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() A CASE Sl'tiDY EVALUATION OF SATELLITE-DERIVED RAINFALL ESI'IMATES 
AND THEIR APPLICATION 'TO NUMERICAL MJDEL ffiECIPITATIO~ FORECASI' VERIFICATIONl 

Glenn A. Field 
National Weather Service Forecast Office 

Milwaukee, Wisccnsin 

ABSTRACT. Satellite-derived precipitation estimates are 
carputed am then evaluated using a dense network of cooper
ative d::>server rain g3.uge reports as the verification. The 
feasibility of using these satellite rainfall estimates to 
evaluate numerical model precipitation forecasts is investi
g:tted. The correspondence between the nurerical model 
forecast and the observations also is assessed. 

The satellite rainfall estimates are produced every half 
mur for the 24-mur period starting 1200 GMI', July 20, 
1981. They are canputed using the operational Scofield
Oliver Cbnvective Rainfall Estimation Technique en the 
University of Wisccnsin's Man-catputer Interactive Data 
Access System (MciDAS) (SUani et al., 1983). A severe 
weather rutbreak occurred 01er );arts of the southern Midwest 
during this period arrl significant rainfall rurounts were 
d:lserved. M:lre than 300 cooperative d:>server rain g3.uge 
observations nade during the sane tine period as the esti
nates are canpiled. The MciDAS analysis procedure prrNides 
estimate values assigned to grid points spaced 22 km a).:Brt. 
The rainfall d:lservations, h::Mever, are at irregularly 
located positicns. In order to be able to objectively 
evaluate the estimates, the d:lservaticns are interpolated to 
the sane grid points as the estimates using a minimum of 
SIIOOthing. Difference fields then are evaluated. 

The nurerical model evaluated is an Australian nesoscale 
model referred to as the Subsynoptic Scale Jlbiel (SSM) • Its 
24-l:Dur precipitation forecast is examined for the sane tine 
period as the satellite estimates am groun:i-based d:>serva
ticns. The horizontal resolution (134 km) and nap projec
tion of the SSM are much different than for the estimates 
am d:>servations. A regridding and interpolation schare is 
employed, which allows the Sl:M m:xl.el to be d:ljectively 
evaluated on a carm:n grid with the estimates am d:lserva
tions. 

The results sh::M that the satellite estimates CCI['pU"e very 
favorably with the d:>servatians, especially with reg:trd to 

1 This is a reprint of Mr. Fields' Master Thesis fran the University of 
Wisccnsin-Midison which was supervised by Professor David D. lbughton. 



location of rainfall rraxina, It is sh<:::Mn that the orienta
ticn of the rraxina and minina axes in the contoured estirrate 
field is in good agreerrent with the cbservations and radar 
reports. As would be expected, this agrearent :inprrn-es with 
higher amo.mts of snoothing. There are rrany app3.rent 
overestinates, for which several plausible explanations are 
given. Sane displacerrent errors are cbserved and it is 
sl= hc:M snell location errors can lead to large errors in 
a gridded difference field. 

By using satellite estinates as part of the SSM rro:l.el veri
fication, this study suggests a Il8'l application for the use 
of the Scofield-oliver technique, Unfortunately, the SSM 
rro:l.el fails to accm:ately predict convective precipitation 
in this case study. It's forecast precipitation area is too 
far to the north and the annmts are Iffilch too snell. Never
theless, the feasibility of using satellite estinates to 
verify the rro:l.el is daronstrated. It is shc:Mn toot the 
potential exists for cperationa.l rnmerical (mesoscale) 
rro:l.eling to benefit by laving such satellite verification 
infmmation for precipitation which can be produced in near 
real-tine. 

I. INIRODUcriON 

One of the Il8'lest and I!OSt exciting topics within the field of satellite 
rretecrology is precipitation estination. Since 1978, the Syn:Jptic Analysis ") 
Branch (SAB) of the National Environmental Satellite, Data, and Infonnation , 
Service (NE'SDIS) has been responsible for providing the National Weather Service 
(N'i"S) and other users with real-tine estinates and short-range forecasts of 
precipitation fran satellite pictures. The operational estimates are carputed 
for iniividual oounties using the inproved Scofield-oliver Cbnvective Rainfall 
Estination Technique, with the help of IFFA, the Interactive Flash Flood 
Analyzer. These estinates, when used in conjuncticn with loc:iii radirs, provide 
tinely rainfall infonraticn and are instrurental in the issuance of flash flood 
watches and warnings, which save lives and propert:y. Througlnlt this p:tper, one 
should not lose sight of the fact that satellite precipitation estinatian is 
truly CIIBZing, considering that infonnatian fran satellite pictures taken !!Ore 
tlan 22,000 miles in Sp:tce is being used to nake zainfall estinates for areas as 
snell as an in:lividual oounty. 

Because the SCOfield-oliver technique is designed specifically for oonvec
tive events, its application is most appropriate for what are tented "mesoscale" 
(or sub-synoptic scale) systans. These oould range fran a large rresoscale 
convective carg;>lex (MX) covering a few states to individual thunderstonn 
clusters. Much attention has focused an prcblans of the rresoscale in the p:tst 
decade, yet a canprehensive theory reg;.rding the nature of rresoscale phenanena 
is still lacking. This is nainly because there is an "inadequate understanding 
of the peysical and dynamical processes associated with the phenanena ••• and 
because a suitable cbservatianal systen dces not exist" (Ray, 1986). In an 
effort to gain an understanding of what actually occurs an the mesoscale, numer
alS field research experirrents lave been con:lu::ted (such as AVE, CXDPE, CYO.FS, 
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SESAME, and SIDRM). M3.ny of these experiments oollected much needed data with a 
better temporal a.rrl S:~Etial resolution than is nornally available. Similarly, 
as rs< empirical ell'idence regarding mesoscale systems has been gained fran 
satellite imagery, the original Scofield-0liver Convective Rainfall Estimation 
Technique, developed in 1977, has undergone several m::xiifications. For example, 
the original technique was designed for tropical-type systems with high trcpo
:fEUSes and high precipitable water values. However, it was mticed that sane 
reavy rainfall ell'ents went unestimated because they bad relatively wann tops in 
the enhan::ed infrared <DES imagery. In 1982, the technique was m::xiified by 
Spayd and Scofield to include heavy localized rainfall fran "wann-top" ell'ents in 
the satellite imagery (Spayd, 1982). Other empirical oorrection factors, such 
as for overshooting t:cps, thunderstonn cluster or line mergers, stationary 
stonns, mean environmental relative lrumidity, and precipitable water have been 
developed reoently and are discussed further in Chapter III. 

Alt:h:mgh mt discussed in this :fEper, it should be mted that microwave 
frequencies also have been used to estimate precipitation fran satellites. 
(lbwever, they ·are not as yet used in an operational node.) Acoording to 
Spencer et al. (1983b), "Microwave metlods are =re direct [than Visible/IR 
meth:Jds] because the micrc:wave radiation UJ;Welling fran the earth is affected 
110re by rain drops than by clcud droplets." For 110re info:maticn en microwave 
satellite precipitation estimation, see referen::e list for articles by: Weinman 
and Guetter, Spencer, Spencer et al. , Hood and Spencer, and Ferraro et al. 

The first rrain g:al of this :fEper is to dem::nstrate the use of the NESDIS 
Operational Scofield-oliver Convective Rainfall Estimation Technique by ccm
puting estimates for a convective e<~ent that oc=red CNer the southern Midwest 
in July, 1981. Forty-eight grids of half-hourly precipitation estimates are 
added together to nake a 24-hcur total. 

The next rrajor section of this :fEper presents the verification of these 
csatellite-derived estimates. Because of the often short-lived and localized 
nature of convective stonns, verification of satellite rainfall estimates is a 
difficult task (Field, 1985a). Observations fran eJ!actly the same time period 
a.rrl location as the estimate are very rare. Also, heavy wann-seasan precipita
ticn is usually a mesoscale event arrl it is highly unlikely that the rraximum 
reported values will be representative of the local rraximum ailOlllt that actually 

·falls. The naximun rainfall usually falls between the rain gauges! Recently, a 
verification system which attempted to minimize these temporal a.rrl spatial 
problems was developed arrl used to verify NESDIS' Synoptic Analysis Branch's 
operational estimates for the 1984 COilVective seascn. Results showed that the 
satellite estimates were accurate to within abalt 30 peroent in rragnitude and 
10-20 miles in location (Field, 1985b). Alt:h:mgh the verification metlDd used 
in this paper differs fran the NESDIS methxl, rrany of the same factors (such as 
S:fErsity of d:>servations) were :inportant. For this :fEper, the verification 
procedure involved the collecticn of 110re than 300 cooperative d:>se:rver rain 
gauge reports oorresponding (as well as possible) to the same time period as the 
estimates. The observations then were interpolated to the same grid points as 
the estimates. The resulting oontcured difference fields will be presented and 
discussed. Similarities a.rrl differences between the NESDIS method arrl this 
metlDd will be mentioned. 
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Evaluation of a rresoscale m:x:l.el precipitation forecast is the subject of 
the third prrt of this paper. As Anthes (1983) and Lindstran (1984) have 
pointed out, crucial :irrproverrents are still needed in the parameterization of 
rrany processes related to precipitation forecasts, such as planetary boorulary 
layer processes and IIOist oornrection. While rresoscale m:x:l.els are used nainly 
for resrerch at present, it is conceivable that they will erentually be used in 
an operational m:x:l.e.- Until that tine in the future, h::Mever, it is inportant 
that the state of the art in rresoscale precipitaticn IIOdeling :irtprove. This 
paper provides an eraluation of rrodel forecasts for the case of July 20-21, 
1981. The Australian SUbsynoptic scale M:xlel 's (SSM) 24-hour precipitation 
forecast is examined using two data sets. The first was fran cooperative 
observer reports sm:JOthe:l to a degree that allcwed a fair canpariscn to be nade 
with the resoluticn of the rrodel rutput. Contourerl gridded difference fields 
are presented in Chapter VII. Although it was possible to use such a dense 
network of rainfall d:>servations for this resrerch, this nonrally would not be 
available to rresoscale IIOdelers en a real-tine, operational basis. Scm2 NWS 
cooperative observers report only erery week and it is m:nths before their 
reports are published in a clinatological journal. The second data set was 
derived fran satellite inagery. Such estinates oould be used to verify IJI.l!l'eri
cal model forecasts in a timely rranner and to supplement other data, especially 
where there are gaps in the observed data. In fact, the Heavy Precipitation 
Unit (HPO) of the National Meteorological Center (NMC) currently tries to 
incorporate estinates fran NESDIS • Synoptic Analysis Branch, along with radar 
and rain gauge reports when verifying their operational products. This paper 
used a SIOOthed satellite-deriverl estinate field as the verificaticn for the 
SSM's cornrective precipitation forecast. a::ntoured difference fields are 
presenterl in Chapter VII. Although the SSM failed to accurately prerlict convec
tive precipitaticn in this case study, this paper presents both the idre of and 
an eJCample rrethod for using estinates to verify a rrumerical m:x:l.el. 

A des=ipticn of the synoptic setting and :inportant dynamics on July 20-21, 
1981 is given in Chapter II. Mlch work has been dale (see uccellini and 
Petersen) using VAS srundings for this severe wrether outbreak and sane of this 
work is sh::Mn. 

Satellite precipitaticn estinaticn is discussed in Chapter III. First, 
the Scofield-oliver Cornrective Rainfall Estination Technique is explained in 
detail. This is follcwed by a des=iption of the physical set-up of the Univer
sity of Wisconsin's Man-catputer Interactive r:e.ta Access System (M:IDAS) and a 
surmary of the procedure used in ~ting estinates for this paper. A canpar
iscn is then nade between the autmr's est:inaticn scherre and the current NESDIS 
operatiooal Precipitation Estination Program, which is perfOIIred in Washingtcn, 
D.c. by Synoptic Analysis Branch rreteorologists using the Interactive Flash 
Flood Analyzer. 

Chapter IV explains l:rM the d:>served rainfall data were ccmpiled and what 
were the sources of the data. 

Chapter V gives a des=iption of the SUbsynoptic scale M:x'lel and a surmary 
of the particular IIOdel run used for this study. 
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() In Chapter VI, the topic of sroothing is addressed. The sroothing factors 
used for inter-c~isons between the estimates, observations, and m:xiel are. 
explained. 

The results of this research are presented in Chapter VII. Q::nparisons 
are rre.de between: (a) the estirre.tes and the ooservations, (b) the observations 
and the nodel, and (c) the estirre.tes and the nodel. These canparisons are 
evaluated with regard to rre.gnitude errors, locaticn errors, orientaticn of 
naxiilUJ!ll/minirnum axes, etc. A statistical skill soore that was able to be 
oojectively calculaterl is cited. 

A surmary and oonc:lusion is given in Chapter VIII. 

A complete list of references follows the conclusions. 

The Appen:iices sh:::M the VAS data that is nentioned earlier in Chapter II 
and the actual cooperative observer rain gauge reports for each state in both 
plotterl and tabular fonn. 

II. THE SYIDPI'IC SEITlNG 

Figure 1. 
1981 for 

surface Analysis from 2100 GMT, July 20, 
the central united States region. 
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Fran early in the day, the atm:>sphere was liDStable in the southern Midwest •. 
Figure 2 sluvs the M::IDAS-derived Lifted Index, Total Totals Irrlex, -~ 
precipitable water, and the Severe Weather Threat (EWEAT) Index for radioscnde . __ ) 
stations across the Midwest at 1200 Gfi', July 20. 'l'he naxirnum negative Lifted 
Index was -8 fran Oklah::rra to soutlwest Missouri. 'l'he SNEAT Index was also a 
p=ounced naximt.m of 318 aver southwestern Missouri. Total Totals Irrlices 
were in the liDStable.mid-50's aver the same area. (For each of these irrlices, 
the larger the mgnitude (absolute value) of the irrlex, the more unstable it 
is.) Precipitable water values were highest in Oklah::rra and Arkansas. 

During the afternoon, a mid-lerel dry air intrusion approached and overtook 
the lCM-lerel 110isture that e>eisted ahead of the front. At 1930 Gfi' a cluster 
of serere thunderstorms dE!ITeloped in central Missouri and swept southeastward 
during the day. Tornadoes were reported near ColunU::>ia, Missouri. A few h:lurs 
later, a secorrl area of t:hurrlerstonns dereloped across Oklabana, where surface 
tarp:ratures had reached 1CY7°F with dew p:>ints in the 60's. The 2235 Gfi' radar 
chart sl:Ja..l's these t= areas of tlrunderstonns (Figure 3) • 

Recently, neteorologists have been able to use VAS (Visible and Infrared 
Spin Scan Radirneter Atm:>spheric Soonder) satellite data to continurosly =itor 
changeS in atmos];ileric stability. Using VAS data, the developrent of the two 
min areas of stonns en this day has been frond to be closely related to the 
onset of the mid-lerel dry air intrusion at these locations (Petersen et al., 
1983a) • By using a nethod Jcna.m as the "split-win:kw" technique to identify 
areas of lCM-lerel 110isture (Chesters et al., 1983) and then overlaying regions 
of mid-lerel dryness, Petersen et al. were able to identify areas of strong (and 
severe) convective potential in real-time. This helped lead to the prCIIPt .) 
isstance of tornado watches that afternoon by the Severe Stonns Forecast Center 
in Kansas City and nay, in part, be the reason that no persons were killed in 
Missouri, despite numerous serere reports. Table 1 shows a listing fran Sta.cn 
Data reports for Missouri on July 20, 1981. Further details about the use of 
VAS satellite data on this day are given in Appendix A. 

By early the next 110rni.ng, Arkansas was receiving heavy rainfall, as shown 
en the 0935 GMI' radar chart (Figure 4) • Through::nlt the period of cencern in 
this case study, precipitable water values (Figure 5) were high (greater than 
1.5") ahead of the cold frcnt. Observed 24-hour (1200-1200 Gfi') rainfall totals 
of 1.5" were ccmnon fran northwest and central Arkansas northeastward to south
em Illinois and western Kentucky, with 110re than 2.5" in J;S.rts of Missouri and 
Arkansas. 

Further synq>tic and radar naps for this July 20 case can be frond in 
Petersen et al (1983b, c) • 

III. 81\.TEU.ITE mociPITATION E'SI'IMATION 

A. Characteristics and Scales of Satellite-Observed Heavy Convective 
Rainfall Systens 

Before the neteorologist can attarg;:>t to canpute a quantitative satellite 
precipitatien estiiiB.te, it is important for him/her to be able to recognize the 
type of oonvective systan that is occurring. This can help in naking more 
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Figure 2. Lifted Index (upper left), Total Totals Index (lower 
left), severe Weather Threat Index (laYer right), and 
Precipitable Water (upper right, in mm. of wate~ at 1200 GMT, 
July 20, 1981_ 
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Figure 3. 2235 GMT radar summary on July 20, 1981. 
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prudent decisions reg3.rding the intensity and duration of the stonns. For 
~le, oertain systems becCill2 rrore efficient rainfall producers hours after 
initial developnent, such as the Mesoscale Convective Cl:lnplex (MCC), while 
others, such as Single-Clustered systems, have short-lived heavy rainfall. 
After years of viewin;, satellite inagery and studying the signatures of rreso
scale systems, the NESDIS Satellite Applications Laboratory in Washington, D.c. 
has developed a classification schere for several oonvective systems. These 
in::lude Tropical, Linear, Single-Clustered, Multi,-clustered, Synoptic Scale, 
Olrerrunning, and Regenerative systems. '!'here are several sub-categories within 
each of these classifications. For ~le, "Tropical" systems include remnants 
of prre tropical cyclones as well as rresoscale quasi -tropical systems (such as 
the M:C) , which possess a large circular or oval anticyclonic cirrus outfla,..r. 
'!'he "Linear" category consists of both sqLBll li.nas and deep large-scale convec
tive wedges. "Multi-clustered" systems can be either circular or wedge-shaped, 
deperrling en the velocity of the upper level flCM. As will be shown in sections 
2 am 3 of this chapter, the detennination of tre areas of heaviest rainfall 
(fran a satellite picture) for this latter category is highly depen:lent on 

knrnledge of the upper level wind pattern. Table 2 shCMs the characteristics of 
satellite-Observed heavy convective rainfall systems. It describes the locaticn 
arrl appearanoe of these systems in satellite data, conventional data, and radar 
data (Spayd and SCofield, 1984a). Sin::e the operational rreteorologist usually 
has access to local radar observations, the radar signatures listed in Table 2 
provide valuable insight into the oorrect diagnosis and classification of a 
convective system. 

i'Jr'E~ 

:~. ':'POP!t:.L 

~v:IOI'HC 
S:::.LE 
TI!OI'!CAL 

l~. TAOP!CAL 

~SCSC:.L! 
OIJ.:.SI-
POPI:.ll. 
{lt!:SO~:.;LE 
::o1n~c-:-:1~ 
CGMP!.::I 
• w;q 

Ill. :.:~UR 

U.~'i<: 
Sc:.t.£ 
lo'E!JG<: 

Table 2. Characteristics of Satellite-Cbserved 
Heavy Convective Rainfall Systems 
r:HUACT!RtSTICS Of SATELLIT£..(18SERYE!I H£AYT CDIIVECTIYE RAIIIF.lll STST£/'IS 
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Another way that these systEillS can be classified is by their scale, as 
sh::Mn in Figure 6 {Spayd, 1985). {Figure 6 is !lOre recent than Table 2 and, 
while classifications are the same, the terminology is slightly different. 
''Mesoscale Convective SystEillS" refer to the ''Multi-Clustered" variety previously 
mentioned. "Convective Wedge" refers to "Linear Large Scale Wedge" and MCC's 
have been given their a.m category.) M:Jst convective heavy rainfall events 
fall within the upper Meso-13 and lc:Mer Meso-a scales {fran approxinately 50 to 
1500 km). Tropical stonns, overrunning, arrl cyclonic circulation systE!llS are 
prinarily rreso- Ct , while rresoscale convective systems are prinarily rreso- 13. 
Convective carplexes can be Meso- Ct or Meso-13 and single-clustered systE!llS are 
usually Meso- y width {fran approxinately 5 to 20 km) • 

B. THE SCDFIELD-OLIVER CDNVECI'IVE RAINFALL ESI'IMATION TECliNIQUE 

1. Assunptions of the Technique 

The Scofield-01iver Convective Rainfall Estination Technique (SO<EEI') 
was originally developed in lr:J77 by Rod Scofield and Vince Oliver of NESDIS in 
Washington, D.C. (Scofield and Oliver, 1977). It is based en Ell\Pirical correla
tions between observed rainfall and satellite inagery. During the past several 
years, the Technique has bea:xte widely accepted and it is the United States' 
current operational rainfall estination technique. The SXREl' was developed for 
deep convection within a =ist tropical air IIB.ss. Precipitable water values are 
asSI.Uiled to be greater than or equal to 1.5 inches. The technique assunes that 
there are high s\J!IIrer troi:opauses, thereby alloong convection to achieve rraxi
nrum heights '{cold tops) • Furtherrrore, the technique does not take into account 
any orographic effects. 

Sime 1977, the Technique has urrlerg::me nany refin=rrents, which have 
enabled it to be used for a wider range of rainfall events. For ~le, the 
illproved SXREl' has a "wann-top" m:xiification, which allCMS an estinate to be 
carputed for convective events in regions with lcwer troi:opauses, such as near a 
closed upper-level lCM );ILessure center during the sumer. Also, the Deli/ "rrois
ture c=ection factor" allCMS estinates to be detennined in regions where 
precipitable water values are lc:Mer than 1.5 i.mhes. These and other factors 
are des=ibed in section 2b. 

It sl'oJ.ld be noted that Rod Scofield and LeRoy Spayd have developed two 
other rainfall estinaticn techniques: (1) the Extratropical Cyclone (or "Winter 
Storm") Technique (Scofield and Spayd, 1984), and (2) the Tropical Cyclone 
Technique (Spayd and Scofield, 1984b). These sl:xluld not be confused with the 
SO<EEr. 

2. Cl:Dq:n.ltaticn of the satellite rainfall estinate 

The c~utaticn of an estimated half-lDurly rainfall rate requires two 
enhanced infrared (IR) satellite photos, 1/2-l:Dur apart. The IR enhancenent 
used is the MB-curve, which is sh::Mn in Figure 7. The wann errl of the MB en
hancerent table is useful for identifying hot land, lCM clouds, sea surface 
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Figure 7. The operational MB-curve for enhancing infrared 
satellite imagery. (Chart taken from Clark, 1983.) 

tanperatures, and middle level clouds. lboleVer, it is the colder end of the ME
curve (segnents 4-9 in Figure 7) which is used for the estination of precipita
tion fn::m ccrwective stonns. Visible (VIS) :irrages provide additional informa
ticn and should also be used. The operational OOCRET is sl:Jo,m. in Table 3 
(Scofield, 1984). Short 5\mllB.ries of each step are given bel<M. 

Segment# 

1,2,3 
4 
5 
6 
7 
8 
9 

Enhancenent Color 

Unenhanced 
Medium Gray 
Light Gray 
!ark Gray 
Black 
Repeat Gray 
White 

Ta!perature (°C) 

greater tban -32 
-32 to -41 
-41 to -52 
-52 to -58 
-58 to -62 
-62 to -80 
less than -80 

a. Detennining the active porticn of the thun:ierstonn system 

The first step is to examine the shape of the elrod to 
detennine if it is convective (rami, oval, carrot-shaped, or triangular) using 
both VIS and IR :irragery. Then, one detennines if the convection is deep by 
checking whether the cloud toP reaches the first or higher lwel of contoured 
enhancarent using enhanced IR inagery. . Once both of these criteria are net, one 
must detennine the active porticn of the thunderstonn system, since rainfall 
estinates are ccnputed cnly for this region. Step 1 in Table 3 lists sweral 
clues for helping to identify the active portion. For ~le, in rroderate to 
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strong vertical wim shear envirorurents, the reaviest rain often falls in the ·;) 
up,.;ind-e:ige of we:ige-shaped clusters, where the enhance:i IR tanperature gradient 
is the tightest. O:nq:arison of two successive pictures shc:Ms the rroticn of the 
anvil e:ige, which is usually greatest in the da.mwirrl direction. The heaviest 
rain is under the ~rt of the anvil which IlOII'es the least. Also, the clouds are 
brightest and saretirnes texture:i at the up,.;irrl end. Upper level (300 :rrb} wind 
charts can be use:i for detennining the upwirrl direction. For thunderstonns in 
an envirorurent th3.t has no vertical wirrl shear, there often is a unifonn IR 
tanperature gradient arourrl the entire anvil and the active area is near the 
center of the anvil. Active portions also are locate:i urrler o<~ershooting toPS 
(in VIS btage:ry}. Other clues would be where lew-level inflcw is indicated in 

VIS btage:ry or where there is a radar ecl:o associated with the cloud feature in 
the satellite picture. 

b. Cl.oud-'lbp Tarperature and Gr<Mth Factor 

As sham in Factor 1 of Table 3, the half-hourly rate of 
areal eKflC!IlSion of the coldest toPs (measured in degrees of latitude} detennines 
the rainfall rate assigned fran this factor. As the coldest toPS increase in 
area, the rainfall rate in::reases. 1-bte that when the coldest toPs begin to 
wann, estinated rainfall am:nmts range fran only a Trace to .10 inches. The 
grc:wth is measured along the largest axis of the coldest tops in either picture. 
An example of this is slam in Figure 8 (Spayd, 1985}. Suppose that the 1900 
Gfi' satellite picture consists of an oval-shaped tlnmderstonn cluster possessing 
a light gray MB-curve enhancercent. N::lw' suppose that by 1930 Gfi' the light gray 
area has decreased in size, but there is a small area of dark gray enhancercent 
(even colder tops) • The "grc:wth factor" of the SOCREl' would assign a rainfall ) 
rate of 0.2" per 1/2 hour in the regicn of these colder tops (see Table 3} . 
because the clark gray has in::reased fran zero areal coverage at 1900 · Gfi' to 
sarething less than 1/3° latitude at 1930 Gfi'. 

J9oo GMT 

.. 
Figure 8. An example of the interpretaticn of the SOCREl' 
"Cl.rud Top Tanperature and Grcwth Factor" (M; = medium gray, 
LG = light gray, 00 = dark gray. l 

c. Divergence Aloft Factor 

This factor should really be named the "Diffluence Aloft 
Factor. • It is used when the IR btage:ry sh:::Ms "edges of tlnmderstonn anvils 
along the upwirrl errl fonning a large angle (between 50-90 degrees} pointing into 
the wind." 'lhese storms often occur just dcwnwirrl fran where the 200--m> polar 
front jet and the subtropical jet ~te. This "Diffluence Factor" assigns to 
the coldest tops am:nmts ranging fonn 0.15 inches to 1.00 inches, depending on 
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C) the enbancerrent shade. ~: This factcr is only used if there is strong ·· 
diffluence aloft and the ~iffluence Factor• gives a higher rainfall estimate 
than the "Cloud Top 'Temperature and Grcwth Factor. • Only one of these two 
factors is cotmted whichever is greater. "This factor may also be used for 
MCC's exhibiting pronounced anticyclonic cutfl= (divergen::e) aloft" (Scofield, 
1984). 

d. 0\rershJoting Top Factcr 

Rainfall is often enhanced underneath oversh:>oting tcps, 
which are more easily recognized in tbe higher resolution (1 kml VIS pictures 
than in IR imagery. In VIS imagery, overshooting tops are quite bright and 
textured: in the IR, they are very small (only a pixel or two wide) and cold 
(usually colder than -62°C) • In the IR, they are often difficult tc distinguish 
fran enU:Jedded cells in the dcwnwirrl psrt of the anvil cirrus or simply fran 
locally higher or denser cirrus clouds. Rainfall rates assigned fran this 
factor range fran 0.30 to 0.50 inches per half-hour (see Table 3, Factcr 2) arrl 
are added only to the regions of the oversh:>oting tops. 1-bte the a:pparent 
inconsistency in tbe values in Table 3, Factcr 2. Colder clouds receive less of 
an addition fran this factor than wanner clcuds! This is because verification 
of the original SOCREl' shewed that the carbination of all of tbe other factors 
led to 0\l'erestimates for colder tops and underestimates for wanner tops. Thus, 
the "Oirersh:>oting Top Factor" is strictly an anpirical correction factcr. 

e. Thurrlerstonn or Convective Cloud Line Merger Factor 

() When tlnm:lerstonn clusters or lines marge, there is an 
'· explosive, rapid cooling of tops and there can be a dramatic in:::rease in rain

fall rates. This "Merger Factor" adds 0.50 inches per half-h:nlr (see Table 3, 
Factor 3) to the satellite precipitation estimate for colder tops in the area of 
tbe merger, regudless of the enhancenent shade of tbese colder tops. 

\) 

f. Saturated Emri.roment Factcr 

This factcr ass\llres that when a tlrunderstonn cluster rarains 
over tbe sane area for at least one h:nlr, a large area has becare saturated tc 

. great heights, with dry air no longer entraining into the sides of :in:lividual 
updrafts in the center of the cluster. Stems in tbe interior of the cluster 
have rainfall :rates I!Uch greater than that for isolated stonns. Rainfall rates 
ranging fran 0.20 inches to 0.50 inches per half-hour are added tc tbe estimates 
for the coldest stationary tcps (see Table 3, Factor 4). According to SCOfield, 
this factor may also be used for tlnm:lerstcms that regenerate at the sane 
location and traverse the san-e psth. 

g. M:>isture Correction Factcr 

This factor is used tc account for the influence of dry or 
110ist envi:rotments an the amamt of rainfall produced by thunderstonns. Origi
nally, this factor equalled the current precipitable water (:EW), divided by 1.5 
inches (tbe average EW on which the technique was based). Statistically, l:Dv
ever, better estimates are ootained by using the current, IIOdified 110isture 
correction factor (see Table 3, Factcr 5), which multiplies the EW (sfc-500 nb) 
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by the rrean relative humidity (RH) (sfc-500 rrb). Thus, a high IW content will 
not produce as m.tch rain as ~ted if the RH is very lcm. If thunderstonns 
fo:rm along a tight gradient of IW and RH, the estilrator assurres the lcm level 
inflcm is fran the m:>ist air an:i uses the higher values of each. It should be 
noted that sin::e facsimile copies of IW an:i RH are cnly available every 12 
hours, old charts nust be adjusted for m:>isture advection. 

h. The 'Ibtal Half-Hourly Convective Rainfall Estilrate 

Rainfall amounts fran factors 2-6 above are smmed arrl then 
null tiplied by the M::listure Correction Factor in Secticn 7 above. This is the 
official satellite rainfall est:irrate. 

i. An Exception: Wa:rm Top Convection 

Quite often, especially in the winter, thunderstonre are 
capped by a low trQI:Op;tuse or a stable layer belc:M the trOIX>p;tuse. Therefore, 
the clo..rl top tenperature at the tropop;~use might only be -46°C (for example) , 
rot -70°C. HcMever, even though the thunderstonns possess only a "light gray" 
enhancenent in the satellite :irragery, they have realized their themodynamic 
potential and are reJ..eas~ abun:lant rainfall. The rainfall rate is greater 
than what would be pr:edicted using values for the stan:iard "light gray" enhance
ment. The "wa:rm-tcp" m:>dification for a given location involves the calculation 
of the equilibriun level (or ~ted t:huniersto:rm anvil height) fran the near
est and nost recent samding (see Figure 9). The te:nperature corresponding to 
this equilibrium height is then assigned the rainfall rate of the wannest 
"repeat gray• level (-62°C to -67°C). This adjusted clood-tcp tmperature is 
used for factors 2-6 above. 

• lniCTIO HEIGKT(TUW} 
'•,,, Of' ~ISTOilM &IIYILI 

T~IU.T\IIIE--- '• ·. 
'•, IIOIST ADI~T 

... ("' 

StHEMTit OF A SOOI!DIMG I 

UftiiOG CGfiDtlllATIOII UYtL 

Figure 9. Warm Top Modification to the Convective 
Technique. (from Scofield, 1984) 
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3. Limitations of the Satellite Sensor and Implications far the 
Assignment of Isohyets 

When interpreting enhanced IR satellite pictures, the rreteorolo
gist IlUl.St be aware that the satellite sensor cannot respond fast enough to large 
changes in tenperature in the horizontal. The result is that the IR enhancement 
is often displaced in a dCM!lWin:l. direction. (This is different fran the 
cJ.a.mwirrl displacement discussed earlier which oc=s due to strong vertical wirrl 
shear. l Also, due to the limitation of the sensor arrl the fact that the 
satellite scans fran west to east, sanetirres the coldest thunderstorm top ap
pears too wann in the enhanced IR picture. These effects are IOC>St pronounced in 
very localized, strong thunderstonn towers, where there can exist a large 
t~:rature difference between the wann ground under sunny skies arrl the cold 
tower. The displacerrent effect also can be irrp:lrtant in srrall, wedge-shaped 
thunderstonn clusters, where the IR t~:rature gradient is strang (see Brady's 
Berrl Flood case, Scofield, 1981). Fbr circular clusters or M!X:'s, which often 
lave a weak IR gradient, this effect is not very irrp:>rtant. There are abvioos 
:inplications for the assigment of isoh;yets. Cbntoors of estinated rainfall 
IlUl.St be displaced uprrlrrl just a little bit to correct for the dCM!lWirrl displace
trent arrl the estinator must carefully eraluate the true reight of the ooldest 
tops using upper air arrl radar charts. The following two exarrples will illus
trate these problems: 

EXl\MPLE 1 (see Figure lOa): SUJ;PJse that a srrall thunderstorm cluster fonns 
with a nean west wirrl blowing the cirrus dCM!lWirrl to the east. If the 
thunderstonn clood tops and the anvil cirrus lave a tarperature of -70°C 
arrl the surroonding wann ground is at +30°C, then the llT=l00°C. The satel
lite sensor can respond to a ET of only 26°C per pixel. So, it takes foor 
pixels to resporrl to this llT of 100°C. As the satellite scans fran west to 
east, the first two clear pixels are a wann +30°C. The third pixel's 
ave:rage t~rature might. be only +16°C because a SIIal1 put of the area 
had been influenced by the -70°C stonn. The next pixel, which is COITered 
entirely by -70°C cloods is only able to register -10°C, since this is 26°C 
less than the prerioos pixel. Similarly, the next pixels' t~ratures 
decrease in increnents of 26°C until the -70°C is reached. Thus, the 
resulting IR enhancement is displaced cJ.a.mwirrl of the coldest tops. The 
"repeat gray" lerel is not achiered until four pixels cJ.a.mwirrl. One inage 
pixel as represented en the :ltlDAS carqJUter or on a lard-copy satellite 
photo COlTerS 4 km fran east to west and 4 km fran north to south at the 
satellite Slbpoint. Because the earth is~.an cblate S];iheroid, the sane size 
pixel projected ento the earth's surface at 40"N latitude CO</ers roughly 6 
km en a side. Thus, a four pixel displacerrent in the Midwest is an the 
order of 24 km - this could rrean the difference between a flood en one 
side of town versus the other. In Figure lOa, notice that the enhancement 
jmps fran "mediun gray" to "black• withalt any "light gray" or "dark 
gray." While this does occasicnally oc=, it is I!Ulch rr=e a:mran to have 
a amtinuous progressien of MB-enhancement shades. The presence of low or 
middle cloods usually t:errls to smooth oot the t~rature gradient 
sanewhat. 
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Figure lOa. Depicticn of Exanple 1. 
displaced dCMJWind (M:: = rrediun gray, 
gray) (fran Spayd, 1985) • 

Enhancenent is 
B = black, RG = repeat 

EXAMPLE 2 (see Figure lOb) : Given the same situation as in Exanple 1, except 
with a rrean wind fran the south, what will be the result? As the satellite 
scans fran west to east, it rreasures the warm +30°C ground to the west oE 
the stonn. Because oE the 26°C f::,T constraint and the narra-mess oE the 
stonn, the coldest pixel might cnly reach -10°C (still unenhanced) before 
wanning back up to +30°C to the east of the stonn. Tlrus, the scan line 
sho.m in Figure 11 c::cnpletely failed to capture the -70°C thurrlerstonn! 
The only way that -70°C could be accurately depicted in the IR enhancerrent 
is if the anvil to the oorth becx:ues wide enough to allt:M the sensor to 
detect the f::,T of 100°C (four pixels). Tlrus, if scan lines to the north of 
the rrain thurrlerstonn tt:Mers reach the "repeat gray" enhancerent, this 
again represents a displacarent oE the IR enhancarent in a dCMJWind direc
tion. 

WCr-11'1 (+,3o•t) 
,,. ""J 

Gr\E ""'sJ.·1D- e.as.f 
SC.an l.,,c eons-.s-+,,..:) _.t 
sever.-\ P'•e Is-· 

, + 30 ~3" ..;.." -•o +'' 1-3o .;.3o ~.30 ,7:st::::::S:~\ ~~idu 
,..• :------ }./C 118-4"tU~J./CEME/IT ----......;~: o.f ~orruf'l"",J'"~ 9•...cls .:10c .. 'c. 

I 

Figure lOb. Depicticn oE Exanple 2. 
t:hun::!erstonn tt:Mer is -60°C too wann. 

I 
Mignitude of narrt:M 

Another factor Which causes dis.placement of the colder tops in satellite 
:inagery is p:~rallax. Objects, such as thunderstonns, which are above the 
earth's surface interfere with the direct "line-of-sight" fran the satellite to 
the earth. Their projection onto the earth's surface is displaced nortl:&iard (in 
the :!'brthern HemisiiJ.ere) because the OOFS satellite is in orbit above the 
equator. Over the central United States, there also is a westward cCinJ,Xment to 
the displacarent because the OOES-East satellite (fran which <hta was used in 
this case study) is geostationary above 75° West longitude. The taller the 
thunderstonn, the larger the displacarent. Figure 11, taken fran a NFSDIS 
Satellite 1\pplicaticns Laboratory training exercise, s:ho,qs the distance and 
direction a 40,000 ft top must be IlOITed in order to place it in its co=ect 
location CNer the earth's surface. Over Missouri, the p:~rallax error is on the 
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order of 10 km, or roughly two pixels in an infrared image. While p3.rallax is 
not a limitation of the satellite sensor, it is rrentioned here because it does 
displace colder thunderstonn tops by a srrall anount. ' 

c. 

I I \ 

-'-'-'- r~,." . \ 

---ZSN 

IIOW lt15l'l "" 
Figure 11. Distance (n mil an:i directicn at 40,000 ft. top 
nrust be m::Ned to place it CNer earth's surface (for 60,000 
ft. tops, add 50%; for 20,000 ft. tops, sUbtract 50%). 

z.tiDAS ANALYSIS :ffiOCEIXJRE 

The physical set-up for the carg;:utatian of est:inates CXlDSisted of a 
ccnputer tennina.l (keybce.rd an:i CRT screen) with a video m:mitor for displaying 
satellite :inage:z:y and a jqystick ccntrol for positicning the =sor. This 
M::IDAS systan has the ability to digitally store at least eight consecutive 
visible images an:i at least eight infrared inages. One can easily flicker 
between VIS an:i IR :inages for the sane tine. The inages can be put into IIOtion 
an:i the &ell rate can be rranually adjusted. In additicn, the M::IDAS systan 
has the ability to store at least sixteen graphics f~s. 

The z.tiDAS systan used for this study s:imil.ated the cap3.cities of the 
Interactive Flash Flood Analyzer (IFFA - an earlier versicn of the current 
M::IDAS) at the Synoptic Analysis Branch of NESDIS in washington, D.C. The IFFA 
uses an older Harris CCI!PUter syste:n, but a new IBM syste:n is used at the 
University of WisCXlDSin. Therefore, there were sene different ccmnands an:i the 
program had to be adjusted a little. The program at Wisccnsin was adjusted to: 

(1) allCM isob;yets of estinated precipitation to be drawn. (A closed 
centaur was drawn by connecting a series of short line segments.) 

(2) allCM values to be assigned to the contours after they were drawn. 
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(3) assign the specified values to all grid points that lay within the 
contour. Tl'n.!s, outer (snaller valued) contours had to be drawn 
before inner (larger valued) contours. 

The sp:tcing between grid points was selected to be 0.2°C of latitude and 
longitude (22 km or:::14 miles), since this is about the accuracy of current 
operational estinates (Field, 1985b). 

Since it was necessary to create an MB-curve enhancerrent, the starx'lard 
M::IDAS IR enhancenent curve had to be adjusted. A stretching teclmique was 
used, whereby detail in the lOW'er brightness (or oount) values was sacrificed in 
order to get rrore detail in the higher brightnesses (see M::IDAS Training 
Manual). These "stretched" count values then were enhanced with colors that 
corresponded to the sane tenperature cutoffs as the ME-curve, used in the 
Scofield-oliver Technique. An example of the color enhancement is sl1am in 
Figure 12. (For non-colored renditions of this figure ••• "Medium Gray"=purple; 
"Light Gray"=red; "Dark Gray"=green; "Black"=blue; "Repeat Gray"=sky blue; 
'White"=white.) The yellOW' at the green-red interface in Figure 12 resulted 
fran the color xeroxing process and was not used in the research. 

Satellite precipitation estinates were computed each half-hour for a 24-
b::Jur period aver the southen1 Midwest fran 12Z, July 20 to 12Z, July 21, 1981. 
A sep;irate grid for each half-hour of estinates was saved. The 48 half-hourly 
grids of estinates then were added together to nake a 24-b::Jur total. The fol
lOW'ing data sources were used in the carputatien of estinates: satellite 
pictures (1 km VIS; 4 km IR that is represented to the equivalent of 1 km 
resolution), me surface, upper air, RH, EW, and radar charts, and hourly sur
face cbservations. Other data that were used, but that did not explicitly enter 
into the calculations included scundings (based an nandatory and significant 
level RAOB data) and hard-copy satellite pictures of the entire u.s. with county 
overlays (to get an averview of synoptic features). 

There were several types of stonns involved in this case study. The 
precipitation which fell in Missouri, southern Illinois, western Kentucky, and 
westen1 Tennessee was I!!iinly fran a regenerative wedge type of convective tlnm
dersto= cluster. Figure 12 sh::Ms this wedge after it had just fonred late in 
the day en July 20, 1981 in Missoori. In Oklah::na, there was a canbinatien of 
squall line and single-clustered thl.mderstonns. These IllO\Ted into Arkansas by 
the early rrorning en July 21, 1981. Other sborter-lived cells occurred in the 
drier air in western Kansas. 

Several of the factors in the Scofield-Dliver Technique were taken into 
account in carputing the satellite estinates. In particular, explosive mergers 
oc=red with the wedge system as it progressed through southeastern Missouri, 
where there was st=g rroisture flux convergence. Also, the clusters in north
westeJn Arkansas en July 21 were stationary for several b::Jurs. There were 
nurrerous instances where the avershooting top factor was used. No wann-top 
ccnvection oc=red an these days. The Il!ignitudes of the estinates for this 
case study were subjectively adjusted up or dOW'n (by approxinately 15%) to 
include the effects of rroisture flux convergence into an area. These fields 
were derived by M::IDAS using hourly surface observatien data (Figure 13). 
Although the Technique prescribes a rrodificatien of old RH and EW charts to 
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Figure 12. Infrared satellite photo of wedge-shaped thunderstorm 
cluster over Missouri at 1930Z on July 20, 1981, color enhanced 
with MB-curve temperature thresholds. 
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Figure 13. Surface moisture flux divergence at 6-hour intervals 
starting at 15Z July 20, 1981. Units are x 10-Bsec-1. Negative 
areas (dashed) represent convergence. 
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C) account for rroisture advection, it was felt that rroisture flux convergence 
would be an even better rrodification, since it includes both an advective tenn 
and a convergen::e tenn (see equaticn belcw): 

+ + + 
'V•qV = q\/•V V•\/q 

Note the convergence maximun over Miss=i at 2100Z (Figure 13). Stonn 
growth and decay was highly correlated with these fields. 

It should be n:>ted tret the estination procedure used in this research · 
differed fran that used by NESDIS' Synoptic Analysis Branch in two ways: (1) 
for this research, every convective event was est:inated, not just those with 
flash flooding potential, and (2) the est:inator was not concerned with which 
coonty the stonns were in. 

IV. OBSERVED RAINFALL 

A dense network of rainfall cbservations was ootained fran the National 
Weather Service C=perative Observer reports listed in the July, 1981 Cl:inato
logical Data (ill) for thirteen states in the Midwest. For the rrost part, these 
included reports fran Class 1 and Class 2 C=perative Observers. (Class 1 
observers report at a specified tine f!Nery day and Class 2 observers report only 
when the rainfall total surpasses a given threshold arrount--usually taken to be 
0.1".) A list was a:mpiled of 24-l:xmr reports, neasured fran 7M-7M'J. on July 
20-21, since these correspon:l. to 12Z-12Z, July 20-21 (see Appendix C). This 
enabled the cbserved reports to be a:mpared with the satellite estinates and 
model forecast for the sane tine period. 

Another data s=ce used was the Hourly Precipitation Data (HID) , which is 
available fran the National Clinatic Data Center in Asheville, North carolina. 
It gives an hour-by-rour listing. of precipitation for those stations which have 
rec=ding rain gauges. Thus, stations which reported at a tine other than at 
7M'1 in the rn were IlQJ able to be considered, sin::e it could be detennined 
during whicllrours the precipitation fell. This was especially :inq:lortant 
because in the ill, cbservations fran all Natiooal Weather Service Offices are 
reported fran local midnight to local midnight, instead of 7M'J. to 7M'J.. These 
could rYJ;il be in::l uded. 

The stations fran the original 7M-7M'J. list fran the rn were then ccnpared 
with those in the HID (if they red a recording rain gauge) to double-check that 
the 24-l'Dur total rainfall reported in the rn did in fact fall between the hours 
of 7M'1 and 7M'1. Sr!Neral mistakes were found. For example, the rn listed David 
City, Nebraska as raving had 0.53" fran 7M'1-7M'1 (12Z-12Z) en:l.ing m July 21. 
But the HID showed that the 0.53" actually occurred later en July 21 (fran 13Z-
18Z) • These erronews reports were deleted fran. the data. 

When one c~res reports fran the rn with those fran the HPD, differences 
Il8.Y be found, US1..13.lly to only a anall degree. 1\Ccording to Dr. Doug Clark, 
Wisconsin State Clinatologist, this is because the data cane fran different 
weighing gauges, located at the sane station. For example, at Centralia, 
Miss=i, there are rrore than a dozen rain gauges. The rn reports rainfall fran 
the Standard eight-in::h gauges, except for National Weather Service statioos, 
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which use Universal eight-inch ar 12-inch gauges. The HPD reports rainfall 
fran both the Universal eight-:inch or 12-inch g:tuges (which have strip charts) \ 
and the Fisher-R:>rter gauges (which have p..mched tape :instead of a strip chart). _j 
M:>st reports fran the HPD are rourrled to the nearest tenth of an inch, whereas 
the rn reports to the nearest l:nmdredth. The rn is generally considered to be 
rrore reliable and its values were used when both data sources were available 
for a given location. 

The National Meteorological Center proiTides a 24-hour cbserved rainfall 
chart, which is available only over the NAFAX/DIFAX weather facsimile circuits. 
HcMever, far the 24 hours end:ing at 12Z on July 21, 1981, this chart was lack:ing 
a significant arrount of data and thus was unable to give an accurate represen
tation of what actually occu=ed. The rrore than 300 observaticns acquired fran 
the rn and HPD far 7l!M-7Mii (12Z-12Z) were invaluable. H::MeVer, there still 
retained large sections of Selferal states which had data voids. Because many 
Cooperative Cbserver reports are I!B.de fran BMI1-8Mii (13Z-13Z), the data set was 
exparrled to :include these. The additional reports gained :in this manner helped 
fill large gaps in the precipitation data. (see Appendix B far an exanple of 
the effect of adding Bl!M-BMii reports :in Kentucky.) Treating these 13Z-13Z 
reports as being 12Z-12Z observations nay lave introduced sane error in the data 
set. In regions where precipitation occurred fran 12Z-13Z on July 20, the 8MI1 
reports will be too la<i, since they do rot include this. Similarly, in regions 
where rain fell fran 12Z-13Z on July 21, the BMI1 totals will be 01rerstated. 
Nevertheless, sane Bl!M-BMii reports were inclu:ied in the data set because it was 
felt that the inpro.red Spitial resolution fran the inclusicn of these additional 
reports probably far a.1tweighed any nagnitude error which nay lave been intro
duced. 

Once the data were gathered, the observed amounts and locations were 
entered into the M::IDAS system. The actual unccntoured observations far each 
state (fran 7Mii, July 20 to BMii, July 21) can be foond in Appendix D (plotted 
maps). -

V. '!HE SOBSYIDP!'IC SCALE IDDEL 

The Subsynq:>tic Scale M:>del (SSM) is a nesoscale llll!lerical I!Pdel that was 
developed and tested by the Australian Bureau of Meteorology (ABM) and the 
Australian Nurrerical Meteorology Research Center (ANMRC). Since its incepticn 
in 1972, it has undergone many relfisians. The SSM has been and =rently is 
being tested at the Space Science and Engineering Center and the N:li\A/NESDIS 
Research Delfelopoont Laborato:r:y at the University of Wisconsin-Madison. 

•The I!Pdel originally was fonnulated by Maine (1972) and later substan
tially relfised by Ncar and Young (1972)" (M::GregJr, Leslie, and Gauntlett, 
1978). It was :inq:>lemmted as a regional q:erational I!Pdel by the ABM in 
Septanber, 1977, after many relfisions had taken place. One najar re~Tision 
included the use of primitive equations (M::Gregor, Leslie, and Gauntlett, 
1978), after which the I!Pdel becane kncwn as the Australian Region Primitive 
Equations (ARPE) I!Pdel. Another relfision included the introduction of a stag
gered horizontal grid (McGregor and Leslie, 1977) • The exact fonnulations used 
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for the staggered l:Drizontal grid are given in Mills et al. (1981). Other ·· 
improvenents to the I!Odel are discussed in Leslie, Mills, and Gauntlett (1981) 
and in Mills and H:tyden (1983). 

For use in the United States, "the finite differencing schane devised by 
Cbrby et al. (1972) to mini.mize truncation error in pressure gradient tenns CNer 
regions of steep topography has been included in the ANMRC code" (Mills and 
H:tyden, 1983). A Kuo-type convective J;S.rameterization schane (see Kuo, 1965, 
1974) has replaced the Arakawa-schubert schane described in M:::Gregor, Leslie, 
and Gauntlett (1978). Also, a m.~ch IIOre carprehensive planetary bounda:ry layer 
(PBL) schare has been included (Mills, Diak, and Hayden, 1983). The schane 
includes stability-dependent eddy vertical diffusicn in the PEL (Blackadar, 
1974) for heat manentum and IIOisture, a similarity-theo:ry surface layer 
(Businger et al., 1981), a description of the effects of at=sphere and clouds 
en the surface radiant flux (Katayama, 19721 Paltridge and Platt, 1976), and a 
surface energy balance equaticn. 

The SSM's l:XJrizontal resolution, which was tested ope:z:ationally at 250 krn 
nCM has been upgraded to 67 km or 134 krn. (The reascn for the upgrade was to 
I!Eike it carpatible with the resolution of satellite sounding infonnaticn.) 
Thus, its grid spacings are analler than tl:XJse used in current operational 
nurrerical weather prediction JIDdels by the N3.tional Meteorological Center (NM::) • 
For the July 20, 1981 case study, a resolution of 134 krn was used. The nain 
reason for this was that the I!Odel had already been run by NESDIS and n:::> further 
costs would have to have been in::urred. The IIOdel was initialized at 1200 GMI', 
July 20, 1981. A surna:ry of the latest SSM characteristics - tl:XJse which were 
arployed in this case study - is sl:Jown in Table 4. 

The precipitation forecasts produced by the SSM are broken dam into 
large-scale precipitation and convective precipitation. For this case study, it 
so happened that all of the I!Odeled rainfall was of convective origin. This is 
fortunate, since a cextpariscn is being nade between the SSM and satellite 
precipitaticn estinates derived fran a p.rrely convective technique. 



Table 4 
Prognosis Model Characteristics 

(fran Diak et al. (1985)) 

Primitive equations rrodel in a-coordinates 

Ten vertical levels at cr = .09, .19, .29, • • • I 

Horizcntal resolution: 67 km or 134 km 

Staggered mrizontal grid (Arakawa "C" grid) 

Lambert Oonfonnal horizontal grid projection 

Semi-irrplicit tine differerx:ing (Llt = 10 min.) 

Similarity theory surface layer 

.99 

Stability dependent vertical diffusion of m::mentum, heat, IIDisture above 
surface layer through depth of PBL 

Surface short wave and long wave flux modified by cloudiness 

Surface energy l::elance equation 

Large-scale precipitation 

Kuo-type convective parameterization 

Horizontal diffusicn of m::mentum, heat, and IIDisture 

Updated bamda:ry conditions 

VI. EMXJl'HIN3 REJ;:JUIREMENI'S FOR DIFFERENI' CDMPARis:JNS 

In order to be able to cbjectively evalmte and ccmpare the rrodel, esti
nates, and cbservations, it was desired to have grids with the same spacing and 
location. '!'his would allCM MciDAS to easily subtl:act the grid point values to 
cbtain difference fields. H:Mever, this required interpolating cbservaticns to 
a unifonnly spaced grid. The IIDSt noted eJ<al1Ples of using weighted averages to 
interpolate to a unifOill\ rectangular grid are the neth:Jds of CresSian (1959) and 
Barnes (1964). The interpolation scheme that MciDAS employs is called a "Fast 
Barnes Analysis" (Flil:bard and Wylie, 1985). 

The results fran the "Fast Barnes Analysis" are nearly identical to th:Jse 
cbtained using the standard Barnes technique, but are able to be calculated 
Imlch IIDre quickly. If x nlJ!IiJer of cbserved data points are to be interpolated 
to y Illlli:>er of grid points, the carq;ruting tine used by the Barnes and Cressman 
neth:Jds is proportional to xy, whereas the "Fast Barnes• neth:Jd's tine is pro
portional to x-ty. The only instance where deviaticns fran the Eames method can 
result are in large data void areas, where infomaticn has to be extl:apolated 
over long distances (e.g., 850 mb radioscnde tarperatures over the RDck:y 
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:1-buntain states). !bolever, for this case study, a dense network of cooperative 
observer reports arrl satellite estimates were available. For more infomation 
on the "Fast Barnes" mathod, refer to the Hibbard and Wylie :.::aper. 

The weighting factor used by M:::IDAS as a function of search radius away 
fran the :.::articular grid !X)int in question is given by: 

- 1o c..L.. 2> 
SM:lOTH INC 

w=e 

where r = distance fran grid !X)int to d:lservation 
INC = grid !X)int s:.::acing = l!.x = 0.2° latitude = 22 km 

SM:lOTH = sm::x:>thing factor: an integer keyword en M:::IDAS. 

Since the rainfall observations were at randanly oriented positions, they 
had to be interpolated to grid !X)ints and it was advantageoos to use a minim..nn 
of sm::x:>thing. Using the above fonnula, in order for the "e-folding radius of 
influence" (i.e., that distance within which the weighting is higher than 1/e 
and d:>servations significantly ccntribute to the final value at the grid !X)int) 
to be equal to 1 /sX (22 km), the m100thing factor :tad to equal 10. This lav
sm::x:>thing factor was applied to the observed rainfall data. To be consistent,. 
it also was applied to the satellite estimates, even th::lugh they were already at 
grid points. There was little =ticeable cl:ange in rragnitude or location when 
this minimal am::JUilt of aroothing was applied. In this way, the estimates and 
d:lservations were cazg;:ared. 

While the aforarentioned grids were "pseudo-latitude-longitude" projections 
with spacings of 22 km, the SSM nodel had a Lani:Jert Conformal projection with a 
grid spacing of 134 km. A regridding and inter!X)1ation program developed by 
Geary Callan of the NESDIS Developnent Laboratory was anployed to cl:ange the 
I..aiWert <Dnfomal projection to the pseudo-latitude-longitude projections of the 
estimates and d:lservaticns. (This was necessary in order to be able to objec
tively verify the SSM nodel oo a c:amon grid with the estimates and d:lserva
tioos.) The program (named "RKID" on M:::IDAS) produced a nodel value wery 22 
km, even th::lugh in reality the true nodel resolution rarained at 134 km. Sin:::e 
nodel precipitatioo values represent a large area average; it is not valid to 
directly canpare then with the slightly m100thed estimates or d:>servations. It 
is necessary to filter out a:nall-scale features fran the estimates and d:lserva
tions. Given the e-folding ronstraint that w = e-1 and given INC= 22 km and r 
= 268 km (=2 l!.x, the mininn.m needed to define a wave) , it can be seen (by 
plugging these values into the above weighting factor fomrula and solving for 
"SMXYlli"l .that the sm::x:>thing factor :tad to be increased to 1,484. The ~ct 
degree to which different wave length features were filtered rut can be deter
mined by the Barnes ReSp:lnBe Function (see Maddox, 1980). Ttnls, this large 
sm::x:>thing factor was applied to the estimates and d:lservations for nodel verifi
cation. As a result of this large sm::x:>thing, IlBXirnum rainfall d:lservations of 
2. 8" were reduced to nearly 1. 0" (because the :tainfall is spread out aver the 
surramding areal and there was sane displacarent of the maxima. The sama 
reductions in rragnitude and displacarent of the maxima occurred when this high 
sm::x:>thing factor was applied to the satellite estimates. 
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Finally, a canparisoo was then nade l:::etween the highly smoothed satellite 
estinates an:i observations. 

VII. CDMPARIOONS 

A. ESI'IMATES VS. OBSERVATIONS -- lJJil SMXlTHING 

Figures 14-16 give an 0\Tervicw of the ooservations, satellite estinates, 
an:i a difference field {estinates minus observations), respectively, using the 
lew EnOOthing factor. Detailed close-up naps will follcw. l'bte that the con
tour intervals are not the sane for each of these figures. The precipitation 
associated with the regenerative convective wedge can 1:::e seen 01rer east central 
arrl southeast Missouri in both the estinates and the observations. Rainfall 
associated with the multiple clusters of thunderstorms in eastern Oklah::xna and 
Arkansas also is depicted in both the estinates an:i d:>servations. Fran Figure 
16, it appears that there were large 0\Terestinates in these regions. l'b precip
itation was observed at any of the reporting stations in central and western 
Oklah::xna, where estinates fran a squall line an:i subsequent single-clustered 
cells were derived. In the drier air 0\Ter Kansas, rainfall fran more isolated, 
single-clustered thunderstorms is depicted. 

The observations, satellite estinates, an:i a difference field {estinates 
minus d:>servations) for Arkansas are shown l:::elcw in Figures 17-19, respectively. 
The estinates are in relatively \POd agreerent with the ooservations with 
respect to location. The orientation of the entire estinate area as well as the 
locaticn of the estinated rraxiroa {Figure 18) corresp::mds closely to the ·") 
precipitation area depicted by radar {Figure 4). Hc:Mever, there appear to l:::e , 
many overestinates. Figure 19 reveals two main overestinate areas of about 4 •. 
Much of this can l:::e attributed to the sparsity of data in Arkansas. Figure 20 
shatis the distributicn of the uncontoured ooserved data in Arkansas. The 
largest gaps were in the regions of the large errors ·in Figure 19. Thus, nearly 
4" may actually have fallen, as suggested by radar, but was not officially 
d:>served. An examination of the digital printout of the gridded difference 
field {not shatin here) si:Ja.led that had the 4" estinate in nortrnest Arkansas 
l:::een one grid J;Oint to the west, the 4" overestinate would aliy have been a 1.5" 
0\Terestinate. This slight displacerent probably resulted fran the slight inter-
J;Olation that was done. Another factor could also have contributed to 0\Ter-
estinates. The M::IDAS analysis procedure was such that even if the thunderstonn 
cell was very snall, the isohyet had to l:::e drawn large enough to ensure that it 
captured at least one grid J;Oint. For all of these reasons, looking only at 
difference fields can be misleading. The auth::>r's estinates c::arg;:ared favorably 
to those issued to the Nitional Weather Service by the NESDIS Synoptic Analysis 
Branch {SAB) on the days of this study. SAB estinated a rainfall rate of 
2.5"/hour for Pulaski COUnty in central Arkansas fran 0900-1000 <MI' on July 21, 
with a two-lour accumulation of 3.9" fran 0900-1100 <Mr. The auth::>r estinated 
an hourly rate of 2.4" an:i a three-hour {0900-1200 <MI') total of 4.2". 

Cbservations, satellite estinatesi and difference fields for Missouri/ 
Illinois/Kentucky/Tennessee and Kansas/Oklahara are shown in Figures 21-23 and 
24-26, respectively. The estinated areas and orientation of the rraxiroa carq;are 
well with the d:>served data, with a few exceptions. The report of 1.76" at Van 
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Figure 14. Overview of observed precipitation (for the 24-hour period 
starting at 12Z, July 20, 1981) with low smoothing factor. Contours 
every 0.2• starting at 0.2•. 
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Figure 15. Overview of satellite rainfall estimates (for the 24-hour 
perfod starting at 12Z, July 20, 1981) with low smoothing factor. 
Contours every 0.1" starting at 0.1". 
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Figure 16. Overview of difference field (minimally smoothed estimates 
minus observations) for the 24-hour period starting at 12Z, July 20, 
1981. Contours every 0.5'' starting at 0.5''; dashed=negative. 
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Figure 17. Observed precipitation for the 24-hour period starting at 
12Z, July 20, 1981. Contours every 0.4" starting at 0.4"; labels 
every 0.8''• Low smoothing. 
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Figure 18. Satellite rainfall estimates for the 24-hour period starting 
at 12Z, July 20, 1981. Contours every 0.4'' starting at 0.4"; labels 
every 0.8''· Low smoothing. 
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Figure 19. Estimates minus observations for the 24-hour period starting 
at 12Z, July 20, 1981. Contours every 0.4"; labels every 0.8''; 
dashed=negative. Low smoothing. 
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Figure 20. Distribution of rain gauge observations in 
Arkansas. Rainfall amounts (in hundredths of an inch) 
are from 12Z-12Z, July 20-21, 1981. 
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Figure 21. Observed precipitation for the 24-hour period starting at 
12Z, July 20, 1981. Contours every 0.4" starting at 0.4''; labels 
every 0.8''· Low smoothing. 
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Figure 22. Satellite rainfall estimates for the 24-hour period starting at 
12Z, July 20, 1981. Contours every 0.4'' starting at 0.4''; labels 
every 0.8". Low smoothing. 
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Figure 23. Estimates minus observations for the 24-hour period starting 
at 12Z, July 20, 1981. Contours every 0.4''; labels every 0.8''; 
dashed=negative. Low smoothing. 
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Figure 24. Observed precipitation ror the 24-hour period starting at 
12Z, July 20, 1981. Contours every 0.2'' starting at 0.2"; labels 
every 0.4". Low smoothing. 



~ 
t-.l 

l). 

c::. 

® 0 -c:> 

0 C) 

Figure 25. Satellite rainfall estimates for the 24-hour period 
starting at 12Z, July 20, 1981. Contours every 0.2" starting at 
0.2''; labels every 0.4". Low smoothing. 
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Buren in southen1 Missruri was pic:X>ably inco=ect, sin::e satellite :irragery did 
not sh:M any =nvection there, :radar indicated little or IX) precipitation, and 
the N:ttional ~teorological Center's (NM::) in-l:Duse obse:rvations chart did IX)t 
sh:M any rainfall there. This ac=unts for tbe observed Il6Ximum which appears 
in Figure 21 and the underest:irrated area in soutbe= Missouri in Figure 23. 
Altlxmgh an est:irrate rmxinnm appears in nortbwest Tennessee (Figure 22) instead 
of in =theast Arkansas (Figure 21), tbe est:irrates in the Missruri Bootheel 
generally are within 0.5" of the observations. Also, a wedge of est:irrates less 
than 0.4" in srutheast Missruri co=esporxis to a wedge of obse:rvations less than 
0.4" in tbe sane area. Rainfall fran tbe heavy, but short-lived thunderstorns 
in weste= Oklahara (noted earlier in Figure 3) is depicted in the est:irrates 
(Figure 25) but not in the c:bservations (Figure 24). Finally, the observations 

and est:irrates in weste= Kansas (Figures 24 and 25) are very similar. H:Mever, 
the two IIBXina are slightly displaced fran one another. This, of course, is 
what led to the CJ<Jerestinate/underest:irrate couplet s1Ja.m in tbe difference field 
(Figure 26) • 

B. Ss-1 IDDEL VS. HIGHLY SM:lOTHED OBSERVATIONS AND SATELLITE ESI'IMATES 

The m::xieled precipitation is shown in Figure 27. The Ss-1 did IX)t care 
close to reflecting what actually transpired. It did predict a band of convec
tive precipitation along the cold front, but it was teo far IX)rth and the naxi
nrum rainfall predicted was less than 0.2"1 (Unfortunately, the nagnitude of the 
nodeled precipitation was not known until IIOSt of this project was rear 
carpletion.) On tbe positive side, the nodeled precipitation was entirely of 
convective (not large-scale) origin and oonvective activity is what produced the 
rainfall on July 20-21, 1981. 

The highly moothed observations and satellite estinates (which are valid 
c::anp:!riscns to the Ss-1 data) are shown in Figures 28 and 29, respectively. 
Because the JICdeled precipitation did IX)t ooin::ide with either the observed or 
estinated rainfall, difference fields between the SSM and the observaticns 
(Figure 30) and between the SSM and the estinates (Figure 31) did not pr01ride 

ne.-; infornation. Statistical calculaticns, such as the Threat Score*, might 
have been useful if applied to rainfall categories greater than 1/2" or 1". 
Hcwever, because the SSM predicted so little precipitation, Threat scores for 
all thresmlds greater than 0.2" were I!Eaningless (= 0). 

* Threat score is defined as: 

# intersections 
# pts. predicted + # pts. cbserved - # intersections 

C. ESI'IMATES VS. OBSERVATIONS - HIGH SMXl'liDNG 

A canparisc:n of Figures 28 and 29 yielded an interesting result: when the 
est:i.nates and observations were SllOOthed to a large degree, they were extrarely 
similar. AlnDst all of the axes of the contoors were identically aligned. 
MciDAS calculated that out of the 599 grid points that had est:irrates of between 
0.5" and 1.0", 511 verified in this rcmge, thus leading to a "Post-Agree:nent• 
skill score of 85 percent. The difference field (highly SllOOthed est:irrates 
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Figure 26. Estimates minus observations for the 24-hour period starting 
at 12Z, July 20, 1981. Contours every 0.2''; labels every 0.4''; 
dashed=negative. Low smoothing. 
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Figure 27. Modeled precipitation (from the SSM) for the 24-hour 
period starting at 12Z, July 20, 1981. Contours and labels 
every 0.05'' starting at 0.05". 
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Figure 28. Observed precipitation for the 24-hour period starting 
at 12Z, July 20, 1981. Contours and labels every 0.1• starting 
at 0.1•. High smoothing. 
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Satellite rainfall estimates for the 24-hour period 
at 12Z, July 20, 1981. Contours and labels every 0.1'' 
at 0.1•. High smoothing. 
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Figure 30. Mqdeled precipitation minus observed precipitation for 
the 24-hour period starting at 12Z, July 20, 1981. Contours and 
labels every 0.2" starting at 0; dashed=negative. High smoothing. 
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Figure 31. Modeled precipitation minus satellite rainfall estimates 
for the 24-hour period starting at 12Z, July 20, 1981. Contours 
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and labels every 0.2" starting at 0; dashed=negative. High smoothing. 



minus oose:rvations) is sru::..m in Figure 32. The differences are ImlCh closer to 
zero than those in Figure 16. In fact, even sane underestilllates becare 
apparent. 

VIII. sm.MARY AND CONCLUSIONS 

The goal of this project was to sh:M that satellitt:Mierived precipitation 
est:inates can be a viable altermtive to surface-based oose:rvations and that 
they can be used to verify a nesoscale mrical nodel. To accanplish this, an 
intercarp;~rison between satellite rainfall est:inates, ground-based oose:rvations, 
and nodeled precipitation has been perfonned. 

Because of the often sh=t-lived and localized nature of convective stonns, 
verification of satellitt:Mierived rainfall est:inates is a difficult task. 
Observations fran ffi<actly the same tine period and location as tbe est:inate are 
very rare. This case study eliminated the tenp:Jral problem by CO'[p.lting 
est:inates for the same tine period as tbe oose:rvations. Yet nany factors still 
canplicated the verificaticn procedure. It was shown l:x:Jw the density of 
observations is very inportant, especially when atterrpting to verify en a grid 
point for grid IOint basis. S:xall location errors can lead to large local 
errors in a difference field. But, 011erall, tbe results shc:wed tbat tbe satel
lite estilllates canpared favorably with the oose:rvations. 

The SSM nodel failed to accurately predict convective precipitaticn in this 
case study. Its forecast precipitation area was teo far to the mrth and the 
arramts were Ill.lch teo small. As a result, carp;~risons of est:inates ani obse:rva
tions with the nodel did rot pr0<1ide IIUlCh Deli infamation. Nevertheless, by 
using satellite est:inates to verify the SSM nodel, this study has suggested a 
new applicaticn for the use of the Scofield-oliver Teclmique. The procedures 
and nethodology for carputing the est:inates and tben verifying tbe nodel have 
been dem::mstrated. Thus, the !X)tential eKists for cperational rn.merical 
(mesoscale) nodeling to benefit by having such satellite verificaticn inforna
tion for precipitation, which can be produced in near real-tine. 

Because satellite estimates generally pr0<1ide useful rainfall infornation 
every half-h:Jur, this study treated satellite estimates as being a viable sub
stitute for ooservations. HCMever, since both satellite and radar precipitation 
estinates can be used to fill gaps in the ooserved data, perhaps sare caribina
tion of these three t;ypes of infonration would pr0<1ide tbe best verification 
data set for precipitaticn forecasts. In fact, the Heavy Precipitation Unit of 
me currently tries to inco~rate satellite est:inates fran the Synoptic 
Analysis Branch of NESDIS and radar report when verifying their cperational 
harrl-drawn forecasts. The state-of-the-art in mesoscale rn.merical nodeling, as 
reviewed by Anthes (1983), is llrp:roving. M:Jre is becaning Imam about the 
peysical and dynamical processes associated with mesoscale ];ilenarena. 
Hopefully, in the not-so-distant future, wben nesoscale nodels are better able 
to forecast convective rainfall events, such a carplete data set could be used 
to verify the nodel forecasts. 
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Figure 32. Estimates minus observations for the 24-hour period starting 
at 12Z, July 20, 1981. Contours every 0.1• starting at 0; labels 
every 0.2"; dashed=negative. High smoothing. 
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APPENDIX A 
M:lRE INFORMATION AECXJT VAS DATA USED IN JULY 20, 1981 CASE SI'UDY 

A met:h:xl developed by Chesters et al. (1983), knc1.m as the "split-window" 
technique, was used by Petersen et al. (1983) to derive fields of lCM-lerel 
noisture erery hour. The technique uses the difference in radiation between 
two of the 12 VAS channels, both of which have their largest sensitivity at the 
earth's surface. In a canpletely dry atnosphere, they should be recording the 
earth's surface temperature. H:Mever, one of the channels (12.7 microns, knc1.m 
as the "dirty win:iow"l is significantly nore attenuated by water vapor than the 
other channel (11.2 microns, knc1.m as the "clean window"), which is carpletely 
trans:t;:arent to water vapor. 'l'lnls, the difference between the channels gives a 
measure of lCM-lerel IlDisture. Petersen also used 6.7 micron water vapor 
illagery, which has a peak weighting fran 300-600 MB, to derive fields of mid
level noisture every rour. 

By using the "split-windCM" technique to identify areas of lCM-lerel 
noisture and then overlaying than by regions of mid-level dryness, Petersen was 
able to identify areas of strong convective potential, since severe stonns often 
have a mid-lerel dry air intrusion, and tlrus a large vertical noisture 
difference. The folloong exanples show the type of data that were available on 
that day (Figure A-ll. Inages en the left sl:xlw mid-lerel noisture (top) and 
lCM-level noisture (botton). In these :t;:anels, red and yellCM signals indicated 
dryness, while aqua and blue signals indicate increasing noisture ccntent. 
Inages en the right show a visible satellite ];h>tograph (top) and the vertical 
noisture difference (botton) • Here, red and yellCM shades depict areas of large 
vertical IlDisture difference, while aqua and blue represent ffilall vertical 
moisture differences. The clock on each illage sl:xlws that the sequence is fran 
2:00 p.m. CDT to 6:00 p.m. CDT. 

At both middle and lCMer levels, the :t;:atterns are ooserved to 1101re across 
Kansas, Missouri, and Oklahara ~rds the east, but the mid-level dryness IrOVes 
slightly faster than the lCM-level I!Disture, producing conditions favorable for 
tlnmderstonn developnent. Note that at 2:00p.m., deep clouds can be seen by 
the dark blue in the mid-level IlDisture over Missoori, along the leading edge of 
the mid-level dryness. Later in the afteDJOOn and early evening, tlnmderstonns 
are ooserved also along the edge of the mid-level dryness over central 
Oklah::mi. 
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APPENDIX B 
AN EXAMPLE OF 'IHE EFFEcr OF ADDING 8 AM-8 AM REPORTS KENIUCKY 

Ten additional rainfall reports were gained when SAM-SAM d::>servations 
were added to the data collection in western Kentucky. These helped fill the 
gaps significantly • 
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ARKANSAS 
STATION HAME 

Abbo'tt 
Aly 
Anity ) HE 
AT"Xade:lphia 2 N 
Ark&n&&a Cl ty 
A.u~sta 2 rtW 
Beebe 
Benton 
Berryville 4 NW 
Big Parle: 
B 1smarclc 2 SE 
Blytheville 
Bonnerda.le 
Booneville J SSE 
Clarksville 
Conway 
Cornint; 
Cryatal Valley 
Danville 
Deer 
Cups 
Evenin~ Shade t HME 
Fayetteville Exp. Sta. 
Ferndale 6 E 
Par~ S~ith Water Plant 
Fort Smith ~so AP 
Gilbert 
Gravel.ly 1 ESE 
Greenwood 
Hopper 1 E 
Hot Springs 1 """ Huntsville 
J'asuer 
J'uSieville 
Keiser 
Leola 
Ma.rsnall 
Men& 
Monticello 3 SW 
'-oun't Ida J SE 
Mulberry 6 NNE 
!tur!reesboro Z !UtW 
lb.1:ural Dam 

APPENDIX C 
TABLES OF OBSERVED ERECIPITATION 

(7 AM - 7 AM REroRTS) 

LATITUDE LONGITUDE 
~ ~ ~ !!!.tt:.. ~4-HR. TO~AL 

J5 04 94 12 .98 
l4 48 9l 28 .oq 
J4 17 9l 25 .54 
J4 09 9l OJ ·'J 
JJ J7 91 12 .)6 
JS tB 9t 2J .1 
JS 04 91 54 .1 
)4 JJ 92 l7 1.7J 
J6 24 9J l7 •r 
J4 29 9J sa .o4 
l4 16 9J 09 .eo 
JS ss 89 54 Z.Oij. 
l4 Zl 9J Zl .60 
J5 06 9J 55 1.92 
J5 29 9J 27 •r 
J5 06 92 29 .21 
J6 24 90 l5 .16 
J4 42 92 27 .42 
J5 OJ 9J 24 .Js 
JS so 9J 12 .to 
JJ Sl 9t 29 .? 
J6 05 91 l? Tr 
J6 06 94 10 .1 
J4 46 92 27 .1 
JS J9 94 09 1.2J 
J5 20 94 22 .66 
Js 59 92 4J .oz 
l4 52 9l 41 .ts 
lS tl 94 15 .as 
J4 22 9J 40 .20 
J4 l1 9J OJ • 90 
J6 05 9J 44 oOJ 
)6 01 9J 11 Tr 
)4 42 9J 04 .40 
JS 41 90 OS 1.70 
)4 to 92 JS .15 
J5 55 92 J7 .to 
)4 )4 94 t6 .)1 
JJ )6 91 48 .to 
)4 l2 9J )6 .J? 
lS )4 94 01 2.10 
l4 05 9J 42 oJS 
JS )8 94 2) .09 

l'lor-t:h Li t'tle Roelt WSl'O AP J4 so 92 16 1.)8 
Odell ) N JS 48 94 24 .1) 
Dden 1 E )4 l? 9J 46 .JO 
Ozark )5 29 9J so 2.60 
Ozone )S )8 9J 27 ••• Park• )4 48 9J sa .zs 
Pine Blutt )4 tJ 92 01 .65 
Pine Rid.ge J4 lS 9) 54 .)0 
Piney GroYe l4 11 9J 12 o9J 
Ratclltt JS 18 9J 5J t.4z 
Saint: Prancb J6 27 90 08 .as 
Subiaco JS 18 93 J9 .ts 
Waldron J4 54 94 06 .4 
Waanita J4 J9 9J )2 t.oo 

SPSCIF!C ~I~ES{lf kno~! 

tt-tzz 

t4-t ~z 
07-08% 

09-~ZZ 

07-09Z 

10-12Z 

06-0?Z 
10-llZ 

to-t2Z 

a-tzz 
to-uz 
09-tZZ 

07-tzz, .4e·tto .. uz 

9-toz. u .. tzz 

11-t2Z 



ILLINOIS J IJ.TITUDE LONGITUDE 
STATION flAME ~ !!!!..:.. DEC. MII'f. 24-HR. TO':'AL SPEC'If"IC: Tr.o!ES (! f lfno•.,l 
Alton Dam 26 JB 53 90 11 ,)1 
Antioch 2 N\li ~. JO 88 08 .as 
Argonne National L&b ~l ~· 87 59 ••• 19-21% 
Ashley )8 20 89 12 .s zo ... ztz 
Aurot'1L ., 45 88 21 •r Belleville So, Ill. Unlv. 38 JO 89 51 ,6 zo-ztz 
Cairo "II'SO CI 37 00 89 10 .sa zz-ooz 
Carbondale Sewage Plant J7 " 89 10 ,4s 
Carlyle ReserYoir )8 )8 89 20 .25 zo .. zzz 
Carmi 6 rtff )8 10 88 12 oS7 Caaey )9 18 87 59 •r Centralia 2 SW )8 )1 89 10 1.19 
Channahon Dresden Ial. 41 .. 88 17 ,18 
Chester )7 s~ 89 so .12 
Chicago O'Hare WSO AP 41 59 87 54 ,04 20-~lZ, 07-0BZ 
Chicago Midway AP ) SW 41 " 87 46 .J o7 .. o9z, to-u:z; 
Clay City 6 SSE )8 )6 88 19 .16 
Clinton 1 SSW 40 08 88 sa ,o8 
Coulterville J HW ~~ 1) 89 )9 .2 zo-ztz 
Crete 27 87 JB .1 tt-tzz 
Danville Sewage Plant 4o 06 87 )6 .01 
Diona J SW . 39 21 88 10 t.zo oz-o6z 1 • sz· ;oz-oJZ. 
Dixon Springs Agrlc. Center 37 26 88 40 .3) 21-00Z 
Edwardsville 1 HE JB so 89 57 .1a 
E!'tingham ) w 39 08 BB 37 ,06 21-Z)Z 
Grafton 38 ~g 90 27 ,86 
Grand Tower 2 M 37 89 )1 .s1 
Greenville 1 E 38 ~~ 89 24 ,JB 
Harrisburg Dbpo-1 Plant Z6 88 z~ .91 uinly zt-ooz, ,7'"/21-ZZZ 
Hoopeston 1 HE 28 87 ,06 
Jacksonville 2 E 39 44 90 12 •r 
Joliet Brandon Rd. Dam 41 3D 88 06 ,09 
K&nkakee Water Pollution Ctr. 41 08 87 53 ,16 21-22Z 
Kaskaskia R. Nav. Lack 37 zz 89 57 1,6) 
Lawrenceville i!~ 87 41 ,10 
M:a.rengo 15 88 )6 ,OJ 
~.a.rion 4 HHE )7 46 88 54 .89 
Me Leanabora 2 ENE )8 06 88 30 1.14 
Morris 41 21 88 26 ,01 

_) Morrison 41 49 89 sa ,01 
Mt. Cannel )8 24 87 45 ,Js zz-ooz, .:)•/22-Z,Z 
Mt. Vt!rnon ) HE )8 21 88 52 1.10 
Murphysboro 2 SW )7 44 89 22 ,4 21-22Z 
Nashville 4 ME )8 2) 89 20 ,60 
Kewton 6 SSE 38 ss 88 07 o1S 21-22Z 
Ort!gon 42 DO 89 20 .17 17-00Z 
Pan& )9 2) 89 OS •r 
Paw Paw 41 41 88 

'~ 
.1) 

Peo1:one 41 20 87 .so 
Pip1r Cl ty 3 S£ 40 48 88 08 •r 
Pontiac 4o SJ 88 )8 ,0) 
Prairil! Du Rocher t WSW )8 OS 90 07 .26 20-21Z 
Ran1:oul 4o 19 88 10 • 7J 
Rt!d Bud S SE )B 10 89 56 ,16 
Rend Late Dam )8 02 88 59 • 55 
Rochelle 41 54 89 04 •r 
Shawne1town HIW Town )7 4) 88 11 ,46 
Soar't& )8 08 89 4) .7 19-20Z 
Utica Starved Rock o ... 41 19 88 59 .12 
Wat•rloo )8 20 90 09 ,41 
Waurman 1 ESE 41 46 88 45 ••• t6-20Z 
Watseka 2 HW 40 47 87 46 .22 
Wayne Clty 1 H 38 21 88 JS • 54 
West Sal•m )8 )1 88 00 .1 21-22Z 
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IOWA 
LA.':'I':UDE LONGITUDE 

ST.I.TION PU.?'.E ~ Miff, ~!!!.!!:.. 2ll-iiR, ':'C~AL SPECIP'IC ':'P.I!E'S ( 1!' k"novnl 
Algona J W .- 4J 04 94 18 .21 Au:es 2 SE: 42 00 9) )6 o09 Atlantic 1 HE 41 25 95 00 .1 16-17Z Bellevue Locit and Dam 112 42 16 90 •25 .5 2'3-00Z 

J C;uu:ade 42 18 91 01 ·'9 21-ZZZ. 23-00Z Clarion 42 44 9J 45 .12 Colo 42 01 9J 20 .1) Conrad 42 14 92 52 Tr Coon Ra'Pids 41 52 9" 40 .1 21-ZZZ Derby 40 56 93 27 .1 20-212 Outuque WSO AP 42 24 90 42 ••• Ql .. QJZ Elkader S SSW 42 49 91 25 .27 E111111etsburg 4J 06 94 41 .01 Fayette 42 so 91 48 o34 Grundy Center 42 22 92 47 .01 Guttenberg Lock and Dam 110 42 47 91 06 .o6 Hubbard 42 18 9J 18 ·93 Iowa Palla 42 32 9J 16 .1 16-17Z Je•ell 42 18 9J )9 .14 Kanawha 42 56 9J 48 .o7 Killdutt 41 '37 92 54 .21 Lansing 4) 22 91 1) .os hrble Roci: 42 58 92 52 .o7 r..ason City 4J 09 9J 12 .12 Me Greear 4) 01 91 11 .16 21-ZZZ New Ha=pton 4) OJ 92 19 .16 Newton 41 42 9l OJ .11 Northwood 4) 27 9J 1J Tr Ocheyedan 4J 25 95 )2 .64 Parkersturg 42 J5 92 47 .12 Fopejay 1 ME 42 J7 9l 25 .oz Sherneld 42 54 9J 1) .1 15-16Z Soencer ., 08 95 08 ·' 15-t6Z Story C 1 "ty 42 11 9l J5 .J 21-Z)Z Strawberry Point 42 41 91 )2 ·" 2)-0lZ Traer 42 11 92 28 .)5 ZJ-o?Z 1 .)'"/2)-00Z «aterlao WSO AP 42 Jl 92 24 ,25 zz-ooz, .zz· /ZZ-2JZ •auk on 4) 16 91 29 Tr Rebster City 42 28 93 48 .21 f~Uliams 42 29 9) Jl ·•5 Zea.rlr.~ 42 09 93 18 Tr 

KANSAS 
L.lTITT!l!E LONGUUO! 

STATION NAME M2.:.. ~ DEC. MIN. 24-HR. 't'OTAL SPECIFIC T'D!f!S ( U" known) 

A.lton 39 28 98 56 .21 

) A. twood 12 SSE 39 )8 100 ~ ••• 07 .. 08Z 
Auburn 1 H )6 56 95 Tr 
Brookville )8 .. 6 91 S2 ,10 
Cawker City J9 )1 98 26 .o6 
Circleville ?SW )9 26 95 56 .)8 
CUtten )9 )4 97 17 ,o6 
Covert 39 15 98 52 .o1 
Ellsworth )8 4) 98 14 .o) 
Eb:.dale 10 WKW )8 25 96 so o)S 
Elmo 1 MW 38 42 97 14 ,02 
Esbon 7 H 39 S6 96 26 .11 
Fredonia. 1 E )7 )2 95 48 Tr 
Galesburg J7 28 95 21 .29 
Coessel )8 15 97 21 •• Creat Bend. )6 21 98 46 .)2 
Harlan 39 )6 96 46 ·" Hays 1 S )6 52 99 20 ,04 to .. ttz 
Hlllsboro )8 21 97 12 .07 
Hoxie 39 21 100 27 ,OJ 
Hoyt )9 1S 9S 42 ,JO 
lola .1 W J7 ~~ 95 26 .1) 

u .. 12z Kanopolis D&m )6 91 S7 .22 
Larned )8 11 99 06 Tr 
Lebo JS 2S 95 51 Tr 
Lillis )9 )6 96 20 .62 
Lincoln 1 ESE )9 02 98 07 Tr 
Loret:ta )8 39 99 11 .sz 
Luray 39 07 98 41 ,1 ta .. uz 
~~anh.a~t:an )9 12 96 JS Tr 
ll!&t:t'l.eld Creen 

2 " 
)8 11 96 )4 .05 

Me !'arlttnd )9 0) 96 14 Tr 
1an~o 5 S: )9 16 100 52 Tr 
Klnnll&poli• 39 08 91 4) .20 
HatoT.a 39 11 99 02 .o4 
Horton Dam )9 49 99 56 •• O.z:f.1rd J7 16 91 09 .18 
Phillipaburg lSSZ )9 44 99 19 ·' 11-12% 
Quinter )0 04 100 14 .oz 
Read inr. 2 N )8 )J 95 57 •• Saint: Peter 4 ElP- 39 12 100 02 .12 
Sa:.i th Center J9 47 98 47 ,04 
Stillwell )8 46 94 40 rr 
Tuttle Creek Lake 39 15 96 )6 • 10 t8 .. 20Z 
Wakeeney 9 H J9 10 99 so ,OJ 

.) W:~.mego )9 1l 96 18 .12 
Winkler )9 28 96 so o09 
Worden )8 48 95 22 ,OJ 
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KENTUCKY (West) 
STATION NAME 

LATITUDE LONGITUDE 
~ MIN. pEG. MIN. 24-KR, TOTAL SPE:Ctl"!C TI!o'!ES { t:r lcno...,) 

Calhoun Lock z 37 JZ 87 16 ) Columbus J6 46 89 
• 55 

Dundee 07 .72 
Durutor 37 JJ 86 46 • 51 _j 

Franklin 1 E 37 as 87 00 .;2 
Ha.r1:rord 6 NW 

J6 4J 86 J4 ·"" 37 32 86 54 o72 ll'ladlsonville 1 SE 37 19 87 29 ·53 Owensboro J W 37 46 87 09 .20 D•ensboro English Pk. 37 47 87 08 .21 Paducah Se•age Plan't 37 06 •• J6 1.26 Sebree 37 J6 87 JZ .20 

MINNESOTA 
LA.TITUDE LONGITUDE 

STATICH fUME Blli MIN, ~ Mili. 2&1.-HR. TOTAL SPECIFIC TI~ES{lt know") 

J. i tkin 46 32 9J 4J ,OJ 
!lanch~rd Po•er Station 45 52 94 21 ~~ 
Brimson 1 E 07 16 91 51 ,J4 
Caledonia S SE 4J J4 91 27 .2S 
Cambridge St. Moapital 4S J4 9J 14 ·' 21-ZZZ 
Campbell 46 06 96 25 .29 
Canby 44 4J 96 17 .J 01-0ZZ, 06-0?Z 
Cokato 4S os 94 12 .as 
Dodge Center 44 02 92 so .04 12-14% 
Duluth wso ~ 46 so 92 11 1,1J 16-otz, t,oo• /tB-192 
Elt:in 44 08 92 15 ,J4 
Elk River 4S 18 9J JS ~ 
Fairmont 4J J8 94 28 ~~ 
Port Ripley 46 11 94 22 ~~ 
Prazee 46 44 95 4J .1 22-2')% 
Haning• Daa 2 44 46 92 52 ,08 
Hinckley 46 01 92 S6 ,84 a&inly 14-:ZOZ 
Hokah 1 SW 4J 4S 91 2J ,04 
lalaw.! Lake ReaeMoir 46 59 92 14 .11 
Karla tad 48 JS 96 J1 o09 
Lake City 44 27 92 16 ~r 
Lanesboro 4J 4J 91 59 ... 
Litch!'leld 4s 01 94 J2 o02 
LuYerne 4J 40 96 12 .62 
Meado•l&nda 9 S 46 59 92 44 ,6J 111ainly 17-Z"JZI .~z· /2.1-ZZZ ,) Minneapolb-5t. Paul WSO u 44 SJ 93 1J .J2 eainly 20-22Z 
Minneot& 44 J4 9S 59 ,49 
Minneso~ City Da= #5 44 10 91 49 ~ 
Montevideo 1 sW 44 56 9S 4S .to 
"•• Ulra Z SE 44 17 94 25 .06 
Northfield 2 ftME 44 28 9J 09 ·' 1)·14Z 
Korth Manka to 44 10 94 02 ,16 
Pokegaa:.a Da.m 47 15 9J JS .J? . mainly tB-t';Z 
Red La.ke Indian .lcency 47 

'~ 
9S 02 ,14 e&inly tB-19Z 

Rushford 1 SSW 4J 91 45 ,01 Z1-Z2Z 
Sandy Lake Oara Libby 46 48 9J 19 •• 12-lJZ. 14-15Z 
S:!)ringfield 1 rnt 44 15 94 59 ~~ 
St. Paul 44 sa 9J 05 .12 
'rheilman 44 18 92 12 .ts 
Wabasha 44 2J 92 OJ .!7 
Wadena ) S 46 .. 9S 09 ~~ 
Walker R&n~r Stat~on 47 06 94 ~ ·' 19-ZO% 
Wells 1 HW 4J 45 9J .as 
Whiteface Rese~olr 47 17 92 11 .o4 
WUla.r Sta'te Hospital 45 08 95 01 .ot 
w lnona Daa 5 A 44 OS 91 41 ,OJ 
Winton Power Pl•nt 47 56 91 46 o02 1S-17Z 
Worthinc~on 2 NNE 4J J9 95 JS ,02 
Young A;a~erie& 44 47 9J ss .ot 
Zua:.bro Palls 44 17 92 26 .6s 
Zuebrota. 44 18 92 40 .:n 
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) 
MISSOURI 

LATITUDE LONGITUDE 
STATION !'fAME ~ !.!!!:. DEC. !!!!!.:.. ~4-HR. tOTAL SFEC!PIC ~D!ES!lr kno.,! 

Arcadia J7 J5 90 J7 2.80 
Bernie 36 •o 89 58 o93 
Belleview 37 41 90 .. .1 orr 1: on1 .4-/2Z-04Z 
Bloarctleld 36 " 89 56 o20 
Boonville 36 58 92 45 .07 
B:-unswicll: 39 25 9J 01 oOJ 
Bunlcer 37 27 91 1J .26 
Burlington Junction 40 27 95 04 .o6 
Cap Au Cris Lack • Da• 25 39 00 90 42 •• tB-zoz 
Caruthersville J6 12 89 40 1.52 
Cassville Ranger Station J6 41 9J 52 o22 06-09Z 
Centralia 39 1) 92 oe .41 1')52.-1406Z 
Charleston )6 ss 89 21 .OJ 
Clarksville Lock ~ Dam 2~ J9 22 90 54 .1 13-14Z 
Clinton JB 22 9J 46 .1 12-l')Z 
Columbia io!SO .1.P 38 49 92 1) o)9 18-19Zr r.ain storm just 

De Sot;o 36 09 .4o 
acuth o! airp=rt 

90 JJ 
Panington 37 47 90 23 .60 21-ZZZ. 
Fredericktown 37 J4 92 37 o20 
Cireenvilh 6 H 37 12 90 27 .87 
Her:n:lnn 3a 42 91 26 t.to 
Higbee 4 S J9 15 92 )0 .07 17-19Z 
Jefferson Barracks 2SW Ja 29 90 20 .s 18-ZOZ 
Jerorr.e )1 55 91 59 o1J 
Je·.eu 7 E 37 22 90 21 .a 21-00Z 
Xe~~ett Radio KB01 )6 13 90 04 t.as 
tt.:~.rble Kill J7 1a •• sa 1.17 
lf.eCnHUe f:xp. Station )a 51 91 S4 .aJ 19-ZOZ 
rexic:o J9 11 91 s• .16 
lt.Uan 40 12 93 01?'" .o) 
rr.onroe CLty 39 39 91 .. .oa 
New f'l orer.ce 2 3a 55 91 27 .J 1S-19Z 
Hew :.!adrid )6 35 89 32 ... 
o~ark )7 00 9J 14 .10 

) Pacific 38 )O 90 44 .J6 
P::r.n:".a 36 J7 a9 49 1 .. ~7 
Fcrr:;vllle Water Plant )7 44 89 !5 .6S 
Pla u.s burg ilia terworlts 39 J4 94 27 .os 
Pot~lar 31uf! Ran~~;er Station J6 46 90 2S .ll 
Part.:lo!eYille 36 2S 89 42 .42 
Quilln )6 36 90 15 1 .. 01 
Reynold• J7 24 91 OS .16 
Richmond 39 20 9) sa .69 O'J-04Z 
Rict:wnort::J 3a 09 90 so .so t9-21Z 
Rosebud 38 23 91 20 .21 
Saint Charles Ja 47 90 30 .71 
Saint Louis WSCMO J.P 3a 45 90 22 1 .. 1o 19-21Za 1.05"/19-20% 
Saint Louis WSPO )a •a 90 J4 .65 
Salem J7 )a 91 32 •• 2:3-ooz 
Steelville 2 H 3a 00 91 22 .62 
Sterrenville )9 58 91 53 .o• 
Sullivan 10 HW 3a 20 91 20 o09 19-ZDZ 
'tart:io 1 sw 40 zs 95 24 .o6 
Troy )a 57 90 sa .at 
Union Ja 27 91 00 .. , 
Va.lley Parlt:. 38 J3 90 29 .78 
Van Buren 36 59 91 01 1 .. ?6 
Vandalia )9 19 91 29 1 .. 58 
Vienna 2 Wrft'l 3a 12 91 59 o01 19-DOZ 
Wappapello Dam 36 56 90 17 o30 oo .. otz. OJ-04Z 
Warrenton 1 K 3a 49 91 08 .•a 
Washington Z )a 33 91 00 .2 19-20Z 
WaY'!trly 39 12 93 )1 .to 
Wen-;z:ville )a 49 90 52 .s 19-20Z 
WUllarasville )6 sa 90 33 .to 
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NEBRASKA 
LA'l'I'l'UDE LONGITUDE 

~) 

STATION l't'A.ME ~ Mifl. ~MIN. 24-Hlt. TO":'AL SPECIPIC '!"DilES { lt ll:ncwn) 

Amell& 2 W 42 t4 98 55 ,26 09-llZ 
Anselmo 2 SE 4t )6 99 so ·' 1)-14Z 
Arcadia 4t 25 99 08 tr 
A.ahton 41 tS 98 48 ,04 11-tzz 
Bartlett 4t 52 ·98 " ,6) 
Baasett 42 35 99 

'~ 
.s 08-11Z 

Beatrice 40 t6 96 .2 11-12Z 
Bennington 2MW 4t 24 96 t2 ,20 
Bennington J E 4t 2t 96 06 ,t u-tzz 
Broken Bow 2 4t 24 99 )8 .t u-tzz 
!roicen Bow 2 W 41 25 99 4t •• 
Chambers 42 t2 98 45 ,4) 
Comstock 4t '' 99 t5 .38 
Creston 4t 4) 97 22 ·' tt-tzz 
Elgin 10 w 41 ~ 98 17 .11 
Ericson 6 WNW 41 98 47 ,21 
Cavins Point Dam 42 51 97 29 .ot 
Gresham J SSW 40 59 97 26 .02 
Hardngton 42 37 97 16 •• 
Howells 4t 4) 97 00 •• 
Lyncn 42 so 98 28 ,25 10-lZZ 
ft.alcolm 40 55 96 52 .43 
Mea.:low Creve 42 02 97 44 fr 
Heligh .. 08 98 02 ,t4 
Norfolk joj'SQ AP 41 59 97 26 .10 10-12Z 
Hort!'\ Loup 41 )0 98 46 •• 
O•Neill 42 28 98 39 ,20 
Orleans 2 W 40 08 99 30 •• 
Pawnee C 1.ty 40 06 96 09 ,14 
Peter:obnrg 11 E 41 5) 97 52 ,ts 11-tzz 
Pierce 42 12 97 )2 ·' 11-tzz 
Rose 7 WNW 42 10 99 40 ,20 
Spa.l:Hng: 41 4t 98 22 .3 u-tzz 
Star.lehurst J .... 4t 00 97 15 .so 
Sur:::~rise 1 S 41 OS 97 19 ,47 
Utyi;:ses 41 04 97 12 ,48 
Valen~ine 'II'SO AP 4Z 52 too " ,)2 as-to: 
Wahoo "' t2 96 )8 • ~0 

W Usonvl.lle 40 06 100 06 ,12 

) Winllide 42 10 97 10 ,18 

. 

NORTH DAKOTA LONGITUDE LA.'l'ITUDE 
STA'l'!Olf NAME ~ MIH. ~!!!!!:. 24-HR. 'rD'!'AL SPECIPIC 'rD!!S(lf known) 

Alexander ? SE 47 49 101 )2 .1) 
Ashley 46 02 99 22 .2 1)-14%, 09-10% 
!eulah 47 16 101 47 ,ot 
!ism.arc:k WSP'D AP 46 46 100 46 ,07 07-QSZ 
Bo•bella 48 48 t02 15 ,63 
Columbus 48 55 102 so .• 0) 
Dawson 46 52 99 45 .2 08-09Z 
Dickinson Exp, Station 46 SJ t02 48 ,ot 
Dunn Center 2 SW 47 2t to2 39 ,08 
Carriaon 47 )9 lOt 25 .)5 
Clen Ullin 46 49 lOt 49 .1 O!S-06Z 
Hannat"ot"<.i 47 t9 98 11 .1 11-lZZ 
Hillsboro :J K 47 27 91 04 ,06 
Hurdsfield 8 SW 47 21 100 01 ,44 
Lake r.etigoahe St. Park 48 59 too 21 •• Mandan Exp, Station 46 48 100 54 ·" 07•08Z 
Me Cn:cor "" J6 t02 56 .1 22-2)Z 
Minot Ex~. Station 48 11 101 18 ,15 07-0BZ 
Montpelier 46 42 98 )5 ·' 06-07% 
Napoleon 46 )O 99 46 ,44 
Oakes 2 S 46 08 98 05 ,16 15-16%, 11-12% 
Reeder 1 '} N 46 17 102 57 •• Richardton Abbey 46 5J 102 t9 •• 
Sheyenne 47 so 99 . 07 ,1 18-19% 
Stanlet J NfM 48 21 102 25 .45 
Town~r Z NE 48 21 100 • 24 .35 2)-00Z 
Wat:!'or::l City 12 £ 47 48 102 59 .I 2)-00Z 
WU ton 47 09 too 47 .17 
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OKLAHOMA LA.TITUDE LONGITUDE 
STA. TIOH r!.lrf.£ ~ !!!..:!.:.. ~!lli 24-lffi, TOTAL SPE:C rrr::: 't':t'ofES nr :.:no_, I 

El Reno 1 lf 35 33 97 58 .o6 

(J Heavener 1 SE 3" 5~' 
94 35 .oz 

Hobar't 1 WSW 35 99 06 .1 
Inola 6 SS'It 36 04 95 33 .33 aainly oo....otz 

Kansas 1 ESE 36 12 94 "7 .o4 
Keystone Dam 36 09 96 15 ... 9 ••inly 2)-01% 

Pawftuska 36 40 96 21 .3 07-Q9Z 

Pawnee !i " 36 24 96 49 .1 2)-00Z 

Perry 36 17 97 18 Tr 
Skiatook 36 22 96 00 ... 9 
Stillwell 1 NE 35 50 94 37 .37 
Stroud 1 lf 35 45 96 39 tr 
Y lni ta ) rrnE 36 41 95 08 .o2 
Wagoner 35 58 95 22 .31 
Zoe 1 E 34 46 94 36 .09 

SOUTH DAKOTA 
LA.TITUOE LONGITUDE 

STATION NA.!r.E .Qlli. !i!!!.:. ~!!!!!:.. ;;:4-H'R. TOTAL SPE:CIPIC '!'P.I'!ES [ l r known! 

Aberdeen ~so AP 45 27 98 26 .02 11-12Z 
Chamberlain 5 S 43 "" 99 19 .24 
Cottonwood 2 E 4J 58 101 52 .60 
Gettysburg 16 WSW "" 59 100 17 .I 06·07Z 
Hopewe 11 1 SE "" JO IOO 52 .lZ os-oaz 
Interior J liE 4J 45 101 57 .I 05-06Z 
Lake Sharpe Project 44 04 99 28 .11 0?-0SZ 
r..aurine 10 SW "" 54 102 43 .25 
MU .. ville 8 ME "" J2 101 34 .1 2)-00Z 
M1ssion 43 18 IOO 40 .30 07-tOZ 
Oahe Dam "" 27 100 25 .16 07-0BZ 
Pickstown 4J 04 98 J2 .2 08-tOZ 
Plainview 4 SSW "" JJ 102 11 ·3 OJ-04Z 
Rapi:t City wsa AP "" OJ 103 04 .o6 18-19Z. os-o6z. oa-o9z 
Sioux Falla WSFO AP 43 34 96 "" .o7 17-18Z 
Spearfish. 44 29 103 52 .o3 
Wessington S S "" 23 98 42 .23 
Zeona 10 SS'., 45 04 10) 00 .2 02-0JZ 

) 
TENNESSEE {West & Middle) 

LATITUDE LONGITUDE 
STATION NAME ~ !!!h ~ .!!.!i:.. 24-H'R. 't'OTAL SP!Ctl"IC 't'I:¥!ESC1! lrnown! 

Ames Plantation J5 06 89 1) 1.14 
BethJI&I!::e 36 29 86 19 ·" Ia U var Water W ark a 35 16 88 59 1.03 02-DSZI .6•/02-0)Z 
Brownsville 35 J5 89 15 1.45 
Brownsville Sewage Plant 35 35 89 16 1.J 01-Q4ZI .7•jo1-ozz 
Car":ha~Je J6 16 85 z~ .57 00-02Z 
Coving-ton 1 W 35 34 89 1.39 
DicJCiiiiOn 36 04 87 2J .9 00-DSZt .6•/oo-otz 
Dru~U~onds J5 27 89 55 1.0 02-0SZt o5"/03-042 
Pranklin Sewage Plan't 35 56 86 52 .55 
Gainesboro ) f'f 36 24 85 40 .17 
Greentield J6 10 88 47 1.4 oo-ozz, 1.2•/oa ... otz 
Humboldt 35 49 88 56 1.2 01-QJZI .6• each hour 
Jacksan .E:a:p. Sta. 35 37 88 50 .93 01-0JZI .63"/01-022 
Kingston Springs 2 liNE J6 07 87 06 .so 
Lafayette J6 31 86 02 .so 
Lebanon 2 SE 36 11 86 15 .54 16-17Z, oo-ozz 
Lebanon 7 N-Hunters Point 36 18. 86 16 .16 
Le:a:ing"ton 35 40 88 25 1.33 
Martin U of 'r Branch J6 20 88 52 1.)1 
Maaon J5 24 89 32 1.2 oz-04z, .6• each hour 
Mem~hia 35 12 90 02 .7 04-06ZI .6"/05-062 
Memphis WSPO 35 03 90 00 .68 Oj-06Z1 .Jz•.toJ-o4z, 

.zs·;os-o6z 
Milan J5 56 88 46 1.32 
r.ur!reesboro S H 35 55 86 22 .27 18-19Z, oo-otz 
Nashville WSO AP ·J6 07 86 41 .26 oo-o6z 
Nea,alls Exp. Station J5 4J 86 58 .55 
North Sprincs 36 28 85 46 .o6 
Pari:! S E J6 19 88 14 .59 
Por:land Sewage Plant J6 J5 86 32 .2 00-Q:)Z 

Ri'!'ieY 35 45 89 J2 .90 
Sa•burg Wildlife Refuge 36 23 89 21 .26 D0-02Z 
Smithville 2 SE 35 57 85 47 .e2 
Sprinr,!'ield Exp. Station 36 28 86 50 .7J 2)-QOZ, 01-ozz, .6•/2J-voz 
Union City 36 25 89 04 .o7 
Waynesboro 35 18 87 46 .63 
Woodbury 1 NNW 35 50 86 05 .20 

I,) 
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J 
WISCONSIN 

IJ.TITUOE LONGITUDE 
STATION I'U.ME ~ ~ ~!!!!!.:. 24-HR. TOTAL SPEC!l'IC TL¥.ES!!f knownl 

Alma. Dam 4 44 20 91 56 ,42 t8-19Z 
Antigo 1 SSW 45 08 89 09 1.6) 
Arlington Univ. Parm 4J 18 89 21 ,04 2)..01% 
A•hland Exp. Parm 46 )4 90 s• 1,4 12-0ZZI .8•/t9-ZOZ 
Babe:ack 1 WNW 44 18 90 01 .15 1?-ZOZ 
Baldwin 1 SW 44 &: 92 2J .oa 
Blanchardville 2 42 89 52 ,OJ 
Breed 6 SS£ 45 OJ 88 25 ,14 
BucU-;abon 46 01 89 19 ,27 
Chippewa Fall• 44 56 91 2J .1 1'-14Z 
Clin'tonvUla 44 31 88 45 ,44 tz-taz 
Coddington 1 E 44 22 89 )2 .)6 14-16% 
Cumberland 45 )2 92 01 ,1J 
Danbury 46 01 92 22 ,20 
Darlington 42 41 90 01 ,Oj 
Eagb 5 N 42 57 88 21 .sa t6 .. tn. zo-zzz 
Eagle River 45 55 89 15 ,64 
Eau Pleine Reser"Toir 44 44 89 45 .42 n-taz 
Cer.oa Dam 8 4J J4 91 14 ,09 zo-ztz 
Green Bay WSO AP 44 29 88 08 .29 ·t4-0ZZ 
Har"tf'ord 2 w 4J 19 86 24 ,J8 1?-C4ZI .z?•/t8-t9Z 
Hatfield Hydro Plant 44 24 90 44 ,)2 
Horicon 4) 27 88 )8 .2) 
Lac V1eux Desert 46 08 89 08 .J9 
Ladys~ith Ranger Station 45 2B 91 08 .1 1S-16Z 
La Parge 4J J4 90 JB o09 19-ZOZ 
L:lnca:::aer 4 WSW 42 so 90 47 ,07 21-ZjZ 
Lone Rock PAA AP 4J 12 90 11 •• t.onr; Lake Darn 41 54 89 08 .6) 
Luck 45 )4 92 28 ,I 16-t?Z 
Lyru.vilb Dam 9 4) 1J 91 06 .15 
Madison tllSO AP 4) 08 89 20 ,to 19-ZtZ 
Jllatner J rM 44 11 90 22 o55 
l1ad!ord 4s 08 90 21 .55 tz-zoz, .,•.tt2-l')Z 
Mereer Ranger Sta~ion 46 10 90 04 .1 12-l~ZI .~·11z-nz 
V.errill 45 II 89 41 .40 1~-16Z 
Milwaukee l'fSO AP 42 57 87 54 1.1, 1J·'t:, 1.o7-/19·~o: 

·~ 1111noequa Dam. 45 5J 89 44 .)5 
~1nong Ran~r Station 46 06 91 49 .1 18-19Z 
Monroe 1 W 42 )6 89 40 •• ICuscoda "l 12 90 26 .15 
Hew· ton:! on 44 2) 88 44 1.02 
Marth Pelican 45 )8 89 15 .J5 
Ocont-o ~ N 44 54 87 57 ,20 
Peshtigo 4j 04 87 44 .2 t')-t4z. t8-t9Z 
Phelps Deerskin Dam 46 OJ 89 02 .sz 1J-l8Z 
Por""tage •l )2 89 26 .19 ... inly ZJ-oD:z: 
Prairie Du Chien 4J 02 91 09 !r 
Pren~iee Z 45 )1 90 11 .29 uinly 12-t .. z: 
Rainbo• ReserToir 45 so •• JJ .oa 
Rib Palls 44 sa 89 s~ .)2 
Ric• Lake 45 JO 91 •5 •• 16-ISZ 
Rice Reservoir 45 )2 89 45 o22 1)-16%. 21-2)% 
Soldiers Grove 4) 24 90 47 .2~ 

Spirit: P'&lh 45 21 •• ·58 .21 
Spooner Exp. Parm 45 49 91 SJ •• u-z:n 
Stra~tord. 2 Mf'IW 44 so 90 05 ,2J 
Sturgeon Bay Exp. Par= 44 52 87 20 ... 21-QC% 
Sugar Cam!' 4j 

'~ 
89 •• .22 

Three LaiCea 10 SE 4j 89 00 .1 17-tBZ 
tomah Ranger Sta'tlon 44 00 90 JO ,I 1S-16Z 
Tre•!'ealeau Dam 6 44 00 91 26 ,OJ 
Wa'ter""to•n 4) 11 88 44 .21 
'lfestby Z rcE 4J 40 90 48 •• 
White Lake J WHW "5 10 88 49 .2 15-1'1% 
WUlo• Reservoir 45 4) 89 51 ,JZ 
Wlnur 6 NHW 45 Sl 91 04 .so 1S-l7Z. %0-ZlZ 
Wt5consin Rapids Crand AVo Br.4~ 24 89 49 ,02 
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.APPENDIX D 
PLOTI'ED MAPS OF OBSERVID PRECIPITATION 
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