
The I'AI'P in the orographic region of the stona h approxifll.!l.ted by the 
maxi~m precipitation depths in the nonorographic region, as long as the 
same atmospheric forces are involved at each location• 

Esrimates of the FAfP based on assumptions 1 and 2 are bett .. r fo< sroall 
rather than intermediate or large area sizes. 

7.3.1.3 Module 2, ThiS module uses an isohyetal analysis of the precipitation 
data to evaluate the free air forced component of precipitation, Inherent in the 
uae of this module is the exiatence of an isohyetal analyds based on adequate 
precipitation information and prepared "ithout undue reliance on nonaal annual 
precipitation or other rainfall indices which mav induce a spurious correlation 
between the predpitation amounts and topography. In addition, there are five 
other concepts underlying this nodule, These are: 

J, One or more than one level of LOI'ACA rnav exist in• the orographic part of 
a storm. When mo~e than one storm center Is contained in a given area 
category, the lOV@st level of LOFACA found is used for that area size. 

2. LOFACA exists .,hen there is a good correlation betwe"n some isohyet and 
elevation contours. 

'. 

;, 

llpsloping and triggering (F- and B-type correlations) a~e of equal 
significance in deternining the percentage of p~ecipitation above LOFACA 
"hich is terrain forced. 

For an orographic stom (centered in th orographic portion of the 
region), the Ia•ger the nonorographic ponion becomes (in relation to 
the total stom. area), the more likely that the obsenred largest 
rainfall a<Dount In the nonorographlc portion (as repruented by DADFX) 
Is the ""true" upper limit to FAFP in tbe oro~raphlc part of the stonn, 

Estimates of I'AI'P usin~ the above assumptions are better at Intermediate 
and large rather than small area sizes, 

7.1.1.4 Nodule 3. ThiS module makes use of the meteorological analysis and the 
evaluation of the interaction of dvnanic mechanhms of the atmosphere >iith 
terrain to eatiroate the I'AFP. There are seven baste concep-ts underlyin.<( the use 
of this roodule. These are: 

J, Estimates of FAFP made using the techniques of this module maY be of 
marginal reliability if the storms considered are those producing 
moderate ot lesser precipitation amounts• 

'· A variety of storms exist, each one of which 
configuration for producing extreme precipitation. 

••• •• opt iroum 

3. The more closely the atmosphedc forcing mechanisms for a given storm 
approach the ideal effectiveness for that type of stonn, the larger the 
effectiveness value (Pal for that stonn becomes, 

4. The fAI'P is directly proportional to the effectiveness of ~tmospheric 

forcing mechanisllS and inversely proportional to the effectiveness of 
orographic forcing mechanisms, 

,,. 

'· 

•• 

If the effectiveness of the orogr-aphic ford nit" mechanisms is of opposit• 
Bilt"n to the effectiveness of the atmospheric forcing mechanisms and o• 
equal or larger magnitude, little or no precipitation should occur, 

The I'AI'P of stonns of record is arbitrarily limited to no more thar 
100 percent of the maximum precipitation depth for the area/duratior 
category under consideration. 

7, Estimates of FAI'P using the above assumptions are better at lar~e rather 
than at inten~~ediate or small area sizes. 

7.3.1.'> tlodule 4. A basic assumption underlyin~: the use of module 4 1s that 
better results can be obtained by combinin~: Information; i.e., averaging th< 
percentages obtained from the isohyetal analysis with the meteorological analyst• 
and those obtained from analysts of the precipitation observations with th< 
IIH!teorological analysis. Better estimates are produced by avera~ing when there 
is little difference in the expressed preference for any one of the techniques or 
sources of infonnation and, aho, when the calculated percenta~e of I'AFP fro~ 

each of the modules e~hibits wide differences. 

Litde is to be gained from use of the averaging technique over estimates 
produced by one of the individual analyses of modules 1, 2, or) when: 

l. There are large differences in the expressed pref,.rence for the 
techniques of one module. 

2, The sources of information for one of the individual modules is 
definitely superior. 

). The calc~lated percentages among the ""'dules are In close a~:reement. 

7.4 Methodology 

The SSM wu developed In a modular framework. This ""rmit• the user to 
consider only those factors for "htch inforn~ation is available for an Individual 
storm. A MAIN FLOWCHART of the SSM is shown in ft~ure 7.2. 

The MAIN fLOWCHART gives the user an overview of the SS!1. Modules 1, 2, and 3 
are designed to u~e the first three Information S@tS n>entloned in se~tion 7.3 a5 

indicated by the remarks column at the left side of the fl011chan. A decision 
mun be made initially for any stor111 and category as to "hich roodules can be 
appropriately used, module I, 2, or 3. The decision is based on a roinimu11 level 
of acceptability of the infon~ation required by the module in Question. The 
d,.chions ar .. formalized for each of these three modules in module o. The h,.art 
of the SSM procedure is nodule S "here documentation ts made of the SSM proce~s, 
thereby penattting traceability of results• Thou~h module 5 can he reach,.d on 
the fl011chan only after passing through each of the other modules, it is 
recommended that the steps in each module h" documented in the record sheet of 
110dule 5 as the analyst proceeds. Transposition and moisture maximization of the 
indu value of precipitation foll""s the completion of the SSM and "ill be 
dhcusaed in chapter B. 

'" 



7.4.1 Module Pl<J11Chan10 

There Is a flowchart for each module. These were de"eloped to aid the analyst 
In follo~lng the procedures In the SS~. 

7.4.1.1 Module 0 l'Tocedure (fl,o!:. 7.J.). It is Important in this raodule to decide 
on the adequacy of the a"atlable data. The reeults of this aaaeu-nt are 
entered In colu,.n D of figure 7.8. The following rules concerning criteria are 
used: 

L 

3. 

'. 

For raodules l, 2, or 3, if there are no data available for the l!iven 
technique {module), assign D to column D. 

If the data are jud~ed to be highly adequate, aui~n a value of either 7, 
8, or 9, "here 9 Is the most ad~uate. 

If the quantity, conststencv, and accuracv of the infomatlon are jud~ed 

to be adequate, assi~n a value of either 4, 5, or 6 to colu,.n D. 

If the Input lnformatton are [udged as neither hi~hly adeQuate, adeQuate, 
or Ollssln~. a vdue of el.th"r l, 2, or 3 must be assi~ned to colulln D • .0. 
value of l is the lowesr level of adeouacv consistent with affirmative 
responses to questions 3, 5, and 7 In module 0 • 

.O.n evaluation of a technique is not appropriate when there is inauffident 
Cl:l Information available for it to be used, As&i~ning an effective value of ~ero to 
0 column 0 under t~ese clrOJmstances eliminates the possibility. 

"' The Glossary of Terms Provides all required information needed to give 
nu...,rical values to the five variables In the first orep of the 110dule 0 
procedure. Note: In this rnodule and in IIOdules I, 2, and 3, the connector 
B)'llbol (C) applies only »!thin the giv~n 100dule; i.e., »hen one is sent to a 
connector symbol it is d»ays the one that Is found in that module. 

The follo..in~ questions need to be ana,..ered In this module: 

Q.l. Is PC equal to or ~reater than 0.95? 

Q.2. Is there a HXVATS for an area al•e equal to or less t~an 100 1.t 2 on 
the Pertinent nata Sheet for this sto~? 

Q.J • .O.re the quantity, quality, and 
observations sufficient to select 

distribution of 
a reliable value 

Q.4. Is an hohyetal analvsis available' 

(),5. Is the iso~yetal analysis reliable' 

the nonoro~raphlc 

foe RNOVAU 

Q.6. Is a reliable lsohyetal analysis eadlv acc0111plished? 

Q.l. A<e the meteorolo~:tcal data sufficient to make a reliable estimate of 
Pa and A0 ? 

Q.8. Is RNOVAL equal to leroY 

"' 

ENTRY 

SET: RCAT. MXVATS, DADRF. BFAC, PC 

"' 

Go To MODULE 5 

y 

Nr==,..-::::01 
M1NTRY,_YES 

N 

SET VALUES FOR COLUMNS D.&. E. IN MOO, 5 

PASS'"' NO 

RETURN TO MAIN 
FLOWCHART 

"' 

c 

REMARKS: 

M1NTRY,MZNTIIY, M3NTRY ARE 
VARIA8l.E8 WHICH STAT[ WHETHER 
Oft NOT A MODULE WILL BE USED. 

USE o/o IN COLUMN E. OF 
MODULE 5. If MODULE ENTRY 
VALUE IS NO l.o.MZNTIIY-NO 

~IS A VARIABLE WHICH 
DETERMINES WHETHER CERTAIN 
SlEi>S IN MODULE 4 MAY BE 
ELIUINaTEO. 
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FLOWCHART 

N 

y 

J71gure 7.4.--Fl-chart for -dule I, SSM. 

PCTl= PC+ 

REMARKS: 

RNOVAL 
MXVATS 

<.95-PC) 

7.4.l.Z Module l Pro<:l'dure (fill:· 7.4). This module comes doser than any other 
tn estlmatin~ a value tor FAFP based on observed predpitation data. The kev 
variables RNOVAL and HXVATS are based on direct observation, even thou~h in some 
dl'cumscances uncertaintY surrounds the Accuracy of these observatiOns. The 

actual values selected depend on the placement of the OSL (o<>c. 3.2.1) In th
vHtnHy of the storm und"r consideration. Additionally, an analytical jud!(men' 
moat be IIIB.de concern:ln,o: the scorn. mechanism that resulted in HXVATS and RNOVA!.. 
If there is more than one otono mechanism involved in the storm, tile valu• 
selected for RNOVAL must result from the same mechanism that produceri ~XVATS. 

The followin~ questions are asked in module 1: 

0.9. ls thiS the first time in this module for this storm? 

0.10. lias the analyst just arrived here from module 4 to do a review' 

0,11. Is RNOVAL eQual to HXVATS? 

0.12. Is a review of the data and assi~ned values for the variahle needed? 

It it is a good assumption that RNOVAL ;,rill usually be observed at a lo...,r 
elevation than HXVATS, then there Is a bias toward relattv .. ly lar~e value• for 
PCTI in relation to the other percenta~es from the other modules, since total or 
cumulative )>rectpitable water usually de<:reases with increasiOJ>; elevation. The 
viability of PCTJ depends on the density of good precipitation observations on 
the date the storm occurred, 

7.4.1,3 Module 2 Procedure (fig. 7.S). In this module, the average depth of 
pr .. clpitation for a given area-duration category Is conceived of as a coluran of 
;,rater co01p0sed of top and bottom sectio~a (where the botto11 se~tion can ~ontain 
from 0 to 95 percent of the tot.ol depth of water). The U111t to the top of the 
botto11 section is set by the parameter LOFAC. The bottom section is conceived to 
contain only a Olinimu"' level of FAFP for the •tonn, The top section coMains 
predpH.,tion that results fr0111 orographic forcing, and perhaps additional 
atmospheric forcing. The percent (if any) of the top secti<m that results fr001 
stuoaphetfc forcing is determined by the F-type and a-type correlations. The 
value computed for LOFAC is sensitive to the accuracy of the isohvetal analysis 
for th" storm. This sensitivity must be taken into ac~ount when evaluatin~ 
module 2 procedures in column E of module 5. 

The procedure in which the predp:ltstion is divided into two sections, Is 
represented also in the expression for PCT22, which may be rewritten as: 

PCT22 = PCT2 (1 - LOFAC ) + .h22f.._ 
MXVATS HXVATS 

There are 
rtghtmollt 

three tenna on the ri"ht-hand side 
of these terii!S h the m1ni....,ll level 

of the 
of FAFP 

above ,0, equation. The 
the whole column 

expressed "" a percent of the total and is the bottom section of the ideali:zed 
column described above. The product of the first two tenns on the ri~ht-hand 
side of the equation describes the top section of the i<lealized column, <./here 
PCT2 1s the percent of the top section arising from atmospheriC forcing and the 
second term Is the depth of total predpitation minus the minUIUm level of fAFP 
expteosed as a percent. 

LOFACA iS set to tero and LOFAC becomes lero when a good correlation cannot be 
found between any of the hohyets and the elevation contours upwind of the storm 
center, zero is the numerical value that is appropriate for a minimum level of 
FAFP for the stonn. llere ·tt is assumed that the bottom oectlon of the idealized 
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"' 0 ... 

PASS=YES Go To M3NTBY 

SET:LOFACA:O,PB= I 
DETERMINE: LOFAC 

IF PA-0 SET PS-0 
SET :LOFACA, PB. LOFAC 

o, 

PCT22.~ I:!RCAT RETURN TO MAIN 
FLOWC~BT 

Ft~re 7.5.--Yiowcbart for .adule 2, s~. 
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REMARKS• 

AlTERNATIVE CALCULATION Of 1 2 : 

P~ WILL BE THE SMALL£R OF T~E 
TWO FACTORS SEPARAT£0 BT 
THE COMMA. 

H TERNATIVE CALCULATION OF PCT22: 

PCT22=PCT2+L0FAC (1-PCT2) 
MXVATS 

column h empty (miniiDUOI level of FAFP • 0), ~nd both F-type and B-tvPe 
correlations will detenline the appropdate level of FAYP for the Stom. Tt>e f 
and B correlations, to properly establish the appropriate FAFP, are determined 
nearby and upwind froq the atom center. 

As in module l, 
module l, it was 
dynamic process. 
are the result of 

an analytical jud.o:~~~ent IIIUSt be 11111.de an storm ""'chanism, In 
required that HXVATS and RNOVAL are the result of the salle 
ln IDOdule 2, it h necuaary to detendne that RNOVAL and IIIFX 

th" aaroe atmo•pheric forces (storm llechanism). 

The following questions are asked in module 2: 

Q,9. Is tbia the first time in this module for this storm? 

0.10. Has the analyst just arrived here from module 4 to do a reviewl 

0.12. Is a r"view of the data and assi~ned values for the variable neededl 

0.13. Can 1t b" detentined which isohvetal maxilla contrcl(s) the avera~e 
depth for the cateo:ory- selected? 

0,14. Is ther" o;ood correlation between so!lle 1sohyet and the el~vation 
contours in the orographic part of the storm n"sr the storm center' 

0.15, Is 12 leaR than or equal to PX? 

A feature of module 2 not to be overlooked h the consequence of a negative 
rnpone" to question IS accompanied by a nep:ative response to question 12. In 
this case an arbitrarily d"fined upJl"t limit is set on PCT22 and 1 2 , The upper 
l111it will be the s~~aller of two numbera. The ·selection of BFAC as one of thue 
nu11ben h obvious when one considers that oro!\raphic forcing may be either 
positive or negative. The second factor is a consequ .. nce of the concept that the 
lsr~er PA becomes, the more likelv th" second factor represents the true level of 
FAFP, since with a larg" value of PA the largest observed rainfall anoount in the 
nonorographic portion is more lik<!ly to represent a tru" upper limit. 

LOFAC is always a numbH equal to or slightly less than LOFACA. This is so 
because it is possible that the minimum level of FAFP is reached before tbe 
arbitrarily set analysis interval allows it to be "picked up.·· It is reasoned 
that the luger the area "occupied" by the LOFACA isohyet in the nonorographic 
pan of the storm, the more ltkely that the analysis interval has ""picked up"" the 
described depth. When ther" is no nonorop:raphic portion to t~e storm, t~e 

parameter PB, used to set a ~alue f~LOFAC, becomes undefined {see definition of 
PB). Conoequently, in the IDOdule 2 FLO\ICIIART it must be detenllined whether a 
nonorograpbic portion of the stonn edat9 when there h an affimative response 
to qu.,atlon 14. If sa, a reasonable volue for PB is zero, The ~onseouence of a 
nep:ative response to question 14 is that LOYACA must be zero, Rel!ardless of 
whether or not a nonorographic psrt of the storm exists, LOFAC must not be less 
than zero and this is ensured by settin.O: PB equal to 1. 

7.1o.l.4 Module ] Procedut'" (fig. 7.6). This module uses !lleteorolo.o;ical and 
terrain information to evsluate an appropriate level of FAFP. Thh is 
accomplished through e~aluation of P,. and A0 • 
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"' 0 

"' 

M3NTRY 

~· GO TO ,\ MODULE 

OBTAIN: P0 & A0 from CHECKLIST 

~' ' 
o,. '--<$,> 
y;; ' 

OBTAIN: PCT3 

J 
( RfTURN TO MAIN) 

fLOWCHART 

REIIARKS 

PCT3 =PC + --'-•- (.95-PCl 
P

0 
T A0 

LEGEND 

PVA • Positive Vortlcity Ad~ection 
MCC ~ Mesoscale Convective Complex 
LEWP ~ Line Echo Wave Pattern 

Figare 7.6.-rl~.ut for ....tule l, SSK. 
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' CHECKLIST 
• 

Cat. rara- ' ' ' ' Data meter (j) .05- H ,., 
·" 

Sur-
Iso.Ptn. 
Fronts 

face Wa11es 
Sq. Ln. 
Other 

Upper WA/SW 

'" Cutoff 
Block-

"" JetSon 
<kher 

Sea-
Raw in-

bilHy 
sonde 

Shear 
Other 

Diver. 
Sa tel- Merger 
lite '" Other 

"~ 
Radar Merger 

Others 

Duration (%) 

Totals • 

P
0

- Total D/Total C c 

il CHECKLIST 

Pn;s. 
Parameter Val. 

0~ c " 

+.95 1-3 B*C 
lnf lOW" Ditec 

Inflow Speed 

Gradient of 
Elevation 

Stability 

Other 
Duration (%) 

Totals • 

A Total D/Total C • 
0 

The following guidelines are provided to aid in the evaluati<>n of P a on the 
checkliat given in the flowchart (fig. 7.6)t 

!. Use colunn A t<> indicate (by a checkmark) the preoen<:e of one <>r ...,re 
festurea which infer poaitive vertic&! m<>tion, <>r which may contribute 
toward an efficient stono structure. 

'· 

'. 

'. 

'· 

'· 

Take as a b&sh f<>r compatison an tdealhed storm which contains the 
a .. e features <>r phen.,.,ena that ""'"" checked <>ff in colmon A and 
indicate in c<>lumn B, by selecting a number bet.,.,sn 0.05 and 0,95, the 
degree t<> which the effectiveness of the selected actual stot!D 
featurea/pheno...,na (in producing precipitati<>n) appr<>aCh@s the 
efhcttveneaa <>f the &aile featurea/phen<>IOena in the id,.aliz@d at<>=· 
Where more than one featur@/ph,.n<>menon is select@d for a given categ<>ry 
<>f llet@or<>logical infonoation, it 1s th" aggregate effectiveness which 
ts t<>nsid,.red and recorded in column B. 

Rep,.at 
<>then) 

neps J, and 2. 
of meteorological '" data. 

each category (surface, upper air,, .. , 

lf the quantity and qualttv <>f the infonnation pemtts, the degree of 
convecUve-aeale forcing may be distin)luished fr<>10 f<>rcin)l due t<> larger 
scale ""'ehanhms. lf convective-scale forcing predominates for *"""' 
ares/duration cate~ortes and larp:er scale forctnp: at others, then the 
value assigned in colu'"n B 11ay vary by srea/duration c&tii!Jt"ory; i.e., th@ 
sallie effectiveness value nsy be difhrent for each categorv of a given 
-com. 

In colu10n C sn opportunity 1$ given to assign one cat"!fory a greater 
influence on Pa In relation to the other& by aasigning weighted 
valuea, For each appltcabl.o! categ<>rY th@ value in column D is the 
pr<>duct of columna B and c. P8 h obtained by dividing the total of 
column D by the total of c<>lumn c. 

Meteorological data categories, for ~h1ch there iS not sufficient 
Information from a particular storm, are disregarded in Pa calculations 
for that stona. 

When effectiveness <:banges with the selected duration, the 
value in column II is weighted by duration; this process 
distinguished from the weillhting mentlon@d in {5) above. 

resulting 
is to be 

A0 h s 11eaaure of the effecth·eness of the <>rographic forcing effects. The 
following guidelines are used to aid in evaluating A0 : 

'· Indicate in column A the value (in physical units) for the first five 
par.ometera. 1f any of these par....,ters chan!(e signifitantlv during the 
durati<>n category aelected, indicate in the rluration bo>: the percent of 
time each of th@ values persiata. T<> obtain the lar.o:est value in 
colu'"n B (largest effectiveneas) observe the joint occurrence of tl)lhtly 
packed h<>bars (high wind speed) perpendicular to steep slopes for 
100 pc!rcent of the duration category selected. Another way to look at 
thh Is to cortbine the first three paraOII!tera into a vertical 
dtsplacelllent para-ter, W0 , fr0111 the f<>l1111lla w,. • V * s, where V Is the 
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<:Odlponent of the wind pe'l'endicuh~ to the slopes for the duration being 
conaidered in kt and S is the slope of the terrain in ft/mi. The 
effectiveness of 110 is then "-0111pared with an idealized value 
representln~ 100 percent effectiveness. The measured steepness of the 
slopes in the CD-103 re~ion depends on the width a"-rMs whkh the 
measurement is made. For a small distance (less than 5 mi.) a value of 
0.25 is about the lar~est to he found, while for a lacy:e distance 
(greater than 80 oni.) a value of 0.06 is about the lar~~:eat. A c0111ponent 
of sustained wind noma! to such dopes of 60 kt is assumed to he about 
the lar~eot attainable in this region. Therefore, a W0 of IS kt for 
small areas and of 3.5 kt for laq;:e areas are tbe values whi"-h would be 
considered hi~hlv effe"-tive, 

None of the orographic stoma studied occurred in places where the 
rn~asured steepness of the slopes came near to tbe values just 
mentioned. Consequently, ~he verti"-81 displacements observed for small 
areas were from .02 kt up to near 2 kt and proportionally smaller for 
the larger areas for these stoms. Therefore, the effectiveness value 
used in the top box in ~olumn B was scaled to the values observed in the 
storms of record; i.e., a W0 of clooe to 2 kt was considered highly 
effective for small areas. 

The inflo;,r level for the stom is assumed to be the gradient wind 
level, and it is further assumed that the surface isobaric pattern gives 
a true reflection of that wind; i.e., the direction of the inflow wind 
is parallel to the surface iaobars and its speed proportional to the 
spacing of the isobars as measured at the stom location. \/hen 
rawinsonde observation• are available in the immediate vicinity of the 
stom, they are u•ed as the primary sour~e of infomation for wind 
directloo and speed. 

\/hen there 1s 
avera~e values 
considered, If 
considered, the 
of module ~. 

a sufficiently lar~e number of wind observations, the 
of direction and speed are used for the duration 
the level of wind variabilitv 1S lar~" for the duration 
representativeness of the data U scored low to column C 

The fourth pa~aroeter, stahlllty, must be considered in crn'llbination 
>lith the first three or w

0
• Hl)!hly stable air can have a dampenin!l;" 

effect on the hei)!ht reached by initially stronl! vertical displacement 
(and consequently, the size to "hich cloud droplets can grow). !n a 
highly unstable condition, vertical dhplacementll of less than 2 kt can, 
through buoyancy, reach ~rest height, thereby producin!';" rainfall-shed 
droplets. The effectiveness value for stabilitY h placed in the second 
bo~ from the top in column B. Weighted values corresponding to the t>IO 
top bo~es of column R are placed in the two top boxes of column C to 
reflect the combined effects of 110 and stability; i.e., in the case 
where Instability causes moderately weak displa~ements to grow, the 
stability ""effectiveness"" would be "eighted otrongly (given a 3) and the 
c~bined first three parameters ~igbted weakly (given a 1), 

Entries in the other considerations box (for example, the shape of 
terrain features whl~h may cause ··uxtng"" of rainfall) need not be 
~onsidered as dependent on the first four parameters. 

''" 

The value for A0 is then obtained in the same manner as described in 
~~:uideline 5 for Pa· 

\/hen evidence indicates that the oro~raphic lnflue~ce is ne~ative; t,e., 
taking awaY from total possible precipitation, the values in column 8 
are made negative and "hen the conditions are borderline between 
positive and ne~attve, ~hey are ""'de zero, Ne~ative omgraphic 
influence, when occurring in a stonn where the atmospheri~ forcin.o: 
approaches its conceptually optimum s~ate, may cause some ~ate~~:ory 

values of PCT3 to e1<ceed 1.0 resulting in FAFP larger than the total 
atom average depth for that category. The conventions of module 3, 
hOWt!Ver, do not permit values of PCT3 to exceed 1.0. 

4, Tbe remarks section of module 5 should he used to document <~here the 
elevation gradients (AZ) "ere measured. For small areas, this ~rould 
typically be at a point UP"ind of the largest report/isohyet. For 
larger areas, the aver~e value frM several locations may be used, or 
if one location is representative of the average value, it alone may be 
used. Sometiaes the gr~dient is measured both upwind an~ downwind of 
the storm center (where inf10<1 <lind h used) if the vertical wind 
structure is such that a storm updtaft initiated downwind may be c~rried 
back over the storm location by the "inds aloft to contribute additional 
amounts to the ""in place .. amounts. 

The overridin~ importance of applyin~ this module onlv to major storms 
cannot be overstressed. The coMequence of .. runnin~ throu,;:h"" a 
frequently observed set of ~onditions is that, by definition, the values 
for both P~ and A0 "ill have to be quite small. \/hen both parameters 
are small lless than ahout ,4) a seositivity study (not included here) 
showed that sm.all differences in the values assigned to P and A (the 
independent ~ariables) would produce hrge difhrences tn"the vafue of 
the dependent variable (PCT3), However, 1t does not foll0<1 that the 
definition of Pa "hlch perrtiU a lover limit of zero is incorrect. A 
storm can reasonably he postulated in <1hich the extreme amounts ,.ere 
traceable to exceptional oro~raphic forcing and, thus, both terms would 
not he small (PCT) in this case is '> percent). Not only arc ""infinite"" 
values for PCT3 re11oved by the FLOWCHART conotrsints, but a value of 
zero in the denolllinator of the ratio Pa/(P 3 + A0 ) 1a a violation of the 
concept that 1f the orographic forcing ne~~:ated the atmospheric forcing, 
no matter ho" large, little or no precipitation should occur. 

The ""model•• envisioned in module 3 (as distinguished from the ··model"" 
of module 2 just discuued) follows from the concept thst PAFP is 
directly proportional to the effectiveness of atmospheric forcing and 
inversely proportional to the effectiveness of the orographic fordo~ 

mechanisms. Tbe rate at <1hich an im.aginary cylinder fills up (.,hose 
crou-sectional area h the same as the area category being used) is 
directly proportional to the condensation rate produclnt! the 
precipitation "hich falh into the cylinder, The paramount factor 
detenntntng the condensation r-ote is the vertical coonponent of the wind 
~esulting from both atmospheric (Pa) and oro~raphic (A0 ) forcin~. 

The follo<1in~ questions are asked in this module: 
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Q.l2. Is a r~view of th~ data and assign~d values for the variable ne~ded? 

Q.l6. D<les there exist, or is ther" oufftcient lnfor.,.Uon available to 
~onotruct, a ILE!p of wher" at least I in. of precipitation did or did 
not occur for this storm? 

Q.17, Is A0 less than zero? 

Q.IS. Is (are) th" stom cencer(s) incorrectly lo.,sted on the t~rrain map~ 

The r~main1ng portions of the module 3 FLOWCHART, not discussed above, are 
simple and straightforward. 

7.4.1.'> Module I, Pro.,.,dure (ftg. 7.7), It is not "-Ontemplated that a "-OOIPuter 
program will t>e "-Od"d from the MAIN or MODULE FLOWCHARTS be"-"use th• 
d"termination of the appropriate PCT'• and I's h done easily ""'nuaJly, There Is 
no real requirement for the variabl" PASS to be in th" modul" 4 FLOWCHART. It 18 
Included onlv to make 1t obvious thn the f1 rst part of the FLOWCRART should b" 
skipped when r"turning to module 4 from a review of data in ~doles I and 3. The 
purpose of this modul<• Is simply to creat" tvo additional 1ndicea of FAFP on the 
assumption that an avera,o:ed value mav be a better estimate than one produced in 
modules I, 2, or 3. 

A preliminary test of the SSM by six analysts ea"-h using six different RtortDS 
showed that it was quite rare that one analyst would aelect a higll (low) value 
for a PCT when other analysts were sel~ctinll: low (high) values given that the 
Interval range was the one shown in the right-hand rell.!lrks a~ction of the 
mndule 4 FLWCHART. Thus, a review h required of relevant Information when an 
average percentage is co be created from Individual percentagn differing by two 
:1 ntervals. 

PCTI was not averaged with PCT2 hecauae modules I and conceive of the 
idealized colulln of precipitation representing the average depth for a given 
area-duration category in different ways; i.e., there is no minimum l~vel of FAFP 
considered in modul" !, 

The following questions are asked in this module' 

Q-12. Is a review of the data and assigned values for the variable needed? 

Q.l9. Is Is l~ss than or equal to PX~ 

Thoae concepts 
straightforward, 

""'dule 4 I'LOWCII.ART "" discussed above 

7.1o.1.6 Module~ no.,_otatton (fiJt. 7.6). It should he noted a.<~.tn that even 
thou~h the MAIN FLOWCHART shows tllat module 5 19 not used until module 2 and/or 
10odule 4 have been completed, this was done only to keep the dla,o:rllll1ro.i"l! of the 
MAIN FLOWCHART and the MODULE FLOWCHARTS relatively uncluttered by variables not 
related to the task at hand. Even though documentation can await Completion of 
module 2 and/or module 4, it Is preferable to docu..,nt the value assigned to a 
variable as soon as 1t is determined. 
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~~:~:. COL.;F~L~t;~t~~ ~~~~O~~~·~t.t~C~~~~El 
HOW ADEQUAT!: IS THE INPUT INFORMATION FOR THE 

REQUIREMENTS SET BY MODULE'S TECHNI~~i:~ 
HOW LIKELY IT IS THAT THIS TECHNIQUE 
TIHATE THE CORRECT INDEX VALUE RASED ON ITS 
ASSUMPTIONS? FOR MODULE 4 SEE SELECTION RULE. 

~L_ RULE~-~~~~ ll/DEX VALU,E B~~s LA~~~~~ 

~'"~ m M" 

no 

Values were aasigned to colmnn D duriru< the re"iew in module 0. This was 
neceaaary tn the evaluation of the adequacv of data for application of module• l, 
2, and 3 to a particular storm. After comoletion of the first four modules, It 
h appropriate to review the values assi~ned for the adequacy of the data. In 
some cues, chanp:ee tn vduea aui~ned to column D for some modules are 
appropriate. Any changes in values assigned in column D should be documente<l. 

Asdgninp: of values to columna E in module 5 Involves suh_jectivity >lhich IIIUH 
be the case because the "correct'" value cannot be kno.m and, hence, there is no 
way to kn<N which of the vadous techniques used produces "correct" results most 
frequently, After the stnm has been evaluated in each of the modules, all the 
info01ation is available to auign a 'lslue for column 1'. for 100dulea l 
through 3. At this point, the value assi~ned to column 1'. results from answedng 
thta question: For the tvpe of stoi"'II selected and for the area/duration cate~ory 
chosen, what is the degree of confidence (I.e., how lik"ly ts it) that the 
particular t"chnique (based on the val1dltv of the asaumptions underpinnit'lll; it) 
will produce the ··correct· result? The scheme for assigninl! valuea to column E 
is: 

I. For modules 1, 2, and 3, If confidence is hi~h, assi~n a value of either 
7, 8, or 9 (9 being the highest of all) to column E. 

2. lf confidence Is lov. assign a value of either I, 2, or 3 {where I is 
loweat, zero is not vdid). 

'· 

lf the level of confidence is other than high or low, you muat assi~n a 
value of either 4, S, or 6, 

If th" entry value for the module under consideration is 0 in column ll, 
an entry of n/a 1s made in colu.,n E and a val"" of zero used when 
calculatln~ a colu.,n F. 

5. lt is unnecusary to evaluate colu,.ns D and E separately for lOOdUl!! 4. 
Values to he assi~ned in column F for 14 and ls can be determined from 
the folloving• 

Overall preference 
(difference '" values assigned 

Little '=· {0-2) {3-S) 

evel of agreellent Little {2_ ,31) ' • 
~~ween modules 
(difference In S<lllle { ,\6 - • )0) ' ~ 

index 
percentages) Large {0 - • IS) ' ' 

Where: 

' • 
uae the higher of the values from column F for l4 or Is• 
use the lower of the value• from colu.,n F for !4 or I~· 

column ' 
Strot'lll; 

" " • 
• 
• 

" use either the hllther or the lower value from column F for 14 or Is• 



Obviouoly, the sche111e is deoigned to penoit selO!<:Uon of II, lz or l3 when there 
is s strong preference for one of them and to aehct 14 or 15 when there 1• 
lfttle overall preference, In the case where ther@ h SOIII! preference fer a 
given 100dule and some agree11ent between the index values generated theufrom, the 
analyst IIU&t ""ke a decision as to which index is to be preferre<l. The ra~~~~:e of 
values nsed to represent index agree!IH!nt cstegories was based on values actnally 
selected in s test involvi"'! six differ@nt snalysts workin,:t with six different 
atO\"ft&• 

The final value aelected for FA.l'P is determined bv the largest value in 
column F. lf the sa..., value has been crnllputed for more than one index value, the 
index with the largest subncript ts aelected (1 2 over It, l3 over 12)' 

7.5 ~le of Appltcsclon of SSI'I 

One of the most critical etot'TIIS for determinin,:t the PMP in the CD-103 region 
occurred at Cibson Dam, m' en June 6-8, )964 (75). Figure 7,9 shows the 
co11pleted module 5 worksheet for this sto1'111 for the 24-hr 10-•112 precipitation. 
The final percen<;a)le selected fer this storm was 61 percent for PCTS. This ~ave 
an FAFP of 9.1 in. 

7.6 Application of SSII co thla Stncly 

"' 0 The SSH was used in this study to estimate FAFP for just one category, 10 1111 2 

CO and 24 hr. This category was selected as the key (index) catelj:ory tor this study 
for several reasons. The first reason relates to area size. In determination of 
the effects of orography on precipitation, it iB easiest to isolate these effects 
for the smaller ar.,as. In addition, 1f larger area sizes .,..re used, the 
dete1'1!1inatton of the orographic effeets for computation of the final PMP valuu 
would have been very complicated. At sone transposed location, the increase in 
precipitation as a result: of orographic effects for a very ...a!) area can be 
determined with Iittle ambiguity, lf a larger at"ea (eo)!•, l,OOD mi ) was used, 

;~:P:f~:~t o:fle~~:~~~~ :~ ~h~ral","rfoo~:t 2loac:eta1o:e:~;:d 'be ~~!:t~!c~~~~c~~:r:~o;:: 
indicated use of the l0-ml2 area as most appropriate, 

Th" 24-hr durnton wa• selected because of the reliability of data for this 
duration. For sterns before 1940, the adount of acordln~ raiR~~:sge lnfomation 
is relatively spaue, Determinstion of !lmOunts for durations l~as than 24 hr for 
thea@ otorms is haaed on only li01ited data. This indicates ua" of a atom 
duration of 24 hr or longer. A review of the important sto\"ft& in this re~ion 

shows 8everal that did not last the entire 72-hr u,.e period of interest in the 
preaent study, Most notable of th~se are the Gibson Dam, MT stern (75) and the 
Cherry Creek (47), Hale (101), CO Bt0l'111So These two factors 11ade selection of 
the 24-hr duration most appropri~te. Selection of thh duration also had the 
advanta~e of minimtzin~ the extrapolation required to develop PMP esti11ates for 
the range of durations required in the study. 
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APPENDIX4 

EXTREME LOCAL STORMS 

Chapter 11 of this report discusses development of local storm PMP for the 
Pacific Northwest based on a survey of significant storm events. In the course of 
that effort, additional information was compiled that may be of interest or provide 
clarification to some of the results obtained in the study. While this additional 
information was considered in the report's development, the detailed discussion 
was believed unnecessary to the chapter and has been relegated to this appendix. 
The interested reader may wish to refer to Chapter 11 while considering the 
information contained in this appendix. 

Extreme Local Storm Discussions 

A brief discussion of some of the more important PMP controlling storms is 
presented in this section. Some of the distinctive characteristics and significant 
aspects regarding these storms are given. 

Aberdeen 20 NNE, Washington- May 28, 1982 

The extreme local storm at Aberdeen 20 NNE, Washington, occurred under 
comparatively rare synoptic conditions for the development of extreme local storms 
in the Pacific Northwest. 

Aberdeen 20 NNE, Washington, is located some 25 miles inland from the 
Pacific Ocean at an elevation of 435 feet in the foothills of the Olympic Mountains 
to the northeast. West and southwest of the station to the Pacific is essentially 
free of barriers, so that the moisture source for storms is almost exclusively from 
this body of water. During the storm of May 28, 1982, 2.4 inches fell in a sixty
minute period ending at 1530 LST, with 2.3 inches in 45 minutes, 1.8 inches in 30 
and 1.1 inches in the most intense 15-minute period. The occurrence of the storm 
in May was also somewhat untypical of extreme Pacific Northwest storms, 
although this pattem may not hold true along the coast. 

Many of the synoptic features present in other extreme local storms in the 
Pacific Northwest were absent prior to the Aberdeen storm. The position of the 
storm event relative to the 500-mb trough (or closed low, in this case) was to the 
west of it both before and after, with upper-level winds from the north-northwest. 
This was a very infrequent occurrence among the extreme storms; in fact no other 
storm had due north winds at 500 mb, although several had west-northwest 
winds. An unseasonably deep low (546 dm versus seasonal mean height of 564 
dm) at 500 mb, moved into Washington on the 27th. Scattered light rainfall 
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associated with this system fell statewide on the 26th and 27th, although no heavy 
rains were reported. On the 28th the low drifted slowly southeastward, filling 
slightly. Close inspection of the 500-mb map also reveals a jet maxima of 45 kt. 
near Vancouver Island, which appeared to be working its way down the west side 
of the trough and may have been a cause of strong wind shear, an important 
factor in many severe thunderstorms (Browning, 1968; Doswell, 1982). 
Examination of the 12-hour, 500-mb height and vorticity maps from NMC reveals 
the existence of a very strong positive vorticity maxima (16 x 10-5 sec-1

) probably 
associated with this jet streak, located very nearly over Aberdeen near the time of 
the storm. Both these factors were likely important contributors to the rapid 
destabilization of the atmosphere. Very cold temperatures aloft (-25°C at 500 mb 
versus normal of -19°C) were also found over the area, creating sharp lapse rates 
and adding to the instability of the air mass. 

The surface weather maps from May 28 showed a weak low (1013 mb) in 
central Idaho, causing rain and even some snow as far east as Montana. A weak 
ridge was located across the Olympic Peninsula into Vancouver Island. A strong 
surface high (1036 mb) was also well entrenched over the eastern Pacific Ocean 
near 50°N 145"W. Subsidence which is often found on the eastern side of a high 
pressure area may have contributed to the existence of a capping inversion over 
the area. Such a feature has been generally recognized as one of the important 
pre-severe storm indicators (Carlson, et. al., 1983). The removal of this lid to 
moist convection is often caused by either strong vertical motions or surface 
heating, both of which were present in the vicinity of Aberdeen. 

Surface winds on the 0400 LST map showed a variable inflow direction to 
Aberdeen, indicating that low-level convergence was possible at a number of 
locations in the region. Although the storm took place in the mid-afternoon 
(beginning about 1430 LST), diurnal heating does not appear to have been a major 
causal factor in the development of this storm. Maximum temperatures were only 
in the mid 60's ('F), with partly cloudy skies prevailing much of the day. Synoptic 
observations from nearby stations confirm that thunderstorm activity was present 
across the region, although it seems to have been fairly scattered. Hoquiam FAA 
AP, Washington, 20 miles southwest of Aberdeen, received a thunderstorm of 
36 minutes duration beginning at 1446 LST, which was reported as having moved 
in from the northeast. This was most likely the same storm which affected 
Aberdeen 20 NNE earlier. The direction of movement is consistent with the 500-
mb windflow. Olympia WSO, Washington, 40 miles southeast of Aberdeen, also 
reported cumulonimbus to the northwest and southwest moving toward the south, 
but no rain fell at Olympia WSO. 

In terms of moisture conditions and sources, the storm was also somewhat 
atypical. Although the ultimate moisture source must have been the Pacific 
Ocean, the northerly flow around the low brought relatively cool maritime air to 
the region. Surface dew points at Aberdeen and nearby stations ranged from the 
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mid 40's to low 50's ('F) throughout the day of the storm. These values, while 
close to seasonal normals, were still well below the maximum values which have 
been observed for this area. 

In summary, this was a storm characterized by the strong dynamical forcing of 
a vigorous upper-level low, very cold air aloft and a well-defined jet maxima with 
strong positive vorticity advection. At the surface, a weak flow favoring localized 
convergence was combined with a moderate supply of moisture and the normal 
diurnal heating of late May. 

Girds Creek/Mitchell, Oregon - July 13, 1956 

The local storm near Girds Creek/Mitchell, Oregon, on July 13, 1956, about 
1700 LST, produced about 4 inches of rain in 30 minutes at the former location 
and 3.5 inches in the same time period (between 1600-1700 LST) at Mitchell. 
Located in north central Oregon at an average elevation of 4000 feet and rising 
southward to a plateau of 6000 feet, there is the potential for some orographic 
effect on storms in this area, although the influence of elevation on extreme local 
storms remains uncertain. 

The synoptic situation prevailing up to and during this storm was one which 
has occurred in a significant number of extreme local storms in the Pacific 
Northwest. This pattern features a low or trough at the surface and a positiun 
east of an upper trough axis, usually at the 500-mb level. A deep upper low just 
off the Califomia coast late on the 12th moved slowly onshore during the 13th, 
pulling considerable Pacific moisture inland across the northwestern states. A 
westward extension of the Bermuda High, centered over New Mexico, interacted 
with this trough to augment the northward flow of moisture across the region. 
The low-latitude position in mid-July of the low off California was the most 
climatologically unique aspect of the upper-level airflow leading up to this storm. 
An analysis of 700-mb moisture flow around these two features revealed a clear 
tongue of moisture wrapping around to the north of the closed low, with a dry slot 
east of the low. The axis of moist air was located in a position just to the south of 
the Girds Creek/Mitchell area. Surface dew points analyzed for this event showed 
that the 12-hour persisting dew point was 65°F, while a 3-hour persisting dew 
point of 67°F has been calculated. This would place the 12-hour value within 5oF 
of the maximum persisting dew point for that time frame. 

The surface weather map features associated with this local storm were, as 
noted earlier, a weak low or trough and no large-scale synoptic forcing. A 
northward extension of the southwestern U.S. thermal low reached into Oregon 
and Washington on the 12th. A low (1004mb) developed over Washington early 
on the 13th in response to the short wave energy moving through the base of the 
British Columbia upper trough. No frontal activity was evident during this 
period, although a trough of low pressure may have caused enough low-level 
convergence to act as a triggering mechanism for thunderstorm activity. The late 
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afternoon timing of the storm indicates that solar heating again played a role in 
the initiation of convection in the area, with maximum temperatures reaching the 
low 80's. 

Heppner, Oregon - May 25, 1971 

The Heppner, Oregon, storm of May 25, 1971, produced rainfall totals 
estimated by the U.S. Army Corps of Engineers of 3.0 inches in approximately 20 
minutes. The storm occurred about 1500 local time and was quite localized. The 
town of Heppner itself recorded only .20 inches in the quarter-hour after 1500 
LST, while the very heavy precipitation fell southeast of the town. 

Heppner, Oregon, which has a history of disastrous flash floods (Bauman, 
1980), is located in north central Oregon along Willow Creek, some 40 miles south 
of the Columbia River. The town is at an elevation of about 2000 feet, while ·the 
terrain rises rapidly to the south onto a high plateau of 3000-5000 feet. 
Northward, the terrain slopes gently downward to the Columbia River. 

The synoptic conditions associated with the Heppner storm on May 25, 1971, 
were similar to the Maddox Type I (Maddox et a!., 1980) flash flood event. These 
storm are characterized by a 500-mb short wave moving up the western side of a 
long wave ridge. Extreme local storms in the Pacific Northwest often occur under 
a similar upper-level configuration. The 500-mb pattern was undergoing rapid 
amplification, with a digging trough off the Washington-Oregon coast and a 
downstream long-wave ridge building over Montana and Alberta. This trough was 
quite strong for late spring. Winds over the Heppner region backed from westerly 
to southerly during the period leading up to the storm and increased sharply from 
near 10 kts. to 40 kts., creating the potential for significant wind shear. The 
presence of such wind shear generated by jet streaks has been found to augment 
the intensity of the convection (Ucellini, 1990). The increasing southerly flow aloft 
also induced a substantial rise in low to mid-level (from the surface to 450 mb) 
moisture. The relative humidity over a large area including northern Oregon 
during the 24 hours leading up to the storm increased from about 60 percent to 
over 90 percent. In addition, National Meteorological Center (NMC) vertical 
velocity maps for this same period showed a widespread area of positive vertical 
motion over the Pacific Northwest, including over the Heppner area. Another 
ingredient for the development of strong storms was the fact that 500-mb height 
surface fell some 60 meters in 12 hours, from 570 to 564 dm, indicating cooling 
aloft and added instability. Combined with the strong upper-level diffluence 
ahead of the approaching Pacific trough, these elements created a very favorable 
situation for strong thunderstorms. 

The surface weather maps during the period leading up to the Heppner storm 
showed the approach and passage of a weak low and associated cold front. 
Significant rains were reported at many other stations across the state during the 
day, and were also probably associated with this front. The Heppner storm 
occurred well after the passage of this front in the comparatively cool sector 
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behind it. The cooling aloft however, combined with the strong late May sun, 
resulted in a very unstable atmosphere even behind this front. The 
destabilization of the atmosphere during the day is indicated by the successive 
development of cumulus, cumulus congestus, and finally cumulonimbus clouds at 
reporting stations across the region. A series of weak low pressure areas moved 
along the front south of Heppner during the day and provided an additional 
component of surface convergence, helping to focus the thunderstorm activity. 

Morgan, Utah -August 16, 1958 

The Morgan, Utah storm, although it occurred just outside the boundaries of 
the HMR-57 study area, is one of the most important storms in terms of setting 
the PMP for this region. It was also used in HMR 49 and HMR 55A as an 
extreme local storm and a detailed discussion of the meteorology can be found in 
HMR 50 (Hansen and Schwarz, 1981). 

Opal, Wyoming - August 16, 1990 

An extremely heavy local storm occurred near Opal, Wyoming, on the late 
afternoon of August 16, 1990. The storm produced approximately seven inches of 
rain in slightly less than two hours, over a very small area (Corrigan and 
Vogel, 1993). Although the storm took place outside the boundaries of the HMR 
57 region, its proximity and location west of the Continental Divide make it an 
important storm nonetheless. 

Opal, Wyoming, is located in southern Lincoln County in the southwest corner 
of the state. The coordinates are 41° 45'N, 110° 15'W, about 70 miles west of the 
Continental Divide. The terrain in the Opal area is generally high plateau of 
6800-7000 feet above sea level, rising gently to the west. Sixty miles to the south 
rise the Uinta Mountains of northern Utah, while a southern extension of the 
Teton Range known as Commissary Ridge is located 30 to 40 miles to the 
northwest. 

That this was truly an extreme "local" storm was evident from an examination 
of the 24-hour rainfall for stations within about a 60-90 mile radius of Opal. This 
showed that there was precipitation scattered throughout this area on the 16th, 
but of an extremely variable nature. Kemmerer, Wyoming, only 10 miles west of 
Opal, picked up only 0.10 inch on the same afternoon and Fontenelle Dam (20 
miles north) received only 0.17 inch. Some more significant amounts were 
reported at stations in Utah and Idaho, the largest being 1.89 inches at Pine View 
Dam, Utah (70 miles west southwest), and 0.80 inch at Topaz, Idaho (85 miles 
west northwest). Hourly rainfall at nearby stations from 1400 through 1900 LST, 
a period encompassing the entire duration of the Opal storm, also showed little 
rainfall. The nearest hourly station, Mountainview, Wyoming, about 35 miles 
south, measured 0.10 inch ending at 1700 LST, about the time the Opal storm 
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began. Evanston, Wyoming, 50 miles southwest had 0.20 inch over the two-hour 
period ending at 1500 LST. Big Piney, Wyoming, 60 miles north, had no rainfall 
during this period or for the day. 

The meteorological conditions approximately twelve hours prior to the storm 
were typical of a midsummer pattern over the U.S., although certain important 
ingredients for heavy rainfall were undoubtedly present. The 500-mb chart for 
August 16 at 1200 UTC contains some important features necessary to understand 
the development of this storm. There is a cold core low off the northwest coast, 
with its associated jet maxima of about 35 kts. reaching northeastward through 
Oregon and Washington. More importantly however, is the short-wave trough 
sagging southward through Utah. The negative tilt ridge to the east, combined 
with this trough, are pulling extremely moist air northward into Utah and 
southwestern Wyoming, west of the Continental Divide. This is clearly evident 
from the axis of low dew point depressions extending from Ely, Nevada, 
northeastward to Lander, Wyoming. Opal, Wyoming, is located directly beneath 
this axis. It is worth noting that three other important mid-western flash flood 
events took place under negative tilt ridges; 1972 Rapid City, South Dakota, 1976 
Big Thompson, Colorado, and 1985 Cheyenne, Wyoming (Chappel and Rogers, 
1988). 

The track of the 500-mb short-wave trough was clearly evident from the 
Nested Grid Model (NGM) height/vorticity analyses from August 16 and August 
17. These depict the slow progress and intensification of the short-wave trough as 
it moved from southwest Utah to a position near Salt Lake City (SLC) in 24 hours 
(August 17 0000 UTC). The absolute vorticity increased to 12 x 10-5 sec-1 over a 
small area of northeast Utah and southwest Wyoming very close to the time of the 
Opal storm. Clearly, the upper-air dynamics were at a maximum in both time 
and space very close to Opal. The 700-mb analysis map approximately 12 hours 
prior to the storm (16 August 1200 UTC) showed a large pool of moisture, with 
6°C dew point air through western New Mexico extending northward to about 
Grand Junction, Colorado (GJT). The northern edge of this moisture was marked 
by the -2°C dew point at Lander, Wyoming (LND), just east of the Continental 
Divide. Relative humidity at low and mid-levels (mean of surface to 450 mb) 
showed an increase from 50 percent to 70 percent during this time. 

The 500-mb analysis for August 17 0000 UTC shows an upper low centered 
along the Utah-Wyoming border, with the short-wave trough rotating through the 
area. A broad pool of moisture is evident from the low dew point depression air 
covering all of Utah, western Wyoming, and Colorado. The precipitable water 
(surface to 500 mb) at SLC was 1.14 inches or 185 percent of normal and at GJT 
1.08 inches or 165 percent of normal. Average relative humidity (surface to 500 
mb) was also highest over northeast Utah and southwest Wyoming, with 
86 percent measured at SLC. A sharp transition to lower humidity occurred east 
of the Continental Divide, as shown by a rapid decline in relative humidity at 
LND, strong confirmation of the hypothesis that the air had Pacific moisture 
OriginS. 
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Mid-level moisture (700 mb) was also high over most of Utah, and was moving 
slowly northeast with time. The 700-mb analysis for August 17 at 0000 UTC 
showed the highest dew point temperatures to be located over extreme southwest 
Wyoming, eastern Utah, and western Colorado. The thermal ridge was still 
centered across Wyoming, as shown by the 14°C reading at Lander, the warmest 
in the U.S. This is convincing evidence of the subtropical origins of the air in the 
region when the storm occurred. Miller (1967), in his treatise on severe storm 
forecasting, has stated that the 700-mb 10-14°C isotherm in summer is a favored 
area for significant thunderstorm outbreaks. The 700-mb wind field at this time 
was quite weak, with light (10 kts.) southerly winds at Grand Junction (GJT) and 
light and variable indicated at LND. This certainly lends support to the idea that 
most of the thunderstorms which developed on this day were of the single-cell 
variety. The importance of strong wind shear to the development of multicellular 
or supercell thunderstorms is well recognized; the winds in the Opal vicinity did 
not appear to be nearly vigorous enough for this type of storm development. 

At 850 mb on August 17 0000 UTC, a pocket of 14"C dew point air was cut off 
over extreme northeast Utah and southwestern Wyoming. This moisture appears 
to have been the low-level source for the storm at Opal and the numerous other 
scattered storms that were reported on the 16th, mostly in northern Utah. A 
thermal ridge across western Wyoming was evident by the 30°C 850-mb reading at 
LND, while SLC is at only 16"C. Miller (1967) also points out the importance of 
hot air intrusion at 850 mb for the development of severe summer thunderstorms. 
The large temperature difference between the two stations is a result of the mid
level cloudiness over most of northem Utah, while southwest Wyoming was mostly 
under clear skies, adding to the potential for destabilization over Wyoming. 

The surface weather map for August 16 at 1200 UTC, the morning of the 
storm, showed a typically disorganized summer pattern across the western U.S. 
The usual southwestern U.S. thermal trough extended north from Baja California, 
while a very weak surface low and associated trough was moving across southern 
Idaho, and western Utah. Weak high pressure was centered over western Oregon 
and the four corners area. Later in the day (2100 UTC, 1500 local) several surface 
developments were noted which may have contributed to the Opal deluge: 1) the 
eastward progression of the weak trough across Utah which assisted in scattered 
thunderstorm development in the state. This trough was likely an important 
ingredient in the surface convergence necessary for thunderstorm development at 
Opal as well; 2) the buildup of a large and impressively moist pool of air over 
northern Utah, southeast Idaho, and southwest Wyoming over the course of the 
day. The bulk of this moisture is concentrated over the Great Salt Lake Basin 
and the surrounding area and it seems reasonable to assume that some of the 
high dew point air in the Salt Lake vicinity reached extreme southwest Wyoming. 

The most likely ingress of high surface moisture from northern Utah into 
southwest Wyoming appears to be through the valley of a tributary of the Bear 
River northeast of SLC. lsodrosotherms (for 1000 mb) drawn from hourly surface 
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observations showed at least 70°F (21 °C) dew points in southwest Wyoming. This 
compares with a three-hour maximum persisting dew point of 76.5oF for August, but 
is still at least 15oF above normal for the season, a substantial departure for the 
summertime. 

In addition to high moisture, another essential ingredient for strong 
thunderstorms is adequate vertical motion, which can occur in very unstable air 
masses. The K index (George, 1960), best used as an indicator of summertime air 
mass thunderstorms, without frontal or cyclonic activity, was calculated for the 
surrounding radiosonde stations. Its value at OOZ August 17 ranged from 43 at 
Grand Junction, Colorado, to 24 at BOI. The K index was used by Lee (1973) and 
Hambidge (1967) in analyses of thunderstorm probability in the western U.S. Values 
over 40 represent nearly a 100 percent probability of thunderstorm occurrence, while 
above 30 gives a 80-90 percent probability of thunderstorms. It is evident that the 
area was well primed for the development of thunderstorms on August 16: The 
Showalter Index, one of the most frequently applied stability indices, fell to -2 at 
LND and nearly -1 at SLC, values generally associated with a high probability of 
severe thunderstorms. Although no severe thunderstorm watches or wamings were 
in effect on the afternoon of the 16th, there was some evidence that severe weather 
did occur. The most compelling indication was the statement from the observer at 
SLC at 1505 LST (2205 UTC), noting a report of a tornado touchdown five miles west 
of SLC. The infrequency of tornado occurrences in this region (Doswell and Keller, 
1990) is an indicator of the exceptional conditions associated with this air mass. 

Synoptic Study of Pacific Northwest Extreme Local Storms 

In order to better understand the nature of local storms in the Pacific Northwest 
region, a study was undertaken to determine basic weather pattems associated with 
these extreme convective events. The sources for this study included the Daily 
Weather Map Series, hourly surface observations and supplemental meteorological 
data where it was readily available. These data included 3-, 6-, and 24-hourly 
surface maps, 500-mb height and vorticity maps, and 700-mb relative humidity and 
vertical velocity maps. 

A total of 106 (for which adequate data and maps were available) precipitation 
events were selected (Table A4.1 and Figure A4.1) for study, which had at least a 50-
year return period rainfall, based on data from NOAA Atlas 2 (Miller et a!., 1973), 
and met the criteria set for local storms. A simple classification scheme was 
developed based on the surface and upper-air patterns which were in existence at the 
time the storm occurred. 

Three basic surface patterns were recognized; these were 1) low pressure or 
trough; 2) frontal; 3) high pressure or air mass. In the mid-troposphere, usually 500-
mb level, three basic upper-air pattems w.ere also identified, resulting in a total of 
nine categories when the two were combined. The upper air pattems trough axis; 2) 
east of ridge/west of trough axis; 3) zonal. 
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Table A4.1.--Extreme Local Storms in the Pacific Northwest and Adjacent Areas. 

LAT LONG ELEVATION RAINFALL (Inches) RAINFALL (Inches) 
LOCATION 0 0 ' (Feet) DATE Max. 1-Hour Max. 6-Hour 

IDAHO 

1 ANDERSON DAM 1 SW 43 20 115 29 3870 08/21!65 1.27 1.69 
2. ARROWROCK DAM 43 36 115 55 3240 06/16184 1.00 1.90 
3. BENTON DAM 48 21 116 50 2640 07/29158 0.90 0.97 
4. BIG CREEK 45 06 115 20 5740 07/15154 0.90 104 
5. BOISE LUCKY PEAK DAM 43 33 116 04 2830 08109/68 1.50 1.90 
6 BURLEY FACTOR 42 33 113 48 4140 08/30/63 0.96 1.20 
7. CLARKIA RS 47 01 116 16 2810 07/07/58 1.35 2.22 
8. COEUR D"ALENE RS 47 46 116 49 2160 08101!48 1.09 1.19 
9. COTTONWOOD 2 SW 46 02 116 23 3600 08101!48 1.50 2.10 

10. COUNCIL 2 NNE 44 44 116 26 3150 07/15n6 1.60 2.80 
n. GRASMERE 8 S 42 18 115 53 5200 06/05n7 1.10 1.80 
12. HENRY 42 54 111 31 6350 01121n3 1.30 1.50 
13. IDAHO FALLS 6 NE 43 29 111 40 484!) 07/14154 1.13 1.13 
14. IDAHO FALLS 16 SE 43 21 111 47 5710 06/15/62 0.91 1.09 
15. IDAHO FALLS 43 NW WB 43 36 112 54 4780 06/13/58 1.15 1.20 
16. LEADORE 44 41 113.22 6100 07/2tn7 1.22 1.23 
17. LEADORE 44 41 113 22 6100 08112/63 1.14 1.19 
18. MALAD 42 11 112 15 4420 07/29/69 1.00 1.22 
19. MCCALL 44 54 116 07 5030 07/27184 1.80 1.90 
20. PALISADES DAM 43 21 11113 5390 08/25/61 0.95 1.11 
21. PIERCE 46 30 115 48 3190 08115172 1.15 1.30 
22. PRAIRIE 43 30 115 35 3190 08/06/63 1.20 1.36 
23. WALLACE WOODLAND PK 47 30 115 53 2950 08112/64 1.12 1.28 
24. REYNOLDS CREEK 43 15 116 45 3700 07121175 1.28 1.47 
25. SIMON RANCH 43 15 115 45 5000 07121/56 2.50 2.50 
26. MERIDIAN 43 37 115 25 2600 06121!67 2.75 2.75 



Table A4.1.--Extreme Local Storms in the Pacific Northwest and Adjacent Areas (Cont.). 

LAT LONG ELEVATION RAINFALL (Inches) RAINFALL (Inches) 

LOCATION 0 ' 0 ' (Feet) DATE Max. 1-Hour Max. 6-Hour 

OREGON 

27. AUSTIN 4435 118 30 4210 08121186 1.00 1.70 

28. BEND 44 04 12119 3599 08/08/50 1.24 1.58 

29. BAKER 1 S 44 45 117 49 3490 06/19/69 1.03 1.16 

30. BLY RS 42 24 121 03 4360 07/12/56 1.46 1.90 

31. BLY RS 42 24 121 03 4360 06/07n7 1.15 1.36 

32. BUNCOM 2SE 42 09 122 59 1930 05/12/69 1.20 2.10 

33. BUNCOM 2SE 42 09 122 59 1930 06/07183 1.45 2.66 

34. BURNS WB CITY 43 35 118 57 4140 06/03148 0.90 1.70 

35. BU'ITE FALLS 1 SE 42 32 122 33 2500 10101176 1.10 1.50 

36. BUTIE FALLS 1 SE 42 32 122 33 2500 06120/82 1.10 1.20 

37. COPPER 2 NE 42 04 123 06 1780 07/20/83 1.70 1.80 

38. COUGAR DAM 44 08 122 15 1260 07/10n5 1.80 2.30 

39. EUGENEWBAP 44 07 123 13 360 08/21179 1.11 1.82 

40. FERN RIDGE DAM 44 07 123 18 380 06128/84 1.50 1.60 

41. GLENDALE 2 NE 44 44 123 26 1500 07/19/83 1.30 1.60 

42. HILLS CREEK DAM 43 43 122 26 1280 05131164 0.92 1.34 

43. IMNAHA 45 34 116 50 1850 08/26/66 1.15 1.32 

44. IMNAHA 45 34 116 50 1850 07/27/84 1.00 1.30 

45. JORDAN VALLEY 42 59 117 04 4260 08101/65 1.20 1.20 

46. JOSEPH RS 45 23 117 14 4020 07/12n5 1.10 1.20 

47. LACOMB 1 WNW 44 38 122 44 610 OBI16n8 1.10 1.50 

48. LEE'S CAMPS 45 36 123 31 600 07/14183 1.10 1.10 

49. MARION FORKS FISH H 44 36 121 57 2450 08/05153 1.09 1.30 

50. MEDFORD WB AP 42 23 122 53 1310 05118/56 1.40 1.67 

51. MEDFORD WB AP 42 23 122 53 1310 09105/53 1.27 1.32 

52. OWYHEE DAM 43 38 117 13 2400 06/14/64 1.20 1.39 

53. SALEMWBAP 44 55 123 01 200 06/10/50 1.24 1.56 

54. SEXTON SUMMIT WB 42 37 123 22 3848 06!2Bn8 1.87 2.14 

55. TILLER RS 42 56 122 57 1040 0612Bn8 1.30 2.50 

56. TRAIL 15 NE 42 46 122 37 2100 08/02/58 1.89 1.90 

57. lJK[AH 45 08 118 56 3340 07/09n5 1.90 2.10 

58. UNION 45 13 117 53 2770 06/16/63 1.02 1.12 

59. UPPER STEAMBOAT CK 43 29 122 36 1860 06/18/82 1.10 1.20 
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Table A4.1.--Extreme Local Storms in the Pacific Northwest and Adjacent Areas 

LAT LONG ELEVATION 
LOCATION 0 ' 0 ' (Feet) DATE 

60. GIRDS CREEK 44 40 120 10 4000 07/13/56 
61. HEPPNER 45 20 119 33 3000 07/13/56 
62. BIRCH CREEK 45 20 118 55 3000 06/22/38 
63. JOHN DAY 44 25 118 53 3200 06/09/69 

WASHINGTON 

64. CINEBAR 2 E 46 36 122 30 1000 06/09153 

65. CAMP GRISDALE 47 22 123 36 820 06125/68 
66. CHIEF JOSEPH DAM 48 00 119 39 820 07/25/87 
67. DAYTON2 SE 4618 118 00 1750 07/o7ns 
68. DIABLO DAM 4843 121 09 890 09/04/86 
69. EASTON 47 15 12111 2170 08/26/83 
70. MAZAMA 48 37 120 27 2180 07/16/85 
71. METHOW 48 08 120 00 1160 08/10148 

72. NACHES 10 NW 46 52 120 46 2380 07/07/82 
73. OROVILLE 1 S 48 56 119 26 920 06/11/64 
74. PULLMAN2NW 46 46 117 12 2545 06/16/63 
75. RANDLE 1 E 4632 121 56 950 08128157 
76. REPUBLIC RS 48 39 118 44 2630 08109/62 
77. REPUBLIC RS 48 39 118 44 2630 07/05158 
78. SILVERTON 48 04 121 34 1480 08105n7 
79. WALLA WALLA WE CITY 46 02 118 20 950 05126ni 
80. WILSON CREEK 47 25 119 07 1280 06/18150 
81. ABERDEEN 20 NNE 47 16 123 42 440 05/28/82 
82. SKYKOMISH 47 42 121 22 1030 05125/45 
83. WENATCHEE EXP STN 47 26 120 21 806 08/10/52 
84. CASTLE ROCK 46 16 122 55 43 08/23/63 
85. KNAPP COULEE 47 49 120 08 1500 08115/58 
86. WINTHROP I WSW 48 20 120 11 1755 07129158 

CALIFORNIA 

87. ALTURAS 41 30 120 33 4460 06/06/52 
88. ETNA 41 28 122 54 2910 06107n7 

(Cont.). 

RAINFALL (Inches) RAINFALL {Inches) 
Max. 1-Hour Mro::. 6-Hour 

4.00 4.00 
3.00 3.00 
2.50 2.50 
5.00 7.00 

1.20 1.99 
1.20 1.30 
0.90 1.00 
1.20 1.20 
1.00 1.20 
1.80 1.80 
0.90 LlO 
1.08 1.08 
1.20 1.20 
1.27 1.27 
1.35 1.47 
1.20 1.47 
1.21 1.29 
1.00 1.10 
1.10 1.34 
0.98 1.84 
1.47 1.53 
2.40 2.50 
1.78 1.78 
1.25 1.29 
1.06 1.12 
1.50 1.50 
3.00 3.00 

1.13 1.20 
1.40 1.80 
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Table A4.1.--Extreme Local Storms in the Pacific Northwest and Adjacent Areas (Cont.). 

LAT LONG ELEVATION RAINFALL (Inches) 
LOCATION 0 ' 0 (Feet) DATE Max. 1-Hour 

UTAH 

89. FARMINGTON WHSE STA 40 58 111 53 4330 06/01/63 1.75 
90. LOGAN USAC 41 45 11148 4780 08111/83 1.10 
91. OGDEN PIONEER PH 41 15 111 57 4350 08/IBn9 1.30 
92. OGDEN SUGAR FACTORY 41 14 112 02 4280 09/08167 1.20 
93. OGDEN WBO 41 12 111 58 4440 06/18/49 1.04 
94. MORGAN 41 03 111 38 5150 08/16/58 6.75 
95. NORTH OGDEN 41 20 111 55 4800 09/07/91 1.75 

NEVADA 

96. CONTACT 41 47 114 45 5370 06/13/83 1.00 
97. ELKO 40 50 115 47 5080 08127n0 3.47 

MONTANA 

98. AUGUSTA 47 29 112 23 4070 07/05/51 1.80 
99. CAMERON 45 12 111 41 5500 07/01165 1.55 

100. CUT BANK CAA AP 48 23 112 22 3840 07/li/56 1.30 
101. DUTION 6 ESE 47 51 111 35 3590 07/02/66 2.15 
102. KALISPELL WB AP 4818 11416 2970 06129182 2.57 
103. LIVINGSTON FAA AP 45 42 110 27 4690 08/24/79 2.63 
104. STEVENSVILLE 46 31 114 06 3370 07131183 1.70 
105. WISDOM 45 37 113 27 6060 06/17150 1.20 

WYOMING 

106. OPAL 41 45 110 15 6900 08116190 5.75 

RAINFALL (Inches) 
Max. 6-Hour 

2.24 
1.30 
1.40 
1.20 
1.26 
6.75 
5.50 

1.20 
4.13 

1.83 
2.26 
1.37 
2.89 
2.68 
3.19 
1.90 
1.36 

7.00 
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Figure A4.1.--Location of extreme local storms. 
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Table A4.2 shows the frequency of occurrence of the nine categories selected 
and Table A4.3 shows the mean values for selected meteorological variables within 
each group. For comparison, Table A4.4 shows mean height and temperature at 
500 mb for three selected stations in the region. 

Table A4.2.--Frequency of synoptic categories 

Synoptic Pattern: 1. W of Ridge/ 2. E of Ridge/ 
SFC/UA E of Trough W of Trough 3. Zonal Total 

1. Low; trough 45 2 4 51 

2. Frontal 19 3 5 27 

3. Air Mass; 
High 19 3 3 25 

Total 83 8 12 103 

Source: Extreme local storm database 

Table A4.3.--Synoptic types • mean values. 

500- Max. 
Type/ 1-hour mb 500-mb 500-mb wind sf c. 24-hour per. Maximum 
Means Prec. ht. temp. speed & dir. temp dew point dew point 

(#) (in.) (feet) (C) (kts. and deg.) (F) (F) (F) 

11 1.67 18835 -14.1 23.7 84.3 55.6 60.1 
(45) 215 

12 1.05 19000 -13.0 13.5 94.0 58.0 62.5 
(2) 230 

13 1.27 18950 -13.7 22.0 88.3 57.0 60.8 
(4) 275 

21 1.23 19000 -12.0 21.4 84.2 56.6 62.0 
(19) 228 

22 1.17 18767 -14.3 18.3 84.7 51.7 65.0 
(3) 280 

23 1.39 18940 -12.0 23.0 78.8 51.0 57.8 
(5) 268 

31 1.75 19213 -9.7 21.5 87.6 57.9 62.6 
(19) 234 

32 1.76 18450 -21.0 26.0 66.0 47.7 51.7 
(3) 330 

33 1.85 18833 -14.7 19.3 76.3 54.7 56.0 
(3) 277 
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Table A4.4.--Average monthly values of 500-mb. temperature (°C) and 
geopotential heights (feet) for three regional stations. 

Station May June July August September October 

Boise, ID -18.31 -14.10 -10.45 -11.25 -12.81 -15.43 
18580 18841 19150 19101 18950 18783 

Medford, OR -18.46 -13.99 -10.33 -11.20 -11.66 -14.45 
18572 18829 19110 19065 18986 18799 

Spokane, WA -21.06 -17.54 -15.15 -14.41 -14.52 -18.54 
18346 18563 18829 18802 18750 18458 

Source: Crutcher, H. L. and J. M. Meserve, "Selected Level Heights, Temperatures and Dew 
Points for the Northern Hemisphere" Naval Weather Service Command, Washington, D.C., 
1970 

Persisting Dew Point Data 

In order to develop maps of persisting 3-hour dew points, data for the period 
from 1948-1974 were extracted from hourly data tapes for 27 stations in or near 
the study region (Figure A4.2). From this data base, periods of elevated dew 
points were selected for analysis. 

These high dew point episodes were examined meteorologically to insure that 
only those that occurred under conditions favorable for the development of local 
storms were included. High dew points resulting from highly stable, inversion 
conditions, or when rain was occurring at the point of observation were not 
considered for further analysis for several reasons. First, an air mass that is too 
stable is very unlikely to be associated with the strong upward vertical velocity 
needed to produce heavy rain. Second, extremely high moisture in an inversion 
situation may become trapped in the lowest layers of the atmosphere, leading to 
an overestimate of the vertical moisture distribution and inaccurate in-place 
adjustments. Third, hourly precipitation data were checked for the occurrence of 
scattered short-duration afternoon and evening rainfalls, typically the result of 
local storm rainfalls. Rain at the time of the observation could give an 
unrealistically high value for that station. Hourly observations for individual 
weather stations were also examined to check for potential observational error in 
the dew point measurements and to obtain more detailed information about the 
synoptic situation. 
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Figure A4.2.--0bserving stations providing data for 3-hr maximum persisting local storm dew point 
analysis. 



Subregional Classification 

A subregional classification scheme was developed to help overcome the 
relative paucity of high dew point episodes on days also favorable for local storms. 
This enhanced the utility of the dew point analysis by grouping the available data 
within similar climatic zones. Figure A4.3 shows the subregional boundaries, 
which are based on: 

1) climatological variations (discussed below), 
2) significant topographical barriers 

In order to develop and compare the climatic characteristics of the individual 
subregions, the ranges of important climatic variables were tabulated and can be 
found in Table A4.5. This table includes the annual range of daily temperature 
maxima, the mean annual daily temperature range, the annual range of 12-hour 
maximum persisting general storm dew point, the mean annual number of 
thunderstorm days, the average percentage of the annual thunderstorms occurring 
from May through September, and the average annual precipitation. Data for 
Table A4.5 was obtained from Local Climatological Data for individual stations 
(National Climatic Data Center, 1984), the Climatic Atlas of the U.S. (U.S. DOC, 
1968) and from the climatological studies of Trewartha and Horn (1980), Haurwitz 
and Austin (1944), Easterling and Robinson (1985), Changnon, (1988, a and b) and 
Gabriel and Changnon (1989). 

A discussion of the subregional climatiC characteristics, including the data list 
in Table A4.5, follows: 

Subregion 1, which is restricted to the lowland coastal strip inland to the crest 
of the coast ranges, has a moist, maritime climate with 40-240 inches of mean 
annual precipitation (MAP), dominated by unmodified Pacific Ocean air masses 
which move generally unobstructed across the subregion. The thermal influence 
of the Pacific air is illustrated by the narrow temperature range (about 15°F daily 
[8Tdly] and 20-25'F for annual highs [8maxT]), and the low annual variation of 
12-hour maximum persisting dew point [8mTd] (less than 10'F). 

As noted by Trewartha and Horn (1980), summertime in this area is 
dominated by the eastern limb of the Pacific anticyclone with its attendant 
subsidence and the very low (3-10) average number of thunderstorm days per year 
[TSTM]. Much of the activity that does occur is associated with cold season 
general storms, as only 25 percent of the annual thundershowers occur from May 
through September [%TMS = 25]. At Astoria, Oregon, for example, of the 9 
thunderstorm days per year, only two occur in July and August (one each month). 
Only two of the 106 heavy precipitation events in the extreme storm database 
occurred in subregion 1. 
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Figure A4.3.--Subregions for local storm analysis 



Subregion 2 encompasses the area from the coast range crests inland across 
the Willamette Valley and Puget Sound to the Cascade crestline. This region also 
has a moist climate (35-180 MAP) which is dominated by air of Pacific origin. 
Modification of these air masses does take place however, as precipitation is 
wrung out on the windward side of the coast mountains. This explains the very 
wide range in MAP, with a pronounced 11rain shadow11 effect to the east. 
Conversely, orographic precipitation is enhanced along the windward slopes of the 
higher Cascade Range. The stabilizing effect of the Pacific is sufficient to keep 
thunderstorm occurrences [TSTM] at less than 10 per year, but there is a marked 
shift in their seasonal frequency, with 70 percent occurring during the warm 
season. The maritime influence is still reflected by the low annual variation of 
maximum persisting dew point [rut!TD] but the change in annual temperature 
maxima [LllnaxT] are considerably greater than in subregion 1, at 30-40°F. 

Table A4.5.--Subregional climatic characteristics. 

Sub- MAP 
Region &naxT(') t.Tdly(') &nTd(') TSTM %TMS (in.) 

1 20-25 14-16 8-9 3-10 25 40-240 

2 30-40 10-22 5-8 5-8 70 35-180 

3 40 15-27 5-10 5-10 85 15-50 

4 50 18-27 10-15 10-15 85 10-20 

5 55 23-35 20-35 20-35 95 10-50 

&naxT 
Difference between average January and July daily high temperatures 

t.Tdly 
Difference between mean annual daily high and low temperatures 

&nTd 
Difference between annual highest and lowest values of 12-hour maximum 
persisting general storm dew point 

TSTM 
Mean annual thunderstorm days 

%TMS 
Average percentage of annual thunderstorms occurring from May through 
September 
MAP Mean annual precipitation 
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Subregion 3, comprises a relatively small area stretching from the southern 
edge of the Willamette Valley into the higher coastal ranges of Oregon and 
northern California. The chief differences between this area and subregion 2 are 
the rougher topography and the influence of lower latitude on the development of 
heavy storms. The climate is similar to subregion 2, but there is less rainfall in 
most areas (MAP of 15-50 inches) and a slightly greater temperature range. The 
most important distinction however, seems to be the greater importance of 
summer thunderstorm activity (85 percent versus 70 percent). The reasons for 
this increase in convective storm frequency are most likely related to the rugged 
terrain which serves to enhance differential solar heating, increases low level 
convergence and imparts additional upward motion on air parcels. The stabilizing 
influence of the Pacific Ocean is also significantly reduced in this rough terrain. 

Subregion 4 extends from the Cascade Range crests eastward across the broad 
interior of Washington, Oregon, and southeast Idaho, into the foothills of the 
Rockies. This expansive area has a dry to nearly arid climate of low annual 
rainfall (10-20 inches) and extremes in temperature [illnaxT], typically about 50'F. 
Despite the low annual rainfall amounts, thunderstorm activity [TSTM] is more 
frequent than in subregions 1, 2, and 3, at about 10-15 thunderstorms per year for 
any particular station. Eighty-five percent of these occur from May through 
September [%TMS]. It is notable that 10 of the 15 extreme local storms listed in 
Table A4.1 occurred in this subregion. This region is effectively shielded from the 
Pacific by the coastal and Cascade barriers, reducing moisture inflow from the 
west. The southern portion of this area is periodically affected by Gulf of 
California or possibly Gulf of Mexico moisture when there is a northward 
extension of the southwest monsoon pattern. 

Subregion 5 covers the area from the foothills of the Rockies to the 
Continental Divide where the study area terminates. This is also an interior 
climate, but most of the area is mountainous, so there is a great deal of variability 
within the subregion itself. The annual temperature range [LllnaxT] is even 
greater than that of subregion 4, averaging about 55°F. There is also significant 
moisture variability, with a LllnTd range of 20-35°F across this area. 

The southern portions of this region may also be affected by the southwest 
monsoon pattern. Summer thunderstorm activity is at a maximum for the entire 
northwest in this subregion, with 20-35 thunderstorms per year [TSTM], 
95 percent of them occurring in the warm season [%TMS]. Similar to subregion 3, 
it appears that terrain has a marked impact on the development of local storm 
activity in this area. An examination of the extreme storm database showed that 
three thunderstorms with hourly precipitation exceeding 2 inches occurred in this 
subregion, out of a total of 10 for the entire study area. 
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Analysis 

The initial step in preparation of persisting 3-hour dew point maps, was to 
group extreme dew point cases within their respective subregions. Initial dew
point patterns were then drafted within each subregion, relying on 12-hour 
persisting dew-point patterns from previous studies for general guidance. The 
monthly maps were subsequently analyzed for the study region as a whole, 
smoothing subregional transition areas and shaping the overall patterns to 
account for the major moisture sources, significant topographic barriers, and 
seasonal air temperature and pressure patterns. 

Seasonal and regional consistency checks were performed to eliminate any 
anomalous or spurious data and to ensure that a relatively smooth dew-point 
pattem emerged. The difference field between the 3-hour maximum persisting 
local storm dew points and the 12-hour maximum persisting general storm dew 
points was also prepared. The 3-hour local storm dew points were found to exceed 
the 12-hour general storm dew points by 2-7"F, which is consistent with McKay's 
(1963) analysis as described earlier. 

In-Place Maximization 

The in-place adjustment for maximum moisture for local convective storms is 
the ratio of the precipitable water for the maximum persisting 3-hour (reduced to 
1000 mb) dew point at a particular location to that for the representative 
persisting 3-hour (1000 mb) dew point for the individual storm site. The local 
storm moisture adjustment procedure differs from the general storm procedure 
because of the often highly localized character of local storms and the relatively 
disorganized nature of their moisture inflow. The primary procedural difference is 
that representative dew points for local storms are taken as near as possible to 
the storm in any direction from the storm location, because it is assumed that 
local storms can occur independently of any sustained moisture inflow (Hansen et 
al., 1988). This is different from the procedure for general storms in which a dis
tinct inflow direction is specified. The maximum persisting dew point is read at 
the storm location for the time of year in which it occurred. 

Secondly, the in-place adjustment for any local storm is restricted to a 
maximum of 1.50, the same upper limit adopted by Hansen et al. (1988). This is 
because the synoptic and mesoscale conditions of major local storms do not appear 
to be capable of accommodating more moisture than this. In addition, the network 
of stations providing dew-point observations may be too sparse to fully represent 
the moisture field in the vicinity of such highly localized storms. It is possible 
under such conditions that more moisture could be present at the storm site than 
at the location of the storm dew-point measurement. This would result in an 
underestimated actual storm dew point and an unrealistically high moisture 
maximization. 
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Adjustment for Elevation 

Background 

Both HMR 43 and HMR 49 studies used 5,000 feet as a maximum elevation, 
above which a steady, systematic decrease was assumed for local storm PMP. For 
the region between the Continental Divide and 103°W, no variation was expected 
within 1000 feet of 5000 feet, with a decrease above that level based on a 
percentage of the decrease in precipitable water with altitude (Hansen et al., 
1988). In the study for the southwest, 6-hour recorder rainfall maxima versus 
elevation for stations in Nevada, Utah, and Arizona showed a decrease in the 
among-station maximum precipitation above 4000 to 5,000 feet, although a 
possible reason for the decrease was a smaller data sample at the higher 
elevations. 

Due to the decrease in atmospheric moisture and temperature with height, a 
reduction in the local storm precipitation with elevation can be expected at some 
point. How this decrease in moisture might be offset by increased local storm 
efficiency due to high terrain is not clear. Factors contributing to intensified 
convection at higher elevations include increased vertical velocities, strong 
differential heating of slopes, and enhanced convergence. 

One study examining the influence of elevation on the intensity of rainfall in 
the Pacific Northwest was that of Cooper (1967). Using data from 93 rain gages 
in the Reynolds Creek watershed in southwest Idaho, he determined that there 
was no discernible relationship between elevation and peak intensity or total 
amount of rainfall at elevations from 3600 to 7200 feet. 

Several researchers have noted the tendency for there to be enhanced 
convection over mountainous terrain. Abbs and Pielke (1986) found that areas of 
upslope flow and increased convergence of moist, unstable air become preferred 
regions for convective d'2!velopment. Such areas tended to maximize in the high 
terrain near the Continental Divide in Colorado. Toth and Johnson (1985) found 
that elevated locations were zones of convergence maxima in Colorado and 
correlate well with areas favored for deep convective development. An earlier 
study by Henz (197 4) also documented the tendency for preferred thunderstorm 
formation zones to exist over elevated areas in the Colorado Front Range. 

Heavy thunderstorm rainfall (intensities of 2 inches per hour or greater) at 
7500 feet or higher in the Colorado Front Range from 1965-1988 were studied by 
Henz and Kelly (1989). Using information from the NOAA publication Storm 
Data, they found 24 cases of thunderstorm rainfall of 2 inches or greater from 
April to September during the period from 1979 through 1988. All were short 
duration events, usually less than two hours and 83 percent occurred at least 
partially above 8000 feet. Among the factors cited as contributing to heavy rains 
at high altitude was a tendency for the storms to remain stationary or move very 
slowly over their formation zones. 
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Recent studies by Jarrett (1990) and Jarrett and Costa (1989) have utilized 
paleohydrologic techniques to estimate the frequency of high elevation flood
producing storms in Colorado. These works tend to discount the existence of very 
heavy rainfall above 8000 feet, while contending that such storms are not 
infrequent below 7500 feet, implying a very rapid decrease above a certain critical 
elevation threshold. Clearly, further study will be needed to verif'y the validity of 
these findings. 

Analysis 

In an effort to understand how thunderstorm rainfall diminishes with 
elevation in the Pacific Northwest, an investigation was conducted using the data 
base of heavy local storms in Table A4.1. There was no clear evidence of an 
elevation-dependent change in local storm precipitation to about 5,000-6,000 feet. 
While the maximum observed local storm precipitation does decrease somewhat 
above 5,000 feet, such a decrease could also be explained by a relative lack of 
station coverage. For example: in 1975, (the chronological mid-point of available 
recorder data), out of 256 recorder stations with at least 10 years of data in the 
study region, only 25 were at an elevation of 5,000 feet or greater, and merely 4 
were at an elevation of 6,000 feet or greater. Furthermore, there are relatively 
little bucket survey data above 5,000 feet because of low population density. 

A statistical regression analysis using the local storms found in Table A4.1 
showed no significant variation throughout an elevation range of 43 to 6,350 feet 
above sea level. A plot of these data is shown in Figure A4.4. This supports a 
possibility of maximum local storm precipitation to at least 6,000 feet, but it is im
portant to note that only 4 of the 105 thunderstorms in the data set occurred at or 
above 6,000 feet. While this indicates that the data set at high elevations is too 
sparse to provide very reliable statistical information, it is also true that the per
centage of 50-year return-period storms at or above 6000 feet ( 4/105 = 3.8 percent) 
is greater than the percentage of 1965-75 recorder stations at or above 6,000 feet 
( 4/256 = 1.6 percent) by a factor of 2.4. This tends to support a greater likelihood 
of heavy local storms above 6,000 feet than at lower elevations. 

It is also important to note that the storm which produced the greatest hourly 
precipitation in or near the study area (Morgan, Utah, August 16, 1958: 
6.75 inches in 1 hour) occurred at an elevation of 5,150 feet, which also provides 
justification for taking maximum local storm precipitation potential to elevations 
exceeding 5,000 feet. In addition, the extreme local storm at Opal, Wyoming, on 
August 16, 1990 (7 .0 inches in 2 hours), occurred at an elevation of about 6,900 
feet. The forgoing analysis suggests that 6,000 feet may be a more accurate 
approximation of the elevation above which local storm precipitation will begin to 
decrease, at least in this region of the country. This conclusion, based on a much 
expanded data base from within and around the study region, reflects the lack of 
clear evidence of any elevation-dependent decrease of maximum local storm 
precipitation potential in the 5,000-6,000 foot range. 
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For elevations above 6,000 feet, a decrease in local storm PMP of 9 percent per 
thousand feet above 6,000 feet was utilized, approximating a pseudo-adiabatic 
decrease in the moisture available for convective activity. Figure 15.37 (Chapter 
15) compares the moisture variation based on this approximation to the change of 
column moisture, with elevation in a saturated pseudo-adiabatic atmosphere for 
1000-mb dew points of 60, 70 and 80 degrees (F). The adopted elevation 
adjustment was also based on the assumption that the surface dew point would be 
representative of total column moisture and that the effectiveness of local storm 
mechanisms would not change appreciably with height above 6,000 feet. This 
procedure for elevation adjustment of local storm PMP above 6000 feet is con
sistent with the procedure adopted in the PMP study of the region between the 
Continental Divide and 103oW (Hansen et. al., 1988), in which an explicit 
saturated pseudo-adiabatic moisture adjustment was adopted above 5,000 feet. 

Indirect empirical support for the validity of this approach may be found in 
the study by Henz and Kelly (1989). He reported rainfall amounts as great as 
1.9 inches in 10-15 minutes at 8,500 feet and 2.25 inches in 25 minutes at 
9,000 feet. These amounts were less than PMP would be at their respective areas 
of occurrence, using the elevation adjustment procedure just described in Hansen 
et. al. (1988), about 5.5 and 6 inches, respectively. With no other data supporting 
the idea of even heavier rains at very high elevations, it was assumed that this 
adjustment would yield an adequate reduced estimate of PMP in higher terrain. 
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HORIZONTAL TRANSPOSITION 

Background 

As in the general storm analysis, transposition is defined as the process of 
transferring observed precipitation rainfalls from their location of occurrence to 
another location where a storm with ef'sentially the same rainfall mechanism is 
thought to be possible. In transposition, the rainfall is adjusted to account for the 
difference in moisture availability, based on the persisting dew point maps, 
between the original stonn site and the transposed location. 

Analysis 

The transposition procedure for Pacific Northwest local storms is the same as 
that for general storms, with the following exceptions: 

1) the elevation adjustment follows the procedure outlined in this Appendix (no 
adjustment below 6,000 feet), and 

2) no adjustment for barrier elevation is made for local storms because local 
storms often result from highly localized accumulations of moisture rather 
than large-scale inflow. 

3) the climatic subregions were adopted as general guidelines for transposition, 
but not as strict boundaries. 

The key concept here was that the climatic zones limits should not constitute 
rigid barriers in the atmosphere, but would represent transitional regimes. For 
instance, it was not considered acceptable that a storm in zone 4 could be 
transposed into zone 1, whereas transposition from zone 4 storm into portions of 
zone 2 was allowed, using terrain for additional guidance. 

AB in the general storm procedure, no elevation adjustment is made for the 
first 1,000-feet or lower elevation increase when a storm is transposed to a higher 
elevation. This procedure for local storm transposition is consistent with the most 
recent major PMP study covering the adjacent area from the Continental Divide to 
103° W area (Hansen et. al., 1988). 
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APPENDIX5 

This appendix provides some background information and an example of the 
procedure for using the snowmelt and wind criteria for a basin. The background 
and procedure is extracted directly from Chapter VIII of HMR 43, with the 
exception that the figure numbers have been changed to refer to those in Chapter 
15 of this report (Computational Procedure). 

Introduction 

Evaluation of runoff involves the contribution of snowmelt. Snowmelt 
computations require generalized temperature and wind sequences during the 
3-day PMP storm and for 3 days prior. 

Temperatures and Dew Points During the PMP Storm 

Temperatures during the PMP storm are equal to maximum dew points, using 
the simplifying assumption of a saturated adiabatic atmosphere. Maximum storm 
dew points were determined in Chapter 4. 

Temperature and Dew Points Prior to PMP Storm 

For combined rain and snowmelt flood determinations, a sequence of high 
temperatures for several days prior to rain storms is generally the most critical 
situation. With this in mind, highest temperatures observed prior to major storms 
in the Northwest were determined. An envelope of the difference between these 
prior temperatures and the temperatures during the storms was then assumed 
applicable to PMP temperatures at the beginning of the PMP storm. 

Sources of storms surveyed included preliminary Corps of Engineers storm 
data, the controlling storms listed in the Cooperative Studies Snake River Report 
Number 11 (U.S.W.B., 1953) and Weather Bureau Technical Paper Number 38 
(U.S.W.B., 1960), as well as storms giving record 24-hour rainfall amounts. Daily 
mean temperatures and precipitation amounts were obtained from a mountain 
station near the 24-hour heavy rain center and from a nearby upwind first-order 
valley station. For a particular season and region, the critical temperature 
differences were approximately the same at the two stations. 

Temperature differences for establishing the critical upper envelope plotted by 
dates of occurrence showed significant seasonal trends. These trends and the 
range of temperature differences depended on whether the storm was east or west 
of the Cascade Divide. Durational curves of the temperature differences 
throughout three days were therefore drawn for each region. These curves are 
shown in Figure 15.13. As this Figure shows, cool-season antecedent 
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temperatures are at least as low as those observed during the storm. In late 
sprmg and early autumn, antecedent temperatures are higher than during the 
storm. 

Example of Snowmelt Winds and Temperatures for a Basin 

As an example, snowmelt data for mid-May for the Blackfoot River drainage above 
Blackfoot Reservoir, Idaho, will be determined. 

Basin average elevation: 7000 feet 

Lettered and numbered steps in this example are identical to those in the outlined 
procedure discussed in Chapter 15 (pages 206-208). 

A. Temperature and Dew points During PMP Storm 

(1) Average 12-hour mid-May maximum dew point over basin (Figure 15-22): 63.0 °F. 

(2) Precipitable water (W,) for 63.0 "F (Figure 15.30): 1.59 inches. 

(3) Ratios of WP each 6-hour period 
to maximum 12-hour wp (Figure 

6-hour period 

1st 2nd 3rd 4th 5th 6th 7th 8th 9th lOth 11th 12th 

15.31) 1.04 1.00 0.97 0.95 0.92 0.90 0.89 0.87 0.85 0.84 0.82 0.81 

(4) = (2) X (3) WP (ins.) 1.65 1.59 1.54 1.51 1.46 1.43 1.42 1.38 1.35 1.34 1.30 1.29 

(5) Mid-May 1000-mb. temperatures 
(°F) each period (Figure 15.30): 63.6 63.0 62.4 61.9 61.4 61.0 60.6 60.2 59.8 59.4 59.0 58.7 

(6) Mid-May temperatures ("F) 
reduced to 7000 feet (Figure 15.32): 45.4 44.7 44.0 43.2 42.5 41.9 41.3 40.8 40.3 39.9 39.4 39.0 

(7) Rearrangement of temperatures to 
conform to sequence of PMP in
crements (sequence (a) of Figure 
15.12 used in this example): "F 40.3 41.3 42.5 44.0 45.4 44.7 43.2 41.9 40.8 39.8 39.4 39.0 

B. Temperatures Prior to PMP Storm 

(1) Temperature for first 6-hour period of PMP storm from A(7): 40"F 
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Hours Prior to Storm 

6 12 18 24 30 36 42 48 54 60 66 72 
(2) Mid-May differences between 

temperatures at indicated 
times prior to first 6-hour 
period of storm (Figure 15.13): 4 7 II 15 15 15 15 15 15 15 15 15 

(3) Sum of (1) and (2) "F 44 47 51 55 55 55 55 55 55 55 55 55 

C. Dew Points Prior to PMP Storm 
Hours Prior to Storm 

6 12 18 24 30 36 42 48 54 60 66 72 
(I) Difference between dew point at 

beginning of storm and at 
indicated times prior to storm 
(Figure 15.13) "F 0 2 2 2 3 3 3 4 4 

(2) = B(l)- C(l) "F 44 47 51 55 55 55 55 55 55 55 55 55 

D. Winds During PMP Storm 

(I) Basin average elevation: 7000 feet. Basin average pressure (Figure 15.33): 775mb. 

(2-b) 6-hour January anemometer-level winds at 775mb. (Figure 15.17): 45 kts. 

(3) May 6-hour percentage of January wind (Figure 15.15): 69% 

(4) Wind of 0(2-b) x percent of 0(3) = 31 kts. 

6-hour period 

ht 2nd 3<d 4th 5th 6th 7th 8th 9th lOth lith 12th 

(5) Duration factor for each 6-hour 
period (Figure 15.16 and p. 102) 1.00 .93 .87 .83 .77 .73 .69 .66 .64 .61 .59 .57 

(6) Anemometer winds in descending 
order 0(4) x 0(5) kts. 31 29 27 26 24 23 21 20 20 19 18 18 

(7) Windspeeds rearranged after PMP 
sequence (a) of Figure 15.12. Kts. 20 21 24 27 3! 29 26 23 20 19 18 18 

E. Winds Prior to PMP Storm 

Lowest windspeed during mid-May PMP storm period over Blackfoot Basin is 18 
kts. from D (6). This value continues for 72 hours prior to beginning of 
storm. 
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