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SVMMARY

The Frontal BoundaryStudy was conductedby the PacificNorthwest

Laboratory (PNL) for the U.S. Departmentof Energy in October and November

IgBg in centralOhio. This report,which was prepared for the U.S.

. EnvironmentalProtectionAgency,presents the resultsof the aircraftand

surface observationsmade for one precipitationevent during the study,on

October I0, 1989. This particularevent was selectedbecause of its

relatively simple meteorologicalsetting. Precipitationoccurred mainly in

the warm sector between a w_rm and a cold front that moved across the study

area. The study area, approximatelyBOx BO km, containeda network of 36

automatic,wet-only precipitationchemistrysamplingsites. PNL's Gulfstream

(G-I) aircraftwas used to sample trace gas concentrationsaloft in the inflow

region of the precipitationsystem.

Precipitationchemistryand rainfall rate data are presentedfor the

October I0, IgBg, event from the network of surfaceprecipitationsamplers.

Trace gas concentrationsand other meteorologicalvariablesmeasured with the

G-I during flight 03 on this date are included. Meteorologicalobservations

obtainedwith radiosondesand radar are also presented. These data sets can

be used to evaluate air quality and wet depositionmodels.
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INTRODUCTION

The U.S. Department of Energy (DOE) Frontal BoundaryStudy (FBS) experi-

ments were conductedat Columbus,Ohio, in October and November 1989 for the

U.S. EnvironmentalProtectionAgency (EPA). One of the major objectivesof

the FBS was to obtain spatial and temporaldata bases of precipitationamount,

air chemistry,and precipitationchemistryover an area the approximatesize

of the regionaldepositionmodel 80- x 80-km grid. A single grid square of

this size was laid out just north of Columbus (FigureI). In addition to

measurementsof precipitationchemistryon a network of precipitationsamplers

deployed in this grid square, the PacificNorthwestLaboratory's(PNL)

Gulfstream (G-I) aircraftwas equippedto measure air and cloud chemistry

aloft. A total of 16 flightmissions (Table I) were flown by the PNL G-I

aircraft in a varietyof types of frontal storms.

TABLE 1. Dates and Times (GreenwichMean Time) of ResearchFlightsDuring the
U.S. Departmentof Energy FrontalBoundary Study

lIDS FUGHT DATE DAS ON DASOFF Tid(eOFF Land CMH ©omments,.,

rbs 01 6-Oct-89 17:20:54 20"15:48 17:26 20:17 ..,

los 02 8-Oct-89 21:14:02 23:15:09 21:18 23:17
rbs 03 10-Oct-89 08:55:28 13:09:17 9:04 13:09
rbs 04 12-Oct-89 11:52:57 15:32:36 11:58 15:32 NOx->NOy

Iii

rbs 05 14-Oct-89 13:55:24 17:22:38 13:58 17:23 ,.

tips 06 16-0ct-89 15:55:30 19:04:24 16:00 19:04 ,,.,

tips 07 16-0ct-89 20:14:18 23:04:33 20'19 23:04
rbs 08 17-Oct-89 11:56:29 15:07:21 12:03 15:07 .,,,

los 09 18-0ci-89 15:53:46 17:17:19 15:54 17:17....

rbs 10 23-Oct-89 14:55:12 18:06:14 14:56 18:06 NO2 invalid=.

rbs 11 26-0CT-89 14:59:28 18:14:48 15:07 18:20 power interupt
rbs 12 30-0ct-89 15:54:19 19:35:47 18:01 19:35 lost!x}wer runway
los 13 31-0ct-89 12;54:08 15:07:06 13:00 15:07
los 14 31-0Cto89 18:21:24 20:11:16 16:28 20:11,.

rbs 15 3-Nov-89 17:56:11 21:26:36 18:04 21:26
tips16 7-Nov-89 11:58:20 16:27:44 12:03 16:27, i " " --



The field operationscenter for the FBS experimentswas locatedat the

Port Columbus InternationalAirport. Meteorologicalequipment installedat

the FBS operationscenter during the experimentsincludeda weather facsimile

machine, satelliteimaginG,dial-up weatherradar, and meteorological

software. Forecastsand flight objectiveswere determinedeach day at this

center.

The National Weather Service (NWS) at Columbus,located only about

1.61 km from the operationscenter, allowedPNL meteorologistsaccess to their

office,where they made use of NWS weather charts and the continuousweather

radar display. The NWS also permittedthe PNL rawinsondesystem to be

operatedon their premises. Rawinsondeswere operatedby PNL, Argonne

National Laboratory,and BrookhavenNationalLaboratorypersonnelduring the

aircraft flights. A meteorologicaldata base from these sources has been

compiled for each of the FBS experiments.

The precipitationchemistrynetworkwas establishedto provide the

necessaryspatial and temporal resolutionof precipitationamount and chem-

istry data on the sub-grid scale for depositionmodel evaluation. As a com-

promise between the desired spatialdensity (to document spatial variations

statistically)and the areal coverage (to increasethe chances for sampling

scatteredprecipitation),a networkof 36 sites with a basic site-spacingof

16 km and a higher densitycentral area was established,covering an area 80 x

80 km. The base network is shown in Figure 2. Most of the sites were located

on vegetatedfarm land or park areas, and all met standard criteria for loca-

tion of regional or backgroundsampling sites (Dana and Easter 1987).

The major samplingdevice at all sites was the computer-controlled

automatedrain sampler (CCARS). The CCARS is a battery-poweredcombination

recordingrain gauge and sequentialchemistrysampler, capableof providing

the time history of rainfall in O.25-mm increments,and up to nine sequential

• samples (stages)for chemicalanalysis. Each CCARS was programmedto sample

on a volume basis, most often for 2.5 mm per stage on the first eight stages.

• The final stage can contain up to 50 mm of rainfall. More detail on the

operation and capabilitiesof the CCARS may be found in Tomich and Dana

(1990).

Additional equipmentwas located at selectedsites. Site 82 (Delaware,

Ohio), which is the locationof a NationalAtmosphericDeposition Program

2
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(NADP)weekly monitoringsite, had two CCARS, a Belfortweighing rain gauge,

an AeroChem Metricswet-only monitoringsampler in addition to the equipment

associatedwith the NADP site, and a funnel-and-bottletype bulk collector.

Site 55 in the center of the network also had an additionalCCARS. These

second CCARS (designatedsites 155 and 182) were either operated in the major-

ion samplingmode as duplicates,or used to collect samples for hydrogen

peroxide analysis (with the derivatizationagent pre-administeredto sample

stages). Bulk collectorsand simple wedge rain gauges were employedat other

sites to provide duplicatemeasures for quality control. Aliqu_ts from

selected samples (both bulk and sequential)were treatedwith tetrachloro-

mercurate after collectionfor analysisof sulfur (IV) species.

Analyticalchemistryfor major ions and sulfur (IV) in rain and cloud

water samplesand aircraftfilter sampleswas performedat the PNL precipita-

tion chemistrylaboratory in Richland,Washington. At the time of the FBS,

the laboratoryroutinelyperformedanalysesfor the MAP3S precipitation

chemistrynetwork. Establishedqualityassurance/qualitycontrol procedures

for that projectwere adhered to for FBS samples (Dana and Barchet 1989; Dana

and Easter 1987).

Of the 16 missions that were flown during the FBS study, the missions of

October 10, 16, and 31 and November 7 offer the most completedata sets. For

this EPA study,we have chosen the experimentof October 10 (FBS 03), as being

the least complexmeteorologically. The synopticsituationwas one in which

the sampling grid was under the influenceof a warm sector air mass between

warm and cold fronts. This air mass producedshowers and thundershowersin

the vicinity of Columbus for a period of severalhours. Statistically,this

pattern could be expected to occur with a seasonalfrequencyof 4% to 6% in

spring, summer,or autumn (Barchetand Davis 1984).



DATA BASE

The followingsectionsdescribe the contentsof the data packets

compiled for this mission.

AIRCRAFT MEASUREMENTS

During the FBS series of experiments,the PNL G-I aircraft data acquisi-

. tion system was equipped to record (in volts) 24 real-timeair chemistry

samplingchannels onto tape. An additionalseven Loran navigational,air

speed, and wind velocity channelswere recorded (Table 2). Not all of these

channelswere in use during the FBS 03 experiment;Table 3 lists the opera-

tional channels that containusable data.

When the G-I data tapes are processedat PNL, calibrationsare applied

to the individualchannel_,c_a_es to adjust them to appropriateunits.

Channels for Altitude and k_20_,_e createdduring the processing. From the

Latitudeand Longitudechannels,a plot of the flight track is created.

During FBS 03, the channels for ultraviolet,CO, SO4, NOX, and NO were

inoperableor containeduncertaindata. The Loran channels for Wind Speed and

Directionwere not processedbecause data were unreliable.

Appendix A contains

• a descriptionof the structureof the valid aircraftdata containedon
disks FBSO3A and FBSO3B,which are availablefrom PNL

• plots of the processedaircraftdata

• any aircraftdata processingnotes

• a table of results from analysis of the aircraft filters.

w

PRECIPITATIONCHEMISTRYDATA

Precipitationand precipitationchemistrydata from FBS are of two

types" I) rainfall timing as recordedby the CCARS, and 2) resultsof

chemical analyses of the CCARS stages. The rainfalldata consistof the

timing of rainfall increments(about0.25 mm), from which rainfall rates and

rainfall amountsover any time intervalmay be calculated. The chemistrydata



TABLE2. Raw DataArchivedin the G-I AircraftDataAcquisition
SystemDuringthe U.S.Departmentof EnergyFrontal
BoundaryStudy!FBS03)

Acquisition
TltlO FormalN(LmQ $1_tus

cld.wtr CloudWater(g/m3) operational
• temp.rf Reverse r low Temlperature(deg C) "

uv UV Radiation(W/#) inoperable
pres Pressure (mb) operational

. temp Temperature (deg C)
dew DewPotnt (deg C)
bscat Aerosol Scattering (xlO'4/m) "
o3.a O. (ppb)
so2.a SOz (pp.b!
nox NOx (ppo) inoperable
noz.stat Status of NOz (volts)
noz NOz (ppb) operational (a)
cu CO (ppb) inoperable
h202.tot Total Peroxide (perox a) (ppb) operational
hzo'z.org Organic Peroxide (perox b) (volts) "
hzoz.stat Peroxide Status(volts)
cnc.a CNCA (counts)
cnc.b CNCB (exponent)
alog.20 Chan20 inoperable
alog.21 Chan 21
al og.22 Chan22
al og.23 Chan23

p_

no ,0 (ppb) dual with NO2(a)
dig.in.l DigitalInput1 inoperable
Iat Latitude(degrees) operational
long Longitude(degrees)
heading Heading(degreestrue) unrellable
speed TrueAir Speed(knots) operational
wind.dir WindDirection(degrees) unreliable
wind.speed Wind Speed(knots)
warn.codes LoranWarningCodes operational
alt Altitude(meters) created
hzo2 H,Oz (ppb)
no2+no N0z+NO(ppb)

(a) Outing FBS03, channel input alternated betweenNOz+NOand NO2.



T_ABLE3. Air Chemistryand NavigationParametersRecorded
by the G-I AircraftDataAcquisitionSystemfor
the U.S.Departmentof EnergyFrontalBoundary
Study(FBS03)

FormalName Statuson ]0/I0/89

Latitude(degrees) operational
• Longitude(degrees) "

Altitude(m) created
Pressure(mb) operational

• Temperature(degC) "
Dew Point(degC)
AerosolScattering(x10"4/m)
O. (ppb)
S_z (ppb) "
NOz (ppb)
NO_+NO(ppb) created
CNCA (counts) "
H_O2 (ppb) created ,
Cloud Water (g/m3) operational

are concentrationsof the majorinorganicspeciesby stage,nominally2.5 mm

of rainfall.When the rainfallwas intermittent,or at the end of rainfall,

the stagerainfallincrementwas less,as smallas 0.25 mm.

BecauseFBS 03 occurredearlyin the FBS series,the samplingnetwork

had not beencompletelyinstalled.Thus,spatialcoverageof precipitation

and precipitationchemistrymeasurementsis not as completeas for the

October17 and 31 and the November7 events. In AppendixB, the FBS 03 data

are presentedin four tables:

• samplingsitelocations

• the rainfalldata,includingrainfalltiming,rates,and cumulative
rainf_}l

• precipitationchemistrydatawith rainfalldata as aboveby stage

• eventtotalprecipitationand eventprecipitation-weightedaverage
concentrations.

Additionaltableslistdescriptionsof the datacolumnheadingsand formats

• for the computerfiles.

All data presentedherehavemet rigidqualityassurancecriteria;all

questionabledata have beeneliminated.Concentrationsof all chemical

speciesreportedin the eventand stagefilesare more thanten timeslarger

O



thandetectionlimitsand are consideredaccurateto _+10%.Eventaverage

concentrationsfor Na, C1, Ca, and Mg aremore uncertain(up to _+25%),because

of the occurrenceof below-detection-limitvaluesin somesamples.

METEOROLOGICALDATA

' The meteorologicaldata basefor FBS 03 is in AppendixC. Includedin

this appendixare
°

• a descriptionof the synopticconditionsfor 10 October1989

• surfaceand constantpressurelevelcharts,as available

• skewT plotsof the PNL rawinsondes

• a descriptionof the structureof the disk file(s)containingthe PNL
rawinsondedata,and otherdigitizedinformation

• hardcopiesof the rawinsondedata

• a time-serlesdiagramof clouds,weather,winds,temperatures,and
precipitationthatoccurredat ColumbusandMansfield,Ohio

• a catalogof the colorphotographsof theColumbus,Ohio,weatherradar
monitordisplayduringthe periodof the experiment.

9
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APPENDIXA

_AIRCRAFTMEASUREMENTS

This appendixcontains the graphicplots (FiguresA.I-A.16)of pro-I

ces_ed aircraft data. Plots of the aircraft flight track during FBS 03,

referencedto state boundariesand the surfacegrid, are included. An

expanded plot showingmore details of the 'figure8' pattern that was flown

northeast of Columbushas time marks that are close to the time of altitude

changes that were made during the flight. Aircraft directionarrows for some

of the flight legs are added.

PROCESSING NOTES

NO2+NO and NO2 Channels

During the FBS 03 flight, the channelfor NO2 was actuallyused to

record intervalsof both NO2+NOand NO2, a practice not normally followed

during the FBS experiments. Therefore,the aircraftdata have been separated

into two files, one for the periodswhen NO2+NOwere recorded and the other

for the periodswhen only NO2 was being recorded.

Negative Values

During periodswhen very low valuesof aerosol scattering,SO2, conden-

sation nuclei concentrations,and H202were encountered,there were occasions

when negative valueswere recorded by the data acquisitionsystem. In the

final processingof these four channels,all negative values were set to zero.

Averaqed Aircraft Data

The plots and disk files of the valid aircraftdata have been averaged

over and reportedat 1-s intervals. Instrumentzeros, calibrationexcursions,

and invaliddata were excised from the processeddata before the averaging for

the disk files was done.

A°!
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Disk File Structure

The averagedaircraft data, on two 3-I/2-in.disks in ASCII format, is

availablefrom PNL. Table Aol providesthe parameterranges and a hard copy

of a few records that show the structureof the ASCII disk files.

AIRCRAFT FILTER DATA

• Table A.2 lists the aerosoland gaseousconcentrationdata from the

aircraft filter analyses.

A.IB



TABLEA.|. Structureof the G-I AircraftData ChannelFileson DisksFBSO3A
and FBSO3B

Frontal Boundary Study 10110189
mission 03
data interval = 1 s
17 colu_ls
Ilour 8 10 (start ar_ and timm, GMT)
Minute 55 29
Second 28 59

'* -99 indicates missing or invalid data
Parameter with min value, max value, unit:
•latitude" 40.0465 41.1878 decimal degrees
• bongitude" -83.114 -81.83 decimal degrees
• Altitude" 263.1 4024.4 maters msl
"Pressure" 614.7 982.5 millibars

•Temperature" -11 17.5 dag C
• Dew Point" -11 10.7 deg C
"Aerosol Scattering" 0 2.54 xl0-4/m
"O3" 7.1 68.5 ppb
• S02" 0 39.67 ppb
"NO2" 0.7 24.7 ppb
"NO24NO ° 1.11 6.28 ppb
• CFC" 0 26059 counts
"H202" 0 1 ppb
"Cloud Water" 0.02 1.22 g/m3

H:/4M:SS Lat Long Air Press Tamp DP ' bsc 03 S02 NO2 HOx CNC H202 Ct/
9 30 12 41.0658 -82.4503 932.9 906.5 14.5 0.6 '0.20 57.5 13.46 -99.0 2.78 45.4 -99.000 0.06
9 30 13 41.0658 -82.4503 932.6 906.5 14.5 1.8 0.21 57.5 13.49 -99.0 2.81 45.4 -99.000 0.07
9 30 14 41.0658 -82.4503 932.3 906.5 14.6 I.I 0.20 57.5 13.48 -99.0 2.82 38.1 -99.000 0.08
9 30 15 41.0658 -82.4503 932.0 906.6 14.5 1.2 0.20 57.5 13.44 -99.0 2.82 38.1 -99.000 0.09
9 30 16 41.0658 -82.4503 931.4 906.6 14.6 1.5 0.20 55.2 13.45 -99.0 2.86 33.9 -99.000 0.09
9 30 17 41.0655 -82.4430 931.7 906.6 14.5 0.5 0.21 55.2 13.43 -99.0 2.89 33.9 -99.000 0.09
9 30 18 41.0655 -82.4430 931.4 906.6 14.4 1.7 0.22 55.2 13.42 -99.0 2.92 30.7 -99.000 0.09

9 30 19 41.0655 -82.4430 931.7 906.6 14.5 1.1 0.20 55.2 13.38 -99.0 2.89 30.7 -99.000 0.09
9 30 20 41.0655 -82 4430 931.7 906.6 14.5 0.9 0.20 57.5 13.32 -99.0 2.74 23.4 -99.000 0.09
9 30 21 41.0655 -82 4430 932.0 906.6 14.6 1.7 0.20 57.5 13.31 -99.0 2.59 23 4 -99.000 0.08
9 30 22 41.0655 -82 4430 932.3 906.5 14.5 0.6 0.20 57.5 13.30 -99.0 2.48 21 7 -99.000 0.06
9 30 23 41.0648 -82 4355 932.3 906.5 14.4 1.7 0.21 57.5 13.30 -99.0 2.53 21 7 -99.000 0.06
9 30 24 41.0648 -82 4355 932.9 906.5 14.6 1.4 0.20 53.6 13.27 -99.0 2.67 21 8 -99.000 0.07

9 30 25 41.0648 -82 4355 932.6 906.5 14.5 0.8 0.22 53.6 13.26 -99.0 2.76 21 9 -99.000 0.09
9 30 26 41.0648 -82 4355 932.6 906.5 14.6 1.7 0.22 53.6 13.24 -99.0 2.83 21 7 -99.000 0.09
9 30 27 4_.0648 -82 4355 932.9 906.5 14.5 0.6 0.21 53.5 13.22 -99.0 2.88 21.7 -99.000 0.09

A.19



TABLE A.2. G-I Aircraft Filter Sample Resultsfrom the Event
FBS 03 Experiment

Sampling Alt. --aerosol---
Period ft. [SO4] [NO3] [HNO_] [NH3]

GMT msl /_g/m3 /_g/m3 ppb ppb

0922-0952 3000 3.32 0.78 0.21 0.33
1013-1043 10000 0.75 0.07 0.04 0.37
1106-1136 5000 0.35 0.21 0.08 misg

Uncertainty + 0.08 0.04 0.01 0.5

A.20
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APPENDIXB

PRECIPITATIONCHEMISTRYDATA - FBS 03

• NETWORKDESCRIPTION

TableB.I liststhe networksamplingsitelocationsand coordinatesfor

• the map of activesitesin FigureB.I. Notethat sites155and 182 are co-

locatedwith sites55 and 82, respectively.The data fileFO3SILOC.TXT

containsthe tableand FO3SILOC.DOCdescribesthe data columns.

DataTables

I. FO3MEV.TXT--The RainfallData

TableB.2 (includedas FO3MOV.DOC)describesthe datacolumnsand
formatfor the rainfalldata.

2. FO3STMEV.TXT-- StageData

TableB.3 (FO3STMEV.DOC)describesthe data columnsand formatfor
stagedata. Thistableis similarto the rainfalldata table. The
differences:

• The stagerainfallratereplacesthe incrementrainfallrate;this
quantityis calculatedusingthe timesincethe firstrainfall
incrementwas recorded,ratherthan sincethe actualbeginningof
rainfall,whichis oftennot welldefined.

• The data rowscorrespondto data rowscoded2 or 3 in the rainfall
database;i.e.,the end incrementsof stages.

• Rainfallchemistrydata are addedto the data rows.

3. FO3EVP.TXT-- EventData

TableB.4 liststhe precipitation-weightedeventconcentrationsand
totalrainfall,and explainsthedata headingsand format(FO3EVP.DOC).
Only siteswith completeeventrecordsare included.
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TABLE B.I. Event FBS 03 Site Locations
(File FO3SILOC.TXT).

SITE LODEG LOMIN LADEG LAMIN X Y
12 83 4.0 40 56.7 23 91
14 82 52.2 40 55.8 40 90
16 82 43.2 40 56.9 53 92

" 18 82 31.2 40 56.6 71 91
21 83 15.9 40 46.2 6 72
22 83 4.8 40 48.3 22 76
24 82 54.6 40 47.2 37 74
26 82 43.3 40 47.4 :'53 74
28 82 30.6 40 48.6 71 76
29 82 18.1 40 48.0 89 75
35 82 46.2 40 42.6 48 65
41 83 15.6 40 39.6 7 60
42 83 4.8 40 39,6 22 60
44 82 53.0 40 39.0 39 59
46 82 41.5 40 37.8 56 56
48 82 32.0 40 39.0 69 59
49 82 20.4 40 38.4 86 57
53 82 58.8 40 34.8 31 51
55 82 46.8 40 36.0 48 53
57 82 36.4 40 36.0 63 53
61 83 15.5 40 29°4 7 41
62 83 3.5 40 31.2 24 44
64 82 51.2 40 31.2 42 44
66 82 43.3 40 29.4 53 41
68 82 31.8 40 30.0 70 42
69 82 23.4 40 31.2 82 44
75 82 46.9 40 27.0 48 37
81 83 16,4 40 21.6 5 27
82 83 3.5 40 21.6 24 27
84 82 52.5 40 21.6 40 27
86 82 42.6 40 21.6 54 27
88 82 30.6 40 19.8 71 23
89 82 20.4 40 21.0 86 25
92 83 4.6 40 12,6 22 10
94 82 51.6 40 13.2 41 11
96 82 40.8 40 12.0 57 9
98 82 30.0 40 13.2 72 11

155 82 46.8 40 36.0 48 53
182 83 3.5 40 21.6 24 27
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TABLEB.I. (contd)

Header .escription and format.

1 2 3 4 5 6 7
SITE LODEGLOMIN LADEGLAHIN X Y

COL. COL.
NO. NAMEFORMATDESCRIPTION UNITS

! SITE I7 SITE NUMBER
2 LODEG 17 LONGITUDEDEGREESE DEG
3 LOMIN F7.1 LONGITUDEMINUTESE MIN
4 LADEG I7 LATITUDEDEGREESN DEG
5 LAHIN F7.I LATITUDEMINUTESN MIN
6 X I7 HAPX COORDINATE KM
7 Y 17 HAPY COORDINATE KM
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TABLEB.2. HeaderExplanationand Formatfor RainfallDataBase FO3MEV.TXT.

I 2 3 4 5 6 7 8 9
STG DMP DHR TDI DMPPDMPJ CUMPSITECODE

COL. FOR-COL.
NAME MAT NO. DESCRIPTION UNITS

| lll|llmlllmmml.lWlOm|m|ml_mll|llll|Immlmmlmm|lOm_llmlmUlm|!

STG 17 I CCARSSTAGENUMBER(I-9);OR, --
IF > 9, ROW IS A RAINEND OR RAINRESUMPTION TIME

• DMP 17 2 CCARSWITHIN-STAGERAINFALLINCREMENTNUMBER, --
EXCEPTWHEN "STG"> 9

DHR F7.2 3 TIMEOF DAY OF ENDOF DMP GMT
TDI F7.2 4 TIMEOF END OF DMP SINCETIMEOF FIRST HR

"DMPP"RAINRECORDED
DMPP F7.2 5 INCREMENTPRECIPITATION. MM
DMPJ F7.2 6 RAINFALLRATE FOR INCREMENT MM/HR

FOR INCREMENTSCODEDI, RATE IS MEASURED
FROMTIME OF CCARSLIDOPENING

CUMP F7.2 7 CUMULATIVEPRECIPITATIONFOR SITE MM
SITE 17 8 SITE NUMBER(SEELOCATIONSFILE) --
CODE 17 9 1 - END OF FIRSTINCREMENTOF RAIN AT SITE --

2 - END OF CCARSSTAGE
3 - ENDOF RAINAT SITE
BLANK- INTRA-STAGERAIN INCREMENT
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TABLEB.3. Header Description and Format for Stage Data FO3STMEVoTXT.

1 2 3 4 5 6 7 8 9 10 11 12 13 14
STGDMP DHR TD1DMPPSTGJ CUMPSITE CODES04 NO3NH4 Ca H+

COL. FOR-COL.
NAMEMAT NO. DESCRIPTION UNITS

STG I4 1 CCARSSTAGENUMBER(1-9) --
DMP I4 2 NUMBEROF CCARSRAINFALLINCREMENTS --

• IN STAGE
DHR F6.2 3 TIMEOF DAY OF END OF STAGE GMT
TDI F6.2 4 TIMEOF END OF STAGESINCETIMEOF FIRST HR

"DMPP"RAINRECORDED
DMPPF5.2 5 LASTINCREMENTPRECIPITATION MM
STGJF5.2 6 RAINFALLRATEFOR STAGE,BASEDON TD] TIMING MM/HR
CUMP F6.2 7 CUMULATIVEPRECIPITATIONFOR SITE MM
SITE 14 8 SITENUMBER(SEELOCATIONSFILE) --
CODE 14 9 2 - ENDOF CCARSSTAGE _.

3 - ENDOF RAINAT SITE
S04, 14 10-14STAGECONCENTRATIONSOF CHEMICAL uM

SPECIES
0 - Al OR BELOWDETECTIONLIMIT
-99- MISSINGOR NO-RAINPERIOD
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TABLEB.4. EventData for File FO3EVP.TXT

I 2 3 4 5 6 7 8 9 10 11 12
SITE X Y P S04 NO3 H NH4 Cl Na Ca Mg

14 40 90 11.3 34 53 51 48 9.6 2.4 12.6 2.9
16 53 92 8.2 40 53 52 59 15.2 1.4 19.7 5.3
24 37 74 6.5 41 54 36 85 13.0 3.5 17.5 4.3

' 26 53 74 8.4 31 39 43 47 10.7 1.0 11.9 3.0 ;1
35 48 65 7.5 32 43 32 40 11.3 3.1 20.9 5.2
44 39 59 6.3 33 44 39 35 12.3 3.1 18.4 5.0

' 53 31 51 7.4 39 52 17 43 10.5 1.6 30.6 11.5
55 48 53 9.2 33 41 33 38 8.8 1.9 16.1 4.5
62 24 44 7.6 36 47 21 41 9.6 1.7 28.1 8.4
66 53 41 12.1 31 34 38 43 9.7 1.1 11.5 2.7
68 70 42 7.3 29 29 26 44 5.5 1.2 10.7 3.3
82 24 27 8.0 39 49 57 51 5.6 2.1 15.8 2.6
88 71 23 9.6 29 35 41 42 3.8 1.9 9.0 2.0
92 22 10 14.6 36 44 39 56 2.9 0.7 13.6 3.2
94 41 11 11.6 34 37 38 49 4.1 1.6 9.6 2.5
96 57 9 9.4 35 38 3 78 5.5 6.3 17.2 3.1

Headerdescriptionand formatfor eventdata FO3EV.TXT

1 2 3 4 5 6 7 8 9 10 11 12
SITE X Y P S04 NO3 H NH4 C1 Na Ca Mg

COL COL
NO NAME FORMAT DESCRIPTION UNITS

....w--.....--....--....--.------------------'--'m'''''''''"

1 SITE I5 SITE NUMBER
2 X I5 MAPX COORDINATE KM
3 Y I5 MAPY COORDINATE KM
4 P F5.1 EVENTPRECIPITATION MM
5 S04 15 SULFATECONCENTRATION uM
6 NO3 15 NITRATECONCENTRATION uM
7 H 15 HYDROGENCONCENTRATION uM
8 NH4 15 AMMONIUMCONCENTRATION uM
9 Cl F5.1 CHLORIDECONCENTRATION uM
10 Na F5.1 SODIUMCONCENTRATION uM
11 Ca F5.1 CALCIUMCONCENTRATION uM
12 Mg F5.1 MAGNESIUMCONCENTRATION uM
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APPENDIXC

METEOROLOGICALDATA

. The followinginformationis presentedin this appendix:

• a narrativeof the synopticconditionsoverOhio on 10/10/Bg

' ® a map (FigureC.I),showingthe sequential3-hourlysurfacefrontal
positionsfor the period0000-2100GMT, IO/IO/Bg

• contourplotsof 850, 700,500, and300 mb constantpressuresurfaces
for 10/10/89(FiguresC.2-C.B)

• TableC.1, a compositetime-seriestableshowing

- precipitationperiodsand hourlyamountsat Columbus(CMH)and
Mansfield(MFD),Ohio,and compositeprecipitationperiodsfor the
northand southgrid sites

- hourlydeterminationsof sky cover,cloudtype,cloudbaseheight,
and precipitationtype for CMH and MFD,and the averageheightof
the precipitationcellsas determinedby the CMH radar

- hourlywind velocitiesat CMH andMFD

- a timebox identifyingrawinsondereleasetimes,radarimage
recordings,andthe G-I aircraftflightperiod

- a legendto interpretthe meteorologicalsymbolsand abbreviations

(Themeteorologicalinformationin TableC.I has beendigitizedand put
on an encloseddisk. The structureof this fileis showninTableC.2.)

• skewT plotsof the rawinsondedatafor 0730,1000and 1400GMT (Fig-
ures c.g, C.I0and C.11). Hardcopy andASCIIdisk filesof the edited
rawinsondedataare includedin this packet. TableC.3 describesthe
structureof the rawinsondefiles. A crosssectionof the potential
temperaturestructurefromAtlanticCity,New Jersey,to Topeka,Kansas,
using1200GMT rawinsondedata,is shownin FigureC.12.

• • a set of photographicprints,made at approximately15-minintervals,of
an enlargedportionof the northernsectorof the monitorscreenfor the
CMH weatherradar. A catalogof the prints,and a briefguideto

. interpretingthe photographsis included.
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SynopticWeatherPatternand ConditionsforOctober10, 1989
Columbus,OH FBS ExperimentNo. 3

The warm frontfroma weathersystemthatwas locatedwest of Ohioearly

in the day,passedthroughthe Columbusarea at about0600GMT (0200EDT),and

by 2100GMT was locatedfromsouthernLakeHuronto westernLake Ontario

(FigureC.l). The cold front(at0600GMT)was locatedalonga lineextending

fromnearChicago,Illinois,southwestwardacrossthe state,thennorthof
t

St. Louis,Missouri,to the panhandleof Texas. The low pressurecenter

associatedwith thisweathersystemwas locatedovereasternWisconsinat this

time. Aloft,a troughof low pressureextendedfromLakeSuperio)_to

Arkansas.

Duringthe day the lowmovedeastwardto be over LakeHuronby 2100GMT,

and at thattime the coldfronthad just passedColumbus.The cold frontwas

weakeningand becominghardto identifysouthof Ohio. Thus,from about

0600GMT until2100GMT the Columbusareawas experiencingweatherassociated

with thewarm sector,betweenthewarm and coldfrontsof this system.

No precipitationfromthe overrunningcloudinessin advanceof thewarm

frontwas reportedat Columbus,but lightrainshowersdid beginat Columbus

in the warm sectorair at 1020GMT.Theseshowerswere indicatedon the

Columbusweatherradaras a wideband of mostlylevel1 echoesthat approached

Columbusfromthe west. Theseshowerswere confinedto the warm sectorair.

Followingthis firstmajorbandof precipitation,subsequentradarechoes

showeda continuingseriesof narrowbandsof showersand thundershowersthat

developedin westernOhio and thatwouldthenmoveeastwardover the Columbus

area. Thisweatherpatternpersisteduntilshortlyafternoonlocaltime

(1725GMT). A few thunderstormsembeddedwithintheseprecipitationbands

were evidentfromthe Columbusweatherradar. Basedon radarobservations,

the precipitationthatfellon the samplinggridoccurredbeforethe arrival

. of the cold front. The coldfrontpassedColumbusat about2030 GMT.

From0900to 1315GMT,one researchaircraftflightwas made overand

• nearthe samplingnetwork;the aircrafttookair samplesat 3000,5000,and

10000feetMSL. In addition,a stepped-profilefrom3000 to 13000feetwas
flown.
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On the surfacenetwork, sequentialsampleswere collectedat 23 sites; pre-

cipitationamounts at the sites averaged 10 mm during the period 0800-1700

GMT.

. OOGMT

21

3MT

21 GMT

18

15GMT

GMI"

GMT

S9112025.2

FIGURE C.l. Three-HourlySequentialPositionsof the Midwest FrontalSystem
on October I0, 1989
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FIGUREC.2. Contour Plot of 850-mb Height (m*lO, dashed line) and Temperature
(oC, solid line) at 0000 GMT, October 10, 1989
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FIGUREC.33. ContourPlot of 700-mbHeight (m*lO, dashedline) at 0000 GHT,
October10, 1989
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FIGURE C.4. Contour Plot of 500-mb Height (m*lO, dashed line) and Vorticity
(s -1, solid line) at 0000 GMT, October 10, 1989
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FIGUREC.5. Contour Plot of 850-mbHeight (m*lO, solid line) and Temperature
(oC, dashed line) at 1200 GHT,October 10, 1989
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FIGUREC.6. Contour Plot of 700-mbHeight (m*IO, solid line) and Mean
Relative Humidity (*10%, dashedline) at 1200 GMT,

, October10, 1989
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FIGUREC,7. Contour Plot of 500-mbHeight (m*lO, solid line) and Vorticity
(s "1, dashed line) at 1200 GHT,October 10, 1989
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FIGURE C.8. Contour Plot of 300-mb Height (m*]O, solid line) and Wind Speed
(K=kts,dashed line) at 1200 GMT, October 10, 1989
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DESCRIPTIVELEGENDOF SYMBOLSAND ABBREVIATIONSIN TABLEC.1

CATEGQRY:CLOUDLAYERS.Ct.OUDTYPE

SYMBOL MEANING
(1) 1 to S tenthsskycover
® 6 to g tenths sky cover

. (B 10 tenthsskycover
X Sky obscured

St Stratusclouds
" Sc Strato-cumulusclouds

StFra Stratus-fractusclouds
Cu Cumulusclouds
CuFra Cumulus-fractusclouds
Cb Cumulo-nimbusclouds
Ac Altocumulusclouds
As Altostratusclouds
Cs Cirrostratusclouds
Ci Cirrusclouds

CATEGORY:WEATHER

SYMBOL MEANING
F Fog
R Rain
RW Rainshower
T Thunderstormwithoutprecipitation
TRW Thundershower

b Minuteafterthe hourthatprecipitationbegan
e Minuteafterthe hourthatprecipitationended
- + Precipitationintensity(- = light,= moderate,

+ = heavy)
WFROPA Warmfrontpassage
KFROPA Coldfrontpassage
LTGIC Lightningin cloud
LTGCG Lightningcloudto ground

CATEGORY:TEMPERATURE& WIND

SYMBOL MEANING
G ' Windgust,i.e.09G12= speedOgm/s,guststo 12m/s

CATEGORY:RAWINSONDES, RADAROBSERVATIONS& AIRCRAFTFLIGHTS

SYMBOL MEANING
R nn ' PNLProjectFBSsequentialrawinsondenumber

- Tape nn PNLrecordedweatherradaraudio/videotape number
G-I PNLGulfstreamG-I aircraftflightperiod
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FBS08HOURLY_.:ATHER COLUMBUSN_IO_, OHIO

DigitizedFormof WeatherParametersin TABLEC.I.

C.13
-



TABLE C.2. Structure,Read Format, and Symbolic Interpretationof Electronic
File ContainingHourly WeatherObservationsTaken at Columbus and
Mansfield,Ohio, on October 10, 1989

_ FOR_T [XPLANAIION

| 8lank
Z-4 Station td A3 ColdAbus• CNH.Nansftild • MFD alpha
S-10 Date 16 Oite • YW)tOOA

11-15 Tim IS GMTo24hour clock
16-20 CotItn9 F5.[ Height of lowest cloud layer with ka

) S/lO sky coverage.
21-2S Cloud layers IS blink-clear

l-th|n lCattered
, |•scattered: (1 to S tenths sky covered)

4•tht n broken
S.broken: (6 to 9 tenths sky covered)
7•thin overcast
O-overcast; () | tenths sky covered)
| in Col,25,Sky pertly obscured: fog,snow
2 in Col .2S-Sky totally obscured " "

26 Thunderstorm I1 l-thunderstom, 3start•de
|•heavy thunderstorm

El bin II |,light (.Z to |.7 w_/hr)
|qoderete (2.8 to 7.6 m_lhr
3-heavy (more thin 7.7 m_lhr)
4,light rain shower
Smnoderaterain shover
|•helvy rltn shover
7-light freezing rain
8qlxlerate "
li,heavy " "

28 Drizzle a1 4,1 ight driz_,le
S,_oderate drlzzle
6,heavy drizzle
7,lloht freezing drizzle
li,moderate *
O.h*avy " "

29 Frozen 11 1,1ight ice pellets
prectp. Zmoderate "

3=heavy " "
4,1ighthall
Smoderate "
S-heavy "
?,lightsofthall
O,la0derete "
li=heavy

30 Fog 11 l • fog
Z-ice fog
3•ground fog

31-35 Wind vel. 15 Oar • I min. avg to nearest 10° dog. dog
Speed• I minuteaverage mls

)6-40 Vlndgust IS Speed_brJs_ avg duringpast 10mis. m/s
41-46 Taq)erature F5.I Waist temperature oC
46 Isr old lyr 11 Type of cloud (lowest cloud layer)

l-fog 6-81to stratus
|-stratus 7qlto cuDJ1us
last ratocmul us it-cSrrus
4-cun_lus |=ct rrc stratus
S,c_lontmbus

47-S0 |st lyr ht F4.1 Height of lowest cloud base km
S! Znd cld type 11 Type of cloud (second cloud layer)
SZ-SS |sd lyr ht F4.! Height of second cloud llyor ball
66 3rcl cld type I1 Type of third cloud layer
ST-li0 ltd IF ht F4.1 Height of third cloud layer base ion
11-65 bder ht FS.l Aiderht Of avg 1avast reincell tops lm

• 156-70 Ibider ht FS,1 Aickir ht of avg highest rain cell tops km
?1-75 Aider ht FS.I Aider ht of maximumrain cell tops tm
76-80 #mount FS.l Hourly precipitationmount mm,

50-trace (¢ .I nn)
Deees._e ° es. Canoes. e eseesemolooo_--toeeem_'eee_Be'aiDeel _eee_e_et _8eee_ae

" H9 • Missing"dite
Aiecl Fo_t:

FOAMAT(I x, A3.16. l S.FS.|. ;_.SI _.|I S.FS.1.$(I 1.F4.1) .4FS. 1)
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FIGURE(;.9. Plot of Columbus, Ohio, Rawinsonde Taken at 0730 GHT, October 10,
1989
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TABLEC,3. Structureof the RawinsondeData Files

FBS OCT 1989 RAWINSONDE DATA FILE DOCUMENTATION AND FOR_T

DATE FBS NO. RELEASE TIME(GMT)

Oct. 20 R02 0730
Oct. I0 R03 I000

' Oct. i0 R05 1415

P_TER LIST

DATE Date/Station ld.
TMDAY Time (GMT)
PR=MB Pressure (mb)

DT=DC Dry Bulb Temperature (deg. C)
RH=PC Relative HUmidity (%)
PT=DC Potential Temperature (deg. K)
DW=DC Dew Point Temperature (deg. C)
PHT=M Balloon height (meters, MSL)
AZ=DG Azimuth (degrees, true north)
EL=DG elevation angle (degrees from horizontal)

BS=MS Wind Speed (meters/second)
BD=DG Wind Direction (degrees, true north)
HS=M Mean Wind Height (meters, MSL)
AR=MS Balloon Ascent (.) /Descent (-) (meters/second)

{}ATE _IWDAy PR=HB DT=DC RH-PC PT=DC EW,DC PHT=N AZ=DG EL-DO BBmHS BD=DG H8=H AR=H
101011 095855 966.4 11.58 57.6 287.53 3.50 246. 170.50 O.OO 8888.88 0888.9 8889. 0888.88
101011 095923 902.6 10.90 08689600 285.48 88089888 269. 79.92 25.02 O.O0 263.0 255. 1.05
101011 095928 903.4 11.33 50.2 285.74 3.32 262. 79.92 25.03 0.00 263.0 255. -1.46
101011 095943 983.4 10.90 56.9 285.49 2.70 270. 79.92 25.02 0.00 263.0 255. 0.58
101011 095947 984.5 10.90 57.0 285.32 2.73 253. 79.92 25.02 0.00 263.0 255. -3.62
101011 095952 984.6 10.87 56.7 285.28 2.63 252. 79.92 25.02 0.00 263.0 360. -0.23
101011 095957 949.1 10.99 56.1 288.42 2.50 252. 79.92 25.02 0.00 263.0 260. 8088.68
101021 100002 980.0 11.02 57.0 285.82 2.83 252. 79.92 25.02 0.00 263.0 260. 8800.88
101011 100007 985.9 11.32 56.8 295.62 3.06 240. 79.92 25.02 0.00 263.0 260. -0.79
101011 10001) 900.1 11.31 57.2 206.09 3.16 289. 79.92 25.02 0.00 263.0 260. 10.29
101011 100016 984.4 11.11 57.2 265.54 2.96 254. _3.60 25.02 o.oo 263.0 260. -7.49
101011 100021 985.1 11.01 57.1 205.38 2.04 247. _9.50 25.02 0.00 263.0 249. -1.31
101011 100026 984.5 10.97 57.1 285.39 3.02 252. 55.90 25.02 0.00 263.0 249. 1.01
101011 100030 905.4 10.94 57.1 285.29 2.60 245. 38.48 25.02 0.00 263.0 349. -1.57
101011 100035 981.2 10.87 57.3 285.57 2.76 261. 29.01 32.19 0.00 263.0 249. 1.57
101011 100045 908.9 11.06 57.0 385.13 2.87 215. 29.81 40.23 0.00 263.0 349. -6.83
101011 100050 982.9 11.05 56.5 205.61 2.71 266. 26.73 40.23 0.00 263,0 257. 10.76
101011 100054 978.4 10.80 56.5 285.73 2.49 304. 9.96 40.46 0.00 263.0 257. 8.00
101011 100059 975.2 10.57 56.7 205.76 2.34 331. 9.98 40.46 0.00 263.0 25?° 5.67
101011 100104 972.1 10.37 S6.5 285.82 2.11 358. 9.96 40.42 0.00 263.0 257. 5.53

Note: Missing data are indicated by 8B88BBBB, 88B8.B8, 8889., etc.

,d5
t,.lO



500

.a700
,--

E

8OO

900 288

ooo ! !
456 532 429 520 407

Topeka Peoria Daylon Pittsburgh AtlanticCity
KS IL OH PA NJ

FIGURE C.12. Cross Section of PotentialTemperature(=K) from Atlantic City,
New Jersey,to Topeka, Kansas, for 1200 GMT, October 10, 1989
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COLUMBUS,OHIO WEATHER RADAR
CATALOGOF SELECTED PHOTOGRAPHS

OCTOBER I0, 1989

GMT+ REMARKS
1122 Referencephoto. Has backgroundand range rings.
0720 No level I blanking.No range rings unless indicated.
0746 "
0801 "
0815 "
0831 "
0844 "
0858 "
0915 "
0930 "
0942 "
0959 "
1015 "
1043 After 1043 GMT, second photo has level 1 blanked.
1058
1122
1124
1132
1148
1200
1214
1230
1245
1259
1318
1331
1344 #1 No zoom. Incompletesweep.
1344 #2
1402 Antenna elevationraised to 1.70.
1415 Note level 3 echo just south of grid.
1429
1445
1459
1514
1530 Backgroundon.
1544 No photo with level 1 blanked.
1559
1613
1629
1640
1644
1646 Last photo of series.
Notes:
1. Range ring spacing is 25 nauticalmiles.
2. GMT+ is transmissiontime of 2 minute antenna sweep.
3. See accompanyingpages for more informationon print

interpretation.

C.20



COLUMBUS,OHIO WEATHER RADAR
CATALOGOF SELECTED PHOTOGRAPHS

OCTOBER _0, _989

TAPE LVL LVL REMARKS
COUNTER GMT+ I 2 (GMT+ is transmissiontime of 2 min. scan)

" (LVL 2 - Level 2 & greater. Lvl I - all
levels)

m

. 0720 * Zoom No range rings
0746 * " "
0801 * " "
0815 * " "
0831 * " "
0844 * " "
0858 * " '°
0915 * " "
0930 * " "
0942 * " "
0959 * " "
1015 * " "
1043 * * " " El. 0.7
I05B * * " " 0.3
1122 * * " "
1122 " Backgroundand range rings only
1124 * * " No range rings
1132 * * " "
1148 * " " End of first roll

114B * * " "
1200 * * " "
1214 * * " "
1230 * * " "
1245 * * " "
1259 * * " °'
1318 * * " "
1331 * * " "
1344 * Full scale; -2000 sweep
1344 * * Zoom No range rings
1402 * * " " El. 1.7
1415 * * " ", Level 3 echo north of CMH
1429 * * " " End of second roll

. ]429 * " "
1445 * * " "
1459 * * " "
1514 * * " "

" 1530 * * " " Backgroundon
1544 * " "
1559 * * " "
1613 * * " "
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COLUMBUS,OHIO WEATHER RADAR
CATALOG OF SELECTED PHOTOGRAPHS

OCTOBER 10, 198g

TAPE LVL LVL REMARKS
COUNTER GMT+ I 2 (GMT+ is transmissiontime of 2 min. scan)

• (LVL 2 - Level 2 & greater. Lvl 1 = all
levels)

• 1629 * * Zoom No range rings
1640 * * " "
1644 * * " "
1646 * * " " End of third roll
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RADARPRINTINTERPRETATION

Thereis a coloredheaderon each printthatcontainsthe following

information:

!gJ2_.L_I_(leftto right)

CMH Stationi.d.;CMH- Columbus,Ohio
10/10 Currentmonth/dayGMT

, hb:mm Transmissiontimehour:minuteGMT
Colorbars

Lightgreen Level], lightestprecipitationecho.
Dark green Level2
Lightyellow Level3
Darkyellow Level4
Lightred Level5
Dark red Level6, heaviestprecipitationecho.

EL: dd.d Radarantennaelevationangleaboveth_
horizontal.Normalelevationis-00.5v.

88:88 Not used.
R:nmi Distance to outside range ring in nautical

miles from CMH. For nearly all the included
photographsR-IO0, and that will be the ring
segmentmost often shown.

Se.condLine(left to right)

MnDnInDIA Memorybank and display status information.

GENERALINFORMATION

The print for ]122 GMTis a reference print that has no precipitation

echoes, but rather showsportions (at the zoomscale), of the 25, 50, 75, and

100 n. mi range rings, and the location (+) of the following Ohio stations:

TOL - Toledo 21G - Marblehead 27G - Lorain
CLE - Cleveland FDY - Findlay (A)OH- Lima
MFD - Mansfield MNN - Marion

For the radarphotorecordbetween1043to 1646GMT on October10, 1989,

usuallya pairof printsare included.One printwill showthe echoesfrom

all precipitationintensities,Levels] through6. (LevelI echoesmay

includeprecipitationthatdoes not reachthe ground.) The secondprintof
w

the pair has the LevelI echoesblankedout to moreeasilyshowwherethe

cellsof greaterthanLevelI intensitywere located. Exceptfor the radar
,.,.,p.._ .,.C 1 A 1 I_ ¢_IUlT . .I.._. ! .... 1

_,==pu, _ ,,-,,,w,,=,=a L=v=,3 cell...."_,ur_,of CHM made a very brief

appearance,all radarechoesin the photographicrecordperiodwere LevelI or
Level2.
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Grease pencil lines were drawn on the monitor screen to approximately
outline the 80- x 80-km surface sampling grid. The lines may not showin dark

areas of the prints, but the western boundaryof the grid can be seen on the

print for 1015 GHT, and the entire grid can be faintly seen on the 1058 GMT

Level 2-6 print. The Level 1-6 print for 1245 GMTshowsthe grid against an
• echo background. There are someslight differences in scale of the prints

becausecamera to screen distance was not always quite the samebetween

. photographic sessions.

Oneof the photographs for the 1344 GMTsweepis at non-zoomscale.

Thoughthe radar antenna sweepwas not complete for this particular image, the

full precipitation echo pattern north andwest of CMHis shownout to 100 n.

mi. and the banding of the precipitation cells is evident. The yellow Level 3
echoesat the center of the scan are the results of ground clutter at CMH.
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