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ABSTRACT

We report on results from a World Climate Research Program workshop on representations of
scavenging and deposition processes in global transport models of the atmosphere. 15 models
were evaluated by comparing simulations of radon, lead, sulfur dioxide, and sulfate against each
other, and against observations of these constituents. This paper provides a survey on the simula-
tion differences between models. It identifies circumstances where models are consistent with
observations or with each other, and where they differ from observations or with each other. The
comparison shows that most models are able to simulate seasonal species concentrations near
the surface over continental sites to within a factor of 2 over many regions of the globe. Models
tend to agree more closely over source (continental) regions than for remote (polar and oceanic)
regions. Model simulations differ most strongly in the upper troposphere for species undergoing
wet scavenging processes. There are not a sufficient number of observations to characterize the
climatology (long-term average) of species undergoing wet scavenging in the upper troposphere.
This highlights the need for either a different strategy for mode! evaluation (e.g., comparisons on
an event by event basis) or many more observations of a few carefully chosen constituents.
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1. Introduction

1.1, Motivation for the model intercomparison

Wet and dry deposition processes are imporiant
mechanisms in the control of both the temporal
and spatial distributions of miny gaseous and
particulate trace species in the atmosphere. These
species in Lurn influence the chemastry and climate
of the atmesphere, and the underlying ocean and
bicsphere, The component processes labelled by
the general lerms "wel™ and “dry™ deposition are
extremely complex, and span many subdisciplines
of meteoralogy, physics and chemistry. These pro-
cesses are important, snd difficull 1w represent m
a reasonahle way in models purporting to simulate
the distribution of atmospheric irace species, and
their impacts and feedbacks on the carth’s chimate,

The representation of these processes in global
chemical transport and general circulation models
have traditionally been crude, In the lst 10 years
progress has been made in the understanding of
these component processes, both from a theoret-
igal and an observational point of view, with a
corresponding increase in the complexity and real-
1sm of model representalions of these processes. I
15 not been clear however, what the impact of
these differences in representation of deposition
processes his had on trace species disiribulions,
In August of 1995 the World Climate Research
Programme | WCRP) sponsored a workshop on
the rale of scavenging and dry deposition processes
on the cantrol of trace gases in global medels, at
Downing College in Cambridpe, UK. Tt was the
third WCRP workshop in a series dealing with
the modelling of 1race constituents by global
models, The first in 1990 ( Pyle and Prather, 1996]
focused on the global-scale transport of long lived
trace species by resolved transport, The second
meeting in 1993 {Jacob et al, 1997, Boville et al.
1997 browght imte focus the transporl by sub-
pridscale processes,

About 60 scientists from 11 countries atlended
the workshop from 3 areass (1) theoreticians and
process modellers working on detailed and explicit
representotions of deposition process and the
cloud physics important i understanding the
transpirt; scavenging and chemistry taking place
within clouds: (2) physical climate modellers and
chemists wanting to perform glabal simulstion of
trace specics; (3) scientists specializing in aime-
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spherie. observations and able/interested in cap,
tributing to the validation of a modelling effgp
The meeting was intended Lo provide opportung.
1es 1o identily the state of the arl in modelling, 4
identify the range of uncertaintics in our undpy.
standing of processes, and to cstimate our ability
to model those processes. Part of the meeting
consisted of an inlercomparison of the simulatipg,
ol short-lived atmospheric tracers by 13 glohyg)
maodels, and their compansen o
observations:

Fesulls from this intercomparisen 8¢ summar.
ized here, Tt is not the intent of this paper 1g
identify the right or wrong way of modelling 5
given depeosition process. To do so would requirg
very constrained simulations that would fix ||
aspects of the simulation except one and explore
varintions on only one parameterization. Such a
study is impossible m the conext of 2 large
intercomparison  with many  different. models,
Rather, it was the intent of the meenng, and this
paper, to survey the feld, identilfving the ways in
which parameterization of these processes differ
between models, then compare their semulations
with ohservations and cach other, locking far
similarities and differences in the stmulation. It
was hoped that the similanties and differences
would reveal arens of syslematic bias between
maodel and observalions, or systematic aprecment,
The arcas of bias might point toward processes
requining more work, Those areas where the
muodels agree with cach olther and observations
idenuily sspects of the simulation where models
may be more casily trusted.

The modellers were asked 1o perform 2 simula-
tions, with a number of mmor  varations
idescribed o more detw] below). Mest models
artempted only a subsct of the complele speeifica-
tion of the test problems. The first problem was
1o model the emission of *Fradon, it iranspon
and decay to *'%ead, attachment 1o an aerosal,
and subscquent removal by dry deposition and
senvening processes. The second problem was o
compare corresponding loss processes for 50
and 5057 (hereafter sulfate) which we refer 1o as
the SO, problem. Becavse of its relatively simple
source and sink. radan has long been recognised
as a usehul traver of convective and synoptic-scale
metions in plobal miodels. The radon/lead problem
provided a means to cxamine the role of both the
transport of a short-lived species. and its sub-

relovam
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1995 CAMBRIDGE WORKSHOP

sequent scavenging by wet and dry deposition
processes. The SO, simulation expanded the com-
parison to include the scavenging of gas phase
constituents and gas and aqueous chemistry in a
system with very different source characteristics
from that of the radon. The SO, problem is a
widely studicd system with relevance to acid rain
and climate. A wide variety of models (listed in
Table 1) participated in the workshop.

1.2. Some comments on scavenging and deposition
in global models

While a detailed discussion of the physics of these
processes is beyond the scope of this paper, we begin
by briefly stating the physics associated with wet
and dry deposition of atmospheric species, which
form the basic path by which trace species are
removed from the atmosphere. More detail on these
processes can be found in the text by Seinfeld and
Pandis (1997), although that text does not focus on
the additional complexities of representation of the
drocesses in large-scale modelling environments.
The participating models span the spectrum of
means to represent these processes and the resulting
simulations reflect this fact. For this reason, we have
ttempted to focus on general properties of all the
simulations and avoid a focus on an explicit evalu-
ition of particular models.

Dry deposition. We define dry deposition as the
mechanisms by which gaseous and particulate
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species are transferred from the atmosphere onto
surfaces in the absence of precipitation. Dry depos-
ition occurs on a variety of length and time scales.
On the largest scales the tracers are transported
towards the surface by turbulence and organized
circulation features and by gravitational settling.
As the trace specie (molecule or particle)
approaches to within a few millimeters of a surface
air motions become small, and molecular and
brownian diffusive motions become important.
The trace specie may then interact with the surface
in a variety of ways. Gaseous species may absorb
reversibly or irreversibly, or react chemically with
the surface. Aerosols particles can collide with the
surface through inertia, and either bounce off, or
adhere, depending on the properties of the aerosol
and the surface. Dry deposition depends upon the
individual properties of the turbulent transfer, the
molecular and brownian diffusion of the tracer,
the resistance of the tracer to uptake by the surface
itself, and, for aerosol particles, the sedimentation
velocity which in turn depends on the size, mass,
and shape of the particle. The deposition thus
depends upon turbulent properties in the atmo-
sphere, chemical composition and roughness of
the surface, inhomogenieties in the surface, and
properties of the molecule or particle itself. These
properties vary on space scales from tens of meters
at the large end to molecular length scales at the
small end, and these features must be included in
some fashion in global models, whose smallest
spatial resolution is typically hundreds of km in

Table 1. Model participants; a list of acronyms may be found in Section 7

Model Institute Radon/lead Simple SO, Full SO,
ZCHAM3 MPI Hamburg Rn/Pb X
“CHAM4 MPI Hamburg Rn/Pb
“CWAG U. Wageningen Rn/Pb
3FDL GFDL Rn/Pb X
JISSHIY GISS/Harvard/ Rn/Pb X

UClrving/Yale
GRANTOUR/ECHAM LLNL/U. Michigan Rn/Pb
.GGE/LMD LGGE Rn/Pb
MUTM Monash Univ. Rn
IATCH NCAR Rn
TOMCAT U. Cambridge Rn/Pb X
‘M N NCAR Rn/Pb X X
*TOCHEM UKMO Rn/Pb X
TRA9S JIMA Rn/Pb X
Jni. Mod. UKMO X
NIRE NIRE Rn/Pb X

——
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the honzontal, and hundreds of meters in the
vertical, Clearly all the important processes occur
on length scales much smaller than that of the
model resolution, and much of the important
character of the process must be paramelenzed,
that is, be represented in a statistical scnse, rather
than by some exphicit descriplion arising from a
physical develapment feom st principles. Dry
depasition today is almost unifarmly modelled by
pssuming the surface deposition flux is proper-
tonal to & concentration Limes a “deposition
velocity™. The complexity of course comes in the
specification of the deposition velocity, The sim-
plest representations for dry deposition prescribe
a fixed depasition velocity thet depends upon the
species, and land surface type More complicated
models use so-called “resistance in senes™ depos-
ition formulatens {Wesely, 1988, which represent
this processes using anclectrical resistance anzlogy
where the transport of matcrial is assumed Lo be
governed by 3 or 4 resistances in senies {an aegro-
dynamie, quasi-laminar, surface, and sedimenta-
lion resistance respectively), These resistances can
depend upon such things as solar inselation, land
use, vegetation Lype, surface welness, cic. Both
types af dry depesition models were represenied
i this workshop, Some modellers prescribed a
single deposition velooily for each constiluenl
Oihers used much more complex resistance in
series approaches. We note the deposition type far
each model in Table 7,

Wet deposition. Wel deposition, the remaval of
1 soluble trace specics by transfer associated with
precipilation, 15 equally difficult to repressnt i
global models, The soluble species 15 first assumed
to find a path rom the air into a cloud or run
drop. When the condensed water 15 subsciuenily
deposited at the ground, iL will carry some of Lhe
soluble species with it We nole that of the raindrop
evaparates before reaching the ground then it will
act as an internal transparl mechanism, even il
the soleble specte i nat removed lrom the almo-
spliere itsell. One wsually distinguishes belween
“in-cloud” and “helow cloud” scavenging. In-cloud
scavenging refers 1o a local removal process in
which the initizl depasition of the species is within
i small clowd drop, which subsequently underpoes
prowth through collision or coalescence to a size
sdentified as a raindrop, The soluble matter that
was initially o the cloud condensate, and sub-
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scquently removed as  precipitate, undergne,
“in-cloud” scavenging (also termed rainout), On
the ather hand, as the precipitate falls, it can ale,
collect soluble species directly lrom inlerstitial air
("below cloud™ scavenging or washout). Soluby,
species can get inta the condensate in a varety of
ways. Many acrosols set as cloud condensagian
nuclet. That is, waler vapour condenses preferen.
ttally on soluble or wenable particles 1o forg
cloud drops subsequently removed via in-clayg
scavenging. Aerosels can also be taken up direct]y
on falling precipitate through a number of collec.
tion mechanisms. Larger aerpsols are taken up by
collision associated with their inertin. Smaller par.
ticles are collecled by Brownizn motion, Soluble
gases are taken up in both smaller cloud drops
and larger raindrops following Heney's Law (and
thus are sensitive 1o pH and temperature of the
drops), where they can undergo chemical irans.
formation, or be removed along with the condens.
ate, Clearly, wet deposition is inlimately tied up
with the cloud microphysics tselll A realistic
description of the scavenging process this requires
a knowledge of the microphysics of the condensa-
von and precypitation (e, distnbution of the
condensaie and precipitate, the sources respons-
ible for the generatien of the condensate, the
conversion from condensale to precipitatel, and
the microphysics of the acrosal, Thers are also o
number of additional complications peculiar ta
farge-siale models, where all cloud processes are
spbgridscale. Because the clouds are nol resoived
at the gnd length seale, they ccoupy only part of
a volume. One must then eonsider mechanizms
for exchange of mass between the cloud and s
environment {all within a single gnd volume), the
fact that the volume encountering precipilalion 1s
not the same as the local cloud volume, the spatial
disteibution of the clouds within a celumn, and
the wiys i which the condenszle and precipitale
overlap with each other within that calumn, Again,
a broad spectrum of approaches have been
adopted by modelling groups. In the simplest
formulations, wet removal is parameterized o
terms of a first arder loss rate, that is, the sink of
a tracer s made proportionale lo a mixing ratio
times a coefficient, with the coeflicient a funclion
of the gridhox averaged precipitation fiux

Some models (cg, GISSHIY and ECHAMI
have a relauvely long history of auempung 10
simmulate these processes. For others thns was the
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99 CAMARIDGE WORKSHOP

firsl fime that they had attempted simulations of
short-lived soluble species. There 15 a broad range
of variation in the representation of scavenging in
these models. Some models | like TOMCAT ), with-
ol pocess Lo much information about cloud [pro-
cessps, altempted o model the wel removal based
crly on the relative hemidity i the model aimo-
sphere, aod assumptions about the frequency of
rn inocach model Others, like the
URMO model, did not distinguish  between
in-cloud and below cloud scavenging. or between
liquid and ice processes, or between scavenging of
gases and aecrosols. The more mature models
attempted to integrate their removal processes in
an entirely consistent manner with their hydrolo-
gic cycle, and make much stronger distinctions
between these processes using a more elaborate
formulation. For example, the NCAR and
ECHAM model use information from the model's
representations for the hydrological cycle to distin-
guish between the scavenging of gases and the
aerosol scavenging, where incloud scavenging is
made proportionate to the amount of condensate
that is converted to precipitate, and the below
cloud scavenging is again presumed to be propor-
lionate to the precipitation flux within a layer.
Care is also taken to scavenge only within the
volume of air where cloud or rain is present, and
assumptions must be made about the rate at which
air is exchanged between cloudy and cloud-free air.

virlume

2. Description of model experiments

2.1 The radon/lead simulations

*2Radon is a noble gas with a source in the
continental crust (arising from the decay of
uranium daughter species) and a sink from radio-
active decay with an e-folding fime scale of 5.5
days. The source of radon is approximately 1.0
atoms/cm?/s from unfrozen continents (Jacob and
Prather, 1990), with an uncertainty of a factor of 2
locally (Turekian, 1977). The source from oceanic
regions and ice-covered regions are approximately
2 orders of magnitude less than the land source.
l?a"icipants were asked to use a source distribu-
Yon of 1.0 atoms cm ™2 s ™! over land between 60S
and 60N, and 0.5 atoms cm™%s”! over land

tween 60°N to 70°N, except Gieenland, where
lhe surface was assumed to be ice-covered. The
S'mulation provides an opportunity to assess the

Tellus 528 (2000, 4
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ghility of the model 10 simulate the evolution af
a refabvely short-lived wacer, strongly influenced
by baundary layer turbulent transport, convection,
‘-_'lTII'IF-tIL' Siﬂ!l: [rélll.‘\-pur!, ;I.r}d ar‘.u_"r COnversion o
lead, its removal by wet and dey deposition pro-
cesses on soluble aerosols, CI:I||||'|;|[i5|'_\|'| wilh chsee-
valions for redon were made at a vanety of
continental and remote sites around the world, at
the seasonal gnd monthly tme scales. Modellers
were asked to run thew wmodels for 3 months ©
allow the radon and lead distributions to spin up,
and then integrate for a I-year period. Tabulated
results of seasonal and annually averaged burdens,
as well as wet (below and in-cloud) and dry
scavenging rates were requested from each parti-
cipant. Latitude-longitude figures for the lowest
model level, 600 hPa, and 300 hPa for January,
July and annual means for radon were requested.
A latitude longitude figure of instantaneous values
at 300 hPa for | July was requested to provide
information about the general amplitude of model
departures from the above mean values. Latitude
height cross-sections for January, July and annual
means for radon, lead, lead production and scaven-
ging rates were also requested for zonal averages,
and at 180°W and 27°E to provide information
on the 3-dimensional distributions of these species.
The contour interval, units and figure dimen-
sions were all specified to facilitate the model
intercomparison.

The distribution of radon in both observations
and model simulations results reflects its contin-
ental ongins. Surface distributions of radon are
discussed in some detail in Jacob et al. (1997) and
the general distributions seen in our study did not
differ significantly. As the product of radon's'radio-
active decay, lead surface concentration patterns
are similar. Mixing-ratios are high over the contin-
ents, in particular over dry regions like the Sahara
and Arabia where little wet removal occurs.
Continental annual mean mixing-ratios in all the
model simulations range between 250 and
2000 mBq per cubic meter of air at standard
temperature and pressure (hereafter called SCM
for Standard Cubic Meter). Over the oceans values
are between 100 and | mBq/SCM with lowest
values over Antarctica (<25 mBq/SCM). Most of
the models show concentrations over the US
between 500 and 1000 mBq/SCM with values
exceeding 1000 mBq/SCM over the Sahara,
Arabia and south-west Asia. Simulated deposition
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fluxes on the NH mid-latitudes are in the range
between 30 and 250 Bg m?yrt All models
show the highest fluxes (250-500 Bqm ™" yr~')in
the Mensoon repions. Deposition fluxes: over
marine areas south of 30°5 were between | and
25 Bg m tyr~' While the distribution of the
surface concentration of lead is guite smooth and
dilfcrences in the horizontal model resolution
cannol be recognized, the patlerns of the depos-
ition Auxes are patchy and clearly reflected the
model resolution,

2.2, The 30, simeelarions

Two S0, experiments were defined. In both
cxperiments, only the anthropogenic emissions
from 80y were requested, although some particip-
ants alse included the biogenic sources. Seasonally
and spatially varying anthropogenic 50O, sources
representative of 1985 were provided [rom the
IGAC/GEIA data base (Benkovilz el al, 1996,
with a plobal annual average of about 65 Tg S/yr.
In the first experiment, called the “simple S0,
experiment”, participants were asked 1o converl
50, 10 507 with a 1L.2-day liletime and 1o use
their model specilicd dey and wetl deposition lor-
mulations Tor removal, In the second experiment,
called the "Tull chemistry experiment™, each parti-
cipant used their best model Tormulation lor the
transformation of 50, Lo 303, The simple exper-
ment allowed those growps without an explicil
photechemical mechanism for the transformation
Lo participate. Alse, by comparing simple to full
photechemical simulation one could evaluate the
impact of the photochemistry with  localzed
sources and sinks for species thal depended upon
sunlight, cloud water, cloud volume, precipita-
tion rates, etc, with a simpler formulation.
Unfortunately, only one participant contributed
to both experiments. Two of the participants in
the simple experiment included full emissions (nat-
wral and anthropogenic), The models were evalu-
ated by comparison between cach other (in terms
al surface concentrations, vertical profiles, dry and
wet deposition rates, and 503 production rates)
and through a comparisen with abservations, As
in the radon/lead comparison, figures of fatitude/
height and latitude/longitude cross-sections using
i commen set of contours, units, and dimensions
for S50, 5057, and their production and loss
mechanisms were requested from each modelling
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group. The largest emissions oceur in the northerg
hemisphere over Central Furope, Asia, and the
Eastern US (ordered [rom highest to lowest emje.
sions), This is reflected in the surface distributigy
af both 80, and 3037, While the values af 50,
were relatively consistent between models over thy
source regions (see below discussion), they diffe,
substantially in remote regions, For example, whilg
the ECHAM maodel has 505 values beloy
L kg/SCM of air southward of 60°5, TOMCAT
iwhich included a DMS emission source) penergl|
showed values between 20 and 50 kg/S5CM there,
Similar differences between models were also seep
in the northern hemisphere polar regions, The
differences in 807 between models in remorg
regiens were also very large. Model differences ape
discussed in more detail below,

3. Strategy of model evaluation

The intent of the evaluation was 1o identify
similarities and differences between the spatial and
temporal properties of the models and observa-
tions. The observations are comprised of indi-
vidual measurements taken at & speaific time and
place. s worthwhile to discuss the principle
problems of such a comparison, With multiple
observations one can average 1o provide a mean
value representative of o region or 1ime period,
Some of the observations used in this inlercompar-
ison were for periods as briel as 1 year. Other
data spanned a 20-year time period. Because of
spatil and temporal inhomogenicties in both the
radon and 50, species there can be substantial
differcnces in measurcments between adjacent sta-
tions on short spatial scales. Because global
models have guile a coarse spatial and 1emporal
resolution, and because none of the models used
meteorology specific Lo the particular lime period
of the ohservations, we avoid comparison between
model and observations on a day-by-day basis,
Rather, we focus on regional and seasonal (concen-
tration) or annual (deposition) averages. For most
individual measurements, particularly in source
regions, we have tended to consider them in 1oto,
Repions were chosen where observations showed
similar seasonality and magnitude, Some sites
which did not meet these condilions were removed.
Obscrvations from remote islands were considered
to be representative of @ much larger area and

Tellus 528 (2000, 4
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therefare oflen compared directly to the model
resulis, Becayse this stiedy considered constituents
with a strong continental sowrce, distributions
there are dominated by lhose sources; surface
concenlralions aver the contingnts reflect mainly
the source sirength and the wvertical exchanpe
within the PBL, We think remote sites are a much
better ndicalor of whether trensport and scaven-
ging performs well, because remote receplor sites
are controlled primiarily by vertical and horizontal
transport and by remaval processes. This assump-
tian will ot hold T mesescale circulations are
imporiant gt a particular site.

There are also-sampling ssues to consder. Q-
line transpart models are deiven by model gener-
ated wind fields, some of which bave been con-
sttained by observed winds (1e., forecast centre
analyses). Others are produced Trom a general
circulation model (GCM ) In arder to produce
climatolopgical meszn concentrations and reduce
the role ol inter-annual variability, a madel shouid
be integrated for several years and the ensemble
average compared to the observations. The parti-
cipating models reported results from a single
I-year simulation. Different meteorological fields
drove each tracer simulations, which resulted in
different spatial and temporal distributions even
if the same model physics were used. Therefore,
the impact on the species distribution of different
approaches for transport and scavenging could
not be separated from use of a different meteoro-
logy. Lastly we note that models differed in their
treatment of short timescale features. GCMs (e.g.,
ECHAM, and the NCAR CCM Q) model the
transport, chemistry and removal of chemical
Species at every time step of their integration, and
resolve features with time scales of order 1 h. The
diurnal cycle, and the episodic nature of convec-
tion, scavenging and aqueous chemistry are cap-
tured in these models. All off-line models used 4-
to 12-hourly input fields to drive their constituent
evolution. Their diurnal cycle and episodic pro-
Cesses were less well resolved (although it is not
C!ear the 4-6-hourly averaged field are not suffi-
Clent to approximately resolve these features
(Rasch et al., 1997)). Also the different horizontal
and vertical resolution of the models have an
'Mpact on the calculated species distributions.
Since we have assumed a constant exhalation rate
for 2R 5ome discrepancies between observations
and simulations may also be due to temporal and
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spatial varsalions of the radon sources (Jaceh and
Prather, 1990) Assuming a seasonally invariant
raden source ntroduces a seasonal bas i the
radon and lead simulation. Mid-latitude surlace
measurements show a surpression of radon emis-
sion by soil freeing in winter, There are also
spring o fall differences in radon emissions that
mighl have 10 do with water logzing of the soil.

Jacob er al (1997) reported on a similar inters
comparison {taking place in 1993) of radon simu-
lations where about hall the participating models
were decmed "under development”. Because the
processes controlling the radon representation
are central to the models ability 1o simulate lead,
we provide an update on those findings as
well as hsghlighting results from more recent
observations

Unforunalely, lorg-lerm  measurements  of
fMead (and with many other corstituents) are
avajlable only as surface concentrations and
depesition rales. Deposition rates are determined
by collecting precipitation over a long period of
time or by using natural collectors like snow fields,
lake sediments and soil cores. Thus deposition
rates are not able to resolve seasonal fluxes. We
therefore compared the observations to model
annual means only. Deposition data compilations
from Feichter et al. (1991) and Preiss et al. (1996)
were used, as were concentrations of lead in
surface air measured by EML . (Environmental
Measurements Laboratory, US) since 1957 at
about 115 sites worldwide, mostly in the US (Lee
and Feichter, 1995). These data were provided as
monthly means (R. Larsen, personal communica-
tion). We also used data compiled in Feichter et al.
(1991) and Balkanski et al. (1993). The observa-
tional estimates for the SO, comparison from
EMEFS (McNaughton and Vet, 1996) and EMEP
data (Schaug et al, 1987). The EMEFS and
EMEP datasets were composited using the strat-
egy outlined in Kasibhatla et al. (1997).

4. Model results

4.1. Global properties

We begin by describing the models’ globally
integrated properties. None of the species entering
in the comparison are sufficiently well character-
ized by observations to provide credible observa-
tional estimates of global burdens, but a global
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metric still provides information about differences
in model processes. Because emissions and sinks
were assumed constant, the models show no sea-
sonal cycle of their global radon burdens. The
global burden of lead is controlled by differences
in the hydrologic cycle. Seasonal changes in con-
vection over source regions can lift the radon to
heighte where suhsequent scavenging as lead is
inefficient. Seasonal changes in precipitation pro-
cosses and location will also change the efficiency
ol scavenging, The SO, cycie is strongly controlled
by these same processes, as well s by varations
tn the emssions, and by seasonal varsations in the
oxidant distnibutions controlling the wansforma-
trom of 50, 1o 50,

Global annually averaged lead burdens, and
residence times are shown in Table 2. Lead bur-
dens range over a factor of 3 over all models, bt
agreement i5 much closer (within 30% of the
ensemble mean) when the oulliers are not eonsid-
ered (GRANTOUR, NIRE and TRASS), Radon
emissions should  tetal 125 kg radon month
tequivalent 1o LIS kg lead/monih),

Departures ol the sum ol the wet and dry
depasition fram 1his value may be due to the
meodels not being at steady stale, or some non-
conservative aspect to the models. The residence
e (defined as the burden divided by deposition)
varies between 3 and [0 davs, The GOM simula-
tions reported lifetimes of 6 10 § days. Offline
models reporied a much wider range of residence
limes. Estimates based on observitions vary lrom
0.5 days (Lambert et al, [982) o 58— 10 days
(Moore et al (1973), Balkanski et al (19931), but
these numbers dre still quite uncertun due 10 the

P, J. RASCH ET

sparsity of observations (Balkanski et al, 1993),
The ratio of dry to wet deposition, which measureg
the relative importance of the 2 processes in
removal of the aerosol varies from less than 109,
for most models, to about 50% in outliers implying
important differences in those model formulations.

Seasonal variation in the global burdens of leaq
are plotted in Fig ta Maost models show
maxima during the northern hemisphere sy,
mertitne, with @ small seasonal variation, T,
higher burdens in summer are ofien attrihuted g
more rapid venting of the planctary hﬁlll'ldur}-
Layer, or conveetive lofting of raden and lead ilselr
te heights where the acrosol is not susceptible g
cither dry depaosition or wet scavenging The we
deposition ol lead s shown in Fig. 1 There i5 4
mattked difference in the scasonal cvele 1n the
ECHAMZ and ECHAMY models. This may ip
part be die 1o chinges i turbulent transport by
the PBL scheme between the models and the
associated changes in the precipiiation over land,

Fig. Ib indicates that there is linle seasona)
varation in the deposition, Analysis of the precip.
fation dataset of  Legates and  Willmaoy
1996 shows a small seasonal vanalion m the
average precipitation over land with a maximum,
and minmum  respectively ol aboul 235 and
L1 mm day during NH summer and winter. The
seasonal eycle af the global burden and the peecip.
wation are ool mirrored in the wet deposition
rates themselves. Loling of radon and acrasols
will generate an opposile seasonal cycle to scaven-
ging i the wmmediate vicmnty of the emission
regien, The lack of 3 seasonal cvele in deposition
amd the maxima in the scasonal cvele in the lead

Table 2. Global characterization of lead famava! average, NJA = nal arailable )

Burden ey dep
Maodel kit 1 kg manthl

ECHAM3 029 (K
ECTEAMY (1,13 11
LOWAG .23 018
Gl (.23 A
COM 0 .32 ol
LG E 0.4 0,14
GRANMTOUR FCHAM 15 018
CilEsHTY 0,10 ot
MIRE (013 0,09
TOMCAT 032 0.07

[ .40

TRARS

Wit dep Total dep Residernce
g 'manti &g manth) tirme (ifays)
117 |.26 LR
09| (WER 68
(RN I.0 %8
A MNiA 58
|07 I1% g1
|24 |36 549
099 117 18
| [ 117 2l
|2 L.19 A2
.1 (i B3
(8h |0 116

Fellus 520 (7K, 4
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Fig. 1. Seasonal evolution of the burden of lead (upper panel) and wet deposition (Jower panel) for each model. The
heavy grey line in the lower panel at 1.18 kg/month shows the prescribed production rate for lead due to the decay

of radon.

burden suggest that lofting modulates the resid-
ence time in the atmosphere more strongly than
vanations in scavenging processes.

Globally averaged SO, and SO, burdens are
shown in Tables 3 and 4, respectively. SO, burdens
vary by a factor of 4, although the variation within
Fhe cluster of models using simple or full chemistry
'S much smaller. The variation in SO, is larger
than that of SO,, and similar to the lead simula-
tion variation. The model with the most efficient
deposition of lead is not the same as the model
with the most efficient deposition of SO,. Total
deposition of SO, and SO, should again balance
*missions. Those models {(NIRE, TOMCAT and

Tellus 528 (20001, 4

TRA95) that do not sum to about 65 Tg S/yr also
included the DMS emissions. Replenishment/
removal time scales (defined as the global burden
divided by the process global source or sink) for
SO, and SO, appear within the parentheses in the
tables. Full chemistry models show higher SO,
burdens than most of the simple chemistry models,
suggesting that the conversion rate in the simple
chemistry experiment was set to be considerably
too rapid for a close match to the full chemistry
simulation. The departure from 1.2 days in chem-
ical conversion time scales for some simple chem-
istry models (the number in parentheses in the
rightmost column) indicates inconsistencies in
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Table 3. S0, global annually averaped statisties; limescales (defined as global burden divided by glopy
lendency) for @ particular process are shown in parentheses

o ——
Burden
Model (Tg §)
[® has DMS Full or fres time Drry dep Wel dep Total dep Chem logy
emissions) simple days| 1 Tg 5y7) iTg S/yr) [Tg Siyr) 1Tg S/yry
ECHAMI F 024 (10 25033y 16124) 214 (16) T2
GFDL F 03 (1.7 23{4%) 15(7.5 IR (1) 27 (4.2
GISSHIY F 0200t *2X(32) 13 {5.6) 36 420) A0 (2.4)
coMn F 0.34 (1.9) 12 (56) 11 (113) 21 (5.4) 42 (30)
ccMn 5 014 (0.8) 16 3:2) 1.5 {6.E) 23{L5) 42 (1.2)
MNIRE® 5 D201 56 (13) 45 (1.6} 51 {1.5) 324y
TOMCAT® 5 010 (0.55) 32{L1) 19{1.9) 50 (0.73) Ly
TRASS"* 5 Q083 (0.36) 56 (0.54) 12(2.5) 68 (0.45) 16(1.9)
UKMO 5 011 {061 i412.9) 200200 ML) iy
Table d, Global annual average 503 (models labelled with a * also inchude @ DMS source)

Full or Burden Diry dep Wel dep Total dep

Model simple {Te 5) {TgSiyr) [ Tg Siyri 1Ta Zfyr)
ECHAM3 F 039 58 (M) 12 (44 L
GFDL F 022 35(23) 25 (3.2) 29 (28)
GISSHIY F 039 46 (31} 25 (57 30 (4.9
CCM A F 0.39 A1 (48] 41 13.5) 4403
CcCM A 5 0,47 33 (3 37 (4.8) 42 (4.1
NIRE® 3 021 3221 I8 (La) 3125
TOMCAT® 8 029 501(21) 27 (3.9) 33{32)
TRARS® 5 017 54 (7.4) 65 (2.0 15{4.1)
UKMO s 024 10 (8.8) 24 (36) 34 (2.6

their simulation. Dry deposition plays a much
mere important role for S0, than it does for lead.
The ratio of dry 1o wet deposition for SO, is very
large, The lurge discrepancy in wel depesition
rates may be due to the way in which sullur
campounds are labelled as they are deposited at
the surface. Some model included only S{IV] in
the wet deposition of SOy others included both
the depesition of S{IV) and S{VI} Total wct
deposition of sullur species (which avoid this ambi-
guity) are much closer than either component. [t
is interesting 10 sce that the 2-model participants
with Tull chemistry which had published results
from their simulation (ECHAM (Feichier et al,
1996} and GISSHIY (Chin and Jacob, 19961), and
were presumably the most mature of the models
in terms of their development for this purpose sull
differ in the partitioning of dry and wet deposition.

Global burdens of 5037 (Table 4} also show
large differences, varying by a factor of 3 beiween

models, Wet deposition tends to dominate dry,
and the range of variation in 8017 is large. It s
quite surprising that in spite of the large differences
in 80, burdens, and the production rates of
SO:i7 (the chemical loss of S04 ), most of the full
chemistry models {except GFDL) reach a similar
total burden of S037. We repard this agreement
as fortuitous: The very large differcnces in 507
burden and deposition processes in Lhe simple
chemistry simulations suggest that there remain
substantial variations in the way transport and
deposition processes are represented in global
models, even in Lthe abscnce of resolved chemistry,

The scasonal cycles of 50, and SO, are shown
in Fig. 2 for participaling models. Most models
show a minimum in SO, during the northern
hemisphere summer when S0O37 15 at a maximuem.
There 15 a small (< ~ 20%] scasonal varialion in
the emissions datasel used in this study with the
largest wemporal vanation in winier over Europe

Tellus 521 [ 2000), 4
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The larger variations seen in the SO, and SO2~
signature are not therefore due to emission vari-
ations, but rather to a combination of the seasonal
variation in oxidants, volume of air processed
'both from oxidation and scavenging) by clouds,
and lofting to altitudes where the deposition pro-
-esses are not effective. The seasonal cycle in those
Models with “full” chemistry tend to be larger
than the simple sulfur cycle models. The simple
sulfur models are not sensitive to oxidant amount
(and itherefore to large variations in production
‘erms), but still show large variation in SO, and
sulfate burden. This summertime maximum was
$3lso seen in the lead simulation, and suggests that

{Tellus 528 (2000). 4

DJF MAM JIA SON
—0— GISSHI -0 TOMCAT
--¢-- ECHAM3(T21) —&— UKMO
-8 NIRE --v-- CCM-S
--0-- TRA9S --0-- CCM-F

Fig. 2. Seasonal evolution of burden of SO, (upper panel) and SO2" (lower panel) for each model. The suffix “-S™
ind “-F" on the CCM model indicale the runs with “simple” or “full” chemistry respectively. See text for details.

the “lofting mechanism” is a common and import-
ant control on aerosol lifetime. The variation in
production terms and loss must also be important
in the controlling the scasonal aerosol burden
variation, but we cannot identify their relative
importance from the reported information.

4.1.1. Zonal means. Fig. 3 shows annually and
zonally averaged distributions for 2 representative
models as an indication of the range of variation
in simulations of radon, lead, sulfur dioxide and
sulfate. Note that there is an approximately logar-
ithmic variation in the contour levels for each
species. Therefore small differences in the contours
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can imply factor of 2 dilferences in Lhe simulation,
The departure of model outliers 15 substantially
larger than is scen i these example models,
Verticsl distnbutions of radon were generally sim-
ilar i the lower troposphere, with much larger
discrepancics. evident in the upper troposphere
and in polar regions. In the upper tropospheric
subsidence region ol the Hadley celfl some models
PGESSHTY, MATOH, MUTM, NIRE, ECHAMA]

showed almost no evidence of subsidence: while
athers showed substantial peneteation of subsid-
cnee into the mid-lower troposphere. Evidence for
dilferences o the way moist convective mixing is
trested in the different models was seen in the
gomal mean verteal distribution of radon in the
tropics. Some models caleulated a localised max-
imum in the upper tropical roposphere [LREMO,
GISSTY, MATCH-EC, MATCH-NMC,

Tellus 328 ( 200, 4
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MUTML Other models’ rpdon concentrations
decreased  more uniformly  with altiitude. This
localised maxima mest bkely resulls rom varying
intensitics and vertical redistnbution profiles used
by the convective parameoienzations in the vanous
models. These [eaiures were discussed in more
dfetarl in Jacob et al (1997).

Substantial diferences in radon were also evad-
ent in porthern polar repons. For example, LMD,
COME, GISSHIY, MUTM, NIRE models
show low concentrations in this. regon,
L'nfortunately, ohservations were net available far

Y F:r

comparison prior 1@ the workshop, so we were
enable Lo identdly which models more sceurately
simulated the transport in the Arctie regions, Bt
subsequent work on the LMD and GISSHIY
models by Preiss and Genthon (1997) suggest that
the low concentrations in many models could be
attributed to biases in the model circulation (e.g.,
an inability to represent strong surface inversions
which inhibit transfer from the free troposphere
to the surface layer, or to a lack of horizontal
wave transport from mid-latitudes into these
regions) or in the numerical methods used.

The differences between models were even larger
in constituents undergoing wet scavenging. Most
models show a maximum in the zonal mean lead
mixing ratios in the lower troposphere over the
source regions. Generally there are 2 types of
models in terms of their behaviour in the PBL.
Some have a well mixed PBL {(ECHAM3,CCM Q,
LGGE, GISSHIY) and others show an increase
with height with a maximum at the top of the
PBL (ECWAG4, ECHAM3, NIRE). Since models
with the same transport scheme showed different
vertical profiles (e.g, ECWAG3 and ECHAM3),
this may be due to a different treatment of below
cloud scavenging. In the free troposphere many of
the models show a decrease in mixing-ratio by
about one order of magnitude between the PBL
and 400 hPa and a weaker gradient above. Some
models show a mid-tropospheric minimum with
an increase in lead mixing ratios above (e.g., Fig. 3,
TOMCAT), with mixing-ratios at 100 hPa as high
3 at the surface. This may be attributed to the
efficient upward transport of radon into the upper
troposphere. Scavenging in many of these models
S not efficient at high altitudes. For example,
TOMCAT parameterizes the scavenging rate as
P}’Oportional to the relative humidity, so scaven-
8ing is highest within the PBL and less inefficient

Tellus 52B (2000), 4
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i the muddle troposphere, where the relative
humidity 15 oflen lower. The concentrations
at 100 hPa differ between models by | order
of  magnitude,  with  wvalues as  high as
200% 107 kp/kg simulated by GISSHIY, and
100 % 107" kg/ke by TOMCAT, and as low as
0% 107 kg/keg by the ECHAM models, The
zonal mean verlical distribution s quite differem
between the south and north polar regions. Qver
Antarchica all models show an increase in concen-
trations with hewht due to poleward transport
from lower latitudes, Two models also show
shghtly higher values near the Souwth-Pole than at
the edpe of Antarctica {e.g., TOMUAT, Fig 1) due
e subsidence from the vpper lroposphere, Very
small vertical gradients abeve the PEL were scen
in the northern polar regions in all the models.
The ECHAM models, ECHWAG, NIRE and
TOMCAT showed a slight increase in concentra-
tion above the PBL.

Two maxima generally appeared in the vertical
distribution of the lead scavenging rate (not
shown) one in the NH mid-latitudes and one in
the tropics. Most models show the mid-latitude
maximum within the PBL. The maximum in the
tropics varied strongly from mode! to model. Some
simulated it close to the surface (LGGE, NIRE
and TOMCAT). In other models, this maxima
occurred much higher up (at 800hPa by
ECWAGS3, at 700 hPa by ECHAM3, at 600 hPa
by CCM(Q, at 300hPa by MATCH and at
200 hPa by GISSHIY). GISSHIY shows also a
uniform scavenging rate in the NH mid-latitudes
between 900 and 250 hPa. ECWAG simulate also
a secondary maximum at the surface in the tropics,
likely due to below-cloud scavenging.

The zonally averaged distribution for sulfur
species are shown in the lower panels of Fig. 3.
The notable differences in that figure in SO,
distributions arise because TOMCAT used the
simple sulfur cycle formulation, and the CCM
simulation showed used a full chemistry formula-
tion. The differences are characteristic of any
comparison of models using the simple and full
chemistry mechanisms for conversion of SO, to
SOZ~. The CCM simulation using the simple
sulfur chemistry looks very similar to that of
TOMCAT (not shown).

A torgue of high SO, air extends into the
southern hemisphere in the upper troposphere in
the CCM simulation indicating a path for inter-
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hemispheric transport of sulfur in this and other
models with full chemistry. The higher values seen
in the upper troposphere and southern hemisphere
in the full chemistry models are due to the slower
oxidation in the more realistic model formulations.
It might be thought the more rapid oxidation of
SO, by the simple sulfur cycle would lead to
higher SO2~ burdens in the simple models. This
is clearly not the case for the TOMCAT and CCM
models. The CCM model has substantially higher
S07%” burdens in the upper troposphers, emphasiz-
ing the importance of a consideration of the
scavenging processes in the control of the serosol
as well as the production mechanism. As with the
lead simulations, the range of varialion in upper
troposphenic loading of SO3° varies strongly
between madels (by as much as one order of
magnitude between ouwtliers),

4.2, Comparisan with abservations

As discussed in the seclion on stratcgy, we have
partitianed the globe inlo a number of arcas where
it is passible 1o compare the distributions with
observations, The method of comparison differs
lor each trace species, but has been structured 1o
explait the observational data available,

4.2.1. Comtinenital source regions, Radon, Many
conclusiens here for surfoce continental sites are
quite similar lo those of Jacob et al, (1997). Over
the northern hemisphere conlinenlal reglon, sur-
face observations were available a1 Cincinnan
(498, E4W) (Lambert, personal communication)
and Socorro (348N, FOTW ) Wilkening et al,, 1975),
Maodels identified as “established” in the 1992
WOCRP (Jaceb et al, 1997) showed agreement Lo
within 3 factor of 2 at Cincinnati duning the
summer moenths, Most new models also agree well
except for TOMCAT which used a local mixing
schemed Louis, 1979 Tor the bowndary layer turbu-
lence that may nel vent the houndary layer rapidly
enough. Models generally underpredicted the
measured surface values ot Cincinnate This bias
would be made worse if aliernoon averages had
heen wied (as was done in Jacob el al, (1997))
because reden concentrations are lowest at thas
tme af day | Fisenne, 1985 Thom ol al, [993)
We note that future inlercomparisons may want
to look al the diornal cycle of radon prodicted by
models as we suspect major differences there

between models and observations. Models are
able to predict the scasonal cycle of radon at
Cincinnati with a minima in May-June which is
in good agreement with available observations,
As mentioned earlier, the seasonal variation of
surface radon is controlled in part by changing
emission from soil freezing and water logging_
These processes were not included in the emissiy
scenario, and therefore the modelfobservation
agreement in seasonal variation may be fortuitoys
radon obscrvations al Socorro show 2 winter
maximum, which i5 consistent with a lower baungd.
ary layer heipht in the colder seasons. Hall (he
models were able 1o capture this seasonal oycle,
Overall, the models overpredict daily avernped
concentrations at Socorro by 20% to [00%. As
with Cincinnati, this could be due to the fact thay
the obscrvations were made at 2 p.m. local time,
at which lime the boundary layer has the highes;
height, and observed concentrations are lowesy
The model biases at Cincinnat and Soecorro are
thus opposite of each other, Apart from dilferences
in the treatment of PAL mixing, it is possible thay
higher emissians in this region could also accoune
for this rather systematic difTerence,

Lead, Our conclusions on the simulation of lead
are based on the surface observations summarized
in Table 5 The lable shows the region considered,
number of measurement sites, and regienally aver-
aped surface concentration and depasition fuxes,
(N.B. Some sites report only annual mean surface
concentrations, Where regions contained some
slations reporting seasonal values, and some sta-
tions reporting annual mean valees, the annoal
means may deviste from the mean value derjved
lrom the seasonal concentrations.) The compar-
son 1o model values was calculated by averaging
aver model grid-paoints corresponding to the same
reglons, A series ol metnes were constiucted Lo
summarize the models’ behaviour compared 1o
the abservations, For those interested in detaal,
metnes for each model appear are described in
Table Bl of Appendiz B of Rasch (1999), We
summanrze the model behaviour iferred from the
table here.

The evaluation was made wsing 3 metnes for
cach slation, crroram surface concentrition, errar
in surfuce deposition rate, and error in seasonality,
The scasonaliny and surface concentralion were
normalized as a relative bias merric (RB) defined
as (m — w)dm + o) with o denoting the obscryations

Tellas S2H ¢ 20300, 4
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Table 5. Observations used for the lead comparison with model results (Larsen, Environmental
Measurements Laboratory. US (personal communication ) ( Feichter et al., 1991); ( Balkanski et al., 1993);
( Preiss et al., 1996). seasonality = (max — min )/( max + min ) based on the seasonal surface concentrations

Deposition
Mixing-ratio in uBq/SCM in Bg/m?/yr
No. of No. of
Regions sites DIF MAM JJA  SON  Annual  Seasonality sites Annual
Greenland 4 418 395 95 269 267 0.63 s I
Antarctica 4 48 28 43 46 29 0.26 2 1
east-USA 4 572 452 473 623 533 0.16 15 176
central-USA — 20 140
west-USA 13 679 339 34 s 486 0.35 3 140
west coast of
South-America 4 255 436 431 245 354 0.28
Europe 7 300 29 107
India 7 827 8 144
Japan and north-
west Pacific 12 269
Australia and
New Zealand —_ 21 48
remote islands 9 166 5 67

and m the mode! results. Note that the values of
—0.33 and +0.33 denote factor of 2 differences
between model and observations. The seasonality
was defined as the corresponding bias between the
amplitude of maximum and minimum (again nor-
malized by the sum of the 2 numbers). Note that
this metric says nothing about the phase of the
cycle, except that when the seasonality was oppos-
ite to the obscrved signal reported in Table S the
seasonality was assigned a negative value. We
considered absolute values for RB of <0.2 as
denoting “good" agreement; that between 0.20 and
0.33 (implying a model and observation are within
a factor of 2) as “acceptable”, and that larger than
0.33 as denoting “bad” agreement.

Agreement was good for most models over the
USA, Europe, India and Australia and New
Zealand for both surface concentrations and
deposition fluxes. Agreement was acceptable over
the west coast of South America and over Japan.
Over the United States, where the observation
density is highest, about 2/3 of the models were
within 50% of the observed surface concentrations
with a tendency to underestimate the annual mean
concentrations.

The seasonality over the US is not very well
captured by most models. For example, Fig. 4
shows the seasonal evolution of surface concentra-

Tellus 52B (2000), 4

tion for the Eastern US. Most models show the
correct seasonality, with a maximum in fall/winter.
Many models differ by 20-50% from the observa-
tions (shown in the hcavy black line). We have
not attempted to quantify variability in the obser-
vations in terms of precision, accuracy or year-to-
year variability. There is also real uncertainty in
the year-to-year variability of the model results,
and this could not be assessed because only
15-month runs were requested for model simula-
tions. Winter concentrations were underpredicted,
particularly over the western US, where even the
best performing mode! was low by about 40%.
Summer concentrations were slightly overpre-
dicted. The radon simulations showed an under-
prediction in winter and summer in Socorro,
suggesting that the excessive lead concentrations
in summer may be due to insufficient scavenging.
The underestimate of the winter concentrations
might be attributed to a too strong vertical
exchange in the stable PBL or to a too coarse
vertical resolution which cannot resolve winter
inversion layers. The scatter between the models
is highest in fall.

The annual mean deposition fluxes are generally
in good agreement with the observations; bu:t most
of the models overestimate fluxes over the eastern
and central US and underestimate them over the
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Annual Cycle of Lead (Sfc)
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Fig. 4. The seasonal cycle of lead over the eastern US for the models (various thin line patterns) and the observational

estimate (as the heavy black line).

western US in spite of the fact that the annual
mean fluxes in the western US are lower (by a
factor of 2 compared to the eastern and central
US). At the west coast of South America only
50% of the models are in good agreement with
observed concentrations, perhaps due to diffi-
culties in resolving the land-sca contrast. Here, in
contrast to North America, the models capture
the seasonal cycle quite well. Annual mean concen-
trations are also in good agreement with observa-
tions over Europe and India. There is a tendency
to simulate slightly higher than observed values
over these regions even though concentrations
over India are the largest scen in any of the areas
being compared. Nearly all modelled deposition
fluxes agree fairly well with observations over
Europe, India and Australia and New Zealand
whereas over Japan and the north-west Pacific
islands alt models fail to reproduce the very high
observed deposition fluxes.

SO,. To compare surface measurcments of SO,

and SO~ to model results, we followed the
compositing and analysis technique of Kasibhatla
et al. (1997) and used the EMEP (Schaug et al,
1987) and EMEFS (McNaughton and Vet, 1996)
data for January and July. The former dataset
covers the period 1973-1992 at 61 sites over
Europe. (We note emissions have changed greatly
over this time period in this region with a corres-
ponding impact on SO, distributions.) The
EMEFS measurements were made during 1988 to
1990 over North America. An example from the
comparison is shown in Fig. S, which displays the
monthly mean average value for 6 modecls plotted
against the corresponding observational estimate
for SO, and SO%~ during January over the 2
regions. Four of the models (CCM Q. GISSHIY,
ECHAMA4 and GFDL) included a “full chemistry”
representation. The other 2 (TOMCAT and
NIRE) used the simpler “simple chemistry” formu-
lation. SO, monthly mean concentrations varied
by a factor of 15 over each regions. We believe

Tellus 52B (2000), 4
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that an agreement to within a factor of 2 of the
measured mean SO, value on a point by point
basis constitute a good simulation (the dashed
lines in the figures). No model was able to achieve
this kind of agreement at all the measured points.
The better models agreed with the observations
to this degree at about 70% of the US/Canada
points and about 50% of the European points. A
striking characteristic of the SO~ observations
was the very small range of variation (a factor of
2-3 between min and max) in measured values
over the North American (EMEFS) region, in
contrast to the Europcan region. All models
showed a much larger variation over North
America than the observations. The ECHAM
model showed the best agreement in SO2~ over
both regions, although its scores in the SO, simu-
lation were similar to the other modecls. While the
predicted SO, concentrations in January differ
markedly between models, the agreement was
often better in July (not shown), after excluding
the outliers.

The much higher range of modelled concentra-
tions in January sulfate concentrations than the
observations may be related to a weak northward
transport in all of the models in winter out of the
source regions. We note that this mixing (as diag-
gnosed by the range of concentrations) was smaller
in models with higher horizontal resolution than
the lower resolution models. This difference in
transport did not contribute to an improved simu-
lation over the evaluation regions however.

4.2.2. Polar Regions. Radon/lead. As seen in the
radon and lead measurements of Fig 6 and Table
B1 of Rasch (1999), all models isolate the Antarctic
coastal site (Dumont D'Urville) from southern
mid-latitudes sources in summer (DJF), resulting
in lower modelled means and variance than
observed, particularly for lead. Observed concen-
trations show a maximum in austral summer with
a rapid decrease in the spring. Only 2 models
Predict their lowest values in spring and none
have the maximum in summer. Ten of 13 models
simulate the maximum in austral winter and the

1045

minimum in summer. Since all models show an
increase in lead concentrations with height, this
underestimation could also be attributed to the
poleward transport occurring at too high altitudes
with little downward mixing by the models. Note
that the South Pole is actually higher in elevation
than the coast, which may help explain the higher
observed concentrations at the South Pole (annual
mean 48 uBq/SCM) than at the edge of Antarctica
(14-28 uBq/SCM). This feature is only captured
by 2 models. This difference between model and
observed behavior could be due to inaccurate
transport by the winds in this region. Even models
based on assimilated winds have difficulty near
Antarctica, presumably because the sparse met-
eorological observational network allows analysed
winds still largely in error there. It has also been
suggested by Polian et al. (1986) that high summer
concentrations in models could be explained by
strong convective activity lifting up radon over
the southern continents followed by advection
southwards. The signature of an isolated southern
hemisphere surface region is also seen in the lead
simulation. All the models tend to underpredict
the surface concentrations by 50% to 100%
throughout the year, have the wrong seasonality
and overestimate the deposition flux.

Because the modelled deposition fluxes of lead
are much too high in Antarctica, we believe that
the model deficiencies are due not only to an
underestimation of the transport to polar regions
but also to shortcomings in the treatment of depos-
ition. The dry deposition velocity suggested for this
experiment of 0.1-0.2 cm s ™! may be too high over
cold ice surfaces by one order of magnitude
(Ganzeveld, personal comminication). In particular,
if the PBL is very stable this may result in a
depletion of the surface layer lead. The zonal mean
dry deposition flux between 30°S and the South
Pole is much lower than the wet deposition flux in
all model simulations. The wet deposition flux at
30°S is between 40 to SO mBq m~2 yr~! and lower
than 10mBqm~2yr~! at 60°S in all the models
and all models show a decrease toward the pole
without any discernable differences between models

Fig. 5. (A) The correlation between modeled and measured values for SO, at gridpoints in North America during
January. (B) The correlation between modeled and measured values for SO, at gridpoints in Europe during January.
{C) The correlation between modeled and measured values for SO~ at gridpoints in North America during January.
(D) The correlation between modeled and measured values for SO2™ at gridpoints in Europe during January.

Tellus 528 (2000), 4
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Fig. 6. Scasonal variations in radon and lead over Antarctica for the models (various thin line patterns) and the

observational estimate (as the heavy black line).

with good or bad performance. Therefore, the
excessive simulated deposition rates may arise {from
poleward transport in the upper troposphere, or
be due to a too efficient wet scavenging at low
temperatures. The corresponding underprediction
of the surface concentrations could also be attrib-

uted to a too weak downward transport over
Antarctica at certain times of the year.

The situation is somewhat different in the Arctic
where we compared the models to observations
over Greenland. As at Antarctica, 12 of 13 models
underestimate the annual mean surface concentra-

Tellus 52B (2000), 4
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nons (see Table 70, 10 medels are in bad agreement
with the ohservatons, and all models overestimate
the deposition, §2 of them serjously. Inocontrast
1o Antaretica only 3 show an incorrect seasanality
ind 5 even capture the seasonality gqualitanvely
In particular, the low summer conceriralions are
very well simulated by all the models, Only 2
miodels (GISSHIY and GFDL) do & reasenable
ok during the scason ol Arclic haze (winter and
spring) when concentrations are as high as the
annual mean values over the western US. Both
models predicr Arctic values between 2300 and
0 pBg SCM. As the GISSHIY model exhibils
relatively low radon concentrations in the Arclic,
the high lead values are due Lo a lenger residence
time or due to a low scavenging rate in mad-
latitudes during the Arctic haze season. The other
models underpredics the concentrations during
these seasons.

50, Maodels also differed 1o their ability 1o
capture Lhe absolute magniude and scasonal van.
ation of SO, in the Arctic. Only one model had
concentrations near those observed (but it's con-
centrations in the source regions were too high).
The seasonal variation in the Arctic was reason-
able for 2 of the full sulfur models, but non-
existent in the third. The lower resolution models
tended to transport the SO, and SO}~ more easily
to the Arctic, and this may explain in part their
better simulation of elevated levels of suifate, also
seen in the observations. In comparing the pre-
dicted concentrations at Alert, only one was able
to capture the high concentrations expected in
January. The scasonal cycle was nearly absent in
some models, while others produced a cycle close
the observed factor of 10 difference between
summer and winter. The largest differences in SO,
between the models lie in the near continental
gradients. These differences tend to reflect the
resolution at which the simulations were run, with
the highest resolution models showing the strong-
est gradient and the lower resolution models the
weakest. A similar pattern is seen in SO, dry
deposition rates, with the highest resolution model
showing deposition confined to the source areas,
and the lower resolution models showing higher
deposition in remote areas.

4.2.3. Near continent stations. Radon. Radon is

3 good tracer for transport from a continental
region to oceanic regions, since its sources are

Tellus 528 (2000, 4
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largely continental and s bifenme is short At
Bermuda, the models show abour the nght phase
seasonal ¢ycle, but mean values are oflen 2-4
times oo high compared to the observations
[Fig 8) Most models predict higher concentra-
tions than ebserved during winter. Examination
af the modelled surface radon gradient lrom the
east coasl of the USA 10 60°W shows no clear
indication sbout whether medels run #t high
horizomal and;or wvertical resolution perform
hetter ab simulating radon at this near-continental
site, However, ECHAMY ssmulations at T30 com-
pares more favourably with observations  at
Bermuda than ECHAMJ3 al the lower T21 reso-
lution in the winter, In the summer, there s very
little difference,

Lead. The lead simulation at 3 islands stations
[Bermuda (647W, 327N, Barbados (39°W, [37N)
and lzama (17°W, 2E°N) were evaluaied: those
for Bermuda are shown in Fig 7, The bias belween
the modelled and observed concenteation s largest
at Bermuda and smallest at Izania. All models
underpredict mean concentrations at each of these
stations. The problem is worst in summer; at
Bermuda the annual mean model concentrations
show a wide range from 36 pBq/SCM up to
678 uBq/SCM with 380 uBq/SCM being the
observed value. Ten models underestimate the
concentration and 3 overestimate it. Since the
modcls overestimate radon at these stations,
the underestimate of lead suggests excessive scav-
enging, during transport to the islands. The annual
mean deposition at Bermuda was much better
represented by the models.

4.2.4. Remote island stations. Radon. Transport
of radon from continental regions to the remote
ocean sites was also examined in the northern
hemisphere by comparing with observations at
Mauna Loa (20N, 150W, 2.8 km or ~ 600 hPa)
(Harris, et al., 1992, Whittlestone, personal com-
munication, 1995) and aircraft data collected at
~ 200 hPa (Kritz, 1990). The latter dataset was
used in the 1993 WCRP workshop and, at that
time, the majority of models fell below the
observed median concentration (Jacobs et al.,
1997). The same comparison here suggests the
models have improved: model medians agree to
within a factor of 2 with observations and the
observed range of variability is also much better.
Note that the observations were made at 200 hPa,
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Fig. 7. Seasonal variations m radon and lead over Bermuda for the models (vanious thin line patierns) and the
phservational estimale (as the heavy black ling),

while the model results were extracted al 30 hPa,  although many models sull underestimate the
which may indicate that the models now over-  observations by a factor of 2 or more. The discrep-
predict concentrations at 200 hPa. AL 600 hPa,  ancies in summer could arise from meteorologcal
all models seriously underestimate observations  faclors. For example, the UKMO model, which
by a factor of 4-5 in the summer months (JJA)  had relatively strong conveclion over Asia and 4
although the daily variabilily is well represented.  jet stream located further south than most models
At this site in DJF agreement is somewhat better  had a substantially better summer simulation than

Tellus 528 (2000, ¢
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most other models. Kasibhala, Mahowald and
Whittlestone {personal commumiestion) have sHg-
cested that the bias may be explained by an
inderestimate in radon emissions from  Asia
However increasing the Asian emissions would
tlso. increase upper troposphere concentrations
aver the Southern California region and this would
probably degrade the simulation there.

Radon simulations were also compared to
observations for remote southern hemisphere sites
at Crozet (46°S, 51°E), Amsterdam Island (40°S,
80°E). Kerguclen Island (50°S, 70°E), Cape Grim
41°S, 142°E) and Dumont D'Urville (67°S, 140°E)
{Lambert, 1970; Polian et al., 1986; Heimann et al.,
1990; Ramonet, et al., 1996). As noted in Jacob
et al. (1997), the observations in the Indian Ocean
exhibit a winter (JJA) maximum due to greater
storm aclivity carrying radon away from the
African contincnt. The models have the same
pattern, but show more variability and in many
cases higher medians than the observations, par-
ticularly at Crozet during JJA. This is probably
due to errors in the statistics of winter storms or
PBL mixing. This is particularly trye of LLNL,
LMD and GFDL whose upper quartile range
>xceeds 243 mBq/SCM (compared to observed
value of 108 mBq/SCM). At other sites in the
Indian Occan, agreement is within a factor of 2-3
¥ith models capturing well the reduced variability
n the radon concentrations in the summer (DJF)
Tonths. Whilst most models perform well at Cape
Jrim, they do not capture the high observed
‘adon concentrations in May and June. The
models tended to overpredict concentrations
lightly at Crozet, but there was no general trend
it Kerguelen and Amsterdam Island, where the
nodels both overpredicted and underpredicted
"he annual mean concentration.

Lead. Four remote islands (Amsterdam Island
TIE, 37S). Kerguelen (69E, 49S), Isla de Pascua
109W, 27S) and American Samoa (171W, 14S)in
the central Pacific and Indian Ocean showed an
verage concentration of 32 pBq/SCM. An interes-
ing feature is that observed concentrations over
‘he Indian Occan are a factor of 3 lower than
"hose over the central Pacific. The Indian sites are
Ocated at higher latitudes than the pacific sites
further from the source regions), and this may
**plain the difference in mean concentration. The
‘®ature is only captured by 1/3 of the models. At
he Indian Ocean sites we.found the largest over-

‘ellus 528 (2000), 4
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predictions. However, 7 models underestimite the
observations cven there. At 1sla de Pascun and
American Samoa. where the highest concenira-
hions are observed i oaustral winter. 23 af the
maodels underestimate the concentrations. The
scatier between the moadels is largest at Amernenn
Samoa, the most remole of the messurcment sites,
Only 2 models show a reasonable agrcement there,
all the others overestimated the concentrations.

At Fanning Island (159W, 3.5N), Oahu (158W,
21.5N). Midway Islands (177W, 28N) and Milford
Haven (5W, SIN) only annual dcposition fluxes
(54.5.45.5, 36.2 and 85 Bqm ™2 yr~?, respectively)
were reported. The agreement. between these
observations and the models was best at Milford
Haven, where 11 models were within + 50%. This
level of agreement was scen in 8 models at Oahu
by 6 models at Midway Islands and by 5 models
in the Fanning Islands. Wet deposition fluxes at
islands are known to be influenced by the island
precipitation effect, and this may explain part of
the discrepancy in deposition rates here.

Generally, the comparison with observations at
islands show a clear distinction between models
which predict too low concentrations at nearly all
sites (8 models) and such which tend to overpredict
it (5 models). This systematic difference between
models cannot be seen at continental or polar
sites, but appears to be consistent with the calcu-
lated global lifetime of lead shown in Table Bl
{Rasch, 1999), and indicates a systematic over, or
underprediction of the scavenging rates. This clus-
tering could not be characterized in terms of
model resolution, or level of sophistication of the
physical parameterizations, or on- versus offline
models, because models with similar attributes fell
into both clusters (e.g., the MATCH and CCM
models shared the same scavenging parameteriz-
ation but fell into separate clusters). The clustering
is most likely to be controlled by the precipitation
distribution itself. This emphasizes that observa-
tions at remote sites are useful to estimate the
global burden and the residence time of chemical
constituents.

4.3. Vertical profiles

Although the number of free tropospheric lead,
SO, and SO~ have been increasing rapidly in
the last few years, there are still only a relative
few composites of the species. This lack of data
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make it very difficull 1o assess the realism of mode|
smolstion in the mid and wpper troposphere.
Only a few modellers reported lead profiles. and
the ohservations were too sparse for much confid-
ence. We did attempt (o comparg model resilts
wilh these measurement during the workshop, but
will net report on them here because the uneer-
ety in ohservationsl estimates is so large. The
situntion is not much different for radon and sulfur
species. Most of the observadional radon prodfiles
wvailahle to us were also used o Jucob el al,
(19971, The model radon profiles over the Central
LS were penerally within a factor of 2 of these
ahservations and differences with the previous
report are smill. The models resulls show more
ceatter ahout the observations o the lower tropa-
sphere where boundary laser processes play an
important role, than seen in nuddle and upper
troposphere, Comparison with recent measure-
ments near San Francison, USA showed similar
agreement alofl adthough almost all madels sub-
stantially overpredict the surface concentrations, (L
appears that the average Mmeasurements are more

representative ol clean marine conditions (with
of-share winds) whereas the models include some
inpact from areas more representative of 4 contin-
ental sile (smee San Franciseo is treated as 4 single
land box with significant surface emissions). Better
agreement is found when comparing ndividual
profiles with models using analysed winds for that
perind (Steckwell, persomal communicasion),

To provide an idea of the varishility of the
miedels and observations over @ remole region we
show profiles ol 5037 an Fig & for o subset of the
participaimg models in the vicimty of Fiji (155,
LSOE ), snd some observatons from the recent PEM
Tropics field program | Talbot et al, 1998) The
PEM measurements were lsken from 3 (lights
during september and october of 19960 At many
levels the measured values differ by an order of
magnitide over the 3 diys the sampling was made,
The model profiles were not explicitly requested
for the comparison but were extrocted (by hand)
lrom contour plots of bintude heighl cross-sechions
on the dateline. They represent rowgh averipes on
e dateline between the equador and 305, The

Tellus 5281 (2000), 4
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pverapes were constructed froo contours spaced
ppprosamately every | 2 and 5o« 107 ppty. Thus
the profiles drawn are gquite rough, but ilustrale
the very large diferences between models, and the
wery Large scatter in the measurements, The profiles
Bighlight the difficulty i sech @ model'measure-
ment intereompansen, Smee most models did not
melude the DMS source for sullste, o quaniitative
campiarson shoukd not be attempred

A Summary and conclusions

As indicated in the ntrodoction, 11 was the
wtent of this paper o survey the spectrum of
el representation of deposition processes, anid
their simulations for o few species. We wished 1o
sighlight areas where models agree or diszeres
with gach other, ard the observations o terms of
teir abality to simulate the distribation aid depos-
o af soluble species ansmge from o well defined
spurces, The differences arise because of viriations
Between maodels in the representation of transport
and deposition processes. We summarize briclly
some of the conclusions from the intercomparison
In these last paragraphs,

The radon comparnsen was partcalarly useful
in highl:ghl:mg transporl probloms Most models
Were able to simulale the appropriste seasonal
eyl over continental and near continental sites
withough they often overestimale the near surface
mixing ratio. This may be due in part to differences
mosampling strategy between models and observa-
lions, but there were clear differences associated
Wwith boundary layer transport and convective
Processes between models that must also play a
Part. The analysis suggests that spatially varying
Cmissions may also be important in explaining the
Systematic discrepancies between most of the
Models (which used uniform emissions over land)
and observations. Discrepancies between model
and observations were much larger in regions
Tmote from the source. Radon observations show

igher wintertime than summertime concentra-
tons at island sites in the Indian Ocean. Models
Show the same seasonality as the observations,

Ul exaggerate the seasonal effect of the Austral
Winter storms by carrying too much radon to
these remote regions. All models isolated the
Antarctic coastal site from Australian sources in
SUmmer; this is opposite to the observations, which

Tellus 528 (2000), 4
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show larger means wnid viarmnees daring summer
(s contrasted with the Dndion Ocean sites) All
the models showed excessively large variances in
wanter at remole southesn hemisphere surface
sites, possibily to the stanistes of winter stocms, or
the vernical exchange between the marine bound-
ary Layer and the free troposphere. Smmulations
over Mauna Loa {about 600 hPaf seriously under
estimated observauonal values, These discrepan-
caes come from incorreet maeteorological trimsport,
or from an underestimate in the strength of rdon
emissions over Asi

Comparnisons geuinst lead measurements add
deposition processes s factors confributing W
model errer, Momhiy averaged model reselis were
compared agamst lead ohservanons for L1 regons
in lerms of surfuce mixing-ratios and deposibon
Muxes. Stmulsted concentrations and deposition
Auxes of lead agreed with abhservations o better
than a fectar of 2, with most models having biases
of less than 005 in all regrons. Al the models are
able Lo samudite the annual mcan mixing-ratios of
lead over Europe, US. Tndia and South-Amenca
Lo about 0% relative accuaracy {a relative bias ol
about 0.2) In Europe, the obscrvations show a
west {high lead) to cast (low lead) gradient net
[ownd in any model The reason for the observed
gradient 15 not clear but may again be due 10 a
varying regional radon source strength present in
cealily and absent in the models, Over the US all
the madels Fual to simulate the annual cyele of
surface lead concentrations. They widerestimate
wintertime concentritions, when observed coneen-
trations arc highest, and overestimate slightly
summer surface concentrations. As the radon
model results show the same behavior, the reason
for this may be shortcomings in the vertical
exchange of both radon and lead during contin-
ental wintertime. We also found substantial over-
estimates over Europe and an underestimate over
Japan in the deposition fluxes. The Japan depos-
ition flux measurements were the highest reported
globally and are associated with the outflow from
Asia during the winter monsoon.

Remote site concentrations of lead are con-
trolled by long-range transport (and indirectly by
scavenging and convective transports as well) and,
like radon, were much more difficult to model
than concentrations near the source regions. The
scatter of modelled surface concentrations over
remote islands in the tropics (Barbados and
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American Samoa) was as large as the measured
concentrations themselves. Models seriously
underestimated surface mixing-ratios over the
Antarctica and Greenland. The underestimate was
accompanied by an overestimate of deposition
fluxes. North-South cross-section of lead and
radon at the date-line and at 27°E were compared
between models. Radon cross-sections agreed
much more closely between models than the cor-
responding lead concentrations; therefore, differ-
ences between the model results reflect mainly the
different treatment of the scavenging processes or
differences in the hydrological parameters used to
parameterize the scavenging.

Similar discrepancies in remote regions were
also evident in the SO, simulations. Model differ-
ences were large, especially with respect to their

vertical distribution of both concentrations ang
removal rates. The difference between concentra.
tions of SO, between models using the full chepy,.
istry and simple chemistry representations indicate
the importance of a reasonable characterizatigy,
of the processes controlling its oxidation
Differences associated with transports of SO, were
overwhelmed by prescription of a simple firg
order transformation rate from SO, to SO%- i,
the free troposphere. Even among the more soph-
isticated models, the distribution of SO2~ anq
lead mixing ratios routinely vary by a factor of
2-5in the free troposphere, with similar differences
in global burden and residence time. The mode}
differences are largest in the upper troposphere.
These differences are due both to transport (prim-
arily the rapid transport associated with convec.

Table 6. A description of the participating models resolved scale resolution and transport methods

Vertical
resolution

Timestep
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tion) and to the prescription of the removal
processes during their transit to the upper tropo-
sphere and their removal there. None of these
wspects is well characierized by observations, This
paints 1o the need for a long-term strategy of
measurement of tracers that are able 10 discrimin-
ate between the processes of vertical redisiribution
and scavenging.

[t is clear that our ability 10 understand the
processes of scavenging and deposition of soluble
trace species and those processes subsequent con-
tral on the vertical and horizontal distribution of
species are severely limited by the lack of observa-
tions of relevanl tricers in the free troposphere,
Tacob et al, (1997}, in their evaluation of the state
of the art of global modelling of convection and
boundary  laver processes, concluded  that
“woresults show  that  most  established 3.
dimensional synoplic models simulate boundary
layer mixing and deep convection in the tropo-
sphere to within the constraints offered by
ohserved scasonal averages of radon concentra.
tions at different altitudes™, While this is probably
true for the scavenging and deposition processes
as well, our ability to charactenze these processes
from observations in remote parts of the globe
testher the free troposphere o remote surface siles)
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is poor, Models differ substantially in their simula.
tions of soluble species and observations ( particu-
farly at altitude} do not yet provide us with strang
seasonal constrainis on the reality of the simula-
tions, We believe thal attempling to compare
model simulations on an event by event basis,
using off-line chemical transport models. or
“nudged” general circulation medels with met-
corological fields that are steongly constrained by
observations will assist in such a comparison,
because these soluble species vary on such small
time and space scales that it is difficult 1o eslablish
their definitive long-lerm climatology. Long-term
climatologies do help in defining “average™ proper-
ties of the model and aimospheric propertics and
thus are important in understanding the funda.
mental controlling processes in the atmosphere.
The processes entering inta the contrel of short.
lived irace species in the atmosphere are so com-
plex thal more effort needs to be made 1o isolate
component processes, both in modelling and from
an ebservational poinl of view. One possible solu-
tion woueld be the wse of column models in which
the driving meteorological processes are pre
scribed to be the same for all modelling groups,
and only the relevant parameterizations are tested,
Sa, for example, initial, and boundary conditions,

Table 7. A deseription of the participating models moist and dry deposition, and subgreid transport processes

Cloud water

Moisl conveclive Dy turbulent for chemistry and Dy
Mame transport Ifanspart wel deposition depesitian
CCM-0 peneirative Ri+NL butk resistance
SCHAMS penetrative Ri bulk prescribed
ECHAM4 penetrative Ri+ TKE buik prescribed
ECwaG penetrative Ri bulk prescribed
GFDL diffusive diffusive inferred resistance

GISSHIY penctrative Ri none none

Giss2p penetrative Ri none none
GRANTOUR penetrative Ri N/A prescribed
LMD/LGGE penctrative Ri bulk resistance
MATCH-EC penetrative Ri+ NL N/A prescribed
MATCH-NMC penetrative Ri+ NL8 N/A prescribed

MUTM relax to mean prescribed N/A N/A
NIRE none Ri+NL inferred prescribed

STOCHEM none prescribed N/A N/A
TOMCAT penetrative Ri N/A prescribed
TRA9s penetrative Ri+ TKE none resistance
UKMO.UM penetrative Ri N/A resistance

See text for a discussion of the terms in this table. N/A indicates a description was not available or the process was
R0t used.

Tellus 52 (2000), 4
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as well as tendencies by large-scale processes for
temperature, moisture, and trace species distribu-
tions could be prescribed for a scavenging experi-
ment. Then the evolution of the cloud water,
precipitation and trace species distributions calcu-
lated by column model versions of the global
model scavenging, microphysics and chemistry
schemes can be directly compared in a fashion
that excludes many of the factors complicating a
careful evaluation in a fully 3-dimensional context.
We also recommend comparing models to obser-
vations of smaller temporal scale (daily mean and
diurnal variation) since long-term averages are
difficult to assess for species with high temporal
variability.
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7. Appendix

Fable 6 provides a brel deseription of reselution
andl transport propertics of the models partcipat
ing m the intercomparnison, The descriptions are
intended 1o be descriptive i natere. More detail
ot ench medel s avalable o the ened references
of The comments column, Table 7 ooudicates the
type of hydrolomic properties and deposition pro-
cosses used by cach madel, We will broefly ey 10
describe seme ol the terms used i the table, and
put them ante context within this shudy,

SOM, SLT, and 5P stand for “Sccond order
moments”  {Prather, 1988 “scini-Lagrangian”
i Baseh and  Williamsen, 15901 and “spectral”
(8achenduer, 19790 transport methods, respect-

tvely, These methods are all popalar numerical

P. J. RASCH ET AL.

techniques for moving constituents at the lengty
scales resolved by each model's grid. The () or
(O} in the transport method table entry indicat&s
whether the model is run as in “inline” simulatjoy,
(the meteorology is predicted and updated ve,

frequently), or as an “offline” model (where met.
eorology is derived from archived values). We use
the word penetrative to refer to a sub-gridscale
moist convective transport parameterization like
those advocated by Tiedtke (1989), where a parce]
of air carries tracer and precipitation to its Jeye|
of neutral buoyancy, entraining and detraining aj;
as it rises. We use the term diffusive convection to
refer to a scheme like that of Hack (1994) o
Manabe et al. (1965) that refers to a local release
of a convective instability. These schemes mix
mass fractions of tracer locally between 2 levefe
before moving upward and repeating the progess
il necessary). Dy turbulent processss are referned
o oas a4 TR or Richardson nember dependent
scheme where turbulent maxing s parameicrized
as 4 local Fickian diffusion that depends upon the
Tocal stability of the column and the gradient aof
the tracer. “Mon-Local” {NL) schemes {Haolistap
and Bowvelle, 1993 paramelerize boundary laver
transport by prescrbmg the column propertics
ithe difusion coclficients) of these turbulent pro.
cesses in terms of surface NMuxes of heat sl
misture, and boundaey laver depth. TRE para.
meterizations use a higher order closure method
to estimade the turbilent properties ol the bound-
ary layer je.g. ECHA M) Clond and moist depas.
wion processes are wdentifcd us bulk processes
when there are explicit predictive equations usesd
for the [osmation of condensate, and its conversion
Lo precipitating {Rasch and Krstginsson, 1995).
Criven these quantitees and a cloud volume, one
can fermulute explictt equations Tor the agueoos
chemastey and scavenging reguired for oxidation
of 50, sndior removal of acrosol. We idennf
these processes as (ferred when they use ather
gquantities deg, the surface fus ol precipitation
and’or the column witer vapor distibution) o
surrcgales  for  these  processes
(K asibhatta et al, 1997 Dry deposition procosses
follow either o simple presceibed deposition vel-

CLUnNsETUCT

|'|\.';‘.|._'_i' OT VIS¢ d  TUeseslance ime scres ..'lrll.'lTl-l-:U--h
[‘Wesely, 19890 Please refer to the definitive refer
cnce ciled in Table & for o complete desceiplion ol
these processes.
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