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Abstract

The availability of meteorologica re-andyss archives a severa international centers provides
an opportunity to link high quality modern meteorologica data with the data from many older
long-range tracer experiments. A set of CDs and web Site has been created that contains the
experimenta data, relevant reports, meteorological data, satistica andyss, and display
software, al in acommon non-proprietary format for PC or UNIX applications. This data
base permits the atmaospheric transport modeling community to conduct various verification and
sengtivity sudies and compare modd results with each other on acommon basis. Currently,
only longer range (100's to 1000's of km downwind) experimenta data are considered,
consistent with the spatial and tempora resolution of the meteorologica re-andyss data The
DATEM archive (software and data files) can be accessed through the ARL web page
http://mwww.arl.ncaa.gov/datem. User’s of the data base are encouraged to share any
additiond andysis software that they might develop and prepare and submit additional
experimenta data to the archive.

1. Introduction

The long-range trangport of pollutants in the atmosphere has received congderable attention in
recent years, corresponding with a comparable number of models to address these issues. In particular
there has been consistent emphasis on nuclear reactor accidents since the Chernobyl accident by the
International Atomic Energy Agency (IAEA) and the World Meteorologica Organization (WMO)
through the organization of WMO'’ s Regiond Specidized Meteorologica Centers (RSMCs). Modd
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development was further enhanced by the European Tracer Experiment (ETEX), which resulted in the
evauation of 47 different atmospheric trangoort models (ATMs). The eventud ratification of the
Comprehensve Test Ban Treaty (CTBT) will require the use of ATMs to attribute measured air
concentrations to a particular source location which may result in the development of awhole new class
of modds to address these requirements. The introduction of more fuel efficient jet aircraft engines
(running at higher temperatures) has made modern commerciad arcraft very sengtive to volcanic ash
from eruptions. Volcanic Ash Advisory Centres (VAAC), designated by the Internationa Civil
Aviation Organization (ICAO), use ATMsto forecast the location of volcanic ash, so that arcraft may
be warned and rerouted around the affected aress.

The twefth meeting of the WMO's Commission for Atmospheric Sciences (CAS) emphasized
the importance of the coordinating role of WMO in emergency response activities and the increasing
number of models to address the long-range transport of pollutants. The Commission suggested that
there was a need to create a data base of al known field experiments and the corresponding
meteorologicd datain a common format that could then be used for modd verification and
development. The USA and Audtrdia agreed to assemble asmall expert group to consider the tasks
required to address thisissue and report their results to the Working Group (CAS, 1999) on
Environmenta Pollution and Atmaospheric Chemistry.  Based upon the expert group report, the US
funded asmdl pilot sudy to organize some of the US sponsored experimenta datainto acommon
format. The results of this pilot study are described in this report.

Mog, if not dl, ATMs are linked to one or more operational meteorologica forecast models or
meteorologica archives, which is then used by the ATM. The forecasts by the meteorologica models
are routinely evauated and compared against common performance standards. Although similar
verification stlandards have been developed for ATMS, there is a sense in the disperson modeling
community that thereis very little data available to perform these evauations. Perhaps because these
data are not as eadly obtained and are usudly limited to single events or controlled (and expensive)
field experiments, not available on aroutine basis. However, there are many isolated experiments,
some of which are controlled tracer releases and others from the sampling of tracers of opportunity.
The problem with many of these data setsis that some are now decades old, reports are difficult to
locate, and if available in dectronic form, the dataare in various formats, and not al experiments have
archived the corresponding meteorologica data.

The recent completion of meteorological re-analys's projects at severa internationa
meteorologica centers, provides an opportunity to link high quaity modern meteorologica data with
each of these dipersion experiments. This pilot study incorporated data from five long-range
disperson experiments, to be described in more detail below, which represent a collection of more than
19,000 air concentration samples, re-anaysis fiedlds from the National Center for Atmospheric
Research (NCAR) / Nationa Centers for Environmentd Prediction (NCEP) re-analysis project, and
datistica analyss programs based upon the ATMESH evauation of ETEX. All the emissons and
sampling data are in space delimited text files, easily used by computer programs or imported into any



gpreadsheet. Meteorologica data fields are provided in a unpacked binary format, one record per
variable per time period. The satistical programs are dl written in Fortran and include the PC
executables (using Compag Visua Fortran 6.1) and with the source code so that the programs can be
compiled on other platforms. All the datafit on 3 CDs, with thefirst CD containing dl the experimenta
data, software, and meteorologicd data from 3 experiments. The other 2 CDs contain meteorologica
data from the two other experiments. The CDs can be ordered on-line, or the individua data files can
be downloaded directly from the DATEM web sSte ( http://www.arl.nosa.gov/datem). Users of the
data base are encouraged to use the web Site to share any additiond analysis software they may
develop or their own experimentd data.

Although a substantid amount of data and software are provided through the pilot project, each
user will need to convert their own digperson model output to the DATEM format. The measurement
datafile format and the modd calculation file formats areidentical. The Satigticd andys's program
matches each calculation record to a measurement record (one record per sample). Therefore each
modd participant will have to write a program that computes the ca culated concentration
corresponding with each measurement record. As an example, a Fortran program is provided that
converts the binary output file from the HY SPLIT mode to the DATEM format. Measurement data,
meteorologica data, mode output files, and datisticd results, dl resde in their own directories with
subdirectories that correspond to each experiment. In this structure, more experiments can easlly be
added in the future.

The meteorological data are provided in their most basic form, however, they may ill need to
be reformatted or interpolated prior to useinan ATM. A smple “binary unformatted” read may be
aufficient to input the datain most models. Some interpolation may be required as the detafidlds are
provided on sgma surfaces in the vertical and a Gaussian grid in the horizonta. As a convenience and
to permit participation by awider range of researchers, it isnot necessary to have an ATM to evauate
these experimenta data. Configuration filesfor HY SPLIT, an ATM for long-range gpplications
available for download over the Internet ( http://Aww.arl.noaa.gov/hysplit ), are provided for each
experiment. The meteorologica re-andys's data reformatted for input to HY SPLIT and model
caculations dready in the DATEM format are dso available.

In the following sections more detail is provided about each tracer experiment included in the
archive, the meteorologicd data format, disperson modd caculation procedures, satisticd andyss,
graphical display of results, and the data distribution channels.

2. Experimental Data Description
The archive consgs of data from five experiments. 1) ACURATE - the Atlantic Coast Unique

Regiona Atmospheric Tracer Experiment from 1982 and 1983, 2) ANATEX - the Across North
America Tracer Experiment from 1987, 3) CAPTEX - the Cross Appdachian Tracer Experiment



from 1983, 4) INEL74 - Idaho Nationa Engineering Laboratory releasesin 1974, and 5) OKC80 - a
sngle tracer release from Oklahoma City in 1980. The above acronym abbreviations are used for dl
examples and data directory names. Detailed information on each experiment is provided in the origind
reportsin “pdf” which can be found in the \document directory. The descriptions below provide a
brief summary of each experiment and any conversons that were performed on the data. In generd, dl
experimental results were converted to mass unitsin terms of emisson and air concentrations. All air
concentrations have been multiplied by 102 (for pico units) and include the subtraction of ambient
background. Therefore, air concentrations are directly proportiond to the emission rate times the
amospheric dispersion factor (supplied by the ATM).  Emission and measurement data are found in
the \exp_data directory in the appropriated experiment subdirectory with file names of emis-t?.txt and
meas-t?.txt, repectively. The*?’ represents asingle numeric digit identifying the tracer number.

2.1 ACURATE Tracer #1 - Kryptorf®

The ACURATE (Heffter et a., 1984) experiment consisted of measuring the Kr-85 air
concentrations from emissons of the Savannah River Plant, SC. Twelve and 24 hour average air
concentrations were collected for 19 months (March 1982 - September 1983) at 5 locations dong the
United States east coast from 300 to 1000 km from the plant (Fayetteville, NC to Murray Hill, NJ).
Hourly Kr-85 emissions (5 March 1982 - 30 September 1983) are given in Curies and air
concentration measurements (9 March 1982 - 30 September 1983) arein pCi / m?. Ambient
background concentration was subtracted from measured concentrations according to the station: FAY
-19.0, TAR-19.0, NOR - 19.1, SAL - 19.2, MUR - 19.3. The ambient background concentration
was determined to be at the point at which there was alarge change in dope of the cumulative
concentration distribution at each station. Background varies by latitude, increasing to the north dueto
the prevalence of nuclear fuel reprocessing in the northern latitudes.

2.2 ANATEX Tracer #1 - PTCH (GGW); #2 - PDCH (STC); #3- PMCH (STC)

ANATEX (Draxler and Heffter, Eds, 1989) conssted of 66 PerFluorocarbon Tracer (PFT)
releases (33 each from two different locations - January 5™ to March 26", 1987) every two and one
half days. Air samples were collected for 3 months (January 5 to March 29", 1987) over 24 h
periods a 75 Sites covering most of the eastern US and southeastern Canada. PTCH (perfluro-
trimethylcyclohexane) was rdeased from Glasgow, Montana (GGW), and PDCH (perfluro-
dimethylcyclohexane) and PMCH (perfluro-monomethylcyclohexane) from St. Cloud, Minnesota
(STC). Release units are given in grams and air concentrationsin pg / me. Note that the PMCH
releases from STC are coincident with the PDCH releases and hence do no provide any
“meteorologically independent” data.  The measurement data as reported aready had ambient
background removed. However, concentrations were reported in volume units (dfl/l) and were
converted to mass units according to the molecular weight of the tracer by the following converson
factors: PMCH 1.56x102, PDCH 1.79x10"2, PTCH 2.00 x10*2,



2.3 CAPTEX Tracer #1 - PMCH

The CAPTEX, (Ferber et d., 1986) during September and October of 1983, conssted of six
3 h PFT releases (September 18™ to October 29™, 1983), four from Dayton, Ohio and two from
Sudbury, Ontario, Canada with samples collected at 84 sites, 300 to 800 km from the source, a 3 h
and 6 h averages for about a 48 hour duration after each release (September 18" to October 30,
1983). One additiond short (30 min) tracer release from Dayton was not evident in the sampling data.
Concentrations were aready reported as above background but were converted from volume (fl/1) to
mass units (pg / nt) by the relation 15.6x10°%2,

2.4INEL74 Tracer #1 - Kryptorf®

The INEL 74 experiment (Ferber et d., 1977; Draxler, 1982) consisted of alittle over two
months of Kr-85 releases (February 27" to May 5™, 1974) from Idaho and continuous 12 h sampling
(February 27" to May 4™, 1974) at 11 locationsin aline about 1500 km downwind (Oklahoma City,
OK to Minnegpoalis, MN). Emissions are given in Curies and air concentrationsin pCi / m?. The same
ambient background concentration (13.7 pCi / m?) was subtracted from al stations

2.5 0KC80 Tracer #1 - PMCH Tracer #2 - PDCH

The OK C80 experiment (Ferber et d., 1981) conssted of single release of two different PFT
tracers (July 8", 1980) over a3 hour duration with samples of 3 hour duration collected at 10 sites 100
km and 35 sites 600 km downwind from the Oklahoma City release point from July 8" to July 11%",
1980. Emissions are given in grams and air concentrations in pico-grams/ . Concentrations were
reported in volume units (dfl/l) and were converted to mass units according to the molecular weight of
the tracer by the following conversion factors: PMCH 1.56x10%? and PDCH 1.79x10%2. Background
concentrations of 4.0 fI/l and 5.5 fl/I were subtracted for PMCH and PDCH, respectively.

2.6 Emission Data File Format

Emisson information is found in the \exp_data directory under the specific \experiment
subdirectory. Emisson filesarein an ASCII text format, the first record identifying the directory and
file name, the second line identifying dl the variables that follow on dl subsegquent records, with one
record for eech emisson. All timesare givenin UTC (GMT). The file names dl sart with emit-t?.txt.
The“?’ isthe tracer number as defined in the above sections for each experiment. The emission data
records have the following format:

Year 14 Four digit year for emisson sart
Month 13 Two digit month for emisson sart
Day 13 Two digit day for emisson dart

Hour-Minutes 15 Four digit hour-minutes for emission start



Duration 15 Four digit hour-minutes for duration of the emisson

Latitude F6.2 Laitude of the emisson point (Postive is north)
Longitude F8.2 Longitude of the emisson point (Pogtive is east)
Emisson F8.0 Tota emisson in mass units over the duration

2.7 Sampling Data File Format

Measurement data are found in the \exp_data directory under the specific \experiment
subdirectory. Sampling data filesarein an ASCII text format, the first record identifying the directory
and file name, the second line identifying dl the variables that follow on al subsequent records, with one
record for each sample collected. Samples, dthough generdly in chronologica order, may be
organized differently with each experiment. All timesare given in UTC. Thefile names dl sart with
meas-t?.txt. The*?’ isthe tracer number as defined in the above sections for each experiment. The
sampling data records have the following format:

Year 14 Four digit year for sample Sart

Month 13 Two digit month for sample Sart

Day 13 Two digit day for sample start

Hour-Minutes 15 Four digit hour-minutes for sample sart

Duration 15 Four digit hour-minutes for duration of the sample
Latitude F6.2 Lditude of the sampling point (Postive is north)

Longitude F8.2 Longitude of the sampling point (Pogtive is east)
Concentration F8.1 Averagear concentration in (pico) mass units per cubic meter
Site Name A8  Character dring for Ste identification

3. Meteorological Re-analysis Data

The NCEP/NCAR Re-analysis Project (Kalnay et d., 1996) isajoint project between NCEP
and NCAR. The god of thisjoint effort was to produce new atmospheric andyses using historical data
(1958 - 1997) and andlyses of the current atmospheric sate (Climate Data Assmilation System -
CDAYS). The dataassmilation and the modd used are identical to the globa system implemented
operationaly at NCEP on 11 January 1995, except that the horizontal resolution is T62 (about 210
km). The data base has been enhanced with many sources of observations not available in redl time for
operations, provided by different countries and organizations. For the DATEM archive, the
meteorologica datafieds (surface pressure, temperature, humidity, horizonta wind components, and
vertical velocity) were processed on sigmalevels for use by the ATMs, rather than the more common
mandatory pressure surfaces. The sigmaleve data provide more detall within the boundary layer.
Meteorologica datafiles can be found in the\met_data directory, by experiment name subdirectory.
Files contain data for an entire month, regardiess of the length of the experiment. File namesfollow the
convention: RA{year }{ month}.bin, where “year” isthe four digit year and “month” isthe two digit
month. RA isthe abbreviation for Re-andyss Archive. File Szes are about 60 Mb per month.



3.1 Archive Processing

The spectra coefficients on 28 model sigma surfaces were processed to obtain the fields 4
times per day on agloba Gaussian grid of 1.875 deg resolution. A 41 x 21 regiona sub-grid covering
the continental US and Canada was extracted from the globd files with the southwest corner at
21.904N 127.500W and the northeast corner at 59.999N 52.500W. The data were written as
unformatted binary (Big-Endian) records, one month per file. Each file is composed of one header
record of 80 characters, followed by 6 data records per time period, one record per variable. Each
variable contains dl the grid dements of rank 2 for surface pressure and rank 3 for dl the other
variables. Theleft most index variesfird. The data dementsin each array vary from west to east, south
to north, and bottom to top, with increasing index values. All meteorological variables are four byte
red. The variable on arecord is preceded by two four-byte integers, indicating the valid day and hour
of the datarecord. If difficulties are experienced reading these data records, note that each unformeatted
record's length is the length of the dataiin bytes plus 8. An unformatted data record is preceded and
trailed by a4 byteinteger that gives the length of the data record in bytes. Six data variables are given
in each file: surface pressure (KPa), air temperature (K), west to east component of the wind (m/s),
south to north component of the wind (nVs), pressure vertical velocity (Pals). Each record contains one
variable for aspecific time: day hour variable. Data are written in the following order:

Record 1 - 80 characters: the data file name (year & month) and variables
Timel Record 2 - Day, Hour, Surface Pressure

Record 3 - Day, Hour, Air Temperature

Record 4 - Day, Hour, Specific Humidity

Record 5 - Day, Hour, West to east wind component

Record 6 - Day, Hour, South to north wind component

Record 7 - Day, Hour, Pressure vertica velocity
Time2 Record 8 - Day, Hour, Surface Pressure

End-of-Month

Detalls about the verticd sigma surfaces, latitude, and longitude points that correspond with
each grid location can be found in Appendix A. Verticd sgmalevels are defined as (P - Pyyp) / (Pgc -
Piop), Where Pis pressure at the “top” of the model and the “sfc” surface. An example Fortran program
“readbin” isprovided in the \met_prm directory which reads each data record and writes the va ue of
the variable at the grid center to sandard output. This program can easily be incorporated into other
programs (or ATMS) to read the binary meteorologica datafiles. The PC executable can be found in
the \Release subdirectory.

3.2HYSPLIT Compatible Meteorological Data

As aconvenience for those without their own ATM and to provide researchers with results



from another ATM to compare with their own caculations, meteorologica data are dso providedin a
HY SPLIT compatible format. The DATEM CDs can be ordered with meteorological datain stlandard
binary format (.bin filesin the\met_data directory) as noted in the above paragraph or asHY SPLIT
compatible packed data (.arl filesin the\met_data directory). Otherwise the file and directory naming
convention are identical. Detailed information on the HY SPLIT compatible format can be found in
Chapter 5 of the HY SPLIT User’s Guide (Draxler, 1999). The ARL packed meteorologica datafiles
are directly usable by either the PC or UNIX versonsof HY SPLIT.

4. Dispersion Model Simulations

Each ATM will have its own specific configuration requirements. A complete smulation for al
experiments requires dmost 19,000 hours of modd time, and is clearly dominated by the 19 month
duration ACURATE. However, it may be of interest to understand how one particular ATM
(HYSPLIT) was run for each experiment. The modd’s configuration files for each experiment can be
found in the\mdl_cfg directory under specific experiment subdirectories. Each experiment has one or
more CONTROL filesthat are read during the modd’ s startup procedure and a“namedigt” file,
SETUP.CFG, that sets additional smulation options. Reference to the User’s Guide is essentid to
understand the implications of modifying these files. Some explanation can be found in each directory’s
Readme.txt file. MS-Windows shortcut files (Run.Ink) and Batch files are provided to illustrate how
the modd can be started from the command line or in batch mode rather than through the GUI. These
files may have to be edited to correspond with the directory structure on specific PC or UNIX
ingalations.

During the smulation, the modd’ s binary concentration output files are written to the \mdl_data
directory under the appropriate experiment subdirectory. It is suggested that this convention be
followed as well with other ATMSs, because the format conversion programs, Satistica andyss, and
display programslook for the data files under this particular directory structure and file naming
convention.

4.1 ACURATE

Due to the long duration of the experiment, the smulation was divided into seven individua
runs. Each run (except the first) was started 5 days prior to the start of the smulation period to permit
the tracer to build up over the computationa grid. The find text output file was the result of the merging
the individud seasond smulation files. Although the sampling duration was nomindly 12 hours, it was
necessary to produce modd outputs every hour because the sampling data would shift by one hour
when loca time changed between daylight savings and standard time. Sampling stetion operators
worked on local time. As noted earlier, al timesin the archive have been converted to UTC.

Concentration output grid resolution:  50km /100m /1h



Grid domain to covers samplers: 30N-45N and 70W-85W

Smulaion periods P1: March, April, May 1982 = 2112 h
P2 June, July, August 1982 = 2328 h
P3: September, October, November, 1982 = 2304 h
PA4: December, January, February, 1983 = 2280 h
P5: March, April, May, 1983 = 2328 h
P6 June, July, August, 1983 = 2328 h
p7 September, 1983 = 864 h

4.2 ANATEX

Concentration output grid resolution: 50 km /100 m/ 24 h
Grid domain to cover samplers: Centered 40.0N 85.0W spanning 35 Lat 55 Long
Smulaion periods: 2040 hours starting 1700 UTC January 5™, 1987

4.3 CAPTEX

Concentration output grid resolution:  50km/100m/3h
Grid domain to cover samplers: Centered 42.0N 78.0W spanning 10 Lat 15 Long
Simulation periods: 1032 hours starting 1700 UTC September 18", 1983

44 1NEL74

Concentration output grid resolution:  50km/100m/2h
Grid domain to cover samplers: Centered 40.0N 95.0W spanning 15 Lat 10 Long
Smulaion periods: 1608 hours starting 0000 UTC February 27", 1974

4.5 OKC80

Concentration output grid resolution: 20 km /100 m/ 15 min
Grid domain to cover samplers: Centered 37.0N 95.0W spanning 10 Lat 10 Long
Smulaion periods: 73 hours starting 1900 UTC July 8", 1980

4.6 Model Simulation Output Format Specifications

Mode smulation results should be written to the \mdl_data directory under the specific
\experiment subdirectory. Data files should bein an ASCII text format, identica to the measurement
data, the firgt record identifying the directory and file name, the second line identifies dl the varigbles
that follow on al subsequent records, with one record for each sample collected. All timesare givenin
UTC. Thefile namesfollow the convention ct?_001.txt. The“?’ isthe tracer number as defined for
that experiment and 001 (002, 003, etc) would represent different model results, smulation variations,
or any user defined character string. The modd output data records have the following format:



Y ear 14 Four digit year for sample sart

Month 13 Two digit month for sample Sart

Day 13 Two digit day for sample start

Hour-Minutes 15 Four digit hour-minutes for sample start

Duration 15 Four digit hour-minutes for duration of the sample
Latitude F6.2 Lditude of the sampling point (Postive is north)

Longitude F8.2 Longitude of the sampling point (Pogtive is east)
Concentration F8.1 Average ar concentration in (pico) mass units per cubic meter
Site Name A8  Character dring for Ste identification

Most ATMs are not designed to easily output air concentration data et various locations and
sampling intervals. The atistical programs require the mode predictions to correspond with each
measurement. One suggestion is to create a program to convert the norma ATM output format to the
DATEM compatible format. An example program is avallable for HY SPLIT smulations as discussed
in the next section. This program could be modified to handle output from other ATMSs.

4.7HYSPLIT Output Converson Program Example

The program “c2datem”, which converts HY SPLIT binary air concentration output filesto
DATEM format, can be found in the\stat_pgm\c2datem directory (executable in \Release). The
program can be used as a basis to develop conversion programs for other ATMs. The program reads
al of the experimentd datainto memory and then sequentialy reads the mode’ s concentration output
file. Each modd output time period, dl sampling data are scanned to determine if the time duration of
the caculation fals within the duration of one of the samples. In that Stuation, the caculated ar
concentretion is accumulated for thet station. If the caculation time falls a the end of a sampling
period, the average concentration is computed for that station and the output is written to atext filein
identical format to the measured data. The program logic permits the ATM caculations to be matched
to the measurement data, regardless of the organization of the dataiin the file. The measurement data
do not dl need to have the same sampling intervas. The only requirement is that the mode’ s output
interva islessthan or equa to the measurement sampling interval.  For instance the modd’ s output
interva for INEL 74 was set to 2 hours to accommodate that 10 h duration samples were collected
garting at 1000 and 0200. The command line options for the program are as follows:

c2datem-i -o-m-c-x-z-p-d
-i[input concentreation file name]
-o[output concentration file name]
-m[measurement data file name]
-c[input to output concentration multiplier]
-X[n(neighbor) or i(interpolation)]
-Z[leve index]
-p[pollutant index]
-d[write to diagnodtic file: c2datem.txt]
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As an example, to convert HY SPLIT output from the OKC80 experiment:
c2datem -ictl.bin-octl.txt -m..\.\exp_data\okc80\meas-t1.txt -xi -c1.0E+12

where ct1.bin definesthe HY SPLIT output file, ct1.txt isthe modd calculation output interpolated to
the sampling stations in atext format, with model concentrations multiplied by 10 before outpt.
Linear interpolation (-xi) is used compute station va ues from the mode’ s gridded concentration field.
The pollutant number and output level default to 1 (Seethe HY SPLIT User’s Guide for more
information on these parameters).

5. Statistical Analysis

The modd eva uation protocol was designed following the procedures used by Moscaet d.
(1997) for the ATMESHI study and Stohl et . (1998) in evaluating severd of the same tracer
experiment data presented here. Reviewing these previous studies, four broad categories were defined
for amodd’s evauation: 1) the scatter anong paired measured and caculated vaues, 2) the bias of the
cdculation in terms of over- or under-cdculation, 3) the spatid distribution of the caculation rdative to
the measurements, and 4) differences between the distribution of unpaired measured and calculated
vaues. In each category, one or more evauation parameters are defined, such as the percent over-
prediction, number of calculations within afactor of 2 and 5 of the measurements, normalized mean
square error, correlation coefficient, bias, fractiona bias, figure of merit in space, and the
Kolomogorov-Smirnov parameter representing the differences in cumulative digributions. All of these
are defined in more detail in Appendix B.

Both Moscaand Stohl  recognized the problem in deding with the uncertainties of “near
background” measurement data and avoiding Satistica parameters that may be senstive to small
variaions in the measurement values such as ratios between measured and cal culated concentration.
Each had their own approach to the meaning of a*“zero” measurement. Stohl using a Monte-Carlo
gpproach to add and subtract small vaues from the measurement to test the robustness of the Satistical
parameters, while Mosca used a 6 hour filter before and after the arrival of the plume at each Sation to
sdlect samplesfor andyss. Both defined threshold measurement values, below which concentretions
were assumed to be zero. A hybrid method, independent of a specific experiment’ s detection limits
and to include dl the data, was designed for thisstudy. The user may select a zero threshold
probability, that is a cumulative probability level, below which messured concentrations are assumed to
be zero. For ingtance, with a sdlection of 10%, the analysis might show that 10% of the measured
concentrations fal below say “5 units’ and 90% are greater. Therefore in dl subsequent anayses,
measured concentrations below “5 units” are treeted as zero. A command line switch in the analysis
program permits theincluson or excluson of “0-0" messured-caculated pairs. Because the trestment
of zero's can influence which data pairs are anayzed, the suggested default approach for model
comparison purposesis to use dl the data and rely upon more robust statistical parameters and avoid
any ratio dependent Satistics. For instance, theratio of the mean predicted over mean measured
concentration is devoid of problems, while the mean of the ratio of predicted over measured
concentration is fraught with difficulty. If problems are suspected due to the treatment of zeros, ether
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tempora or spatid averaging of the datais recommended, in thisway dl the data are used in the
andyss.

For evaluation comparison purposes it would be desirable to have a single robust parameter
which could be used to determine an overal degree of mode performance. Stohl evaluated many of
the above parameters and found that the ratio based ones (such as FA2 and FA5) were the most
sengtive to measurement errors while the correlation coefficient was one of the most robust. For the
DATEM metric, one statistical measure that could be used to represent the overal model performance,
it was decided to take the sum of one parameter from each of the four moded evaluation categories
(corrdation, fractiond bias, figure of merit, and Kolomogorov-Smirnov) which could be normalized to
the range of O0-1 (wordt to best).

Modd anayses can be applied in aglobal analysis, where dl pairs are treated individudly, a
space analysis which is the result of tempordly averaging dl the data so that only spatia variahility
remains, and atime analysis which isthe result of averaging dl the observations a each time so that
only tempord variability remains.

5.1 Statistical Program Command Line Options

The datistical andysis program source code can be found in \stat_pgm\statmain and the
executablein \stat_pgm\statmain\Release. However the program should be run from the \mdl_stat
experiment subdirectory where a shortcut link aready exists with the gppropriate command line
options. Thereisashortcut for the globa caculation using dl data pairs (stat_gbl.Ink) and one for the
spatidly averaged cdculation (stat_avg.Ink). In addition, each subdirectory has a batch file replicafor
the globa execution. The program needs to reside in the\mdl_stat directory because on the command
line only the experiment name, modd variation, and tracer number are required. Measurement deata
and model prediction files are then opened in the appropriate \exp_data and \mdl_data directories
following the tracer number and mode variaion naming convention. The command line options are
summarized below:

satmain -d -t -m -z -a-0 -Xx
-d[directory name of experiment]
-t[tracer number: 1,2,3, €etc]
-m[mode varigion sring]
-Z[percentile level for zero measured]
-g space (s) or time (t) averaging]
-0[ creates merged output file]
-x[exclude 0,0 pairs from Statitics]

and where the gatigtical results will be written to afile named: {gbl|avg}{tracer#}_{variation}.txt.
Normdly the results file sarts with “gbl” and represents a globd atigtic that uses dl the data.
However setting the averaging flag to ether -as or -at will result in spatia or tempord averaging and an
output file name gtarting with “avg”. Setting the -o flag causes and text output file (starting with “dat™)
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to be written that contains both the measurement and prediction data on the sameline. Thisfile can
then be imported into other gpplications (spreadsheets or GIS). A command line example for
ACURATE with the minimum number of optionswould be:  statmain -dacurate -m001 -t1

5.3 Explanation of Sample Output

The sample atigtica output from ETEX is shown in Appendix C. Although the data from that
experiment are currently not included in the DATEM archive, it is of interest to compare the DATEM
datistica results to those published by Moscain the ATMESHI evauation (modd 120 page 203) for
the same modd (HY SPLIT) using the same meteorologica datafrom ECMWF. An exact comparison
is not expected as the ATMES-II evauation applied severd filters to the data that are not used in
DATEM. In addition, the modd has undergone saveral changes since the ETEX evauation. Resultsfor
severd of the primary datistica parameters that can be compared are as follows:

Setidtic DATEM ATMESHI
Correlation 0.48 0.44
NMSE 23.25 23.6
Bias 37.98 180
FMS 57.27 61
FA2 15.95 35
FAS5 34.64 43

Some of the differences are because the DATEM datistics include al measured predicted pairs and
apply no specid rulesfor zeros.  For reference, HY SPLIT datistica results are available in each
\mdl_stat experiment directory (gbl1_001.txt and avgl_001.txt). The globa and spatidly averaged
datigtica results are dso summarized in Appendix D for each of the experiments.

5.4 Graphical Output Display

The mode predictions and measurements can be displayed for any sampling period by using
the merged output file created by the statmain program with the -o flag set as noted in Section 5.2.
Software is provided in the \plot_pgm\c2grads directory to convert the dat{tracer#} {variation}.txt
filein the\mdl_stat\{ experiment} directory to a GrADS (Grid Analyss and Display System) formatted
input file. GrADS is digtributed free of charge (http://grads.iges.org/grads). An*“X” server isaso
required. Versons of GrADS are available for severd flavors of UNIX, Linux, PCs running Windows
95/NT or DOS, and Maclntosh computers. The graphics conversion should be runin the \plot_pgm
directory usng the following command line options:

c2gr ads -d[directory] -m[variation] -t[tracer]

and where the command line options have the same meaning as in the statmain program. The GrADS
conversion program reads the dat{} filein the experimenta directory and will create four output filesin
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the \plot_pgm directory:

merged.dat - theinput datafile converted to GrADS format
merged.ctl - the contral file for merged.dat

merged.gs - ascript file to make a sample plot

dummy.ctl - adummy control file to create the grid for interpolation

Because the modd predictions and measurement data are treated as “ Station data’, before proceeding
it is necessary to run the GrADS program stnmap from the commeand line:

stnmap -i merged.ctl
At this point GrADS can be started and then from the GrADS command line:
ga-> exec makeplot.txt

runs the example program to display the ANATEX measured and calculated concentrations for the 24
hour sample starting January 9, 1987 (the 5" day after the experiment start).  The measured
concentrations are shown in Appendix E as the shaded area with an overlay of the modd caculation
contours. Other days can be plotted by smply changing the time, for instance for the next day’s
sample “sett 6. Additiona detail on how to use GrADS is beyond the scope of this document.
However, the scripts and control files are provided as a arting point to smplify the development of
other gpplications. More information can be found in the \plot_pgm\Readme.txt, induding dl thefiles
required to run thisexample. Data from other experiments, or with varying averaging options, can be
displayed by using the statmain program is to cregte the gppropriate merged output file.

6. Data and Softwar e Distribution Procedures

The DATEM archive (software and data files) can be accessed through the ARL web page
http://mwww.arl.ncaa.gov/datem. The data files can be downloaded individudly through the web page
or it can be ordered asa set of 3 CD ROMS. The CD directory and file structure is outlined in
Appendix F. The CDs are available with the meteorologica datain either “arl” or “bin” format. Users
of the DATEM archive are encouraged to add additional experimenta datato the archive, preferably
by hosting the data on their own web sites. The appropriate links will be added to the DATEM web
gte. User'sare aso encouraged to add their andysis programs or suggest modifications to the existing
programs. An areaof the DATEM site will be reserved for software contributions.
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APPENDIX A - Grid Point Postionsfor the Unpacked Binary Data

Latitude Longitude Sgma Sgma
South to West to Interface Center
North East Botto Top Botto Top
-90->+90 0->360 1->0 1->0
1 21.904 232500 1.000 995
2 23.809 234.375 990 982
3 25714 236.250 974 964
4 27.619 238.125 955 943
5 29523 240.000 931 916
6 31428 241.875 901 834
7 33.333 243750 .866 846
8 35.238 245.625 825 801
9 37.142 247500 778 751
10 39.047 249.375 724 694
1 40.952 251.250 .665 633
12 42.856 253.125 601 568
13 44.761 255.000 535 502
14 46.666 256.875 469 436
15 48571 258.750 403 372
16 50.475 260.625 341 312
17 52.380 262.500 284 258
18 54.285 264.375 233 210
19 56.189 266.250 .188 .168
20 58.094 268.125 149 133
21 59.999 270.000 117 103
2 271875 .089 .078
23 273750 067 .058
24 275.625 049 042
25 277500 .035 029
26 279.375 023 018
27 281.250 014 .010
28 283.125 .007 .003
29 285.000 .000
30 286.875
31 288.750
32 290.625
33 292.500
A 294.375
35 296.250
36 208.125
37 300.000
38 301875
39 303.750
40 305.625
1 307.500
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APPENDIX B - Statistical Analysis Equations
B.1 Scatter Diagram

The scatter between measured and caculated values can be defined in severd different ways.
The smplest approach isto caculated the percent of over-predictions:

u
FOEX = e% 050" 100

8

where N in the numerator is the number of pairs where the prediction exceeds the measurement and the
N in the denominator isthe total number of pairsin the evaluatiion. FOEX can range from -50% to
+50%. A more regtrictive test would be the percent of predictions that are within afactor of two or
five of the messurement:

N (y- yo=[x- x0]a) 3
N f

FAa = 100

> D> D

wherea =2 or 5. In the caculation of FOEX and FAa, dl 0-0 pairs are ways excluded. Another
common datidic is the normalized mean square error in which the average of the square of the
differencesis divided by the product of the means:

NMSE = Wa (Pi- Mi)?

which can be very sengtive to differencesin mode predictions and measured concentration
digtributions. The linear corrdation coefficient is perhaps the most common datistic:

a (Mi- M) (Pi- P)
R: [o} i J— o] —
Ja (Mi- M)*y/a (Pi- P)?

with values that range between -1 and +1.
B.2 Bias

The mean difference between paired predictions and measurements yields a measure of the
prediction biasin concentration units.
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However it is necessary to determineif the biasis sgnificantly different from zero. Thisis evauated
from the Confidence Interva which is defined from the bias

Cl = iTa\/;é. (B- B)

N(N - 1)

where Tais the student t-distribution vaue at probability a The computationa default is to define the
probability at the 99% level so that if the CI includes 0", then the bias is not sgnificantly different from
zero. Thefractiond bias, a normalized measure of bias, has aso been used by many authors:

FB= 2B/ (5 + M)
and where the FB can range from -2.0 to +2.0

B.3 Spatial Digtribution

The Figure of Merit in Space is defined as the percentage of overlap between measured and
predicted aress:

N(p>0)C N(m> Q)
N(p>0)E N(m> 0)

FMS= 100

the intersection over the union of predicted and measured concentrations. Mosca defined the FMS
using areafor afixed sampling time and concentration leve after contouring both the measured and
predicted concentrations. Similar to the agpproach used here, Stohl smply defined the FMS to
represent the sets of modd results and measurement data exceeding a predefined threshold.

B.4 Cumulative Digributions

The Kolomogorov-Smirnov parameter is defined as the maximum difference between two
cumulative digributions:

KS= MaqC(M,)- C(R)
where C is the cumulative distribution of the measured and predicted concentrations over the range of k
vaues such that C isthe probability that the concentration will not exceed M, or P,. TheKS

parameter isimportant in that it isthe only satistic that is computed from unpaired data. 1t isameasure
of how well the modd reproduces the measured concentration distribution regardless of when or where
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it occurred. The maximum difference between any two digtributions cannot be more than 100%.
B.5 Model Ranking
Thefind modd performance ranking is defined as the sum:

RANK = |Ri+(1- |FB/2]) + FMS/100+ (1- KS/100)

where |R| represents the scatter; 1-|FB/2| the bias;, FMS100 the spatid coverage; and 1-KS/100 the
unpaired digtribution. The best mode ranking result would be 4.0.
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Appendix C - Example global statistical output from ETEX

etex resultsfile: ghll O00L.txt

3105 Unaveraged data points for processing
0.00 Percentile input for zero measured
0.00 Zero measured concentration vaue

0.48 Correlation coefficient (P=99%)
30.46 T-vaue (|[Sopel/Standard Error)

95.84 Average measured concentration
133.82 Average cdculated concentration
1.40 Ratio of caculated/measured
23.25 Normaized mean square error

3105 Number of pairs anayzed

37.98 Average bias [(C-M)/N]

12.75 Lo 99 % confidence interva

63.20 Hi 99 % confidence interva
0.33 Fractiona bias [2B/(C+M)]

57.27 Fig of merit in space (%)

8.83 Factor exceeding [N(C>M)/N-0.5]
15.95 Percent C/M+2
34.64 Percent C/M+5
57.27 Percent M>0 and C>0
12.54 Percent M>0 and C=0
30.19 Percent M=0 and C>0
490.00 Measured 95-th percentile
200.00 Measured 90-th percentile
20.00 Measured 75-th percentile
0.00 Measured 50-th percentile
655.90 Caculated 95-th percentile
278.10 Cdculated 90-th percentile
13.00 Caculated 75-th percentile
0.00 Caculated 50-th percentile
68.00 Kolmogorov-Smirnov Parameter
2.21 Final rank (C,FB,FMSKSP)
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Global

Experiment Data
ACURATE 3829
ANATEX1 5600
ANATEX?2 5482
CAPTEX 2282
INEL74 1269
OKC80 697

Temporally Averaged

Experiment Data
ACURATE b5
ANATEX1 76
ANATEX2 75
CAPTEX 80
INEL74 11
OKC80 45

APPENDIX D - Summary of HYSPLIT results

[y

0.28
0.05
0.10
0.02
0.00
0.16

[y

0.91
0.35
0.54
0.76
0.13
0.96

-0.02
-0.14
+0.16
-0.33
+0.13
-0.67

-0.03
-0.29
+0.12
-0.33
+1.39
-0.65

24

-
0]

100.0
100.0
100.0
92.31
100.0
90.70

79.0
59.0
56.0
71.0
92.0
43.0

39.0
29.0
31.0
19.0
89.0
14.0

>

PO R e
O© BN N D
O 00 ~NWOU O

>

WEwwhow
A wkF ©O
OSORWONPFP PR



APPENDIX E - Example Graphical Output from ANATEX

unutcx/duﬂ 0C1.txt
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APPENDIX F - CD Directory and File Structure

The archive is spread over 3 CDs. CD1 contains nine directories with dl experimenta data and
meteorological data from three experiments: ANATEX, INEL74, and OKC80. The meteorologica
data from the other two experiments, ACURATE and CAPTEX, are on the remaining CDs. The
directory dructureisasfollows:

document (CD1: dl experiments)
Copies of PDF reports for each experiment as prepared by the experiment authors.
Summarizes many details about the methodology and usudly tabulates the raw data prior to any
DATEM processng.

exp_data (CD1: dl experiments)
The emissions and sampling data processed into the standared DATEM format. Standard file
name convention for each experimenta subdirectory isto namethe files emit-t2.txt and
meas-t?.txt, respectively.

mdl_cfg (CD1: al experiments)
Example smulation CONTROL, SETUP, and execution files are provided for the HY SPLIT
ATM. These files can be used as guidance for each user to set up their own ATM inputs, or run
their own smulaionsusng HY SPLIT.

mdl_data (CD1: dl experiments)
ATM output files are written to this directory for each experiment. Execution examples are
provided that convert HY SPLIT output files to the DATEM format with slandard file names
such asctl 001.txt. Users should place their ATM outputsin this directory.

mdl_stat (CD1: dl experiments)
Execution examples are provided that read the DATEM format experimental data (\exp_data)
and ATM results (\mdl_data) and created the Satistical andysis output files (avgl 001.txt and
gbl1l 001.txt) in each experiment subdirectory.

met_data (CD1: ANATEX, INEL74, OKC80) (CD2: ACURATE) (CD3: ACURATE, CAPTEX)
Meteorologicd data are provided a a minimum of one month increments in each experimenta

directory. File name ending with .bin are in sandard unpacked binary format, while those
ending in .arl are compatible for direct HY SPLIT input.
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met_pgm (CD1: all experiments)
The "readbin” directory contains a sample Fortran 90 program to read the binary

meteorologica datafiles. This program can easlly be modified or incorporated into other
ATMsto read the data or convert them to another format.

plot_pgm (CD1)
The "c2grads’ directory contains a Fortran 90 program that will convert the merged measured
and predicted files output from the "statmain” program to GrADS format. In addition, the

program aso creates al required GrADS control files. GrADS can then be used to contour the
messured and modd results.

stat_pgm (CD1)

The"c2datem” program is an example to convert HY SPLIT output filesto the DATEM format.
The"saman" program isthe primary satigtica program used to andyze ATM performance.
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