close

of the modelled with the observed daily minimum or daily to each other (12 km), and the station at Schauinsland lies

Atmos. Chem. Phys., 4, 2313336 2004 www.atmos-chem-phys.org/acp/4/2313/
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Fig. 11. Daily cycle of observed and modellé82Rn concentration in Freiburg in DJF (upper left) and JJA (upper right) and in Schauinsland
in DJF (lower left) and JJA (lower right) 1993. The stars denote the observed value, the lines denote the modelled values (line code is as in
Fig. 10). The error bars show theristandard deviation of the observations.

on a hill 900 m higher than Freiburg, these stations are qUiteI'able 4. Correlation between the observed and modelled ratio of

well suited to study vertical concentration gradients in the,e222rp, concentration in Freiburg and in Schauinsland in 1993.
model. Ideally we would prefer to use co-located observa-

tions, however tower measurements were not available to us.

diffusion  Freiburg/Schauinsland

The ratio of the??? Rn concentration in Freiburg (300 m (N=6531)
above sea level) and Schauinsland(1200 m above sea level)
is assumed to be less sensitive to errors ifA&n emission Eg 8-;?2

and to influences of large-scale transport (synoptic variabil-

ity). In Fig. 13 and Table4 the correlation between the ratio Eg 8'77;171
in the model and the ratio in the measurements is given. This N 0575

value of the correlation lies close to the correlation of the
hourly value in Freiburg, and is significantly higher than the
correlation of the hourly concentration in Schauinsland (seethe ratio to go to one when the ABL height reaches higher
Table3). than the station in Schauinsland: one expects hyperbolic be-

Because we expect a strong dependence of the aforemehaviour for ABL heights below 800-1000 m, and a sharp
tioned ratio on the ABL height, we have grouped the mea-drop in the ratio around 800—1000 m. We see however that as
sured and modelled ratios as a function of the height of thewell for the observed ratio as for the modelled ratio, the tran-
ABL. For the height of the ABL we took the values of the sition point is around 500 m, and not around 800-1000 m.
ABL height as they are calculated in the H3 scheme: theyThis can be related to the coarse vertical resolution between
are calculated every 3h and correspond well with observa500 and 1000 m, the large scatter of the data, and the use of
tions (see SecB.2). Because thé?’Rn data are available a modelled ABL height to deduce these curves. The E3/E6
hourly, we interpolated the ABL height to an hourly resolu- scheme shows the strongest correspondence with the mea-
tion. (We also tried this with the 6-hourly ABL heights from surement, the H3 and L6 scheme show the worst correspon-
the ERA-40 data set. We noticed however that this gave morelence. Also from this graph itis clear that the E3 and E6 case
noisy relationships due to the coarser time resolution of thecause stronger mixing than the H3 and L6 case. In general
E6 ABL height.) this Fig.13 shows that, despite of the failure of the scheme’s

In Fig. 13 one can observe that the ratio becomes smalletto reproduce all the short time scale variations, the mean vari-
as a function of the height of the ABL. We would expect ations in the ratio are reasonably captured.
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Fig. 12. Monthly mean of the daily minimum (upper panels), daily maximum (middle panels) and daily amplitude (lower panels) in the
222Rn concentration in Freiburg (left) and Schauinsland (right) in 1993. The stars denote the measurements, the lines denote the results from
the model runs (line code as in Fit0). The error bars show theristandard deviation of the observations.

better the correspondence with the measurements is: E3 per-
forms better than E6, H3 performs better than L6.
Averaging of diffusion coefficients over a certain time in-
diffusion Cincinnati Socoro ter_v:?\I leads t.o a strong inflgepce of the Iarge_ diffusion co-
morning  afternoon  daily cycle e_fﬂme_nts durlr_ug_ a part of this interval on the tlr_ne-averaged
(N=48)  (N=48) (N=288) diffusion coefficient, and thus on the concentration and trans-
port in the tracer transport model. If one compares the E6 and

Table 5. Correlation of the observed with the model&#Rn con-
centration in Cincinnati and Socorro.

'I'E'Z g'ggg 8-222 8-%2 E3 case, it shows up as an earlier start and a sustained prolon-
. . . . . 22 . . .
L6 0.711 0.421 0.759 gation of the low daytimé22Rn values in Freiburg (see again

Fig. 11). Using instantaneous diffusion coefficients can max-
imally lead to a time shift of half the time step, while using

a time-averaged value can lead in the extreme case to a time
3.3.4 Time shift shift of almost the whole time step. This has a considerable
influence in case of time steps of 6 h. This might also play an

The diffusive and convective mass fluxes are updated in themportant role for other tracers th&%Rn where chemistry
TM3 model every 3 or 6 h. The updates have a strong influ-and dry deposition come into play.

ence on the modelle#??Rn distribution (see Figl1). The
simulations show that the more frequent the updates are, the
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Fig. 13. Left panel: correlation of the modelled with the observed ratio of the concentration in Freiburg and the concentration in Schauinsland.
Right panel: mean ratio between t#H#Rn concentration in Freiburg and the concentration in Schauinsland as a function of the ABL height
(calculated with the H3 scheme) for the year 1993. The thick pink line denotes the ratio derived from the observed concentrations, the other
lines denote the ratio’s derived from the modelled concentrations using E3 data (solid black line), using H3 data (dotted red line), using E6
data (dashed green line), and using L6 data (dot-dashed blue line). To calculate these curves, we binned all the hourly ABL height data in
15 bins with a width of 150 m, ranging from 0 up to 2250 m. The ABL height is taken from the H3 scheme. The error bars denote the 1
standard deviation of the ratio derived from the observed concentrations.
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Fig. 14. The correlation of the hourly modelled with the hourly obser¢&&Rn concentration in Freiburg in MAM (left) and JJA (right) as a
function of the time shift. Only the modelled concentration between 0:00 and 12:00 GMT is used. Values in the right hand part of the figure
(positive time shifts) give the correlation of model concentrations with a later observation, values in the left part of the figure (negative time

shifts) give the correlation of model concentrations with an earlier observation. Line code: using E3 data (solid black line), using H3 data
(dotted red line), using E6 data (dashed green line), and using L6 data (dot-dashed blue line).

We have investigated this effect by correlating the mod-of the day). Due to the opposite sign of the shifts between
elled morning concentrations (from 0:00 until 12:00 GMT) morning and afternoon, and due to a probable geographical
with time-shifted observed concentrations. The correlationdependence of this shift, it is not easy to implement a rem-
as a function of the applied time shift is shown in Fig.for edy. It shows the necessity of high sampling frequency of
the periods March-April-May (MAM) and JJA. The strongest data.
time shift is found for the E6 and E3 case (E6 stronger than
E3), which both use time-averaged diffusion coefficients.3.4 Comparison witt?22Rn measurements in Cincinnati
The time shift is smallest for the L6 and H3 case (instan- and Socorro
taneous values). With an applied time shift for the morning
concentrations of 3h for the E3 case, and up to 4 or 5h ingigyre 15 gives the observed and modelled monthly mean
the E6 case, the E3 and E6 case perform equally good (JIAyrface concentration in Cincinnati for 8:00 and 15:00 LT
or better (MAM) than the H3 scheme. We have also cor-from January 1959 until February 1963. The seasonal vari-

related the modelled afternoon concentrations (from 12:0054i0n in the observations is much larger than in the model.
until 24:00) with time-shifted observed concentrations. This Go|d et al.(1964) attribute this to freezing minimizing the

resulted in slightly smaller time shifts with the highest cor- amission in winter, and to an increasing emanation rate of
relation for shifts back in time in the E6 and E3 case (cor-222r que to the decrease of the moisture content of the soil

responding to persistent loff’Rn concentrations at the end yith increase of temperature in summer. This dependence
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concentration are shown using H3 data (red triangles), using E6 data (green squares), and using L6 data (blue diamonds).

of the emanation 0f??Rn on meteorological conditions is  Measurements i#?Rn have been made at Socorro from
not included in the TM3 model. The poor correspondence ofNovember 1951 until June 1957. These data were used to
the morning data is probably also caused by a bad represemenerate monthly mean daily cycles of tH&Rn concen-
tation of the night and morning??Rn profiles in the global tration Wilkening, 1959. We have compared the monthly
model due to the large thickness of the lowest model layemean daily cycles from January 1959 until February 1963
(about 60 m), resulting in lower modelléd?Rn concentra-  with these data. The result can be seen in E&.The after-
tions under very stable meteorological conditions. Anothernoon values for E6, L6 and H3 are very similar. The mean
main reason for discrepancy is that the morning measurevalues are given in Tablg

ments represent more local conditions, which may not fulfil

the 1 atom cm? s~1 emission rate. Although the observed 3.5 Global?22Rn distribution

morning concentration is quite different from the modelled

morning concentration, the afternoon concentrations agreen order to see the effect of diffusive transport on the free
quite well with the observations (see Fitf). As for the  troposphere concentrations of tracers, we now consider the
222Rn concentrations in Freiburg, we see that the L6 schemeudgets and transport 322Rn. Diffusion leads in gen-
leads to the hlghest morning concentrations, while the E&eral to differences of up to 30% in the zonal meéZARN
case gives the lowest values. The H3 case gives intermediaigoncentration compared to the case where no diffusion is
values. applied in the TM3 model. Smaller diffusion coefficients
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Fig. 16. Monthly mean daily cycle of22Rn concentration from January 1959 until February 1963 in Socorro: measured (thick solid pink
line) and modelled using H3 (dotted red line), using E6 (dashed green line) and using L6 (dot-dashed blue line). The observed monthly
mean daily cycles are based on measurements from November 1951 until June 1957. The error bars denstartierd deviation of the
modelled concentration.
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tracers. This flux strongly depends on the source character-

2 .
Tab_'%f' Mean observed and modellt_e%?— Rn concentration jqieq of the tracer (which are uniform on the continent for
[107<* mol/mol] at Socorro. The observations have been made be’zzzR ditis also st v d dent on the sink dth
tween November 1951 and June 1957. The modelled concentrations n), andi ,'S also strongly dependent on the S,m Szan €
In Fig. 19, we show the net global vertica#?Rn

are mean values for the period January 1959 until December 19621 1€time. .
fluxes. All fluxes are expressed relative to the E3 case. The

differences in net global transport are maximally 4%. The
difference is largest around 900 hPa. The difference between

diffusion  Socorro

H3 11344 E3 and E6 are less than 1%. The net transport for the H3 case
Eg 192]]1‘;‘; is stronger than the E3 case above 500 hPa, and stronger for

the L6 case than the E3 case above 700 hPa. The interaction
between the convection and the ABL turbulence is clearly
visible. One can observe the following pattern: weaker trans-
port in the lower troposphere leads to stronger transport in
lead to highe”??Rn concentration in the lowest layers and and into the upper troposphere. As mentioned before, if the
higher concentrations higher up in the atmosphere. The inturbulent transport is weaker, ma#Rn remains in the low-
fluence of diffusion is strongest in the parts of the atmospheresst atmospheric levels, which can then be transported to the
with strong downward large-scale motion like the subtropics,upper troposphere via fast convective transport. Higher con-
and/or where there is no vertical mixing by convection. In centrations at the surface (due to less turbulent transport) thus

observed 158

Fig. 17, the relative difference in the zonal me&iRn con-  |ead to higher concentrations in the upper troposphere.
centration between the E3 and H3 case and between the E3 In generaL one can see in F|gg that the diﬁerences in
and L6 case is shown for DJF 1993. concentration and transport are quite small. This can partly

In Fig. 18, the relative difference iA*?Rn concentrations  pe attributed to the fact that diffusion is not the only way of
at 700 hPa between the E3 and H3 case and between the Egrtical transport. If the diffusive transport changes, it will

and L6 case is shown for JJA 1993. be partly compensated by convective or large-scale vertical
If we compare the E6 and E3 case, the zonal mean differtransport.
ences are everywhere smaller than 1% (not shown).
If we compare H3 and L6 with E3, we always see that the
222Rn concentration in the lowest 500-1000 m is lower for 4 Conclusions
E3, while above 1 kmitis higher for E3. This higher concen-
tration for H3 and L6 in the lowest layers of the atmosphere,We have studied the application of archived and off-line diag-
leads to highef22Rn concentrations in the upper troposphere nosed vertical diffusion coefficient from the ERA-40 project
by convection, which transports the surface air to high alti-for making simulations with chemistry transport models. We
tudes in the tropics. We see in JJA around the North Polecompared 4 sets of vertical diffusion coefficients: (E3) 3-
higher concentrations in the lowest kilometre in the E3 casehourly archived coefficients based on a non-local scheme,
Because there is almost #6°Rn emission north of 60N, (H3) 3-hourly off-line diagnosed coefficients based on a non-
the concentration is higher in the free troposphere than at théocal scheme, (E6) as E3 but 6-hourly values, and (L6) 6-
surface (via long range transport). The increased mixing inhourly off-line diagnosed coefficients based on a local diffu-
the E3 case will then transport tHi$’Rn downward. sion scheme. We also compared the ABL height of the sets
If we compare the H3 and E3 case, we see much higheE6 and H3.
concentrations in the E3 case in almost the whole tropo- With the results of these comparisons in mind, we want
sphere (except the lowest layers). The stronger diffusiornto return to our research questions. Comparison with ABL
gives more mixing. Large differences can be found aroundheight measurements shows that the ABL height (question
700 hPa in the winter subtropics, i.e. around ROin DJF 1) archived in ERA-40 (E6) and the ABL height from the
and around 20S in JJA. 3-hourly off-line non-local scheme (H3) are in reasonable
If we compare L6 and E3, we see the effect of strongeragreement with the ABL height observations performed in
diffusion in the free troposphere in the winter subtropics for Cabauw and during the FIFE campaign. The time resolu-
L6. Through more intense and higher mixing, t8éRn con-  tion of 3 h makes the H3 ABL height more valuable than the
centrations are 5 to 10% higher around 500 hPa and 15%-hourly E6 ABL height.
lower around 800 hPa in DJF around®20and in JJA around Vertical diffusion coefficients can be calculated accurately
20° S. off-line (question 2a). The off-line diagnosed set of non-
Becausé®??Rn has a short lifetime (about 5.5 days), we local diffusion coefficients (H3) is based on a parameteri-
can deduce the global mean net vert®&Rn transport and  sation that is very similar to the parameterisation used in
changes therein due to differences in the diffusion schemethe ECMWF model to generate the archived diffusion co-
from its mean distribution. The net flux profile &°Rn is efficients (E3/E6). We find that the results are quite sim-
an indication of how the vertical diffusion will affect other ilar between the E3 and H3 case (both with 3-hourly time
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Fig. 18. The relative difference (%) if22Rn concentration at
700 hPa between E3 and H3 (upper panel) and between E3 and
resolution), and that the apparent difference can be attributeti6 (lower panel) for DJF 1993.
to small differences in the implementation of the parame-
terisation (different asymptotic mixing length, different sta-
bility functions, present or absent detrainment formulation).to the fact that the underlying profiles of temperature, humid-
Hence the off-line diagnosis of diffusion coefficients repro- ity and wind to drive the off-line L6 scheme are taken from
duces quite well the archived diffusion coefficients. the ECMWF-model.

The K. values from the local scheme in the L6 case (ques- Comparison of??Rn simulations from the TM3 model
tion 2b) were sometimes quite different from the non-local With surface?”’Rn observations in Freiburg, Schauinsland,
scheme E6. Although the mean values of the diffusion co-Cincinnati, and Socorro shows that the 3-hourly E3 and H3
efficients in the lower troposphere were larger for the L6 (question 3a) schemes perform better than the 6-hourly E6
case than for the E6 case, the instantaneous values led &nd L6 schemes. Using the 3-hourly coefficients results in a
smaller ABL transport. This could be attributed to the fact better description of the daily cycle of tRé°Rn concentra-
that the daytimé&2?Rn concentrations are not very sensitive tion. This might have an impact on tracers that undergo fast
to the much larger daytime L6 diffusion coefficients, while photochemistry or are affected by dry deposition or vegeta-
the smaller night time diffusion coefficients have a strongtion.
impact on the night concentration. Sometimes keval- It is also shown that using time-averaged diffusion coeffi-
ues of L6 and E6 were still surprisingly similar. This is due cients (question 3b) can lead to time shifts of the daily cycle

www.atmos-chem-phys.org/acp/4/2313/ Atmos. Chem. Phys., 4, 23882004



2334 D. J. L. Olive et al.: Vertical diffusion coefficients from ERA-40

DJF JIA
0 T 0 a
i 1
200 i 1 200+ i 1
B ! g /
£ 400 Bl 1 £ 400 1 1
) S ) o
5 ) 5 R
@ 6001 R R @ 6001 i
g g £ z
S Ly o l
800 / B 800 N B
1000 ‘ e 1000 ‘ Srmeeimn
0.8 0.9 1.0 11 1.2 0.8 0.9 1.0 11 1.2
relative concentration relative concentration
DJF JJA
0 T 0 ]
o n
o 2/
200+ 4 200+ '.I. ]
N
5 =T T o
£ 400 o 1 £ 400 N B
o : o o
5 - 1 5 .
@ 6001 , R @ 6001 R 4 R
<4 . s’ o Y
a o L s s
800 Rt . 800 v .
O \-,
R RO
1000 . v . 1000 . S |
0.950 0.975 1.000 1.025 1.050 0.950 0.975 1.000 1.025 1.050
relative tracer flux relative tracer flux

Fig. 19. Profiles of the global meaff2Rn concentration (upper panels) and profiles of the global mean net uﬁ%@ﬁm flux (lower panels)
are shown for DJF and JJA 1993. The concentration and flux of E3 (solid black), H3 (dotted red), E6 (dashed green), L6 (dot-dashed blue)
are expressed with respect to the flux of E3.

of tracer concentrations and stronger vertical transport tharFreiburg and Schauinsland. We thank H. Klein Baltink for the
instantaneous diffusion coefficients. ABL height measurement data from Cabauw. ECMWF ERA-40

Finally, some recommendations can be formulated. Firstdata used in this study have been provided by ECMWF. This
using the E3 scheme resulted in higﬁéern concentrations Work was supported by the Netherlands Organization for Scientific
in the free troposphere than using the H3 scheme. The se&¢séarch (NWO) and by the European Union under contract
sonal zonal and monthly me&R2Rn concentration can dif- "UMper EVK2-CT-2002-00170 (RETRO).
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