










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































B. Temperatures Prior to PMP Storm

Hours Prior to Storm Onset

48 42 36 30 24 18 12 6
1) Differences between temperature at the beginning of
storm and at indicated hours prior to storm. From Figure
A4.3, in range from curve A, to curve B (°F).
2) The above differences are added to the initial temperature determined in Step A.9.
C. Dewpoints Prior to PMP Storm
Hours Prior to Storm Onset
48 42 36 30 24 18 12 6
1) Differences between dewpoint at the beginning of storm
and at indicated hours prior to storm. Figure A4.3, curve
C (°F).
2) The above differences are subtracted from the initial temperature (dewpoint) determined in Step A.9.
D. Snowmelt Winds
6-Hour Period
1 2 3 4 5 6 7 8 9 10 11 12

1) Winds from Figure A4.5 (Regions 1, 3, 6)
or A4.6 (Regions 2, 5) and interpolations at
average basin elevation (feet msl) reference
Figure A4.4 (mph).

2) Winds reduced to surface conditions. See
text for factor to be used. Step D.1 winds x
factor (mph).

3) Surface winds adjusted to month selected.
Step D.2 winds x (from Figure A4.7)
(mph).

4) Arrange 6-hour winds (Step D.3) in time sequence similar to arrangement of precipitation and

temperatures in PMP storm (see E.4).
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E. Time Sequence of Temperatures, Winds and Precipitation During PMP Storm

6-Hour Period
1 2 3 4 5 6 7 8 9 10 11 12

1) Month of concern 6-hourly
PMP increments for the selected
drainage obtained by procedures
of Chapter 13 (inches).

Time in Hours From Beginning of Storm
6 12 18 24 30 36 42 48 54 60 66 72

2) 6-hour PMP
increments
arranged according
to sequence
adopted in Section
13.2, Step 8
(inches).

3) 6-hour tempera-
tures from A.7
arranged in same
sequence (°F).

4) 6-hour winds
from D.3 arranged
in same sequence
(mph).

5) Height of
freezing level from
A.8 in same
sequence (1000's
feet).

Hours Prior to Storm Onset

48 42 36 30 24 18 12 6 0

6) Temperature prior

to storm. Differences of B.1
added to the temperature from
E.3, 6-hour column.

7) Dewpoints prior to storm.
Differences of C.1 subtracted
from the temperature from E.3,
6-hour column.

8) Winds prior to storm may be assumed to be the 72-hour duration value from D.3 for two days prior to storm.
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Snowmelt Parameters Worksheet
(Example)
Drainage: Auburn Average elevation (nearest 100 feet): 4700
Month: Mid-November Region: Sierra (5)

A. Temperatures and Dewpoints During PMP Storm

1) Average 12-hour February 1000 mb persisting dewpoint over basin (Figure A4.8): 60° F
2) Precipitable water (W) for 60° F (Figure A4.1): 1.38
3) Seasonal adjustment for November (Table A4.1): 1.17

4) 1.38 times 1.17 = 1.61 inches

6-Hour Period

1 2 3 4 5 6 7 8 9 10 11 12

W,
corresponding to
6-hour temperature
increments during
PMP storm. 1.61 1.67 161 | 156 } 153 | 150 | 147 | 143 |142 | 138 {137 {135 | 134
x %’s of Table
A4.2 (inches).

6) 6-hour
incremental sea-
level temperatures
and dewpoints 638 | 63.0 | 623 |620 |61.6 |61.1 |60.8 |60.6 |60.0 |]599 |59.6 |593
from Figure A4.1
(°F).

7) Sea-level
temperatures and
dewpoints adjusted
to 4700 feet
elevation. Figure 51.5 | 507 149.8 |49.4 | 495.0 | 484 | 48.0 {47.6 {473 470 [46.7 |463
A4.2 (°F).

8) Height of 32° F
above mean sea
level. Figure A4.2
(1000's feet). Use | 11.6 {113 |1095 | 10.8 | 10.7 }104 | 102 |10.1 | 99 9.8 9.7 9.6
dewpoints from
line 6.

9) The temperatures and elevations in Steps A.7 and A.8 should be arranged in time sequence corresponding to the
selected PMP storm sequence (see E.3).
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B. Temperatures Prior to PMP Storm

Hours Prior to Storm Onset

48 42 36 30 24 18 12 6
1) Differences between temperature at the beginning of
storm and at indicated hours prior to storm. From Figure 100 [ 95 190 | 80 |70 | 6.0 {45 ] 35
A4.3, selecting curve A, (°F).
2) The above differences are added to the initial temperature determined in Step A.9.
C. Dewpoints Prior to PMP Storm
Hours Prior to Storm Onset
48 42 36 30 24 18 12 6
1) Differences between dewpoint at the beginning of storm
and at indicated hours prior to storm. Figure A4.3, curve 35125120120 7115 ] 1071074105
C (°F).
2) The above differences are subtracted from the initial temperature (dewpoint) determined in Step A.9.
D. Snowmelt Winds
6-Hour Period
1 2 3 4 5 6 7 & 9 10 11 12
1) Winds from Figure A4.6 and interpolations
at 4700 feet msl (4700 feet = 840 mb) 78 169 164 160 |57 |54 |52 (50|49 [48 |47 |46
reference Figure A4.4 (mph).
2) Winds reduced to surface conditions
similar to Auburn. Step D.1 winds x 0.75 59 |52 148 |45 143 140 139 138 373635135
(mph).
3) Surface winds adjusted to November. Step
D.2 winds x 0.82 (from Figure A4.7) (mph). {48 142 |39 |37 |35 |33 |32 §31 {30 {30}29 |29

4) Arrange 6-hour winds (Step D.3) in time sequence similar to arrangement of precipitation and

temperatures in PMP storm (see E.4).
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E. Time Sequence of Temperatures, Winds and Precipitation During PMP Storm
6-Hour Period

4

S

6 7

10 11

12

1) November 6-hourly PMP
increments for the selected

drainage obtained by procedures
of Chapter 13 (inches).

6.9

43 | 34

3.2

3.0

29 129

2.8

2.1

1.2 |11

1.0

12

Time in Hours From Beginning of Storm

18

24

30

36

42 48

54

60 66

72

2) 6-hour PMP
increments
arranged according
to sequence
adopted in Section
13.2, Step 8
(inches).

3.0

29

28

29

32

43

6.9 34

1.2

1.0 2.1

1.1

3) 6-hour tempera-
tures from A.7
arranged in same
sequence (°F).

49.0

48.4

47.6

48.0

49.4

50.7

515 498

47.0

46.3 1 473

46.7

4) 6-hour winds
from D.3 arranged
in same sequence

(mph).

35

33

31

32

37

42

48 39

30

29 30

29

5) Height of
freezing level from
A.8 in same
sequence (1000's
feet).

10.7

104

10.1

10.2

10.8

11.3

11.6 § 109

9.8

9.6 99

9.7

48

Hours Prior to Storm Onset

42

36

30

24

18

12

6) Temperature prior

to storm. Differences of B.1
added to the temperature from
E.3, 6-hour column.

59.0

585

58.0

57.0

56.0 55.0

535 525

49.0

6-hour column.

7) Dewpoints prior to storm.
Differences of C.1 subtracted
from the temperature from E.3,

45.5

46.5

47.0

47.0

475 48.0

480 | 485

49.0

8) Winds prior to storm may be assumed to be 29 mph for two days prior to storm.
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Figure Ad.1. Variation of precipitable water with 1000-mb dewpoint temperature.
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Figure Ad.2. Decrease of temperature with elevation.
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Figure Ad4.3. Temperature prior to a PMP storm.
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Figure Ad4.4. Pressure-height relation.
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APPENDIX 5

Storm Separation Method

The storm separation method (SSM) was devised for HMR 55A (1988) as a technique
that would identify orographic and non-orographic components of precipitation produced by
storms over regions of varied topographic characteristics. The identification was achieved
by using all the various kinds and amounts of available information about the storms to
answer a uniform series of questions. The original version of the SSM and updates to it were
printed in HMR 57 (1994).

It was decided that users of this report (HMR 59) might want to review the original
and updated material constituting the SSM in connection with their reading of Chapter 5,
Section 5.4. These materials are reproduced here; the material from HMR 55A coming first,
and the updated material from HMR 57 following it. References in each of these groups of
material to figures, chapters, or sections in the parent reports have been retained rather than
masked out in the reproductions. We hope that these references, may be useful to those who
wish to dig deeper into such matters.
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7. STORM SEPARATION METHOD
7.1 Introduction

In order to establish FMP in the CD—103 reglon, it was considered necessary to
tind a property of observed major storm precipitation events that Is only
minimally effected by terrain so transposition of observed precipitation amounts
would not be limited to places where the terrain characteristics are the same as
those at the place where the storm occurred. The name given to this idealized
property is “free atmospheric forced precipitation” (FAFP) which has been called
"convergence only" precipitacion in publications such as HMR No. 49 (Hansen
et al. 1977). For a more complete definittion of FAFP, see the Glossary of Terms
in section 7.2, It 1s emphasized that FAFP {s an idealfzed property of
precipitation since no experiment has yet been devised (o identify in nature
which raindrops were tormed by orographic forcing and which by atmospheric
forcing. This chapter explains how FAFP may be estimated tor specific storms.
Background information {s provided on the development of the storm separacion
method (55M).

7.2 Glossary of Terms
Terms frequently used in the $SM are listed alphabetfcally.

Ag:  See P it {s the term for the effectiveness of orographic forcing
used Iin module 3.

Al: The analysis interval, in fnches, for the isohyets drawn for a storm.

By: See PCT2., It {s the term representing the “triggering effects” of
orography. 1t {s used in module 2. By ls a number between 0 and 1.0
representing the degree of FAFP {mplfed by the relacive positioning
of the st through i-th {sohyetal maxima with those terrain features
(steepest slopes, prominences, converging upslope valleys) generally
thought to induce or “stimulate” precipitation. A high posicive
correlation between terrain features and {sohyetal maxima yields 2
ltow value for By. For each {sohyetal maximum there {s jusc one

B-type correlation and, thus, i{f the area covered bv a given maximum
{s exteasive enough so that more than one area category is contained
within {ts limits, the B correlatians are determined using all
{sohyets compriging a particular maximum. For the
larger-area/shorter~duration categories, the Rl correlation mav need
to be made in widely separated, noncontiguous areas.

When available, the chart of maximum depth—arga—duration curves
from the Part I!I Summary of the storm analvsis , along with {ts
associated documentation, 1s the primarvy source for determining how
many centers (n) and which isohyetal maxima were used to determine
the average depth for the area being considered.

BFAC: 0.95 (RCAT). It represents an upper limit for FAFP in modules 2 and
5. See also the definition for PX.

DADRF: The depth-area-duration reduction factor 1is the ratioc of two average
depths of precipitation.

DADRF = RCAT/MXVATS

DADFX: DADFX = (HIFX)(DADRF). It ts used in module 2 to represent the
largest amount of nonorographic precipitation caused by the same
atmospheric mechanfism that produced MXVATS.

Flz See PCT2. It is the term for the “upsloping effects” of orography
and it is used in module 2. It {s a number hetween 0 and 1.0, which
represeats the degree of atmospheric forcing implied bv the
orientation of the applicable upwind segments of the isohvets with
elevation contours (high positive correlation of these parameters
means a low value for Fi) for the lst through {-th maxima. For an
i{sohyetal maximum there 15 just one F-type correlation, and if the
area covered by a given maximum {s extensive encugh so that more than
one area category is contained within fts limits, the F correlations
are the same for each of the area catagories. F-type correlations
are determined using all 1{sohyets comprising a particular maximum,
As with B-type correlations, maximum depth-area-duracion curves from
the Part II of the storm report should be used to determine which
precipitation centers atre involved {n the lsohvetal maximum.

.A depth~area-duracion storm analysis {s separated into two parte. The first
part develops a preliminary taohyetal map and mags curves of ra{nfall for all
etacrions in the storm area. The second part {ncludes a final fsohyetal map,
computation of the average depth of rainfall over all {sohyetal areas and
determination of the maximum average depth for all area sizes up to the total
storm area. The complete procedure used for making depth—-area~duration analysfis
is described 1n "Manual for Depth-Area-Duration Analysis of Storm Precipftation”
(World Meteorological Organization 1986).
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FAFP:

LOFACA:

Free Atmospheric Forced Precipitation is the precipfration not caused
by orographic forcing; 1{.e., {t 1is precipitation caused by the
dvnanic, thermodvnanic, and microphysical processes of the
atmosphere., It is all the precipttation from a storm occurring in an
area where terrain 1influence or forcing (s negligible, termed a
nonotographic area. In areas classified as orographic, 1t {is that
part of the total oprecipitation which remains when amounts
attributable to orographic forcing have been removed. Factors
involved in the production of FAFP are: convergence at middle and
low tropospheric levels and often, divergence at high levels;
buoyancy arising from heat{ng and tastabllity; forcing from mesoscale
syatems, {.e., pseudo fronts, squall lines, bubble highas, etc.; storm
structure, especiallv at the cthunderstorm scale involving the
{nteraction of precipitation unloading with the &srorm sustaining
updrafr; and lastly, condensation effictency involving the role of
hydroscopic nuclel and the heights of the condensation and freezing
levels.

The largest isohvetal value in the nonorographic part of the storm.
The same atmospheric forces (storm mechanism) must be the cause of
precipitation over the areas covered bv the isohvet used ro determine
HIFX and MXVATS.

That part of RCAT acttributed solelv to atmospheric processes and
having the dimensfon of depth, Since {1t {s postulated that FAFP
cannot be directlv observed fn an orographic area, some finite
portion of it was caused bv forcing other than free atmospheric., The
FAFP component of the total depth must always be derived by making
one or more assumptions about how the precipitation was casused. The
subscript "m” identifies the single assumption or set of assumptions
used to derive the amount designated by I. For example, a aubscript
of 2 will refer to the assumptions used {n module 2. The key
assumptions of all the modules are detailled in section 7.3.l1. Refer
to the schematic for each module in figures 7.3 to 7.6 for the
specific formulation for each I .

LOFACA {s the lowest {isohyetal value at which it first becomes clear
to the analyst that the topography is influencing the disctribution of
precipitation depths. Confirmation of this influence is assumed to
occur when good correlation {s observed between the LOFACA fsohyet
and one or more elevation contours in the orographic part of the
storm,

How s LOFACA found? A schematic isohyetal pattern i{s shown by the
solid lines in figure 7.1 to {llustrate this procedure. Start at the
storm center and follow the inflow wind direction out to the lowest
valued tsohver in the analysis (no lower than | in.) located {n the
orographic part of the storm. If the storm pattern is oddly shaped,
it may be necessarv to use a direction slightly different from the
exact inflow direction. Any direction within % 22.5 degrees efther
side of the i{nflow dfrection which allows comparisons of the sort
described above is acceptable. The vector CL 1in the schematic of
fipure 7.1 represents the path i{n this storm that s parallel to the
inflow wind and directed ac the lowest valued isohvet. Next, draw

Orographic
3 Separation Line

Figure 7.1.—Schematic {llustratiog determination of LOFACA.

two lines parallel to and elther side of the vector CL. Each of the
parallel lines will be drawn at a distance from CL of 1/2 the length
of CL. These lines are the dash-dot lines in figure 7.1. These
lines will be called “"range lines.” The range lines end at the
orographic separation line (the saw~toothed line in figure 7.1) since
only correlations in the orographic part of the storm are important
in determining LOFACA.

The next step 1Is to exam{ne those ischyets which intersect the
range lines down wind of the storm center of {sobyetasl maximum. Such
segments are considered candidate isohyetal segmentas (CIS) and they
are depicted by the asegments of the isohyets PY and QZ in
figure 7.1. The objective s to determine which CIS has a good
correlation with topographic features indicated by the dashed
lines. A good correlation is a CIS that parallels one of the
smaothed elevation contours along one-half or more of {ts length.
When no 1sohyet is found meeting the criterion, LOFACA is defined to
be zero. As depicted in the schematic, the 4~in. CIS {ndicated by
the soltd line (from P to Y) shows a good correlation with the Z + 2
and Z + 3 contours, so the value of LOFACA 1s 4 in. If the &4-{n.
isohyet in ffigure 7.1 had been along the dotted line from P to X,
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LOFAC:

MXVATS:

o

N

there would have been a poor correlation and the value of LOFACA
would have been zero for this storm.

The significance of LOFACA {s that precipitation depths at and
below this value are assumed to have been produced solely by
atmospheric forces without any additional precipitation resulring
from topographic effects; i.e., they represent the “minimum level” of
FAFP for the storm. If more than one isohyetal center exists for the
area size selected, the procedure is followed for each center. If
the value of LOFACA 1is different for two or more of these centers,
the lowest of the values is used as the one and only value of LOFACA
for that storm and area size.

@D
LOFAC = LOFACA + gl PB 2 - 1.

It {s a refinement to LOFACA based on the concept that Al may
prejudice the assigning of a minimum level of FAFP.

The average depth of precipitation for the total storm duration for
the sm?llest area size analyzed, provided that it is not larger than
mi

100 It 1s obrailned from the pertinent data sheet (P.D.S.) for
the storm included in “Storm Ratnfall™ (Corps of
Engineers 1945 - ), It i1s used in several modules to calculate

percentages of FAFP. 1f the area criterion cannot be met, che storm
{5 not used in the study.

When used {n module 2 it is the number of analvzed {sobyetal maxima
used to set the average depth of precipitation for a given area size.

Orographlec Separation Line {is a line which separates the CD-103
region {nto two distinct reglons, where there are different
orographic affects on the precipitarion process. In one rezion, the
nonorographic, {t 1s assumed no more than a S-percent change (in
efther fincreasing or decreasing the precipitacion amount for any

storm or series of storms) results from terrain effects. In
contrast, the other region {s one where the {(nfluence of terrain on
the precipitation process {is significant. An  upper limit of

95 percent and a lower limit of no less than 5 percent is allowed.
The Iine may exist anywhere from a few to 20 miles upwind (where the
wind direction is that which ts judged to prevail in typical record
setting storms) of the point at which the terrain slope equals or
exceeds 1,000 ft om 3 miles or less with respect to the 1of lowing
wind direction (sec. 3.2).

Py (and A ) 1s a ratto in which the effectiveness of an actual storm
in producing prectipitation is compared with a conceptualized storm of
"perfect” effectiveness., 1In such a conceptual model, features known
by experience to be highlv correlated with positive vertical mot{ons,
or an efficlent storm structure, would be numerous and exist at an
optimum (not always the largest or strongest) {ntensity level.

Thus,

P o= Effectiveness of Actual Atmospheric Mechanisms
a 100

where the numerator is a number between 5 and 95

. Effectiveness of Actual Orographic Mechanisms

A0 100

where the numerator is a number between 0 and #95.

It would have been desirable to express both P, and A, in physically
meaningful units; however, this was not considered practical because
the available meteorological data for most of the starms of concern
are generally extremely limited. Hence, the present formulation is
expressed in temms of subjective (inferences about physical
patameters known to be effective {n the production of precipitation
either in major storms in nonorographic regions or by considering the
results of flow of saturated alr against orographic barriers. This
type of formulation is required, because of the limited availability
of meteorological informarion for the storms, bur is considered
adequate for the purposes of this report. Mechanically, the
effectiveness of the particular storm is derived by wusing the
checklists {n module 3.

The ratio of the nonorographic area containing precipitation to the
total storm precipitation area is given by PA. Its inverse is used
when setting a realistic upper limit for I, and I (see definition
for PX on the following page). Areas in which the depth of
precipitation is less than | in. are not used in forming the ratfo.
In contrast to PC, PA does not depend upon the area size being
consldered in the storm separation method.

When the LOFACA isohyet does not extend from the orographic part into
the nonorographic part of the storm, it is the ratio of the sum of
the areas in the nonorographic part containing amounts equal to or
greater than LOFACA (the numerator) to the total nonorographic area
in which precipitation depths assoclated with the storm are | in. or
more. When the LOFACA isohyet does extend into the nonarographic
part of the storm, the numerator 1s increased by an amount
representing the area bounded by the LOFACA isohyet and the OSL. 1t
1s used in module 2 in setting a value for LOFAC. Note: when
LOFACA 1s zero, PB will be one and LOFAC will also equal zero.

It is used in the formulations of PCTI, PCT2, and PCT3 to take into
account the contribution of nonorographic precipitation to total FAFP
(which includes FAFP contributions from orographic arveas). It 1s
expressed as a number between 0 and 0.95 The value of the upper
limit is 0.95 becsuse no storm in which more than 95 percent of the
precipitation fell in nonorographic areas was considered. Thus, some
storms from the list of {mportant storms were not considered since
they occurred in the nonorographic region.

If, for the area size being considered, part of the total volume of
preciplitation occurred 1n a nonorographic area, PC 1is the ratio of
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PCTI:

PCT2:

PCT22:

PCTY:

that partial volume to the total volume. 1f none of the total volume
was nonorographic, PC = O. The ratio of volumes 1is obtained by
forming the ratio of the corresponding area sizes first, then
multiplving that ratio by an estimate of the average depth in the
nonorogtaphic area, and finallv dividing this result bv the average
depth for the total area, both of these depths occurring at maximum
duration.

1s the smaller of elther BFAC or DADFX multiplied by (PA)"1 except
when PA = 0, in which case PX = BFAC. Once selected, PX serves to
define what {s a realfstic upper limit for I, and Ig.

RNOVAL

FEVATS (0.95-PC).

PCTt = PC +
MXVATS 1is used onlv for the smallest area size on the P.D.S.
{provided that it {s not greater than 100 mi~) because the average
depth at larger area sizes is influenced by how isohyets were drawn.

n
p 3, G
PCT2 = PC + e Pe— (.95 ~ PC)

1t is a number between @ and 0.95 where o is the number of isohvetal
maxima {n the orographic part of the s.orm applicable to the
area/dutation categorv being considered. Estimates of F- and B-tvpe
correlations are dependent upon the qualitv of the tsohvetal analysis
and upon proper identification of the precipitation centers iavolved
in the area category under consideration. When there 1is no Part II
storm study {nformation availahle, the analvst must decide whether a
reasonable estimate can be made for n., VWhen there are fust a few
maxima, each at a different depth, a reasonahle estimate ls likely,
whereas when there are numerous maxima all of which are for the same
depth and which enclose about the same area, it 1s less likely that a
reliable value for PCT2 can be calculated. When the latter {s the
case, the answer to gquestion 13 1in module 2 will be "no” and the
analyst documents thils situatifon in wmodule 5 after completing
modules 3 and 4.

This is the ratio [,/RCAT where 1, is che total amount of RCAT that
Is FAFP. 1, is defined by the relationship:

By = [LOFAC +(MXVATS~LOFAC)PCT2]|DADRF

Substitution of these terms into the deffnition for PCT22 leads to
the relationship:

PCT22 = PCT2 + (%%’;—557) (1-PCT2)

14
PCTY = PC o+ B -
(P Fy ) (0.95-pC)
a o

It is a dimensionless aumber wusuallv between 0.05 and 0.95,
representing the percent of the total depth of precipltation for a
given area/duration category attributable to the atmospheric

processes alone. It is obtained not onlvy bv constdering primar{ly
meteorological {information, but also by considering the following
minimal list of additional information: a P.D.S. for the storm (DAD
data) including the location of the storm center; a chart of smoothed
contours of terrain elevation; and precipitation data sufficient to
define where precipitation did or did not occur. More detailed
precipitation information is used, when available.

The range of 0.05 to 0.95 {s considered reasonable, because {t {s
postulared that the orographic influence never completely vanishes,
and when the orographic {nfluence is predominant, precipitation would
not continue without some contribution from atmospheric forecing
mechanisms. Though not expected to occur, {t 1s conceivable that
PCT3 may exceed 0.95 {f the estimated orographic forcing was
downslope, actually decreasing the total possible prectpitation.
This matter s discussed further {n the section dealing with
module 3. The formulation for PCT3 1is meant to applv onlv to major
storms and definitelv not to minor storms where negative terrain
forcing on lee slopes might approach, or exceed, the magnitude of the
atmospheric foreing.

RCAT: The average depth of precipitation for the selected categorv. The
"CAT" 1{ndfcates that the parameter R {s a variable depending on
categorv definition.

RNOVAL: Representative nonorographic value of precipitation. It 1s the
highest observed amount in the nonorographic part of the storm. The
value of RNOVAL ts not adjusted to the elevation at which MXVATS {is
believed to have occurred. RNOVAL and MXVATS must result from the
same atmospheric forces (storm mechanism).

7.3 Background

The 3$SM was developed ta the present format because four distinct sets of
precipitation information were available for record-setting scorms in the CD-103
tegion, These were:

1. Reported total storm precipttation, used in module 1.

2. Isohyet and depth-area-duration analyses of total storm precipitation,
tncluding Part 1 and Part 11 Summaries, used in module 2.

3. Meteorological data and analyses therefrom, used fn module 3.
4, Topographic charts, used ia all modules.

Since the quantity and quality of the information in the first three of these
sets would vary from storm to storm, it was concluded that a methad which relied
on just one of the first three sets (along with topographic charts) might be
quite useless for certain storms. Alternativelv, one could have a SSM which
always combined information from the first three sets. This cholce was rejected
since, for most of the storms, one or more of the sets might contain no useful
{nformation and hogus data would have to be used. Clearlv, the SSM depends on
the validity of the input information.
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Pigure 7.2.—HMafin flowchart for

SSM.

Four sets of information are used in the SSM to produce up to Eive estimates ¢
FAFP- for area categortes up to 5,000 mi? and durations up to 72 hr for storm
with major rainfall cencers in areas classified as “orographic.” The mechanic
of the procedure used to arrive at one numerical value of FAFP for anv relevan
asrea/duration (A/D) category for anv qualifving storm are accomplished t
completing the tasks symbolically represented in a MAIN FLOWCHART for the SS
(figs 7.2) along with fts associated SSM MODULE FLOWCHARTS (fig. 7.3 to 7.7) wit
references to the following ftems:

1. Glossary of Terms (sec., 7.2).

2. Concepts for use of the modules (sec. 7.3.1).

3. Specific questions to be answered in the MAIN FLOWCHART and the MODUL
FLOWCHARTS .

7.3.1 Basic Concepts

The wvalidtty of the techniques 1in the SS5M depends on the validitv of th
concepts upon which thev are based. Fvaluation of these concepts {s crucial {
the application of the procedure. A relative evaluation of the validitv of th
concepts underlving the individual modules will govern which of the five posstbl
values will be used for FAFP for a given A/D category. The evaluvation |
formalf{zed in module 5 (column E) of the SSH based on the analysts evaluation o
the various concepts. Several concepts are hasic to acceptance of the procedur
as a whole (all modules) while others relate to the evaluation of individua
modules.

7.3.1.1 Overall Method. The total depth of precipitation for a given A/f:
category s composed of precipitation that results from atmospberic forces an
from the added effect of orography. The method assumes that the effect o
orography may either contribute to or take away from the amount of precipitatio:
that {s produced by the atmosphere. When the orographic effect is positive
(expressed as a percentage contribution to total precipitation), 1t mav not be
less than S percent. It {t 1is also assumed that the terrain surrounding the
location where a given storm of record occurred had been transparent; f{.e., hac
no effect on the atmospheric forces acting there, the resulting toral precip-
{tatfon would be the same as the free alr forced component of precipitation for
the actual starm.

It 1is assumed that the FAFP never completely disappears in storms of record.
and the total volume may contain contributions over both the orographic anc
nonorographic areas. The further assumption 1s made that, when no other
information s available at the shorter durations, 1inferences made fror
precipitation depths valid at maximum storm duration for a given area are equall:
valid for the same area at shorter durations down to and tncluding the minimur
duration category.

7.3.1.2 Module 1. There are three components that underlie the use ot
precipitation observaticas in the estimatfon of the contribution of the

atmosphere to the precipitation amounts in storms. These are:
1. I1f free atmospheric forcing in the nonorographic part of the storm hac
been smaller that {t was, the value of the maximum depth of

precipitation would have been proportionally less.
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2. The FAFP in the orographic region of the storm {s approximated by the
rmaximum precipitation depths in the nonorographic region, as long as the
game atmospheric forces are fnvolved at each locatton.

3. Est{mates of the FAFP based on asaumptions ! and 2 are better for small
rather than iantermediate or large area sizes.

7.3.1.3 Module 2. This module uses an isohyetal analvsis of the precipitation
data to evaluate the free air forced component of precipitation. Inherent in the
use of this module Is the existence of an isohyetal analysis based on adequate
precipitation {nformation and prepared without undue reliance on normal annual
precipitacion or other rainfall indices which may induce a spurious correlatfon
between the precipitatrion amounts and topography. In additton, there are five
other concepts underlying this module. These are:

1. One or more than one level of LOFACA mav exi{st in'the orographic part of
a storm. When more than one storm ceater 1s contained {n a given area
category, the lowest level of LOFACA found is used for that area size.

2. LOFACA exists when there fs a good correlation between some isohyet and
elevation contours.

3. Upsloping and criggering (F- and B~type correlations) are of equal
significance in determining the percentage of precipitation above LOFACA
which i{s terrafn forced,

4. For an orographic storm (centered in cth orographic portion of the
region), the larger the nonorographic portion becomes ({n relation to
the total storm area), the more likely that the observed largest
rainfall amount in the nonorographic portion (as represented by DADFX)
i8 the "true” upper limit to FAFP in the orographic part of the storm.

5. Estimates of FAFP using the above assumptions are better at intermediate
and large rather than small area sizes.

7.3.1.4 Module 3. This module makes use of the meteorological analysis and the
evaluation of cthe Linteraction of dvnamic mechanisms of the atmosphere with
terrain te estimate the FAFP. There are seven basic concepts underlying the use
of this module. These are:

1. Estimates of FAFP made using the techniques of this module mav be of
marginal veliahility f the storms considered are those producting
moderate or lesser precipitation amounts.

2, A vartety of storms exist, each one of which has an optimum
configuration for producing extreme precipitation.

3. The more closely the atmospheric forcing mechanisms for a given storm
approach the ideal effectiveness for that type of storm, the larger the
effectiveness value (P,) for that storm becomes.

4, The FAFP is directly proportional to the effectiveness of atmospheric
forcing mechanisas and inversely proportional to the effectiveness of
orographic forcing mechanisms.

S If the effectiveness of the orographic forcliag mechanisms 1s of opposit:
sign to the effecriveness of the atmospheric forcing mechanisms and o
equal or larger magnitude, little or no precipitation should occur.

6. The FAFP of storms of record 1s arbitrarily limited to no more thar
100 percent of the maximum precipitation depth for the area/duratior
category under consideration.

7. Estimates of FAFP using the above assumptions are better at large rathet
than at intermediate or gmall area sizes.

7.3.1.5 Module 4. A basic assumption underlying the use of module 4 {s that
better results can be obtained by combining informatien; 1.e., averaging the
percentages obtained from the isohyetal analysis with the meteorological analysis
and those obtained from analysis of the precipitation observations with the
meteorological analys{s. Better estimates are produced hy averaging when there
is little difterence in the expressed preference for any one of the techniques or
sources of information and, alec, when the calculated percentage of FAFP from
each of the modules exhibits wide differences.

Little 1s to be gained from use of the averaging technique over estimatec
produced by one of the {ndividual analyses of modules 1, 2, or 3 when:

1. There are large differences 1n the expressed preference for the
techniques of one module.

2. The sources of information for one of rthe individual modules Is
definitely superfor.

3. The calculated percentages among the madules are in close agreement,
7.4 Xethodology

The SSM was developed in a modular framework. This permits the user to
consider only those factors for which information is available for aa individual
storm. A MAIN FLOWCHART of the SSM 1s shown in figure 7.2.

The MAIN FLOWCHART gives the user an overview of the SSM. Modules !, 2, and 3
are designed to use the first three information sets mentioned in section 7.3 as
{ndicated by the remarks column at the lefr side of the flowchart. A decisien
must be made inftially for any storm and category as to which modules can be
appropriately used, module 1, 2, or 3. The decision {s based on a minimum level
of acceptability of the information required by the module in question. The
decisions are formalized for each of these three modules in module 0. The heart
of the SSM procedure is module 5 where documeantation is made of the SSM process,
thereby permitting traceability of results. Though module 5 can be reached on
the flowchart only after passing through each of the other modules, 1t s
reconmended that the steps in each module be documented in the record sheet of
module 5 as the analyst proceeds. Transposition and molsture maximization of the
index value of precipitation follows the completion of the SSM and will be
discussed in chapter 8.
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7.4.1 Module FPlowcharts

There is a flowchart for each module. These were developed to a{d the analyst
in following the procedures in the SSM.

7.4.1.1 Module 0 Procedure (fig. 7.3). It fs important in this module to decide
on the adequacy of the available data. The results of this assessment are
eatered in column D of figure 7,8. The following rules concerning criteria are
uged:

1. For modutes I, 2, or 3, 1f there are no data availsble for the given
technique (module), assign 0 to column D.

2. If the data are judged to be highly adequate, assign a value of either 7,
8, or 9, where 9 {s the most adequate.

3. 1f the quantity, consistencv, and accuracv of the information are judged
to be adequate, assign a value of either 4, 5, or 6 to column D.

4, 1f che fnput information are judged as netther highly adequate, adequate
or missing, a value of efther 1, 2, or 3 must be assigned to column N. A
value of | (s the lowest level of adeaquacy consistent with afffrmative

responses to questions 3, 5, and 7 {n module O.

An evaluation of a technique {is not appropriate when there 15 fnsufficient
information avatlahle for it to be used. Assigning an effective value of zero to
column D under these circumstances eliminates the possibility,

The CGlossary of Terms provides all required Linformatton needed to give
numerical values to the five variables in the first sctep of the wmodule O
procedure. Note: In this module and in modules 1, 2, and 3, the connector
symbol (C) applies only within the given module; 1.e., when one is sent to a
connector symbol it {s always the one that is found in that module.

The following guestions need to be answered in this module:

Q.1. 1s PC equal to or greater than 0.95?

2
Q.2. 1s there a MXVATS for an area size equal to or less than 100 mi~ on
the Pertineant Data Sheet for this stomm?

0.3. Are the aquantity, quality, and discributfon of the nonorographic
observations sufficlient to select a reliable value for RNOVAL?

Q.4. Is an {sohvetal analvsis available?
0.5. 1s the tsobyetal analysis reliable?
Q.6. 1s a reliable fsohyetal analysis easilv accomplished?

Q.7. Are the meteorological data sufficlent Lo make a reliable est{mate of

By and A7

Q.8. Is RNOVAL equal to zero?

REMARKS:

[§ET: RCAT. MXVATS, DADRF, BFAC, pc]

MINTRY M2NTRY, M3INTRY ARE
VARIABLES WHICH STATE WHETHER
OR NOT A MODULE WILL BE USED.

RS0

USE a/u IN COLUMN E, OF
MODULE 5. IF MODULE ENTRY
VALUE 1S NO i.e. M2NTRY=NO

IIEII!HEE!EEE’

[SET VALUES FOR COLUMNS D. & E. IN MOD. 5 |

PASS 1S A VARIABLE WHICH
CETERMINES WHETHER CERTAIN
STYEPS IN MOOULE 4 MaY BE
ELIMINATED,

RETURN TO MAIN

FLOWCHART

Figure 7.3.—Plowchart for module 0, SSM.
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REMARKS:

MINTRY

Go To M2NTRY

RNOVAL
‘OSTAINPCTil PCTH1= PC+m(.95—PC)

[I'=RCAT *PCT 1'

RETURN TO MAIN
FLOWCHART

Figure 7.4.~-Flowchart for module I, SSM.

7.4.1.2 HModule | Procedure (fig. 7.8). This module comes closer than any other
in estimating a value for FAFP based on observed precipitation data. The kev
variables RNOVAL and MXVATS are based on direct observation, even though {n some
circumstances uncertalntv surrounds the accuracy of these observations. The

actual values selected depend on the placement of the OSL (sec. 3.2.1) in th.
vicinity of the atorm under consideration. Additionally, an analytical judgmen-
sust be made concerning the storm mechanism that resulted in MXVATS and RNOVAL.
1{f there is more than one storm wrechanism f{nvolved {n the storm, the valu
selected for RNOVAL must result from the same mechanism that produced MXVATS.

The following questions are asked in module I:
Q.9. 1s this the first time in this module for this storm?
0.10. Has the analyst just arrived here from module &4 to do a review?
0.11. TIs RNOVAL equal to MXVATS?
Q.12. s a review of the data and assigned values for the variable needed?

If 1t 16 a good assumption that RNOVAL wi{ll usually be observed at a lower
elevat{on than MXVATS, then there 1s a bias toward relat{vely large values for
PCTI tn relation to the other percentages from the other modules, since total or
cumulatfive precipitable water usually decreases with increasing elevation. The
viability of PCT1 depends on the density of good precipitation observatfons on
the date the storm occurred.

7.4.1.3 Module 2?2 Procedure (fig. 7.5). In this module, the average depth of
preciptitacion for a given area-duration category {s conceived of as a column of
water composed of top and bottom sections (where the bottom sectfon can contain
from 0 to 95 percent of the total depth of water). The limit to the top of the
bottom section is set by the paramecer LOFAC. The bottom gection is conceived to
contain only a minimum level of FAFP for the storm. The top section contalns
precipitation rthat results from orographic forcing, and perhaps additional
atmospheric forcing. The percent (if any) of the top secrion that results from
atmospheric forcing 1is determined by the F-type and B-type correlations. The
value computed for LOFAC is sensttive to the accuracy of the isohyetal analvsts
for the storm. This sensitivity must be taken into account when evaluating
module 2 procedures {n column FE of module 5.

The procedure fn which the precipitatfon {s divided {into two sections, fis
represented also in the expression for PCT22, which may be rewrirten as:

LOFAC ) , LOFAC

PCT22 = PCT2 (1 " TWHVATS MXVATS

There are three terms on the right-hand side of the above equation. The
rightwost of these terms (s the minimum level of FAFP for the whole column
expresased as a percent of the total and is the bottom section of the idealized
column described above. The product of the first two tetms on the right-hand
side of the equation describes the top section of the {deali{red column, where
PCT2 ts the percent of the top section arising from atmospheric forcing and the
second term {s the depth of total precipitation minus the minimum level of FAFP
expressed as & percent.

LOFACA 1s set to zero and LOFAC becomes zero when a good correlation cannot be
found between any of the {sohyets and the elevation contours upwind of the storm
center. Zero is the numerical value that 1s appropriate for a minimum level of
FAFP for the storm. Here it {s assumed that the bottom section of the idealtized
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DETEAMINE: LOFAC
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REMARKS:
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ALTERNATIVE CALCULATION OF 12.'

xz=(RCAY)(PCY2)"(L0fAC)(DADRF)(1—PCYZ)

PX WiLL 8E THE SMALLER OF THE
TWO FACTORS SEPARATED 8Y
THE COMMA,

ALTERNAYIVE CALCULATION OF PCTZ2 27

PeT22= pere+SAS (1 opcT)
MXVATS

FPigure 7.5.~—Flowchart for module 2, SSM.

column 1s empty (minimum level of FAFP = 0), and both F-type and B-type
correlations will determine the appropriate level of FAFP for the storm. The F
and B correlations, to properlv establish the appropriate FAFP, are detetmined
nearby and upwind from the storm center.

As in module 1, an analytical judgment must be made on storm mechanism. In
module 1, ft was required that MXVATS and RNOVAL are the result of the sawe
dynamic process. 1In module 2, {t {8 necessary to determine that RNOVAL and HIFX
ate the regult of the same atmospheric forces (atorm mechanism),

The following questions are asked in module 2:
0.9, 1s thia the first time in this module for thia storm?
Q.10, Has the analyst just arrived here from module 4 to do a review?
0.12. 1s & review of the data and assigned values for the variable oneeded?

0.13, Can {t he determined which fisobvetal maxima control(s) the average
depth for the category selecred?

0.14. 1s there good correlation between some ischvet and the elevation
contours in the orographic patt of the storm near the storm cenater?

Q.15. 1s 1, less than or equal to PX?

A feature of module 2 not to be overlooked is the consequence of a negative
response to question 15 accompanied by a negative response to question 12. In
this case an arbitrarily defined upper limit is set on PCTZ22 and [,. The upper
limit will be the smaller of two numbers. The selection of BFAC as one of these
numbers {s obvious when one considers that orographic forcing may be elther
positive or negative. The second factor 1s a consequence of the concept that the
larger PA becomes, the more likelv the second factor represeats the true level of
FAFP, since with a large value of PA the largest observed rainfall amount {n the
nonorographic porticn 1s more likely to represent a true upper limit.

LOFAC {s always a number equal to or slightly less than LOFACA. This 1is so
because it is possible rhat the minimum level of FAFP is reached before the
arbitrarily set analysis interval allows it to be “picked up.” 1t is reasoned
that the larger the area “occupled” by the LOFACA f{sohyet {n the nonorographic
part of the storm, the more likely that the analysis interval has “picked up” the
described depth. When there 1s no nonorographic portion to the storm, the
parameter PB, used to set a value for LOFAC, becomes undefined (see definttion of
PB). Consequently, Iin the module 2 FLOWCHART it must be determined whether a
nonorographic portion of the storm exists when there 1is an affirmarive response
to question l4. If so, a reagonable value ftor PB i{s zero., The consequence of a
negative response to question 14 1s that LOFACA must be zero. Regardiess of
whether or not a nonorographic part of the storm exists, LOFAC must not be less
than zero and this is ensured by setting PB equal to !.

T.4.1.4 Module 3 Procedure (fig. 7.6). This module uses meteorological and
terrain 1information to evaluate an appropriate level of FAFP. This 1is
accompliahed through evaluation of P, and A.
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checkiist given in the flowchart (fig. 7.6):
Cat. Para- A B C D
Data |meter | (/)|.05-|1-3| B*C 1. Use column A to indicate (by a checkmark) the presence of one or more
.95 features which fnfer positive vertical motion, or which mav contribute
Tso. Ptn towsrd an efficient storm structure.
Sur= lprones
face waves 2. Take as a basis for comparison an idealized storm which contains the
Sq.Ln. same features or phenomena that were checked off 1in column A and
Other indicate tn colusn B, by selecting a number between 0.05 and 0.95, the
Upper |Pva/swW degree to which the effectiveness of the selected actual storm
Adr Cutof f features/phenomena (in  producing precipitation) approaches the
Block~ effectiveness of the same features/phenomena in the fdealized atorm.
ing Where more than one feature/phenomenon 1s selected for a given category
JetStm of meteorological information, it is the aggregate effectiveness which
ocher i8 considered and recorded in column B.
Rawin- Sltﬂ"— 3. Repeat steps l. and 2. for each category (surface, upper alr,...,
sonde bility others) of meteorological data.
Shear
£aL. Other 4. 1f the quantity and gualttv of the information permits, the degree of
OR LESS Diver. convective-gcale forcing may be distinguished from forcing due to larger
Satel-|Merger scale mechanisms. If convective~scale forcing predominates for some
lite |mMcc area/duration categories and larger scale forcing at others, then the
Other value assigned in column B may vary by area/duration category; i.e., the
LEwp same effect{veness value may be different for each categorv of a given
Radar [Merger storm.
Others 5 1
. n column C an opportunity {s given to assign one category a greater
Other tnfluence on P, 1In relation to the others by assigning weighted
[13=RCAT %* PCT3] values. For each applicable category the value in column D {s the
Duratton (%) product of columns B and C. Pa is obtained by dividing the total of
Totals = colusn D by the total of column C.
P_ = Total D/Toral C = 6. Meteorological data categories, for which there 1s not sufficlent
RFFTLU(;?VC‘ TgRMTA'N information from a particular storm, are disregarded in Py calculations
CH A CHECKLIST for that storm.
— = — _— e e— - = e e o
REMARKS m:s_ QP ¢ 7. When effectiveness changes with the selected duration, the resulting
. Parameter val. |+.95(1-3| B*¢C value 1in column B fs weighted by duration; this process ts to be
PCTI=PC + Y (.95-PC) ITrfiow DirecH distinguished from the weighting mentioned in (5) above.
a o
Inflow Speed A, la a measure of the effectiveness of the orographic forcing effects. The
Gradient of following guidelines are used to aid i{n evaluating Ag:
Elevation
LEGEND 1. Indicate 1n column A the value (in physical units) for the first five
Stability parameters. If any of these parameters change significaatly during the
PVA = Positive Vorticitv Advection Other duration category selected, indicate {n the duration box the percent of
MCC = Mesoscale Conveccive Complex Duracion (1) time each of the values persists. To obtain the largest value in
LEWP = Line Echo Wave Pattern S TFITE] column B (lavgest effectiveness) observe the joint occurrence of tightly

packed 1sobars (high wind apeed) perpendicular to steep slopes for
A = Total D/Total C = 100 percent of the duration category selected. Another way to look at
2 this s to combine the first three parameters into a vertical
digplacesent parameter, W from the formula Wy =V * S, where V 1a the

Figure 7.6.—Flowchart for module 3, SSM. o’
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component of the wind perpendicular to the slopes for the duration being
considered Iin kt and S is the slope of the terrain in ft/mi. The
effectiveness of W, is then compared with an idealfzed value
repregenting 100 percent effectiveness. The measured steepness of the
slopes {n the CD-103 region depends on the width across which the
measurement {3 made. For a small distance (less than S5 mi.) a value of
0.25 s about the largest te be found, while for a large distance
(greater than 80 wi.) a value of 0.06 is about the largest. A component
of sustained wind normal to such slopes of 60 kt 1s assumed to be about
the largest attainable in this region. Therefore, a W, of 15 kt for
swall aress and of 3.5 kt for large areas are the values which would be
considered highly effective,

None of the orographic storms studied occurred in places where the
meaguted steepness of the slopes came near to the values Just
mentioned. Consequently, the vertical displacements observed for small
areas were from .02 kt up to near 2 kt and proportionally smaller for
the larger areas for these storms. Therefore, the effectiveness value
ugsed fn the top box in column B was scaled to the values observed in the
storms of record; l.e., a LS of close to 2 kt was considered highly
effective for small areas.

The inflow level for the storm {15 assumed to be the gradient wind
level, and {t i{s further assumed that the surface isobaric pattern gives
a true reflectrion of that wind; f.e., the direction of the inflow wind
is parallel to the surface fsobars and its speed proportional to the
spacing of the {sobars as measured ac the storm location. When
rawinsonde observations are available in the immedfate vicinity of the
storm, they are used as the primary source of information for wind
direction and speed.

When there {s a sufficieatly large number of wind observations, the
average values of direction and speed are used for the duration
considered. If the level of wind varisbflity {s large for the durarion
considered, the representativeness of the data is scored low in column C
of module 5.

The fourth parameter, stability, must be considered in combination
with the firet three or W Highly stable air can have a dampening
effect on the height reached by finftfally strong vertical displacement
(and consequently, the size to which cloud droplets cen grow). In a
bighly unstable condition, vertical displacements of less tham 2 kt can,
through buoyancy, reach great bheight, thereby productng rainfall-sized
droplets. The effectiveness value for stabilitv is placed in the second
box from the top in column B. Weighted values corresponding to the two
top boxes of column B are placed in the two top boxes of column C to
reflect the combined effects of W, and stabtlity; f.e., 1in the case
where fnstability causes moderately weak displacements to grow, the
stability "effectiveness” would be weighted strongly (given a 3) and the
combined first three parameters welghted weakly (given a 1).

Entries 1in the other considerations box (for example, the shape of
terraln features which may cause “fixing” of rainfall) need not be
considered as dependent on the first four paramerers.

The value for A, is then obtalned in the same manner as described in
guideline 5 for P,.

When evidence indicates that the orographic influefice {s negative; {.e.,
taking away from total possible precipitation, the values in column B
are made negative and when the conditions are borderline between
positive and negative, they are made zero. Negative orougraphic
influeace, when occurring in a storm whete the atmospheric forcing
approaches its conceptually optimum state, may cause soOme caregory
values of PCT} to exceed 1.0 resulting in FAFP larger than the total
gtorm average depth for that category. The conventions of module 3,
however, do not permit values of PCT] to exceed 1.0.

The remarks section of module 5 should be used to document where the
elevation gradients (AZ) were measured. For small areas, this would
typically be at a point upwind of the largest report/{sohyet. For
larger areas, the average value from several locatf{ons may be used, or
if one locatfon is representative of the average value, 1t alone may be
used. Sometimes the gradient is measured both upwind and downwind of
the storm center (where inflow wind 1is used) {f the wvertical wind
structure {s such that a storm updraft initiated downwind may be carried
back over the storm location by the winds aloft to contribute additional
amounts to the “in place” amounts.

The overriding importance of applving this madule onlv to major storms
cannot  be overstressed. The consequence of “running cthrough” a
frequently observed set of cond{tions is that, by definition, the values
for both P, and A, will have to be guite small. When both parameters
are small (less than about .4) a sensitivity studv (not included here)
showed that small differences in the values assigned to P, and A, (the
independent variables) would produce large differencea in the value of
the dependent variable (PCT3). However, it daes not follow that the
definftion of P, which permits a lower Iimit of zero (s {ncorrect. A
storm can reagonably be postulated in which the extreme amounts were
traceable to exceptional orographic forcing and, thus, both terms would
not be small (PCT3 1n this case i{s 5 percent). Not only are “infinite”
values for PCT3 removed by the FLOWCHART constraints, but a value of
zero {n the denominator of the ratio Pa/(Pa + Ac) 15 & violation of the
concept that if the orographic forcing negated the atmospheric forcing,
no matter how large, little or no precipitation should occur.

The "model” envisioned in module 3 (as distinguished from the “model”
of module 2 Just discussed) follows from the concept that FAFP |s
directly proportional to the effectiveness of atmogphertc forcing and
fnversely proportional to the effectiveness of the orographic forcing
mechanisms. The rate at which an imaginary cylinder fills up (whose
croag-gectional area {s the same as the area category bhelng used) tis
directly propertional to the condensation rate producing the
precipitation which falls into the cylinder. The paramount factor
determining the condensation rate is the vertical component of the wind
resulting from both atmospheric (P,) and orographic (A,) forctag.

The following questiaons are asked {n this module:
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Q.12. 1s a review of the data and assigned values for the variable needed?

Q.16. Does there exist, or is there sufficifent information available to
coastruct, a map of where at least I in. of precipitation did or did
aot occur for this storm?

Q.17. 1s A, less than zero?
Q.18. Is (are) the storm center(s) incorrectly located on the terrain map?

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

7.4.1.5 HWodule 4 Pracedure (fig. 7.7). It ts not contemplated that a computer
program will be coded from the MAIN or MODULE FLOWCHARTS because the
determinatfon of the appropriacte PCT's and I's {s done easily manually. There is
no real requirement for the variable PASS to be in the module 4 FLOWCHART. It is
included onlv to make it obvious that the first part of the FLOWCRART should be
skipped when returning to module 4 from a review of data 1n modules 1 and 3. The
purpose of this module is simply to create two additional indices of FAFP on the
assumprtion that an averaged value mav be a better estimate than one produced in
modules 1, 2, or 3.

A preliminary test of the SS5M by six analysts each using si{x different storms
showed that 1t was quite rare that one analyst would select a high (low) value
for a PCT when other analysts were selecting low (high) values given that the
interval range was the oane shown {n the right-hand remarks section of the
module 4 FLOWCHART. Thus, a review is required of relevant information when an
average percentage is to be created from individual percentages differing by two
intervals.

PCTl was not averaged with PCT2 because modules ! and 2 conceive of the
tdealized column of precipitation representing the average depth for a given
area—~duration category in different ways; l.e., there is no minimum level of FAFP
considered in module 1.

The following questions are asked in this module:
Q.12. Is a review of the data and assigned values for the variable needed?
Q.19. 1Is 15 less than or equal to PX?

Those  concepts of the module 4  FLOWCHART oot discussed above are
straightforward.

7.4.1.6 Module 5 Documentation (fig. 7.8). It should be noted again that even
though the MAIN FLOWCHART shows that module 5 is not used until module 2 and/or
module 4 have been completed, this was done only to keep the diagrammiog of the
MAIN FLOWCHART and the MODULE FLOWCHARTS relatively uacluttered by vartables not
related to the task at hand. Even though documentation can await completion of
module 2 and/or module 4, {t 1s preferable to document the value assigned to a
variable as soon as it is determined.

REMARKS

M4NTRY

interval Range of
Cisse Peecant

Low 0~ 35
MIDOLE 36-65
HIGH €6-100

—_— — e — e

Oo-1 In-
tervale

LR
tervals

RETURN TO MAIN
FLOWCHART

Pigure 7.7.—~Flowchart for module 4, SSM.
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Obviously, the scheme {s designed to permit selection of I, Iy or I3 when there
{s & scrong preference for one of them and to select I, or Ig when there {is
little overall preference. In the case where there is some preference for a
given module and some agreement between the index values generated therefrom, the
analyst must mske a decision as to which index 1s to be preferred. The range of
values used to represent index agreement categories was based on values actually
gselected in 8 test involving six different analysts working with six different
storms.

The final value selected for FAFP {s determined by the largest value 1in
column F. 1f the same value has been computed for more than one index value, the
index with the largest subscript (s selected (12 over I, I3 over Ij).

7.5 Example of Application of SSM

One of the most critical storms for determining the PMP {n the CD-103 region
occurred at Gibson Dam, MT on June 6-B, 1964 (75). Figure 7.9 shows the
completed module 5 worksheet for this sterm for the 24-hr 10-mi‘ precipitation.
The final percentage selected for this storm was 61 percent for PCT5. This gave
an FAFP of 9.1 in,

7.6 Application of SSM to this Study

The SSM was used in this study to estimate FAFP for just one category, 10 miz
and 24 hr. This category was selected as the key (index) category for this study
for several reasons. The first reason relates to area size. In determination of
the effects of orography on precipitation, it i{s easiest to ilsolate these effects
for the smaller areas. In additfon, {f larger area sizes were used, the
determinattion of the orographtc effects for computation of the final PMP values
would have been very complicated. At some transposed location, the increase in
precipitacion as a result of orographic effects for a very small area can be
determined with little ambiguity. If a larger area (e.g., 1,000 mi®) was used,
the effect of terrain at a transposed location would be related directly to the
shape and ortentatioa of the 1,000-mi¢ area selected. This factor, therefore,
indicated use of the {0-mi° area 2s most appropriate.

The 24-hr duration was selected because of the relfability of data for this
duration. For storms before 1940, the amount of recording raingage information
{s relatively sparse. Determination of amounts for durations less than 24 hr for
these storms 1s based on only limited data. This indicates use of a storm
duration of 24 hr or longer. A review of the important storms in this region
gshows several that did not last the entire 72~hr time period of interest in the
present study. Most notable of these are the Gibson Dam, MT storm (75) and the
Cherry Creek (47), Hale (101), CO storms. These two factors made selection of
the 24~hr duration most appropriate. Selection of this duration also had the
advantage of minimizing the extrapolation required to develop PMP esCimates for
the range of durations required i{n the study.
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figure 7.9.—Completed module 5 documeatation form for Gibson Dam, MT storm (75)
of June 6-8, 1964.



HMR 57 CHAPTER 6. STORM SEPARATION METHOD
6.1 Introduction

The storm separation method (SSM) is an outgrowth of practices that were
initiated in the late 1950's for PMP studies in orographic regions. HMR 36 (USWB,
1961) is one of the earliest reports to discuss PMP development in terms of orographic
and convergence precipitation components. Convergence precipitation in this context
is the product of atmospheric mechanisms acting independently from terrain
influences. Conversely, orographic precipitation is defined as the precipitation that
results directly from terrain influences. It is recognized that the atmosphere is not
totally free from terrain feedback (the absolute level and variability of precipitation
depths in some storms can only be accounted for by the variability of the terrain); but
cases can be found where the terrain feedback is either too small or insufficiently
varied to explain the storm precipitation patterns and in these cases, the precipitation
is classified as pure convergence or non-orographic precipitation.

PMP studies, such as HMR 36, 43, and 49, were based on determination of
convergence and orographic components through procedures that varied with each
report. With the development of HMR 55A (Hansen et al., 1988), a technique was
utilized that had some similarities to previous studies, but was based on determination
of convergence amounts from observed storms. Convergence precipitation in that
report was referred to as free-atmospheric forced precipitation (FAFP). The technique
used in HMR 55A is complex and involves the analyst tracking through a set of
modules in which knowledge of observed conditions and experience are used to arrive
at estimates of the FAFP. The estimates are in turn weighted, based on the analyst's
judgment of the amount and quality of overall information, to obtain a result. This

process has been referred to as the storm separation method (SSM) and is described at
considerable length in HMR 55A.

Since the development of the SSM in HMR 55A, the procedure has been applied
in a number of subsequent studies (Fenn, 1985; Miller et al., 1984; Kennedy, 1988; and
Tomlinson and Thompson, 1992). Through these various developments, the SSM has
undergone minor refinements. The entire development discussed in HMR 55A will not
be repeated here, but readers interested in these details will find a reprint of the
pertinent chapter (Chapter 7) from HMR 55A in Appendix 3 of this report. Similar
information is contained in the 1986 edition of the WMO Manual for Estimation of
Probable Maximum Precipitation (WMO, 1986).

The process of estimating FAFP from a storm for a given area size and duration is
achieved by using the hydrometeorological information available for the storm to
answer certain questions. These questions are contained within several modules which
constitute the body of the SSM.
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The hydrometeorological information about a storm may be missing over large
areas with respect to the storm's full precipitation pattern; or the information when
available may be unevenly distributed; or it may be biased or contradictory. In view
of such informational dilemmas, a decision about the level of FAFP for a storm may
have to accommodate a fair amount of uncertainty. The questions asked in the SSM
modules are formulated in such a way that analysts with different levels of experience
could estimate different amounts of FAFP. Under such circumstances a consensus
among analysts often leads to the best FAFP estimate for a storm, but the consensus
process is not a necessary part of the SSM.

Because of the extensive information provided by the storm analysis program and
the number of storms studied, the SSM technique was considered most appropriate for
the present study. The technique was applied directly according to the original
guidance, subject to the modifications described in the following section.

6.2 Changes to the Previously Published SSM

The remainder of this Chapter covers modifications to the modular development
presented in Appendix 3. This discussion covers specific changes in detail that may be
beyond the casual reader's interest.

Several details concerning questions and procedures used in the SSM were changed
in this report from their formulation in HMR 55A. For example, in Module 0, which
provides guidance to the analyst regarding decisions on the adequacy of available data,
the adjective "reliable" was replaced by "unbiased" in questions 5 and 6 (see
Appendix 3). This was done to clarify the fact that isohyetal analyses derived from the
isopercental technique, even though reliable, are created based on an assumption
which Module 2 attempts to prove. The need to avoid such a fallacy is made more clear
by use of the adjective "unbiased" and, consequently Module 2 was not used to analyze
any of the storms in this study.

Maximization of the index values was accomplished on the storm separation
worksheet (Module 5, see Figure 6.1). This figure is an updated version of Figure 7.8
from HMR 55A (Appendix 3). Some new terms introduced in Figure 6.1 of this report
are explained as follows:

1000

IMAX | = the index value of non-orographic precipitation for the storm

center, adjusted to 1000 mb and moisture maximized as obtained
from the module (n) indicated by the subscripts 1, 2, 3, 4, and 5,

IPMF(SC) In-place maximization factor applicable at the storm center,
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V.ADJC(SC)

A factor used to adjust values (to sea level) of precipitation
obtained at elevations above sea level,

IPMF(NO) = In-place maximization factor at the location of RNOVAL',

BE(SC) = Barrier elevation at the storm center (SC)

BE(NO) and at the location of RNOVAL (NO),

V.ADJ(NO) = Avertical adjustment factor used to adjust the value of RNOVAL
to sea level,

DP/SST(X) = The upper limit (X) and observed storm day (0) values

DP/SST(0) representing storm moisture content,

H.ADJ = Horizontal adjustment factor,

IlEL = The value of RNOVAL, not yet reduced to sea level, and

If . = The calculated value of non-orographic precipitation at the storm

center, not yet reduced to sea level.

Module 1 considers the observed precipitation data, where the value of RNOVAL (the
highest non-orographic rainfall representative of the storm center) was adjusted to a
common barrier elevation (sea level). This avoided the bias toward large values for
PCT 1 (percent of storm rainfall that is non-orographic) mentioned

in paragraph 7.4.1.2 of HMR 55A. If there was a gradient in the field of maximum
12-hour persisting dew points (see section 4.2) between the location of the storm center
and the locations of RNOVAL, a horizontal adjustment factor, H. ADJ, was applied to
RNOVAL. 1t has been assumed that RNOVAL is an appropriate depth of non-
orographic precipitation for the area category selected in Module 0. This observation
(RNOVAL) is acceptable for an area of 10 mi? but this assumption becomes less

reliable for larger area sizes. This assumption is compatible with assumption 3 stated
in Section 7.3.1.2 of HMR 55A.

ISee GLOSSARY, Table 6.1, for definition of terms extracted from HMR 55A
Chapter 7 (enclosed as Appendix 3).
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STORM ID/DATE/NAME

AT OR FOR STORM CENTER:

LAT BE(SC)
LON KFCTR
MODULE | PARAMETER VALUE EVALUATION SCALE:
CATEGORY M2, HR COL. D.0-9 COL. E. 1-9. FOR MODULES 1-3:
PD OF MOST COL F. IS SUM OF COLS.D & E.
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o. RCAT INFORMATION FOR REQUIREMENTS SET BY MODULE'S
BFAC TECHNIQUE.
MXVATS COl. E:PREFERENCE LEVEL FOR ASSUMPTIONS MADE BY
PA ' MODULE'S TECHNIQUE.
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V.ADJ(SC) FOR MODULE 4 SEE SELECTION RULES
V.ADJ-TEMP(F) OVERALL RULE: SELECT INDEX VALUE WITH LARGEST
COLUMN F SCORE.
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MAX S L amaxi  imaxi®yn

MaxI® - amaxi® + iMaxi®yn

SELECTED IMAX/"V =

Figure 6.1 -- Storm separation method worksheet; Module 5.
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Table 6.1.-- Glossary of terms modified in storm separation method.

A Term for effectiveness of orographic forcing used in Module 3, (see
also P,). Varies between 0 and 95 percent.

MXVATS: Average depth of precipitation for the total storm duration for the
smallest analyzed area less than 100 mi® (from pertinent data sheet
for storm).

I That part of RCAT attributed solely to atmospheric processes and
has the dimensions of depth. Subscript 1 associates application to
Module 1.

P.: Term for effectiveness of actual atmospheric mechanisms in
producing precipitation as compared to conceptual "perfect”
effectiveness. Varies between 5 and 95 percent.

PC: Used in calculations of modules to take into account the
contribution of non-orographic precipitation to total FAFP (that
includes contribution from orographic areas). Varies between 0 and
95 percent.

PCT 3: The percentage of non-orographic precipitation in a storm from the
third module based on comparison of storm features with those from
major non-orographic storms.

RCAT: The average precipitation depth for storm area size and duration
being considered.

RNOVAIL: Representative non-orographic precipitation value that is the
highest observed amount in the non-orographic part of the storm.

W, A vertical displacement parameter, the product of the wind

component perpendicular to the slope (for duration considered) and
the slope in feet/miles.

The flowchart used for Module 1 is shown in Figure 6.2, and modified only slightly

from that used in HMR 55A to reflect adjustments to sea level. Since hourly values of

precipitation were available from automated analysis procedures, PCT1 did not have
to be calculated from the variables RNOVAL and MXVATS. Consequently, the value

of PCT1 for the total storm duration could be assumed to be the same as the index

duration (24-hours). The index depth of non-orographic precipitation from Module 1,
was therefore obtained directly from the depth for the index duration at the site
selected for RNOVAL. However, since PCT1 is necessary in Module 4, it was derived
from the relationship

IMAX l1 000

PCT1=PC + .
(RCAT * V.ADJ(SC)*IPMF(SC))(0.95-PC))
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The ratio, IPMF(SC)", listed in Module 3 in Figure 6.1, is relatively large when
"observed" storm moisture is close to its upper limit and vice versa. Thus, from a
strictly moisture content point of view, values in Column B would be relatively large
when this parameter is relatively large and vice versa.

In Module 3 shown in Figure 6.3, the orographic parameter, A , was derived using
a somewhat revised procedure, when compared to that in Appendix 3. The vertical
displacement parameter, W , and the elevation gradient were not used. But, the upper-
limit wind speed, which was a constant in HMR 55A, was allowed to vary across the
region. The variation was based on extreme wind speed data (Simiu et al., 1979) for
10 United States locations in the northwest and five locations nearby. The optimum
inflow direction for orographic storms, used in setting the barrier elevations, was
determined for each of the 15 locations. Then at each location, the series of annual
maximum speeds and their associated directions were searched to find the largest
annual wind speed coinciding with the optimum inflow wind direction. This speed
became the first approximation of the upper-limit speed for the optimum inflow
direction at the site. This first approximation wind speed was changed only if certain
conditions were found, as given in the following rules:

(a) If the first approximation speed was less than the mean speed for all
directions in the total sample, the mean speed became the upper-limit speed,
while the optimum inflow direction remained the same.

(b)  If the first approximation speed was larger than the sample mean but less
than the 100-year speed, it was compared with the sample mean plus one
standard deviation speed, and the larger of these two became the upper-limit
speed, while the optimum inflow direction remained the same.

(¢)  If the first approximation speed was greater than the 100-year speed, the
100-year speed became the upper limit speed, while the optimum inflow
direction remained the same.

An analysis of 30-year return period wind speeds, prepared by Donald Boyd for the
National Building Code of Canada (Newark, 1984), and kindly supplied to us by
D.J. Webster, Atmospheric Environment Service, Canadian Climate Centre, provided
a basis for extrapolating the upper-limit isotachs into Canada.

The component of the wind speed along the direction of optimum inflow,
representative of the 24 hours of most intense precipitation, was obtained for each
storm being analyzed. This speed was modified by empirical adjustment factors shown
in Module 3 of the storm separation worksheet, Figure 6.1.
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REMARKS:

M1NTRY

I f* = RNOVAL

Go To M2NTRY

y
IMAX{°® = I ™% H.ADJ % V.ADJINO) # TPMF(NO)

A
I MAXT®7 (RCAT * V.ADJ(SC) # I PMF(SC))

TPCT 1

v

PCT1 = PC+TPCT 1(.95 - PO

RETURN TO MAIN
FLOWCHART

Figure 6.2 -- Module 1 flowchart.
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Figure 6.3 -- Module 3 flowchart.
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These factors were applied when, during the most intense 24 hours of precipitation,
there were only one or two wind observations available at 1200 UTC. These empirical
adjustment factors are in the form of ratios based on relations observed in eight recent
storms from the storm list in Appendix 1.

These ratios compare the 1200 UTC wind speed(s) noted above to the average wind
speeds (when all eight 3-hourly observations are available for the 24 hours of most
intense precipitation). This ratio was then divided by the upper-limit speed and the
resulting quotient multiplied by 0.95 and put in column B alongside the wind
parameter in the A portion of Module 3. Because both upper-limit speed and direction
(which incorporates moisture availability) are involved in the evaluation of the inflow
parameter, the weight assigned to it in column C of Module 3 should be higher than for
the stability parameter, assuming a good sample of inflow winds for a storm is
available. Here again, the decision to use wind speeds in this section that are at a level
less than the theoretical maximum was made as an attempt at limiting the
compounding of maxima.

The formulation for PCT3, shown in HMR 55A (Appendix 3) as equal to the sum
of the non-orographic rainfall component and a term that accounts for the effectiveness
of the storm's atmospheric mechanism to produce precipitation was changed to:

P
PCT3 = PC + — 2 (1.00 - PC).
Pa + AO

This was done because, by original definition, P, and A, could never exceed a value of
0.95. The formulation used previously had a bias toward lower estimates of FAFP built
into it in the term (0.95 - PC). This bias was eliminated by replacing 0.95 by 1.00 in
this term.

Figure 6.4 attempts to clarify the use of stability in setting a value for A, in
Module 3. The evaluation of the influence of the stability set in column B of the module
is related to variations from the pseudo-adiabatic lapse rate and ranges from 0 to 0.95.
This range may be subdivided as follows (see Figure 6.4): 0.65 to 0.95 when the
observed lapse rates are optimum for producing orographic enhancement of FAFP, 0
t0 0.45 when the lapse rates are least conducive for producing orographic enhancement
of FAFP, and 0.45 to 0.65 for the remaining cases. The optimum cases are those where
the lapse rates on average are in the range 1°C more stable to 2°C less stable than
pseudo-adiabatic within 100-mb layers from the surface to 300 mb. The largest value
in column B of Figure 6.3 should be associated with the less stable of these cases.
Lapse rates least conducive for producing orographic enhancement of FAFP (i.e., those
of greatest instability) would be those greater than -4°C from pseudo-adiabatic. The
cases greater than +4°C from pseudo-adiabatic, i.e., the most stable cases, would be
given the lowest scores in column B.
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Figure 6.4 -- Schematic diagram to show relative range of stability values compared to the
pseudo-adiabatic lapse rate.
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It is reasoned that orographic enhancement of FAFP should increase up to some
limit with decreasing stability. Beyond that limit (set subjectively at 2°C more
unstable than pseudo-adiabatic) as lapse rates approach the dry adiabatic, there should
begin decreases in moisture content sufficient to weaken the production of purely
orographic precipitation.

Cotton and Anthes (1989) noted that the orographic (described as orogenic
precipitation in that report) enhancement of precipitation involves complex problems
in the formulation of atmospheric scale interactions and phase changes. The
procedures followed to obtain A in Module 3 (Figure 6.3) barely scratch the surface of
these problems, but a more sophisticated approach awaits the results of continuing
research by atmospheric scientists, and no change is offered here.

It is recognized that the lack of upper-air information for most of the earlier storms
of record may make use of the stability parameter impossible in the formulation of A,.
For more recent storms, however, if less than complete information was available, this

condition limits the value of the weighting assigned to the stability parameter in
column C of Module 3.

Finally, a routine was added to each module which asked the analyst the following
question. Once a value for FAFP had been obtained, is the implied orographic factor
at the storm center satisfactory in relation to the K factor, derived independently from
100-year precipitation-return intensity at the same location? If significant differences
in orographic factor could not be resolved, a low valuation would be given in column D
to the estimation of FAFP for the module being used. Apart from these changes, use
of the SSM in this report was the same as in HMR 55A (see Appendix 3).

As mentioned above, a process related to, but not part of the SSM, was the
reconciliation of differing estimates of FAFP by different analysts. Another procedure
adopted for this report and related to the SSM, but not part of it was adjustment of
finalized FAFP values to a common reference level of the atmosphere for all storms.
The reference level used was 1000 mb. Based on the maximum persisting 12-hour
1000-mb dew point at the location of the derived FAFP, the FAFP was changed in the
same proportion as the change in water available for precipitation in a saturated,
pseudo-adiabatic atmosphere. No change was made in FAFP; however, for storms
occurring between sea level and 1000 feet above sea level. This procedure was adopted
so that direct comparisons of FAFP could be made easily among all 30 storms analyzed,
and so that the sea-level analysis of the 100-year non-orographic component could be
used as guidance for analysis of the field of FAFP. It was also the procedure used as
part of storm transposition used in creating the index map of FAFP (refer to
Chapter 7).

Since we were dealing with FAFP at sea level, the precipitation depth at the
elevation of the largest enclosed isohyet might be potentially as large as the depth at
a somewhat smaller valued enclosed isohyet, provided that the second center was
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located at a higher elevation. In such cases, both centers were evaluated for FAFP, and
the results adjusted to sea level.

From the 28 storms centered in the United States and the two storms located in
Canada, FAFP values for 50 ischyetal maxima were set. At least one value was set for
each storm. In five of the United States storms, one or more centers for which DAD
relationships were developed were not analyzed, either because the central value was
significantly smaller than that at the principal center or because the centers were very
close to one another with no significant difference in value. Depth-area-duration
analyses were not done for all of the isohyetal maxima examined by the storm
separation method, but were done for all centers which provided controlling values in
the analysis of FAFP (Appendix 2).
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