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for further evaluation of model performance. We anticipate 
using observational data sets taken during recent and future 
intensive field campaigns to expand the evaluation of the model 
performance. Comparison of modeled column burden with 
instantaneous aerosol optical depth determined by satellite 
observation [ Wagenet et al., 1997] may also serve as a valuable 
means of model evaluation. 

7. Summary and Conclusions 

A three-dimensional Eulerian transport and transformation 
model has been applied to calculate SO2 and sulfate mixing 
ratios (MRs) and sulfate wet deposition over the North Atlantic 
and adjacent continental regions for actual times and locations 
for specific 1-month periods in each of the four seasons. 
Modeled MRs of sulfate and SO2 for the lowest model level 
(surface to-•65 m) for June 28 to July 31, 1986, October 14 to 
November 15, 1986, January 28 to February 28, 1987, and 
March 28 to April 30, 1987 were coinpared to observed MRs at 
the surface froin monitoring networks in the United States, 
Canada, and Europe, and modeled amounts of wet-deposited 
sulfate (concentration times precipitation amount) were 
compared with deposition observed by networks in the United 
States and Canada. 

A principal concern in these comparisons is the degree of 
representativeness in observational data sets available froin 
monitoring networks arising froin the subgrid temporal and 
spatial variation of the quantities. To assess this, we examined 
the short term temporal and spatial variation of the observed 
MRs. Within-location variation of the observations was 

measured by means of quantities which we denote as the ratio 
and difference characteristic spreads. The ratio characteristic 
spread emerges as a useful measure of this within-location 
variation whose magnitude is independent of the magnitude of 
the MRs themselves. Median values for the ratio characteristic 

spread of simultaneous observed MRs within a 1.125 ø x 1.125 ø 
location are approximately a factor of 1.5 for the sulfate 24-hour 
MRs, 2.2 for the SO 2 24-hour average MRs, and 2.5 for the SO 2 
6-hour average MRs, with no major differences among the four 
simulations. The sense of the progression of these median 
values is attributed to the longer time interval averaged and to 
the greater spatial uniformity of a secondary versus a primary 
emitted species. This within-location variabi!ity qualifies the 
level of agreement that can be expected for the comparisons of 
modeled and observed MRs, especially for a primary emitted 
species such as SO2 at locations influenced by proximate 
sources. 

A variety of comparisons were can'ied out between model and 
observations to ascertain the performance of the model. The 
characteristic spreads between modeled and observed MRs are 
comparable to those of the observed MRs themselves, indicating 
that agreement of modeled and observed MRs is near or within 
the subgrid variation of the observed MRs, with the departure of 
the model from the observations substantially greater than the 
within-location spread of the observations mainly at the extreme 
values of these quantities. Agreement between modeled and 
observed MRs for sulfate is greater than for SO 2 probably 
because observed MRs. for SO2 are more influenced by 
proximate sources and because subgrid temporal and spatial 
variation is not well represented by the model; sulfate being a 
longer-lived and mainly secondary species is less influenced by 
proximate sources and subgrid variability. No improvement was 

indicated in the comparisons of the modeled and observed SO 2 
6-hour MRs over those for the 24-hour MRs. 

In all four simulations the distribution of the difference 

between modeled and observed MRs, a measure of overall 
model bias, peaks at low values, and these peaks contain 
substantial contributions from a wide range of values of 
observed MRs. However, the model generally underestimates 
sulfate MR, with the median ratio of observed to modeled MR 

ranging from 0.36 to 0.66 for the four simulation periods. The 
fraction of model underestimates increases with increasing 
observed MR. For SO2 the median is much closer to unity 
(0.97), but the model overestimates at low observed MR and 
underestimates at high observed MR. These trends imply that 
the model produces MR fields that are smoother than indicated 
by the observations. 

Correlations of observed versus modeled MRs are highly 
significant for the entire set or by simulation period or by large 
region (Europe, North America), but exhibit rather low values of 
R 2, 0.44 for 24-hour sulfate, 0.18 for 24-hour SO 2. At individual 
locations, for the individual simulations or for the composite of 
multiple simulations, considerable model skill was indicated in 
many instances. For sulfate, 76% of 203 correlations were 
significant at the 95% confidence level, and for SO 2, 51% of 526 
correlations were significant. However, detailed examination of 
scatterplots and of time series of modeled and observed MRs 
suggests that correlation analysis is not a wholly satisfactory 
measure of model performance, as data may be at considerable 
variance from the one-to-one line and yet still yield a significant 
correlation, or alternatively, rather convincing model 
performance is evidenced in the time series comparisons, and yet 
the correlation is not significant. Examination of the distribution 
of the ratio characteristic spread between modeled and observed 
sulfate and SO 2 24-hour MRs at individual locations indicated 
that a high proportion of modeled MRs were within a factor of 2 
of the observed MRs at many locations. Substantial departure at 
a number of locations is attributed to local source or terrain 

influences which are not accounted for by the model and/or 
which make the observed MRs nonrepresentative. 

Comparisons of modeled and observed wet deposition 
amount reflect inaccuracies both in the location and amount of 

precipitation in the meteorological data used to drive the model 
and in representation of chemical and wet removal processes in 
the model. Because of inaccuracies in the forecast of 

precipitation events, comparison of the 24-hour cumulative 
modeled sulfate wet deposition with 24-hour observational data 
was possible in only 43% of the observed precipitation events; 
comparison of weekly cumulative modeled wet deposition with 
weekly composite observational data was possible in 66% of the 
observed events. Approximately one third of the modeled 
amounts of wet-deposited sulfate were within a factor of 2 of the 
observed amount, and more than half were within a factor of 3. 
The median ratio of modeled to observed wet deposition amount 
for the four simulations and two networks ranged from 0.47 to 
2.2, with an overall median of 0.82, indicative of fairly low 
model bias by this measure. 

In conclusion, we have demonstrated that by using 
observation-derived synoptic meteorological data we are able to 
directly and quantitatively compare model results with measured 
surface mixing ratios of sulfate and SO2 and wet deposition of 
sulfate in daily averages, not just in monthly averages, as has 
been the common practice with large-scale models. 
Comparisons between modeled and observed MRs yield a 
variety of measures of the accuracy with which the model 
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reflects the magnitude, spatial distribution, and temporal 
episodicity of the observed sulfate and SO 2 MRs. Perhaps key 
among our findings is the fact that the modeled MRs agree with 
the observed MRs within or close to the subgrid variation of the 
observations themselves. Further, the near zero peak of the 
distributions of the difference between observed and modeled 

MR for both SO 2 and sulfate and the agreement of modeled and 
observed sulfate wet deposition amount lend additional support 
to the accuracy of the model. We take these findings to be 
encouraging especially with respect to the utility of 
incorporating this modeling approach in climate models to 

proximate sources. Twenty-four-hour sulfate MRs were 
measured once every 6 days using glass fiber filter samples. 
Because sulfate MRs from high-volume sampling using glass 
fiber filters exhibit an offset of approximately 0.89 ppb relative 
to comparable measurements using Teflon filters, attributed to 
filter artifacts [LiP. left, 1994], we have subtracted this bias from 
the data for these networks. SO2 MRs were measured 
continuously by a variety of instrumental methods such as 
pulsed fluorescence, UV-stimulated fluorescence, and to a lesser 
extent flame photomerry, and coulometry and were reported 
hourly. The limit of detection for the first two inethods has been 

evaluate the radiative influence ofat,nospheric su!fate.- 

Appendix A' Measurement Program and 
Protocols 

Data were obtained from several measurement programs as 
briefly described here; see also B94. 

1. CAPMON, the Canadian monitoring network (R. Vet, 
Atmospheric Environment Services, Environment Canada, 
Toronto, Canada, personal communication, 1992), stations are 
located in areas with no proximate sources, as described by Vet 
et al. [1988]. Observations for SO 2 24-hour MR and sulfate 
24-hour MR were made with filter packs. Twenty-four-hour 
sulfate wet deposition was determined from wet only collectors 
and rain gauge measurement of precipitation amount [ Vet et al., 
1989, 1988; Sirois and Friche, 1992]. 

2. In the SCENES, Subregional Cooperative Electric Utility, 
Department of Defense, National Park Service, and U.S. 
Environmental Protection Agency Study, network [ Vasconce/os 
eta/., 1994; Mueller eta/., 1986] in the southwestern United 
States (L. Vasconcelos, Washington University, St. Louis, 
Missouri, personal communication, 1995), 24-hour filter 
samples were taken approximately every third day in two size 
ranges, diameter < 2.5 and < 15 [tm. In the present comparisons 
we used data froin the < 2.5 gm fraction, appropriate for the 
accumulation mode sulfate addressed in this work. A single 
station at Glen Canyon, Arizona, reported hourly SO 2, measured 
by pulsed fluorescence. 

3. At the New York State Department of Health stations at 
Mayville, New York and Whiteface Mountain, New York 
[Husain and Dutkiewicz, 1990] (L. Husain, New York State 
Department of Health, Albany, New York, personal 
communication, 1993), sulfate was measured by filter sampling 
on an approximately 24-hour basis. 

4. In the Harvard six-cities study [Ferris et al., 1986] 
(G. Allen, Harvard University, Cambridge, Massachusetts, 
personal communication, 1995), particulate matter was sampled 
in two size ranges: bdiameter < 2.5 and 2.5 to 15 [tm. The 
analysis reported total sulfur by X ray fluorescence. Only fine 
particle measurements were used in the model comparisons 
because the great majority (over 85%) of sulfur was present in 
this range [Spengler and Thurston, 1983]; virtually all sulfur in 
this size range is present as sulfate [Forrest and Newman, 1977]. 

5. The Aerometric Information Retrieval System of the U.S. 
Environmental Protection Agency (EPA) [ U.S. Environmental 
Protection Agency, 1988] includes monitoring data from the 
National Air Monitoring Stations (NAMS) and the State and 
Local Air Monitoring Stations (SLAMS) in the United States. 
Because the primary objective of this network is to assess 
population exposure, the majority of the stations are located in 
urban and suburban settings and thus tend to be influenced by 

,t•,t•,•.,,-,i,,•,,4 ,,-, be hot, ..... 0.5to 1.Oppb[,_,oa•man et al. • t988].- - 
6. The AEROCE, Atmospheric Ocean Chemistry 

Experiment, station located in Barbados, data obtained from 
J. Prospero (University of Miami, Miami, Florida, personal 
communication, 1995), measured sulfate on an approximately 
24-hour basis with samplers active only for oceanic wind 
directions' data were included in the comparisons when the 
sampling period spanned at least 18 and no more than 28 hours. 

7. The European Modeling and Evaluation Programme 
(EMEP) [Schaug e! al., 1988; 1989] covers western and central 
Europe; data were obtained from the Norwegian Institute for Air 
Research and froin B. Arends (Netherlands Energy Research 
Foundation, Petten, The Netherlands, personal communication, 
1995). Although some EMEP stations are located in 
industrialized areas, for example, Suwalki and Jarczew in 
Poland, the general intent is that these stations be regionally 
representative and hence that they be situated to avoid direct 
impact of proximate sources [Barrett and Berge, 1996]. 
Twenty-four-hour sulfate MR was measured by filter packs and 
SO 2 24-hour MRs by absorbing solution or impregnated filters. 

8. The United States National Atmospheric Deposition 
Program (NADP)/National Trends Network (NTN) [National 
Atmospheric Deposition Program, 1987, 1988] determined 
cumulative weekly sulfate wet deposition from wet only 
collectors and rain gauge measurement of precipitation amount. 

Appendix B: Coincidence of Observed and 
Modeled Precipitation Events 

The statistics of observed and modeled precipitation events 
are summarized in Table B1. The numbers of modeled and 

observed precipitation events were similar in all simulations, but 
there are considerable differences in the statistics for the two 

networks, the Canadian CAPMON network (24-hour samples) 
and the U.S. NTN network (weekly samples), with data for the 
CAPMON network indicating a greater number of observed 
events and the data for the NTN network indicating a greater 
number of modeled events. Overall, about 60% of the observed 
events had corresponding modeled events, and likewise about 
60% of the modeled events showed corresponding observed 
events. The fact that these numbers are not 100% indicates 

displacement between observed and modeled precipitation. 
Examination of these numbers by season and network indicates 
considerable variability; note especially the low fraction of 
observed events captured by the model for the CAPMON 
network in JF87. Overall, the model exhibited apparent greater 
forecast skill for the NTN data, but this may be an artifact 
resulting froin the longer period of comparison and the greater 
likelihood of chance coincidence of modeled and observed 

events. 
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Table B1. Number of Wet Deposition Events for which Deposition Amounts were 
Reported in Model Locations, and Fraction for which the Model Indicated Occurrence 
of Precipitation During Corresponding Periods; Likewise the Number of Instances for 
Which the Model Indicated Precipitation and the Fraction for Which Precipitation was 
Reported During Corresponding Periods 

All June-July October- January- March-April 
Simulations 1986 November February 1987 

1986 1987 

Number of observed 

precipitation events 
Total 2462 730 639 528 565 

CAN (24-hour) 802 233 224 178 167 
NTN (7-day) 1660 497 415 350 398 

Fraction with modeled 

precipitation, % 
Both 58.6 47.1 75.4 51.5 60.9 
CAN 42.6 45.9 58.9 14.0 46.7 
NTN 66.3 47.7 84.3 70.6 66.8 

Number of modeled 

precipitation events 
Total 2401 667 643 513 578 

CAN (24-hour) 443 159 146 38 100 
NTN (7-day) 1958 508 497 475 478 

Fraction with observed 

precipitation, % 
Both 60.0 51.6 75.0 53.0 59.2 
CAN 77.2 67.3 90.4 65.8 78.0 
NTN 56.2 46.7 70.4 52.0 55.7 

Data arc presented by observing network for the individual siinulations and for the four 
simulations taken together. Occurrence of precipitation in model is defined as precipitation rate 
exceeding 1.5 iron in a 6-hour period (0.25 •mn h -• precipitation rate) within the 24-hour or 7-day 
smnpling period for the Canadian CAPMeN network (CAN, 19 locations) and U.S. National 
Trends Network (NTN, 173 locations), respectively. 
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