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Fig. 12. For SO, in the northern hemispheric winter (December—February), a comparison of modeled and observed
seasonal mean mixing ratios at ground level at regionally representative locations (Fig. 1) around the world. The
difference between seasonal mean modeled and observed mixing ratio is plotted versus observed mixing ratio. The
horizontal line at 0 represents perfect agreement between model and observations.

Tellus 53B (2001), 5



636

L. A. BARRIE ET AL.

SO, "(June-Aug.)

Observation (nmole/mole-air)

Observation (nmole/mole-air)

GA GB
2f . 3 2F E
_____ +
1E ® - 3 1E E
-+ + -
o+ o+t e + e
o A D e ~
+ el
-1 3 -E T 3
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
GC o GD
-
2f 3 2f 3
2 ¥ S
ol 1F ey E 1F . E
] _,_#_%.4— Lo+ E e * +
UI) Oﬂ%i-f:t * + og%ﬁ-‘:@+++ . + E
9 T . +] +
0 - 3 -1F el *
E 0.0 05 10 175 0.0 05 1.0 1.5
<
9 cA CB
9 E 2f ;
E . 3 + +
1F + 3 1F T 3
~ ® I - Sy
0 Om:l—- + + * + 3 O—%;_'_ o+ + 3
7)) N + + + .+ 43
L i pE -1 R
OI 0.0 05 1.0 15 0.0 0.5 1.0 15
-
Q0 cc CE
ko)
0 2F E 2F E
2 1 + . 3 1 + 3
® .- e
GrH  + B + 3 o . + 3
0o Y+ +* E O%ﬁ@.___.f:ﬁ +++ . 4 A
-+ : +
-1E + -1 Tl 3
0.0 0.5 1.0 175 0.0 05 1.0 15
CF ] HA
2 E 2f 3
1F 3 1E () i 3
R TRk +
3 + .
af R 3 3 a
0.0 0.5 1.0 1.5 0.0 0.5 1.0 15

Fig. 13. For SOj in the northern hemispheric summer (June-August), a comparison of modeled and observed
seasonal mean mixing ratios at ground level at regionally representative locations (Fig. 1) around the world. The
difference between seasonal mean modeled and observed mixing ratio is plotted versus observed mixing ratio. The
horizontal line at 0 represents perfect agreement between model and observations.
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Fig. 14. For SO, in the northern hemispheric summer (June—August), a comparison of modeled and observed
seasonal mean mixing ratios at ground level at regionally representative locations (Fig. 1) around the world. The
difference between seasonal mean modeled and observed mixing ratio is plotted versus observed mixing ratio. The
horizontal line at 0 represents perfect agreement between model and observations.
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spheric summer are compared. For SO} (Fig. 13),
model performance was much better than for the
winter period (Fig. 11). Models GA, GB, GD, CA,
CC and HA showed no systematic bias with
observations (i.e., mean D =0) over the whole
data range. Furthermore, scatter about the obser-
vations was less than 50% and in the case of
model CC less than 20%. Other models show
considerable systematic bias. GC and CB had an
average bias of D from 70 to 80% while CF
showed a remarkably consistent negative bias of
70%. As in the winter months, all models but HA
tended to over-predict SO, (Fig. 14) by 20 to 50%.
Since SO, oxidizes more rapidly in summer than
in winter, the only SO, observations above detec-
tion limit are those close to source regions. Hence,
there are fewer points in Fig. 14 than in Fig. 13.
Model CF showed very large scatter for SO, in
contrast to its results for SO, but this time a
positive bias (D approximately 400%).

The general tendency to over-predict SO, while
predicting SOJ reasonably well suggests that there
is a problem with unrealistically high long range
transport out of source regions in the models. One
possible source of bias is in the representativeness
of the 1985 SO, emissions for which the observa-
tions are available (mainly representing the late
1980s to mid-1990s). Most SO, observations are
on the periphery of Europe and N. America. An
examination of emissions differences would
explain the models being high by 20 to 40%. This
is generally not enough to explain the discrepancy
evident in Figs. 12, 14.

Data from 4 elevated mountain sites are
included and plotted as circled crosses in Figs. 11
to 14 (Izana, Spain 2367 m asl; Jungfraujoch,
Switzerland 3573 m asl; Mauna Loa, USA 3397 m
asl; Summit, Greenland 3190 m asl). There was
no systematic difference between these and other
sites in the models’ ability to simulate observa-
tions. However only 1 of the 4, Jungfraujoch had
SO, as well as SO;. More routine observations
at elevated locations are needed.

In summary, a comparison of model-predicted
surface-level mixing ratios of sulphur compounds
at regionally representative monitoring sites
around the world proved to be very useful particu-
larly because they were chosen to be on the
periphery of source regions and in more remote
areas downwind of source regions. Models tended
to predict seasonal mean SO, mixing ratios in
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winter and summer better than they did those of
SO,. On average, they were within 20% of SO
observations with a few notable exceptions while
they over-predicted SO, by factors of 2 or more.
Furthermore in winter at sites with high concen-
trations (i.e., those near source regions), many
models tended to under-predict SO; concentra-
tions. The limited area model HA performed best
by matching both parameters within 20%.

4.6. Rn vertical profiles near San José, California

A comparison of models with observations of
the mean vertical profile of 22*Rn mixing ratios
near San José, California from 0 to 12.5 km alti-
tude is shown in Fig. 15. The observations are
based on aircraft soundings in late afternoon/
evening (00 to 06 GMT) on 11 days for the period
3 to 16 June 1994 (M. Kritz, 1998). It should be
emphasized that the results for the GCMs and the
CTMs CB and CD do not correspond exactly to
the weather conditions in which these observations
were taken. The GCM results represent a climato-
logical prediction for the period while CB and CD
results are for the same time of year but different
years (1993 and 1997, respectively). Also, this is a
coastal location subject to land—sea wind circula-
tions. Thus, the observed profiles result from both
vertical and horizontal transport, and the global
models cannot be expected to reproduce these
circulations well. The outcome is that while the
models perform very well in the matching observa-
tions between 4 and 10 km altitude, they tend to
deviate from observations in a systematic pattern
below 4 km. The tendency is to under-predict from
2 to 4 km just above the planetary boundary layer
and to over-predict near the ground. They are not
adequately dispersing Rn into the troposphere
above.

Another noteworthy aspect of comparisons is
the inability of any of the models to adequately
capture the upper tropospheric increase (relative
to the mid-troposphere values) in the observed Rn
concentrations. Such upper tropospheric increases
were a marked feature of both the individual as
well as the mean profiles in the San José area
(Kritz et al., 1998) and probably resulted from
strong convective transports of Rn-rich air from
the Asian boundary layer to the upper tropo-
sphere, followed by rapid eastward movement at
elevated altitude (Kritz et al., 1990). In general,
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Fig. 15. A comparison of modeled and observed mean vertical profiles of 222Rn at 37.4°N, 122°W near San José,
California based on aircraft observations on 11 days in the late afternoon/evening (00 to 06 GMT) for the period
3 to 16 June 1994 (M. Kritz, personal communication).
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boundary layer mixing parameterizations schemes
are not adequately dispersing Rn into the tropo-
sphere above.

4.7. Monthly ?1°Pb and ?*?Rn at remote locations
stations

It should be emphasized that in the following
comparisons of observed and modelled results in
remote areas for the ?*’Rn and 2!°Pb that all
models used the same prescribed emissions
(Table 2) consistent with those previously used in
a global model intercomparison (Jacob et al.,
1997). Those emissions were low and constant
regardless of season for the latitude band from 60
to 70° in both hemispheres.

4.7.1. Remote Southern Ocean marine sites.
Monthly atmospheric mixing ratios of ?>?Rn and
210Pph have been observed on the remote marine
islands of New Amsterdam (37.83°S, 72.53°E),
Kergelen (49.33°S, 70.38°E) and Crozet (46.45°S,
51.85°E). These islands are far from the main
continental source of 2?’Rn in South Africa
(Fig. 1). A typical result for this group is shown
in Fig. 16 for New Amsterdam Island. Mixing
ratios are at least an order of magnitude lower
compared to a continental source such as Bombay
or Freiberg (0.2 to 0.7 x 102! nmole/mole-air
210pp; 0.6 to 1 x 102! nmole/mole-air 222Rn). All
models except CF consistently predict **’Rn
mixing ratios that are high by a factor of 2 to 10
but have the right seasonal cycle. For 2!°Pb, they
predict mixing ratios that are high by a factor of
2 to 10 with no seasonal variation in agreement
with observations. Model CF does not simulate
the seasonal cycle and tends to be more variable
from month to month. Thus, either modeled trans-
port of continental emissions from the southern
African continent to these islands is too strong or
emissions of 2*2Rn are too high. The first explana-
tion is consistent with conclusion drawn above
for SO, transport from source regions to remote
areas of the northern hemisphere.

Results at the Antarctic site Dumont Durville
(67.00°S, 142.00°E) are consistent with the lower
latitude southern ocean sites. Except in the months
of January and February, all models except CF
over-predicted 2*Rn by factors of 2 to 10.

In a detailed comparison of versions of models
GD and CB with 2*2Rn observations (Dentener
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et al, 1999), it was concluded that differences
between modeled and observed mixing ratios were
due to uncertainties in ECMWF winds used to
drive the model, the assumed ?**Rn emission and
sub-grid parameterizations of vertical transport.
As in the COSAM run, both models tended to
over-predict mixing ratios at remote southern
ocean marine sites. They performed better in
shorter range transport from Australia to Cape
Grim, Tasmania and from eastern North America
to Bermuda. Since in the above COSAM results,
discrepancies with observations appeared with
GCMs as well as these CTMs, sub-grid para-
meterization of mixing must be a significant source
of model error relative to input winds.

4.7.2. Summit, Greenland. Summit (72.30°N;
38.00°W) on Greenland is an elevated (3210 m
asl) site at the top of the Greenland plateau.
Measurements of *2’Rn and *'°Pb were made
there very recently as part of the joint European/
American over-wintering project. A comparison
of modeled and observed ?*Rn and 2'°Pb at this
site showed that models systematically over-pre-
dict ***Rn mixing ratios by a factor of 2 to 10
while for 2'°Pb some are consistently higher by a
factor of 1.5 to 5 (GB, GD, CA, CB, CE) and
some are lower (CC and CF). Model HA is closest
to observed but significantly over-predicts >**Rn
in winter. None of the models reproduce the
observed seasonal cycle of ?*?Rn. The inability of
models to simulate the transport of 2?*Rn (the
gaseous precursor of aerosol 2!°Pb) to Greenland
is consistent with their inability to match ground
level SO, mixing ratios in remote regions
(Figs. 12. 14). Another source of uncertainty is the
assumed *?*Rn emissions (Table 2).

4.8. Insights into sources of model uncertainty
afforded by the 7 tests

In the northern hemispheric winter, all models
except GC tend to predict too little SO} in the
source regions and too much in remote source
regions (Fig. 11). Simultaneously, they over-
predict SO, especially in remote regions (Fig. 12).
There is good evidence that model HA simulates
the northern hemispheric sulphur distribution
best. In this case, results indicate that most models
over-predict the dispersion of SO, in the vertical
particularly in the source regions (Fig. 5b: SO,
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Fig. 16. Comparison of modeled and observed monthly mean mixing ratio of surface level **Rn and *'°Pb at

Amsterdam Island (37.83°S, 72.53°E).

[0-1km]/SO,[total column]). Many models
underestimate SO, oxidation in winter in source
regions (Fig. 5c, mid-latitides) possibly due to too
little cloud or a missing oxidation mechanism (e.g.,
Kasibhatla et al., 1997). Not oxidizing SO, which
is less efficiently scavenged than SO; at this time
of year, together with too vigorous vertical mixing
into the free troposphere where horizontal wind
speeds are higher leads to too much SO, (mainly
as SO,) in the free troposphere as well as at the
ground in remote regions. This is evident in over-
prediction of SO, at ground level (Fig. 12) and
the excessive amounts of SO, in the northern
hemisphere in winter of most models compared
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to HA (Fig. 7). Testing this with the amount of
SO, in the high latitude troposphere which gener-
ally reflects transport out of Europe and Russia
into the Arctic (Fig. 7), shows that the exceptions
are GB, GD and CF which perform closest to
expectation along with HA. The fact that north
of 45°N GC, CA and CC over-predict SO,
amounts in the vertical (Fig. 7) while simultan-
eously over-predicting the oxidation of SO, in the
source region as well as remote region (Fig. 5c)
suggests that the main explanation for excessive
transport beyond the source region in these models
is excessive mixing in the vertical and not lack of
conversion of SO, to SO} in the source regions.



642

Over-prediction of observed Rn?*? mixing ratios

at remote region marine sites is consistent with
this conclusion.

In northern hemispheric summer, oxidation of
SO, to SO; is much greater than in winter for all
models (Fig. 6¢). Ground level SO; mixing ratios
are simulated much better than in winter with a
tendency to over-prediction in remote regions
(Fig. 13) consistent with that observed in Rn???
predictions at remote sites.

The general conclusion from the above analysis
is that vertical mixing from the planetary bound-
ary layer into the free troposphere in source
regions is a major source of uncertainty in pre-
dicting the global distribution of SO} aerosols in
climate models today.

5. Conclusions and recommendations

The COSAM study involved a design of a
model comparison standard and the collection of
a new global aerosol chemistry observational data
set for validation. It was our intention that the
COSAM test could be a standard available to
anyone on the world wide web who, developing a
global sulphate aerosol model, wishes to test its
performance (http://www.msc-smc.ec.gc.ca/armp/
COSAM.html). After initial simulations, a work-
shop was held in October 1998 in Halifax, Canada
to review results and recommend future action in
model improvement.

A systematic comparison of large-scale sulphate
aerosol models with each other and observations
provided us with an estimate of the variance
between the population of sulphate aerosol models
of the late 1990s and with insights into what
causes that variance. This insight is valuable in
assigning uncertainty to estimates of the impact
of sulphate aerosols on climate that are under-
taken by the Inter-governmental Panel on Climate
Change (IPCC) as well as in improving models.

Participating in the COSAM study were 3
general circulation models (GCMs) that generate
their own meteorological fields and 6 chemical
transport models (CTMs) that are driven by grid-
ded meterological fields produced from observa-
tions. Two of those CTMs (GD and CC) were
essentially general circulation models nudged to
analyzed winds. The following conclusions
resulted from the analysis in this paper and 2
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companion papers by Roelofs et al. (2001) and
Lohmann et al. (2001).

(i) Annual mean global budgets of >?Rn/?!°Pb
indicate that the GCMs were less efficient in
particulate scavenging than CTMs.

(ii) In most models in all source regions,
40-60% of the sulphate resides above 2.5 km
altitude.

(iii) The greatest export of SO, from a major
source region occurred in Europe and the least
from North America and southeast Asia while the
greatest variability of SO, export between models
occurred in eastern North America and southeast
Asia rather than Europe. The former is in part
due to the greater fraction of ocean surface in the
regional-budget domain chosen for North
America and southeast Asia (Fig. 1) while the
latter is likely related to less intense simulated
convection in the European region than in the
other two lower latitude regions.

(iv) Variations between models in the export
of SO, from Europe or North America are not
sufficient to explain an order of magnitude vari-
ation in spatial distributions of SO, in the north-
ern hemisphere. The most likely factors underlying
such variations are in differences in how the
models simulate vertical mixing and subsequent
advection. Cloud processes as well as dynamics
are involved.

(v) On average, models predict surface level
seasonal mean SO, aerosol mixing ratios better
(most within 20%) than they did those of SO,
(over-prediction by factors of 2 or more). A higher
resolution limited area model performed best by
matching both parameters within 20%. In winter,
there is a tendency to under-predict SO} close to
source regions and over-predict in remote regions.

(vi) On the basis of global annual sulphur
budgets as well as the spatial distributions of
biogenic SO; and DMS, it was concluded that
the two models with internally-generated-oxidant
chemistry (a CTM and a GCM) oxidized DMS
quite differently producing a mean annual tropo-
spheric residence time of 2 versus 3.9 days. Thus
in marine areas of high DMS emissions, OH
concentrations predicted by the two models must
differ considerably.

(vil) Vertical mixing of surface emissions from
the planetary boundary layer into the free tropo-
sphere in source regions is a major source of

Tellus 53B (2001), 5
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uncertainty in predicting the global distribution
of SO aerosols in climate models today.

An outcome of the above analysis as well as the
Halifax workshop is the realization that models
are only as good as the data and process para-
meterizations that go into them. Model devel-
opment is currently hindered by a lack of observa-
tions with which to test them. An integral part of
this study has been the availability of standardized
global anthropogenic inventories of sulphur
species to the atmosphere and the assemblage of
aerosol and related gaseous precursor observa-
tions by the World Aerosol Data Centre of the
World Meteorological Organization’s Global
Atmosphere Watch (GAW) program. If aerosol
models are to be improved in future, it is essential
that globally coordinated research efforts continue
to address emissions related to all atmospheric
species that ultimately affect the distribution and
optical  properties of ambient aerosols.
Furthermore, systematic atmospheric aerosol and
related chemistry observations are required.

Currrent observational data have great short-
comings. First, there is a lack of a coherent global
network of observations that will ultimately pro-
duce a world aerosol chemistry climatology. The
networks, which currently exist, are principally
located in industrially developed regions of Europe
and North America. However, even in these areas
the data produced from key sites are not always
sufficient to address important scientific questions.
For instance, data from continental boundary or
coastal sites are required to understand long range
transport of anthropogenic aerosols. As part of
the European EMEP network protocol total
sulphate is reported rather than non-sea salt
sulphate. Sea salt sulphate is a natural part of the
sea salt aerosol, which may dominate at coastal
locations. Total sulphate data alone at these loca-
tions are thus much less valuable than non-sea
salt sulphate data in understanding long range
transport of anthropogenic aerosols. It is also very
evident from the results in this paper that to
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validate a sulphate aerosol model, simultaneous
measurements at a global network of sites is
needed for, not only the aerosol, but also its
gaseous precursors, in this case SO,, DMS and
key oxidants, H,O, and O;.

Second, there are major areas of the globe for
which no data are available. In particular, there
is sparse coverage in Asia, the southern hemi-
sphere, equatorial and Pacific regions. This situ-
ation drastically worsened in 1996 when 15
southern hemisphere and Pacific sites were closed.
There is now almost a total lack of measurements
in these important regions, apart from some indi-
vidual research sites such as those operated on
Antarctica and Cape Grim. Thirdly, there are very
few high altitude measurement sites. Only four
sites provided data for the COSAM project and
none were in the southern hemisphere. Finally,
there is a dearth of vertical profile observations of
major aerosol constituents and their gaseous pre-
cursors. A global research effort of aerosol related
atmospheric chemistry measurements is urgently
needed. Comprehensive long term systematic ver-
tical profile studies at a few selected sites would
be a great step forward.

If the *’Rn and 2!°Pb natural tracer pair are
to be valuable model development tools more
research is needed to improve knowledge of their
emissions from continental areas in space and
time and to systematically measure both species
at aerosol network sites.
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