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Chapter I

INTRODUCTORY STATEMENT

A. Rationale

In the Pacific Northwest the Cascade Mountain Range separates

the humid mesothermal climates of the western portion from the dry and

humid microthermal climates of the intermontane region to the east.

Both regions exhibit similar annual precipitation regimes characterized

by mid-winter maximums and summer drought (Trewartha, 1968, p. 316-

318; Kerr, 1951, p. 28-29). The dominance of cyclonic storms in the

winter months and the dry subsiding northeastern limb of the sub-

tropical high in summer account for the strong seasonal variation of

precipitation.

In the seasonal transition period of spring and early summer,

significant differences in the organization of the precipitation

regimes between the interior intermontane and the region west of the

Cascades become apparent. The regional differences are reflected in

mean monthly precipitation statistics with virtually all stations

west of the Cascade crest indicating systematic decreased in precipi-

tation from midwinter maximums through the spring months to midsummer

minimums in July (Philips, 1948, p. 144). In contrast, stations east

of the Cascade crest decrease from midwinter maximums through the

months of February, March and April, and then typically record

1
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increases in precipitation in May and (or) June.

The secondary spring maximum of the Pacific Northwest

Interior has been identified by John C. Sherman (1947, p. 66-72) and

Glen T. Trewartha (1962, p. 275-278). Using 1910-1940 as a normal

period, Sherman presented isohyetal maps for each month of the year

for eastern Washington. Many stations within the region exhibited

increasing monthly precipitation means in May and June, and Sherman

inferred that this phenomenon was due to increased frequency of

thunderstorms. Trewartha treated the Pacific Northwest Interior as a

precipitation subtype (2C), and indicated that the secondary

maximum was the result of surface low pressure and the formation of a

500 millibar trough over the region in May and June.

The regional integrity of the secondary maximum of the

Pacific Northwest Interior is also verified by the work of Bryson and

Horn (1960, p. 157-171). The authors analyzed precipitation using

the method of harmonic analysis. The harmonics represent the

contribution of the annual, biannual, and triannual variation in

yearly rainfall. Figure 3 in Bryson and Horn is the ratio of the

second harmonic to the first harmonic (biannual/annual), and the

large contribution of the biannual term in the interior of the

Pacific Northwest is quite evident (Fig. 1 in Appendix). Only a

few Northwest stations were analyzed by Bryson and Horn; consequently

detailed regional characteristics could not be ascertained.

Rudd noted the inadequacy of utilizing the climatic classifi-

cation scheme of Koppen for Oregon (Rudd, 1959, p. 31-38; Koppen and

Geiger, 1931, p. 195). Utilizing the winter maximum formula of
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Koppen, much of eastern Oregon falls within the classification of a

humid microthermal climate. Rudd questioned the validity of most of

eastern Oregon being classified as humid and suggested the use of

the even distribution rainfall formula of Koppen, noting that the

biannual nature of the rainfall regime supported this modification.

Rudd noted that some eastern Oregon stations actually indicated a

primary maximum in May and June and that a relative three-month

breakdown of seasons indicated: 28% of the annual precipitation in

January, February, and March; 28% in April, May and June; 13% in

July, August, and September. Rudd did not investigate the origin or

regional extent of the May-June secondary maximum.

The secondary late spring maximum of precipitation of the

Pacific Northwest Interior is particularly unique in that virtually

all cyclonic disturbances are Pacific in origin, moving from south-

west (west) to northeast (east) across the region (Klein, 1957, p.

145-169). This meteorological fact would indicate that the secondary

maximum of the interior is a consequence of physical processes

operating within the region itself, coupled with seasonal changes

occurring upwind to the west. The physical processes of the interior

are operating on meteorological disturbances moving eastward across

this region, causing an increased precipitation yield in the interior

in contrast to decreasing yields west of the Cascades.

B. Precipitation Climatology and Mean Value Analysis

The traditional view of climate classification focuses on

the analysis of mean monthly values of climatological parameters.

The commonly utilized classification systems of Koppen (1931),
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Trewartha (1965, p. 223-238), and Thornthwaithe (1931, p. 633-655),

are all based on monthly means derived from a significant period of

record (at least 30 years). While long term mean values are quite

useful in delineating broad regional groupings which may correspond

to slow response indicators (natural vegetation, landforms and soil

types), the system is inadequate when analysis is confined to smaller

regions and to temporal characteristics of meteorological parameters.

This inadequacy is especially acute with respect to precipitation

climatology.

Precipitation is a descrete event that is associated with a

particular atmospheric circulation pattern. In arid, semi-arid, and

even most humid mesothermal climates, precipitation events (days) are

outnumbered by non-precipitation events (days)/ The analysis of

meteorological parameters derived from mean values will describe only

minimally the controls and atmospheric kinematics that are producing

the precipitation even since non-precipitation events contribute the

majority of the input to the mean climatology. This problem is

especially significant in arid and semiarid climates.

Hence, it is doubtful that examination of mean monthly

circulation maps will elucidate the meteorological processes which

are producing the increased springtime precipitation of the interior

of the Pacific Northwest. The precipitation circulation features will

be masked by the preponderance of non-precipitation circulation

events incorporated in the mean. In order to detect the characteris-

tics of atmospheric circulation which typify the changing precipita-

tion climatology, the atmospheric characteristics of precipitation
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events (as well as non-precipitation events) must be assessed

separately.

The categorization of circulation features from synoptic data

for the western United States has been compiled by Richard Sands

(1969). Sand categorized a total of 105 upper air and surface

circulation features from daily synoptic charts. Circulation features

were correlated for only maximum precipitation producing patterns,

and since winter months are maximum precipitation periods in the

Northwest the features tend to be biased toward winter patterns.

A direct correspondence between springtime precipitation

and springtime circulation features is not available from Sands' data.

Some insight into the type of feature that may be responsible for the

April to May-June precipitation increases can be detected by simply

examining those circulation features that have peak occurrences in

May and June and especially those features that have large relative

increases in occurrence across the March through June period. The

upper air features which satisfy this criterion are features 3, 4, 16

and 19 on pages 17, 19, 43 and 49 (Fig. 2-5 in Appendix). Feature 4

is particularly noteworthy in that the frequency profile coincides

almost perfectly with the change in mean monthly precipitation for

the Northwest interior. Basic atmospheric kinematics would imply

that the precipitation should be maximized over the interior for this

particular feature. The total number of occurrences of this feature

is not particularly high for the five-year period and might not

contribute significantly to a mean circulation map, yet it may be

that this feature or other similar types are responsible for the
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majority of the springtime precipitation of the interior of the

Pacific Northwest. This study will, in part, identify the prevailing

circulation patterns both at the surface and at 500 millibars that

are responsible for precipitation in the period from March through

June.

This research inquiry will investigate the unique springtime

precipitation regime of the interior Pacific Northwest with emphasis

placed on the following topics:

A. An evaluation will be made of the regional extent and

temporal progression of the secondary maximum in the Pacific Northwest

utilizing both mean monthly precipitation statistics and short term

means for selected stations. Analysis will include an evaluation of

relative change characteristics from west to east of the springtime

precipitation of the Northwest and temporal precipitation intensity

characteristics of selected regions.

B. An evaluation of the mean atmospheric circulation

patterns at the surface and 500 millibars will be undertaken for the

period March through June. Synoptic patterns will be stratified and

compiled on the basis of precipitation and non-precipitation

producing events in order to categorize a precipitation and non-

precipitation climatology for the period under consideration.

C. An analysis of the vertical distribution of meteorological

variables will be undertaken. Primary consideration will be given

to the temporal changes in organization of precipitable moisture,

vertical temperature gradient, and an appropriate measurement of

atmospheric stability for precipitation events.
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D. A case study of a representative late spring precipitation

event in the Pacific Northwest will be presented.

E. An assessment will be undertaken of the springtime

terrestrial heat inputs. The regional temperature field will be

expressed as a function of both sensible and latent heat contributions.

This will be undertaken to ascertain whether the coastal and interior

heat budgets have seasonal change characteristics similar in nature to

the springtime changes in mean precipitation. Equivalent potential

temperature data are available from a doctoral theses by Val Mitchell

for the Western United States (Mitchell, 1969).



Chapter II

TEMPORAL AND REGIONAL CHARACTERISTICS OF THE

SECONDARY MAXIMUM OF PRECIPITATION AS

DEFINED BY MEAN PRECIPITATION

STATISTICS

A. Relative Change in Mean Monthly Precipitation
in the Pacific Northwest, Utilizing

the Normal Period 1931-1960

The secondary spring maximum of precipitation of the interior

of the Pacific Northwest has been identified by Sherman (1947),

Trewartha (1962), and Rudd (1959), but little research has been done

on the regional distribution and temporal change characteristics of

the phenomenon. The question remains: does the secondary maximum

have a defined regional organization or does the distribution reflect

a randomness that might be explained by the moderately high variance

one finds in monthly precipitation means in arid and semi-arid

regions?

In responding to the above question, monthly precipitation

normals for the (1931-1960) period were examined for over 300

stations in the Pacific Northwest, utilizing climatological summaries

for Washington, Oregon, Idaho, Nevada, and California. Map 1

indicates the locations of the stations utilized. Table 1 in the

appendix gives a complete list of the stations and their elevations.
8
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The examination of actual precipitation totals would shed very little

light on the regional extent and magnitude of the secondary maximum

since orography will strongly regionalize the magnitude of a given

monthly mean. Therefore, for each station the relative monthly

changes in mean precipitation were calculated (Dixon, 1945, p. 293).

The monthly total was adjusted to a 30-day month (Conrad and Pollack,

1950, p. 237). Relative changes in precipitation were expressed as

the percentage increase or decrease in mean monthly precipitation

from one month to the succeeding month for each station. Example:

February to March percentage change = (March - February)
X 100.

February

The following is a presentation of the pattern of change of

precipitation from February through July with emphasis on the states

of Oregon and Washington. For the sake of brevity, westside will

refer to the region west of the Cascade crest in either Washington or

Oregon, and eastside will refer to the region east of the Cascade

crest in either Washington or Oregon. More specific regions will be

identified in the text.

During the winter months in the Pacific Northwest, cyclonic

storms frequently move across the region on a southwest to northeast

trajectory (Klein, 1957, p. 145). These storms transport warm,

moist air masses which are caused to rise pseudoadiabatically over

orographic barriers and frontal surfaces. This process results in

pronounced precipitation variation in windward and leeward locations

of orographic barriers (Saucier, 1962, p. 295-302; Petterssen, 1940,

p. 298-302). The month of maximum precipitation in the Pacific

Northwest shows little variation from west to east indicating that the
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west to east trajectory of frontal impulses is very consistent through

the winter months of December, January and February. West to east

variation in precipitation in these months is almost totally the

result of the constraints of elevation and exposure.

A slight north tosouth variation in the month of maximum

precipitation exists in the Pacific Northwest. Philips noted that

while cyclonic control from the west and southwest is maintained in

the Pacific Northwest for all winter months, a migration of the

storm track southward occurs in the fall and winter reaching a maxi-

mum southerly position in February (Philips, 1948, p. 144). Consequent-

ly, most Washington and northern Oregon stations show a December

maximum, and southern and central Oregon stations record a January

maximum. More properly, a greater percentage of storms follow a more

southerly track in January and February, the mean track still being

across northwestern Washington.

In the following presentation of the monthly change character-

istics of precipitation in the Pacific Northwest, sufficient regional

gradients of change exist to identify distinct precipitation regions.

A statistical evaluation of the magnitude of the gradient between

precipitation regions was undertaken although in any statistical

evaluation of precipitation data certain difficulties arise. Precipi-

tation data rarely satisfy the assumptions of independence, randomness

or gaussian normality.

Utilizing relative values does tend to normalize distributions

(Conrad and Pollack, 1962, p. 201-212), but the difficulties of

randomness and lack of independence remain. The standard technique
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for solving the lack of independence and randomness in precipitation

data is to utilize non-sequential daily data from differing time

periods. This necessitates the use of long periods of record. The

number of precipitation events in dry climates is so small that the

use of a moderately long average period (at least 30 years) is

necessary to arrive at a consistent probably mean (Conrad and Pollack,

1962, p. 240; Court, 1960, p. 4017-4024). The use of data prior to

the 1931-1960 normal period is questionable due to inadequate station

density, poor recording techniques, and a large number of station

relocations. Statistical analysis of the precipitation means

calculated from the 1931-1960 normal period utilizing the standard

normal distribution was undertaken with the knowledge that the data

were not derived by independent averaging.

The regional organization of precipitation change in the

spring is predominantly oriented west to east with the Cascade

Mountain Range typically coinciding with the maximum change gradient.

The State of Oregon was selected for analysis since the strongest

gradients of change exist across the Oregon Cascades. The west to

east gradient of change is two to three times the magnitude of the

north to south gradient of change. Relative change data were

stratified into two sets: thirty-one Eastern Oregon stations and

thirty-one Western Oregon stations. Descriptive statistics were

calculated for monthly precipitation changes for each regional unit

and are presented in Table I (Guthrie, 1973, p. 70-79).
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Table 1

Relative Change in Monthly Precipitation for Western
and Eastern Oregon

Dec. to Jan. Westside
Dec. to Jan. Eastside
Jan. to Feb. Westside
Jan. to Feb. Eastside
Feb. to Mar. Westside
Feb. to Mar. Eastside
Mar. to Apr. Westside
Mar. to Apr. Eastside
Apra to May Westside
Apr. to May Eastside
May to June Westside
May to June Eastside
June to July Westside
June to July Eastside

Mean
Percentage

Change

Standard
Error of
Mean

Standard
Deviation Range

- 6 1.3 7.7 33

- 4 1.8 9.8 38

-21 .64 3.5 17

-16 2.1 11.7 43

- 8 1.3 7.5 33

7 3.1 17.4 77

-45 1.09 6.1 27

-21 2.69 15.0 53

-18 2.3 12 60

+38 4.35 24 91

-30 2.1 11.7 44

- 5 2.1 11.9 47

-75 1.3 7.4 28

-72 1.4 7.8 30

In Table 1 sample standard deviations for both units are

tabulated. Eastern Oregon standard deviations average higher

throughout the period as expected, due to the greater variability of

precipitation in arid and semiarid regions. Small standard deviations

characterize the December through April period in the west with

moderate increases in May and June associated with increasing

gradients of change across the Coast Range and western Cascades.

Variability increases slowly on the eastside from December through

February and increases rapidly from March through May. The high

variability of the March through May period is associated with the

establishment of strong gradients of change across the eastern

Cascades and the more erratic nature of low frequency, moderate

intensity rainfall. The large decrease in variability of the June
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to July period reflects the abrupt dominance of the entire Pacific

Northwest by the Pacific High pressure system.

Comparative analysis of the monthly change in precipitation of

westside and eastside units was undertaken utilizing the "students T"

test. The students T test assumes the data are normally distributed

(Stringer, 1967, p. 110). Figure 1 is a normal plot of monthly

relative changes for selected regional units and selected months. The

plots are sufficiently linear to accept the normal distribution as an

acceptable model (Guthrie, 1973, p. 41). Calculated T statistics and

table T statistics are presented on the maps of monthly relative change

in precipitation which will be discussed in detail in the following

section.

1. Monthly Relative Change in Precipitation:
February to March

In the winter months of January, February and March, monthly

means progressively decrease with both westside and eastside locations

exhibiting similar temporal changes. The regional differences that do

exist are organized with respect to orography with those stations in

the more arid locations tending to show greater percentage decreases

than those stations in humid windward locations.

Map 2 indicates isopleths of the percentage change of

precipitation from February to March for Washington, Oregon and

Idaho. In Washington, both westside and eastside stations indicate

small to moderate negative values. Regional differences that do exist

are organized on the basis of topography; thus, the Sequim-Port
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Angeles lowlands and the Pasco basin and Okanogan valley have

moderate decreases on the order of -30%. The remainder of the state

has decreases on the order of -10%. A few stations in the Blue

Mountains of Washington and the higher elevations in central Idaho

indicate small to moderate increases.

In Oregon the February to March period is characterized by an

erratic pattern of small decreasing means with a few areas of small

increases. The strongest decreases are associated with the lower

elevations and more arid locations. All stations west of the Cascades

have decreases on the order of -5% to -15%. The immediate lee of the

Cascades from Klamath Falls north to Friend indicate moderate

decreases on the order of -20%. Low elevation stations in central

Oregon and eastern Oregon also indicate moderate decreases.

Small increases are noted in three regions; the Cascade crest,

northeastern Oregon in the Wallowa and Blue Mountains, and the high

plateau near Lake Abert. It would appear that many increasing means

are a function of higher elevation.

The gradual decrease in cyclonic activity in combination with

a slow rise in equivalent potential temperature may offer a plausible

explanation for the above anomaly of increased precipitation at high

elevation interior locations. The rise in equivalent potential

temperature would appear to be more productive with respect to

increasing precipitable moisture at higher elevations while lower

elevations are more responsive to the decrease in cyclonic activity.

While small regional patterns are discernable, both westside and

eastside units are characterized by weak gradients of change

indicating uniform air mass characteristics both west and east of the



15_

-201r
Pcsz,20

t44, \*

OP/ o
t

-10 -10 -20 -20 -10
17

CIER NATION*,
- 'PANIC

MAP 2
.{./4

Grand fou es .4 , d, Lak RELATIVE CHANGE IN --"" : --!!-
ore

,0 II Fizzl,,,.:,7,7; 0.-:( tre .( MEAN MONTHLY PRECIPITATION
) ) ° spoiAe.i. s; '

t eR`
-Nel FEBRUARY TO MARCH

0 0/
. - -

fake rai.k;,,,-

7., t M c. :sks,i -,...' .7z' T TEST COMPARISON OF, L° I I°O, RELATIVE CHANGES IN PRECIPITATION 1j
,.ZR. 0

.4'

20 o .....4. I FOR WESTERN OREGON AND EASTERN OREGON

-10

\ 5,

YancouVS,

fid 0

\ 74
ford

.11: it:fee

Walla Vglla ,

as;;L

+20

CALCULATED T .085
TABLE T .95 2.0
TABLE T .99 2.66

kea C6.40 ..vs
tr.

*... Butte ;

Sale ";,.. '1- I

4;N

end iftitj
sibIrks

0

) \ ,')
. *,

I I -01
\ 20\ **urns/ Ites.mri,

N.
. .4'- ,

yhe

I

Owe R , e

Harr h,....

> es4 h C .' 1..4

+20 ,

. .

II

10.4t,,h

JL. d
s Res

)
VA KOS Goose
4" .A°.. Lake

Altura?'
+ritacen.

.g 41,1tv

/
0 k

eservoir

t I

r ,
ri

.. t...,,,t.f.... ......11.,14:.,....

s te srkc;
1

'or , ,...r 4 ',

C.4 .1.MP

.4,1 StrikiWts

Af Lake

-20

idah! go *r '

'8\4
`>. ' St-' , ' ., '' k I

**t \-ss, '1.--1
.11104(filOt \ q` Aii.,t

--...
0

Porto0o ": '' A 14- **. I
ON1.* P'

\
America/Far/so *I: e .'s

W t

k -,, \ \ Burley

'. B* N k

0 ,' :..Q.1

--ri

Res

araOmi Valley

h hCreek s

714es 1 t,e 5,1

to.

gcleAtt.



18

Cascades. Comparative T statistics indicate nonsignificant differences

between the regional units of Western Oregon and Eastern Oregon.

2. Monthly Relative Change in Precipitation:
March to April

In the period from March to April, monthly means of precipita-

tion continue to decrease in both western and eastern Oregon and

Washington (Map 3). The rate of decrease drops markedly for all

stations with virtually all western Oregon and Washington stations

indicating decreases on the order of -40%. Eastside stations indicate

decreases as well, but of the order of -15% to -30%. The magnitude of

the decrease of both westside and eastside locations for March to

April is indicative of a significant decrease in cyclonic storm

intensity and frequency throughout this period. The decrease is very

extensive across the Pacific Northwest, although more effective on the

westside.

A few areas of precipitation increases are noted at high

elevations in extreme northeastern Washington, in extreme northeastern

Oregon and in east central Idaho. These high elevation stations are

characterized by late winter means of precipitation which are quite low

in absolute amount. These high elevation interior stations with rather

low monthly means may be responding more effectively to the slow rise

in equivalent potential temperature across the February to April

period, despite the general regional decrease in cyclonic activity.

Other interior stations of central Oregon indicate either

small increases or slight decreases in precipitation including:
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Redmond, Prineville, Dayville and Madras. These stations will show

spectacular increases in the April to May period, and it appears that

atmospheric processes which will result in increasing precipitation

yields in the April to May period are being initiated in that region

as early as April. Comparative T statistics indicate significant

differences between western Oregon and eastern Oregon regional units.

It should be noted that by the March to April period, a

reversal has occurred in the west to east organization of precipita-

tion. In the February to March period, the western lowlands and

arid lee locations are typified by the largest negative values, and

the westside locations and high elevations indicate either small

negative or even positive values. In the March to April period this

situation begins to reverse in that the westside and Cascade crest

indicate large negative values, and it is the lee side and low

elevation interior locations which now show small negative values or

even positive values. This would seem to be reflective of fundamental

changes in the origin of precipitation with respect to air mass

characteristics. There is an evolution from a relatively warm oceanic

source being advected into a cool interior during December, January and

February (Chapman, 1952, p. 8-37; Connor, 1938, p. 695), to a cool

oceanic source being advected into a progressively warming interior

in March, April, May and June. March is the period of the weakest

west to east temperature gradient. Atmospheric parameteres will be

investigated in later portions of this paper to substantiate the above

statement.
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3. Monthly Relative Change in Precipitation:
April to May

In considering the precipitation change characteristics of the

April to May period in the Pacific Northwest, a summary of the

previous three months is in order. The period of January through

April is characterized by decreasing monthly means, both west and

east of the Cascades. Particular areas show increasing means, but

these are not large increases and may well be the result of elevation

controls and variance in using 30-year mean periods. The most

persistent aspect of the pattern is the decreasing precipitation

tendency with fairly small gradients of change across the Pacific

Northwest, indicating that both eastside and westside locations are

responding in a similar manner to the cyclonic controls to the west

In the April to May period, a very strong west to east

organizational structure appears with the eastside responding in a

manner quite distinct as compared to stations west of the Cascades. A

very pronounced west to east gradient of precipitation change is

established which is two to three times the magnitude of any previous

gradient of change.

The relative change map for April to May (Map 4), indicates

the following major characteristics. All stations west of the

Cascades continue to indicate decreasing means, although less in

magnitude than the previous month's changes. All interior stations

indicate positive values with the exception of the Blue Mountains of

Oregon and extreme southeastern Washington. Interior positive values
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are moderately large with highest values in the immediate lee of the

Cascades in both Oregon and Washington. Very strong west to east

gradients of change are organized parallel to the Cascade Mountains

with the strongest gradient located immediately leeward of the

Oregon Cascades.

The area to the west of the Cascades has decreasing means but

a regional organizational structure is quite recognizable. Coastal

stations and coastal mountain stations have the highest negative values

with values of -40% in northwestern Washington, and values of -20% to

30% for coastal and Coast Range stations of southern Washington and

western Oregon. Puget Sound and Willamette Valley stations indicate

negative values of the order of -5% to -20% in Washington and -5% to

15% in the Willamette Valley of Oregon.

The few western Cascade stations indicate moderate negative

values of -15% to -30% which are higher than Willamette Valley values,

but smaller than coastal and coast range values.

East of the Cascades a complex pattern of positive values

exists. Highest values, on the order of +50% to +80%, are in the

immediate lee of the Cascades in Oregon, centered in the Bend-Redmond-

Prineville area. In Washington highest positive values are in the

lee of the Cascades, but slightly further downwind centered on the

Waterville Plateau. Moderate positive values extend eastward to

Spokane.

Small negative values to slightly positive values are

characteristic of the Columbia River gorge in both Oregon and

Washington. Small negative to small positive values are also found

in the southeast Palouse region of eastern Washington and the
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northern edge of the Blue Mountains of Oregon.

The highest positive values of interior Washington and Oregon

seem to be found at intermediate elevations from 2,000 to 4,000 feet

and in the immediate lee of the Cascades. Lower values are located on

a west to east track following the Columbia River and extending east-

ward flanking the Snake River. The Columbia gorge would appear to

effectively extend westside processes eastward into the Snake River

tableland and adjoining Palouse.

The west to east organization of the change characteristics is

not simply a product of increasing distance from the west coast. Figure

2 is a plot of the relative changes in monthly precipitation from

December-January to June-July for the four regional divisions in

Oregon. Monthly changes were summed and averaged for all stations

within each division. Through the months of December-January to

February-March, all divisions show similar negative values of -10% to

-30%. In the March to April period all divisions show large decreases

of -10% to -50% with a slight increase in the west to east differences.

In April to May the maximum west to east gradients of change exist, but

the ordering of change from negative to positive is: Coastal, Cascades,

Willamette Valley, Central Interior, and Leeside Cascades. The

processes which produce increasing precipitation yields are not only

controlled by interior distance but by the existence of north-south

orographic barriers which produce leeside effects. These leeside

positions are productive independently in augmenting precipitation

yields. Studies on the effect of mountains on precipitation are quite

abundant but focus either on trajectory of air flow (Queney,et al.,
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1960, p. 130), katabatic effects (Buettner, et al., 1966, p. 125-147),

or airflow and precipitation under uniform air mass characteristics

in windward locations (Myers, 1962, p. 4267-4291). The problem of the

effect of mountain ranges on precipitation under conditions of strong

frontal discontinuities characterized by unstable lapse rates,

particularly in the leeward position, is in need of investigation. The

problem is further complicated by the lack of radiosonde stations in

mountainous terrain. Comparative T statistics, as might be expected,

indicate highly significant differences in the means of the western

Oregon regional unit and the eastern Oregon regional unit.

4. Monthly Relative Change in Precipitation:
May to June

In the period from May to June, the west to east organizational

structure of the previous two months is maintained with some modifica-

tion (Map 5). All westside stations of Washington and Oregon indicate

moderate to large decreases with the exception of the Puget lowlands

in the lee of the Olympics. Interior stations of Oregon show a complex

pattern of small positive to small negative values, indicating that

interior processes which produced spectacular increases in May are

still occurring in June, but at slightly lower rates.

The maximum west to east gradient of change has shifted north-

ward into Washington with a similar profile across the Cascades for

this period, as was observed in April to May in Oregon. Largest

negative values are in western Washington and the Olympic Highlands.

Moderate negative values are in the Washington Cascades; smallest
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negative values in the Puget Lowlands; and moderate positive values

in the eastern portion of the Columbia Plateau. Highest positive

values are in the immediate lee of the Cascades with Yakima, Ellens-

burg, Waterville Plateau, and Okanogan Highlands being the core areas.

Figure 3 illustrates the monthly averages for the major climatological

divisions of Washington. While the strongest gradient of change is

now centered across the state of Washington, comparative T

statistics still indicate highly significant differences in the means

of western Oregon as compared to the eastern Oregon regional unit.

5. Monthly Relative Change in Precipitation:
June to July

In the period from June to July (Map 6), the abrupt termination

of the late spring rainy season is quite apparent. All stations,

both west and east of the Cascades, show decreases on the order of

-60% to -80%. The large magnitude of the decreases and the lack of

any west to east gradient is indicative of the extensive aridifying

synoptic pattern which is now dominating the Pacific Northwest

(Lydolph, 1957, p. 215-216; Trewartha, 1968, p. 316-318). The 700

millibar Atlas of North America (Wahl & Lahey, 1960, p. 72) readily

indicates the sudden northward shift of the Pacific High across the

last few weeks of June. The shift northward of the northeast

subsiding limb of the subtropical high into the Pacific Northwest is

simultaneously accompanied by the onset of the summer rainy season

in Arizona. This atmospheric singularity was studied in some detail

by Bryson and Lowry (Bryson, 1955, p. 329-339). The June to July
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relative change maps reflect the dominance of the Pacific High pressure

system across the Pacific Northwest, but in the portion of northern

Nevada included, there exists a strong north-south gradient of

precipitation change which is indicative of the increase of precipita-

tion in Arizona and southern Nevada referred to by Bryson and Lowry.

The northern limit of the strong subsiding effects of the

Pacific High are apparent in a moderate southeast to northwest gradient

of change across the Olympic Peninsula. While the Puget lowlands are

dominated by the subsiding air of the Pacific High with decreases on

the order of -50% to -60%, the Olympic Peninsula decreases are only on

the order of -20%, indicating a return to a more westerly circulation

across the peninsula.

The major features of the springtime precipitation changes in

the Pacific Northwest may be summarized as follows: (1) Small

decreases in precipitation in the winter months of January, February,

and March, both west and east of the Cascades, with greater variability

to the east in the more semiarid locations. (2) The establishment of

an increasingly strong west to east gradient of change in the months

of April, May and June, characterized by increased positive values

east of the Cascades. (3) The establishment of region-wide large

nagative values in the month of July as a result of the sudden dominance

of the Northwest by the Pacific High.

B. Analysis of Short Terms Means of Precipitation
for Selected Stations in the

--Pacific Northwest

The use of monthly means, while being the standard climatologi-

cal seasonal time interval, may be too large to accurately assess the
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initiation and culmination of a secondary maximum that is only about

two months in length. Shorter term means would be useful in

attempting to precisely determine the temporal extent and change

characteristics of the secondary maximum in the Pacific Northwest.

Seven-day, fourteen-day, and twenty-one-day means have been

calculated for selected stations in the Pacific Northwest utilizing

the 1931-1960 normal period. These values are available in "Volume

II, Columbia Basin Handbook, Columbia Basin Inter-Agency Committee,

1969," prepared by Bonneville Power Administration. Figure 4 is a

plot of weekly means for western Oregon and Washington. As the mean

period is reduced in length, increasing variability is introduced into

the system since the average period (1931-1960) has remained constant.

The weekly averages for eastern Washington and Oregon confirm,

and more precisely outline, some of the major features which were

discussed with respect to the monthly means (Figure 5). Figure 5

indicates that the secondary maximum begins in mid-April with weekly

averages increasing to a maximum in late May in eastern Oregon and

early June in eastern Washington. The means rapidly decrease from

June 21 through mid-July. The decrease in means through February and

March is gradual but persistent with a sudden increase in the rate of

decrease from April 5th through April 19th. It is interesting to note

that part of the large magnitude of the May increase can be attributed

to the drought in early April. Whether the low April values reflect

consistent physical processes is difficult to assess, but means

derived from the period prior to 1934 indicate consistently higher

April values. This would imply that part of the strong decrease in
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April is unique to the 1931-1960 period.

Figure 4 is a February through July plot of weekly means for

western Oregon and Washington stations, and while much week to week

variability exists due to the short mean period the trend of

decreasing means is quite discernable. Westside stations also

indicate a rather large decrease in the April 5th through April 19th

period. The most interesting aspect of the western stations is that

the secondary maximum does exist on the westside, but on a much

reduced scale. Weekly means do indeed increase from about May 24 to

June 14, but the increase is small enough in magnitude and short

enough in time to be reflected only as a lessening in the rate of

decrease through May and June on a monthly scale. It would appear

that processes which produce large increases in precipitation means

of the eastside are also present on the westside but are smaller in

magnitude.

Relative changes were not calculated for weekly means as the

large week to week variability would be even more excessive for

relative values. Relative changes were calculated for three-week

means, and both the station values and average regional values for

Washington and Oregon are presented in Tables 2 and 3. Average

changes for western Washington and eastern Washington have been

calculated although the number of western Washington stations is

admittedly small. Figure 6 presents a plot of the relative changes

for western Washington and eastern Washington, and Figure 7 presents

similar data for Oregon. Figure 8 presents subtracted (eastside-

westside) relative changes for both Washington and Oregon. From
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Table 2

Relative Change in Three-Week Means of Precipitation in
Washington, 1931-1960

Jan. Mar. Mar. Apr. May May June July

31 01 22 12 03 24 14 05

Western
Washington

Aberdeen -10 -21 -15 -26 -34 -31 4 -46

Longview + 1 -23 -'7 -38 -10 -15 - 7 -61

Puyallup -13 -21 - 6 -24 -24 -21 - 0 -50

Sedro
Wooley -15 0 -13 -21 -20 -10 +19 -60

Average -10 -16 -10 -29 -22 -19 - 2 -55

Eastern
Washington

Omak -14 -48 +16 + 6 - 9 +77 -38 -59

WallaWalla-10 -15 + 3 2 4 - 6 -29 -79

Spokane -13 -17 -30 + 6 +17 + 7 -35 -67

Colville -22 -66 + 0 + 9 +29 - 3 -13 -19

Ellensburg- 5 -48 +22 -31 +11 +44 -30 -76

Ephrata - 9 - 7 -30 +30 -10 +40 +41 -55

Average-12 -25 - 3 + 3 + 6 +27 -15 -60
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Table 3

Relative Change in Three-Week Means of Precipitation in.

Oregon, 1931-1960

Jan. Mar. Mar. Apr. May May June July

31 01 22 12 03 24 14 05

Western
Oregon

Forest
Grove - 3 -31 -18 -41 -24 -19 -23 -60

Eugene - 1 -29 -22 -33 -17 -13 -29 -84

Parkdale -11 -81 -45 -10 -26 -42 -16 -31

Salem 4 -34 -13 -37 -10 -33 -15 -74

Seaside 0 -26 -10 -32 -36 -19 0 -56

Average 3 -40 -20 -30 -22 -25 -16 -62

Eastern
Oregon

Bend -20 -45 4 6 +40 +60 -45 -50

Baker +80 -59 6 + 3 +25 +45 -35 -69

Squaw
Butte 2 -25 2 -23 +90 + 4 -27 -83

Union +43 8 +31 + 1 +13 +22 -28 -76

KlamathF. -16 -37 - 4 -15 + 4 +20 -33 -62

JohnDay - 8 2 + 2 0 +39 - 3 -44 -75

Lakeview - 2 -25 6 -12 +10 +30 -48 -80

Average + 7 -29 + 2 7 +22 +28 -36 -70
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January through March 22 both westside and eastside stations change at

about the same rates, differing by less than 10%. Significant differ-

ences in the rate of change appear by March 22 through April 12 and

increase to a maximum from May 24 through June 14. Throughout this

period the sign of the west to east gradient is positive, indicating

increasing precipitation yields on the eastside. From June 14 through

July 23 the west to east gradient rapidly diminishes and actually

reverses sign, indicating slightly increased relative yields for the

west.

The use of short term means in order to discern temporal details

of precipitation climatology can only be as physically significant

as the consistency, both regionally and temporally, of the repetitive

existence of that mean. A trade-off exists between short term

precision and actual expectancy.

C. Analysis of Monthly Changes in Precipitation

Intensity for Selected Stationsin
the Pacific Northwest

Monthly precipitation intensity statistics have been

calculated for selected Pacific Northwest in "Volume II, Columbia

Basin Handbook, Columbia Basin Inter-Agency Commission, 1969." In

Figure 9, the percentage of precipitation days on which selected

precipitation amounts occurred has been calculated for three Oregon

stations for the months of February through July. Newport, Oregon

was selected as a representative westside station. Bend and Redmond

were selected as representative eastside stations strongly reflecting

the secondary maximum of precipitation.
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In Figure 9A, the percentage of precipitation days (days

.01 inches) for each month has been calculated for February through

July. Newport and Redmond-Bend indicate a slower rate of decrease

through the period with relatively constant values in the May-June

period.

In Tables 9B through 9E, the percentage of precipitation

days for which selected precipitation amounts have been exceeded is

plotted for the period of February through July. In these graphs of

the moderate to heavy intensity interval, the change in the precipita-

tion delivery of the interior, both temporally and regionally, is

quite apparent. Percentages of all precipitation intensity intervals

decrease throughout the period for western Oregon, with the exception

of a small increase in June in the .10 inch intensity interval.

Bend and Redmond indicate large increases for all precipitation

intensity intervals for the March through June period. In the May and

June period the percentage of days in the moderate to heavy

intensity interval is as high or higher for Bend and Redmond than it

is for Newport, despite the fact that Newport exhibits a greater

number of total precipitation days.

The change in the precipitation delivery characteristics of

late spring sotrm events is verified by data compiled at Hanford,

Washington, by Battelle Pacific Northwest Laboratories (Stone, Jenne,

and Thorp, 1972, p. 4.1-4.8). The Hanford-Richland site is the

driest area of the Pasco basin of eastern Washington with annual

totals on the order of 6.5 inches. The annual profile shows a decided

winter maximum and a well developed secondary maximum in June. If one

calculates the percent of days in which measurable precipitation
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occurs, the secondary maximum is hardly apparent (Fig. 10). The

number of precipitation days decreases through the January through

July period. If the percentage of precipitation days is plotted for

each month in which .10 inches is exceeded, the nature of the

secondary maximum becomes apparent. A large increase in the percent

of precipitation days delivering higher intensity rainfall exists in

the April through June period. Also included in Figure 10 is the

percentage of precipitation days in which higher intensity (.25 inches,

.50 inches and 1.00 inch) rainfall occurs. The increase of high

intensity rainfall in May and June is quite apparent.

In summary, the increase in mean monthly precipitation in

May and June which characterizes much of the Pacific Northwest interior

is not accompanied by a significant increase in precipitation days.

The secondary maximum is a consequence of the increase in moderate to

heavy intensity rainfall per precipitation event. The meteorological

process which produces the increase in precipitation yield are

strongly organized regionally west to east and imply that diabatic

processes are occurring on the eastside at this time at a greater

rate than west of the Cascade Mountains.

D. Relative Changes in Mean Precipitation for the
Pre-1931-1960 Normal Period

Bryson has noted the standard normal period (1931 to 1960), is

quite atypical in the last thousand years of the climatological

record (Bryson, 1972, p. 754-755). The secondary maximum of

precipitation of the interior of the Pacific Northwest may well have
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organizational characteristics which are unique to the 1931-1960 period.

An attempt was made to assess the regional organization as distinct

from the purely temporal organization by examining precipitation means

for an earlier period.

Precipitation means were available for Oregon stations derived

from a variable mean period prior to 1934 (Climatological Data, 1940).

The reliability of the precipitation means derived from the earlier

period is more questionable due to variable length average period,

inadequate station density, and poorer recording techniques (Court,

1960, p.4023). Comparison with the more complete 1931-1960 period can

therefore be only qualitative and broad in scope.

Maps 7 through 10 show relative changes in mean precipitation

for the period February through June derived from the earlier period

of record. The most notable differences in the two periods occur in

the March to April period and the May to June period.

The large decreases in mean precipitation throughout the

Pacific Northwest from March to April may partially reflect conditions

unique to the 1931-1960 period. Table 4 presents subtracted 1930-

1960 percentage changes in precipitation from 1934 percentage changes

for various climatological divisions of Oregon. The earlier period

averages about +5% to +10% above the 1931-1960 period.

In the earlier period all westside stations indicate moderate

decreases on the order of -30%, and over 80% of the eastside stations

of Oregon indicate decreasing means on the order of -10% to -20%.

Several areas of significantly increasing means do exist in the

Redmond, Prineville and Dayville area and thehigh plateau, including
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Fremont and Round Grove. Interestingly, the 1931-1960 period shows

the smallest decreases in the Redmond-Prineville area. Small increases

are also noted in the Baker-Union area of northeastern Oregon for both

the 1931-1960 period and the 1934 means.

It is apparent that processes which will produce increasing

means from April to May over most of eastern Oregon and will be most

intensely developed in the Redmond-Prineville area are being

initiated in that region as early as April.

In the period from May to June some significant discrepencies

exist between the two normal periods. In the 1934 period the basic

west to east organizational structure is still present, but both

west and eastside stations show more negative tendencies. Westside

stations have values on the order of -30% to -50% while eastside

stations have values on the order of -30% to +20%. It would appear

that prior to 1934, the secondary spring maximum in Oregon initiated

earlier in the season in March to April and terminated sooner in May

to June compared to the period 1931-1960. The slightly higher spring

(March-April-May) termperature of the 1910-1935 period is not

inconsistent with this observation (Table 5).
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Table 4

Oregon March to April Relative Changes in Precipitation:

Subtracted 1931-1960 Normals from Prior to 1934 Normals

Climatological Division 1934 (1931-1960)

Northeast, 8 stations + 1.5%

Southcentral, 9 stations +12%

Northcentral, 11 stations 5%

High Plateau, 6 stations + 6%

Willamette Valley, 8 stations +14%

Coastal, 6 stations +10%

Table 5

Mean Monthly Temperatures for Hanford, Washington

Average Period March April May June

1912-1934
1930-1960

46.3° F
44.2° F

53.9° F
52.5° F

61.6° F
61.7° F

69.8° F
69.2° F



Chapter III

MEAN MONTHLY CIRCULATION PATTERNS OF SEA LEVEL

ATMOSPHERIC PRESSURE AND 500 MILLIBAR HEIGHTS

FOR CLASS A AND B PRECIPITATION EVENTS

The secondary spring maximum of precipitation in the interior

of the Pacific Northwest is the result of increased moderate and high

intensity precipitation events in the May through June period. Surface

and upper air atmospheric circulation should manifest changes in

organization during this period which reflect increased dominance of

the more unstable sectors of traveling surface and mid-tropospheric

disturbances.

In examining mean monthly surface, 700 millibar, and 500

millibar pressure maps, certain difficulties arise. The total array of

synoptic patterns incorporated to produce a monthly mean will be strongly

biased by the large number of non-precipitation events. The averaging

of migratory mid and upper level tropospheric wave disturbances tends to

highly zonalize (ie, orient from west to east) the mean pattern of

flow, removing much of the actual latitudinal (north-south) flow

characteristics. Monthly and five day mean pressure maps are available

for sea level, 700 millibars and 500 millibar for North America

(Lahey, et al., 1969; Lahey, Bryson and Wahl, 1958). These maps

adequately detect the progressive weakening of the midlatitude pressure

gradient through the spring months. The poleward migration of the

Pacific subtropical anticyclone during the late June period is also

51
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readily detected (Lahey, et al., 1958, Map A - June 25-29). However,

very little information can be deduced with respect to seasonal

changes in the flow characteristics of individual precipitation

producing disturbances.

In order to more clearly ascertain the flow characteristics

of precipitation producing synoptic patterns, monthly mean surface

and 500 millibar precipitation pressure maps were derived utilizing

six years of U.S. Weather Bureau synoptic maps (Daily Weather Map,

NOAA, 1967-1972). Precipitation events were defined by stations east

of the Cascade Mountains in Washington and Oregon which were recording

precipitation at the time of the plotted surface map; either 4 A.M. or

4 P.M., P.D.T. Utilizing the twelve first order stations in the

interior of Oregon and Washington, precipitation events were arbitrar-

ily stratified into classes A, B, C, and D. The criteria for classifi-

cation were: class A (6 or more stations recording measurable

precipitation); class B (4 to 5 stations recording measurable precipi-

tation); class C (2 to 3 stations recording measurable precipitation);

and class D (only 1 station recording measurable precipitation). Class

A and B events were more representative of extensive precipitation

producing events over the interior and in many cases class C and D

events reflected rather isolated regional shower activity or initiating

and terminating phases of more extensive precipitation systems.

Therefore, only class A and B events were utilized to derive mean

surface and 500 millibar circulation maps. Synchronous maps for both

500 millibar and surface pressure were available only for the period of

1967 to 1972, so the data source included only six years.
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The maps derived are mean surface and 500 millibar circulation

patterns for precipitation events only. In Appendix C, Map 1 includes

representative arid circulation patterns over the Pacific Northwest

for the months of March through June. These have been included only

as comparative examples of arid synoptic patterns for these respective

periods of the year.

Surface and 500 millibar maps were derived for the months of

March, April, May and June for a latitude grid of 35° N to 50° N and

longitude grid of 115° W to 130° W. Pressure data were plotted from

each map at 21/2° intersections of latitude and longitude. Small to

moderate variations in axial position and amplitude characteristics of

individual disturbances tend to produce strong west to east (zonal)

characteristics in the mean flow patterns so the maps derived have

strong west to east biases which would not be as pronounced in the

individual disturbances. Five hundred millibar isotherms were plotted

utilizing an interval of 5° C.

In order to assess the magnitude of latitudinal and meridional

transport characteristics of 500 millibar flow patterns, wind

directions and velocities were tabulated at each 21/2
o

grid point. Mean

wind velocities and resultant wind direction were then calculated for

each grid point. The amplitude characteristics of the 500 millibar

waves are more realistically identified by the resultant wind directions

than by inferred geostrophic winds produced by averaging 500 millibar

height contours (Conrad, 1962, p. 178-180).

Cyclonic curvature between 130° and 115° West longitude at

50
o N, 45° N, and 40° N, was calculated at 500 millibars for all class
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A and B precipitation events for the months of March through June. The

curvature values were calculated in degrees of rotation in the counter

clockwise direction from the westernmost longitude grid points to the

easternmost longitude grid point. Average curvature values were

calculated for each month of March through June at 50° N, 45 °N and

40°N.

Zonal and meridional indexes can be calculated from 500

millibar height contours (Namias, 1950, p. 130-139; and Rossby, 1939,

p.39 ). Utilizing monthly average 500 millibar heights for class A

and B precipitation events, zonal/meridional height ratios were

calculated for the months of March through June. These values are

presented in Tables 6 and 7.

A. Average 500 Millibar Heights and Sea Level Pressures
for March Precipitation Events

1. Average 500 Millibar Heights and Flow Characteristics
for March

In the period from 1968 through 1972, seventeen cases of class

A and B precipitation events were detected. Five hundred millibar

heights, wind velocities and directions, and temperatures were

tabulated and averaged for 21/20 latitude and longitude grid inter-

sections. Wind rose data were tabulated for each 5
o

latitude and

longitude intersection.

Map 11 presents averaged 500 millibar heights for the seven-

teen cases. The 500 millibar flow indicates prevailing west or south-

west flow across the entire Pacific Northwest during precipitation
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Table 6

500 Millibar Latitudinal and Meridional Height Differences

in Meters for Class A and B Precipitation Events

Latitude and Longitude
Grid Points March April May June

40°N 130°W-50°N- 130°W 28.7 24.8 15.5 11.3

40°N 1222 °W -50 °N 1221/2°W 25.8 20.8 8.9 8.5

40°N 115°W-50°N 115°W 22.4 18.0 8.5 8.8

50°N 122'0W -50 °N 130°W 7.6 6.5 3.5 - .6

50°N 115 °W -50 °N 1221/2°W 3.9 6.5 3.6 3.5

40°N 1221/2°W-40°N 130°W 4.7 2.5 -2.1 -3.4

40°N 115°W-40°N 1221/2
o
W .5 3.7 5.6 3.8

Table 7

Zonal Meridional Height Ratios

Latitudinal Difference

Meridional Difference March April May June

(40°N 122° - 50°N
12ew g5 N - 1391 W

115'W 45 N - 1221/2'W 45 N ) 2.82 1.57 1.11 1.16
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events. The major trough axis is centered west of 130°W longitude

with a flat ridge centered at 155°W longitude. Lowest heights are

centered to the northwest of the grid in the Gulf of Alaska.

Five hundred millibar temperatures indicate a warm ridge

centered at 177°W longitude with a cold trough centered at 130° W

longitude. The warm ridge located in the interior indicates that

precipitation is favored by strong, warm advection in the midlevels of

the troposphere. Warm advection is indicated by the poleward dis-

placement of the isotherms from 125°W longitude to 117°W longitude.

The strong latitudinal temperature gradient is indicative of the

winter position of the polar front and the prevailing west to east

trajectory of migratory cyclonic disturbances.

As was previously mentioned, averaging of individual 500

millibar trough positions tend to highly zonalize the mean 500 millibar

flow pattern. Individual wind direction and velocities were tabulated

for the seventeen cases and are presented on Map 11. Highly variable

500 millibar wind directions typify the northernmost grid points,

especially the northwesterly corner of the grid. Very consistent wind

directions typify the southern noundary of the grid and is particularly

true of the southwestern portion of the grid. The wind velocity data

indicate that the highest wind speeds aloft are located in the southern

and western sectors of the grid which implies the westerly jet

maximum is commonly across southern Oregon and southern Idaho when

precipitation is at a maximum in the Northwest interior. Observation

of the individual seventeen cases indicated that the center of lowest

pressure at 500 millibar was typically in the northern sector of the
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grid and that small variations in the position of the low account for the

high variability of the wind directions in that sector. Regardless

of the position of the upper level low, southwesterly winds dominated

the southwestern portion of the grid and westerly to west-northwest

winds dominated the southeastern portion of the grid.

2. Meridional and Latitudinal Transport Characteristics
and Curvature Characteristics for March

In Table 6, 500 millibar height differences are presented for

selected meridians and parallels. Table 7 presents ratios of

latitudinal height difference divided by meridional values for the

months of March, April, May and June.

The north-south pressure gradient at the three selected

meridians is greater in March than any of the other three months, and

is about three times the magnitude of the west to east pressure

gradient. The west to east pressure gradient is strongest in the

western limits of the grid with the orientation of the flow being from

the south. While west to east transport is the dominant feature of

the 500 millibar flow, the contribution of warm advection across

the western limits of the grid is quite apparent.

Table 8 presents averaged curvature values for 130°W minus

155 °W at latitudes 50°N, 45°N and 40 °N. Over 60% of the sixteen

cases indicate anticyclonic curvature values. The dominance of weak

anticyclonic flow across the meridional limits of the grid indicate

that the 500 millibar trough axis is to the west of the western limit

of the grid and the ridge axis is slightly to the west of the eastern
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limit of the grid. Precipitation in the interior Northwest is

associated with strong southwesterly flow at 500 millibars offshore

and across the Pacific coast, with more westerly or even northwesterly

flow dominating the interior and eastern sectors of the grid. The

absolute magnitude of the curvature values are small, indicating that

large changes in the direction of flow across the grid are not common.

Waves with large amplitude characterize the flow at 500 millibars in

March with southwesterly and westerly flow dominating the entire

Northwest. Precipitation is maximized for upper level disturbances which

are dominated by strong warm advection at 500 millibars across the

entire Pacific Northwest region.

Table 8

Curvature Values in Degrees of Rotation

(130°W Longitude - 115°W Longitude)

for Respective Latitudes

50°N 45°N 40°N Avg.

Frequency
Anti-

cyclonic
Frequency
Cyclonic

March
17 cases -10.7 - 2.0 -20.1 -10.9 32 19

April

20 cases 1.0 +20.0 +13.0 + 7.4 28 32

May
19 cases +100.5 +85 -172.1 +86.1 2 55

June
16 cases +108 +98 + 58 +88 2 52
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3. Average Sea Level Surface Pressure for Class A
and B Events for March

Utilizing 1968 through 1972 synoptic weather maps, fourteen

cases of class A and B precipitation events were detected. Map 12

presents average sea level pressure for the 14 cases. While the

variable positions of surface troughs introduce strong west to east

orientation to the isobars, some salient features can be detected.

Lowest pressure is typically northwest of Vancouver Island and a

southwest to northeast orientation of isobars exists across the states

of Washington and Oregon. Sea level pressure averages higher in the

interior than offshore, indicating that most cyclonic storms which

produce precipitation in the interior tend to be centered offshore.

The wintertime oceanic and continental heat budget, which produces

cool interior temperatures and warmer oceanic temperatures, favors

the persistence of higher pressure in the interior despite the

advection of warmer air into the interior aloft during precipitation

events.

The existence of the Pacific High pressure system can be

identified by the ridge of high pressure across northwestern California

and the initial stages of the southwest desert heat low can be

detected by the slightly lower pressure in eastern Nevada. While the

orientation of the flow across the entire Pacific Northwest is from

the southwest, the major trough axis is centered well offshore.

Individual examination of the 14 cases of precipitation occurrence

indicated that precipitation was often associated with the passage of

a Pacific occluded front in the interior with an associated minor
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trough of low pressure. Lowest pressure typically remained offshore

and with the variability of the position of the occluded front in

the interior, the associated minor trough was effectively removed

in the averaging of the fourteen cases.

B. Average 500 Millibar Heights and Sea Level Pressure
for April Precipitation Events

1. Average 500 Millibar Heights and Flow Characteristics
for April

Twenty cases of class A and B precipitation were identified for

the month of April. Map 13 presents averaged 500 millibar heights for

the twenty cases in the Pacific Northwest. The height pattern is

quite similar to the March pattern, although the latitudinal pressure

gradient is weaker, reflecting the beginning of normal spring seasonal

warming.

The 500 millibar height contours indicate prevailing west-

southwest flow dominating the Pacific coast and offshore and more

southwest to south flow dominating the interior and eastern sectors of

the grid. Lowest pressure continues to be in the northwestern sector

of the grid.

The major long wave trough axis is still to the west of 130W

longitude although the ridge axis is now centered ID the east of 115°W

longitude. The amplitude of the major long wave has increased from

the March pattern, but one half a wave length is still outside the

meridional limits of the grid.

Five hundred millibar temperatures are plotted on Map 13. The

isothermal pattern at 500 millibars in April is similar to the March
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pattern with poleward displacement of the isotherms from west to east

across the grid. The poleward displacement of the isotherms in the

eastern portion of the grid indicates that cool air is being advected

into a region with warmer temperatures aloft.

2. Meridional and Latitudinal Transport Characteristics
And Curvature Characteristics for April

Tables 6 and 7 indicate that strong westerly flow is quite

dominant in April with only small decreases in north-south 500 millibar

heights from March values. The west to east pressure gradient has not

decreased significantly, indicating that north-south transport is of the

same magnitude as in March. In fact, it has increased slightly in the

eastern sector of the grid. The latitudinal/meridional height ratio

reflects this change as having decreased from 2.82 to 1.57.

Table 8 presents averaged curvature values for the individual

precipitation events for April. Curvature values indicate approximately

equal distribution of cyclonic and anticyclonic flow. Average values

indicate that weak cyclonic flow is predominant, but that the

values are small in magnitude. Interestingly, the cases which are dated

before the 15th of the month are more frequently anticyclonic while

those occurring after the 15th are more frequently cyclonic. April

appears to be a transition month from the predominantly wintertime

flow pattern in March, and the strong cyclonic flow which will dominate

the later months of May and June.

3. Average Sea Level Surface Pressure for Class A
and B Events for April
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Map 14 presents averaged class A and B events of sea level

pressure for the month of April for the Pacific Northwest. Signifi-

cant changes have occurred in the pattern in comparison to the March

map. The orientation of the isobars has taken on strong north-south

character in contrast to the prevailing west to east orientation in

March. A surface ridge of high pressure dominates the Pacific coast

with strong northwest to southeast flow immediately to the east of the

Cascades and a trough of low pressure centered over Nevada and a

weaker trough over western Montana and southeast British Columbia. A

trough of low pressure remains to the northwest of Vancouver Island

with westerly to southwesterly flow dominating the offshore region to

the west of the ridge located on the Pacific coast.

In the averaging of individual synoptic events, large

variability in the position of migrating frontal systems and associated

troughs, tends in the mean to only very subtly reflect the intensity

of the migratory surface disturbances in the interior: April is a

transition period in which both wintertime and later spring synoptic

controls are operative. The low pressure to the northwest of Vancouver

Island and the prevailing west-southwest flow offshore is a wintertime

feature indicative of the normal winter deep low pressure in the

Northeast Pacific. The ridge of high pressure extending from southwest

to northeast across California and southwest Oregon, is indicative of

the poleward migration of the Pacific high which will eventually

dominate the entire Pacific Northwest in summer. The low pressure

over Nevada is most likely the initial stage of the semi-permanent

desert heat low which will be well established east of the Sierra
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Nevada Mountains by mid summer (Jurwitz, 1953, p. 96-99; Bryson and

Lowry, 1955, p. 329-339). The lower pressure in the northeast

portion of the grid is most likely indicative of migratory surface

frontal systems and associated surface troughs. Southwest flow and

low pressure will typically dominate west of the Cascades, while in

the interior a frontal or short wave impulse is crossing the interior

region at the time of actual precipitation.

The orientation of isobars indicates that northwesterly flow

dominates the interior during precipitation events. The examination

of actual precipitation occurences reveals that this is not entirely

the case. Typically, precipitation is associated with a migratory

frontal or short wave impulse moving across the interior. Northwest

flow and a surface ridge of high pressure dominates the post cold

front or cold occlusion sector, and southwest or even southerly

flow dominates the precold frontal sector in which most precipitation

is occurring. The variability in position of these disturbances tends

to mask their amplitude on the mean map and prevailing northwesterly

flow is the result.

The April map does show a consistent aspect of the flow

pattern which is repeated throughout the March through June period.

Regardless of the direction of flow in the interior, for any given

meridian, higher pressure must exist to the south. As long as the

flow has a component directed out of the south, precipitation is

possible, but if higher pressure exists to the north, precipitation

likelihood approaches zero. The boundary across extreme southeastern

Oregon and northern Nevada, in a statistical sense, represents a
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common southern limit of precipitation which is occurring over the

interior of Washington and Oregon (Richter, 1960, p. 32).

The rapid change in the direction of flow to a more

latitudinal (north-south) transport pattern reflects the rapidly

increasing continent-oceanic temperature gradient. The interior is

now heating up rapidly, producing a much stronger north-south orientation

to the isobaric field.

C. Average 500 Millibar Heights and Sea Level
Pressure for May Precipitation Events

1. Average 500 Millibar Heights and Flow
Characteristics for May

Sixteen cases of class A and B precipitation events were

identified in the month of May. Map 15 presents averaged 500 millibar

heights for the sixteen cases. Distinct changes in the contour pattern

are detectable in comparison to the earlier March and April period.

The latitudinal pressure gradient has weakened, reflecting

continued seasonal warming and the weakening of the midlatitude north-

south temperature gradient. The north-south orientation of the

contours has increased markedly with a shortening of the wave length.

The trough axis has shifted eastward and is now located on the west

coast. Lowest pressure continues to be centered in the northwestern

sector of the grid.

March and April are dominated by southwest flow across much of

the Pacific Northwest, while in May a significant variation in flow

between the western and eastern limits of the grid exists. West of

127° 30" west longitude, northwest or west-northwest flow predominates.
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Westerly flow predominates along the coast with strong southwest to even

southerly flow in the central and eastern sectors of the grid. Strong

southerly flow is especially marked in the northeastern portion of the

grid.

The increased amplitude of the flow pattern is indicative of

greater latitudinal transport of air masses, with cold advection

dominating the flow to the west of the Cascades and periodic intrusions

into the interior. Warm advection apparently dominates the flow east

of the Cascade mountain range.

The 500 millibar isotherms reflect the dominance of strong

north-south temperature advection with equatorward displacement of

isotherms characteristic of the region west of the coast, with the

thermal trough extending inland to the Cascade mountain range. Strong

poleward displacement of isotherms is characteristic of the region

east of the Cascade mountains and most intensely developed in the

northeastern portion of the grid.

Precipitation in May in the interior is maximized by strong

cold advection west of the Cascades coincident with sharp temperature

discontinuities aloft east of the Cascades. It is evident that the

more unstable sectors of cyclonic storms play a larger role in

precipitation events in contrast to the extensive warm sector dominance

in previous months.

The wind rose data plotted on Map 15 verifies the dominance of

west to northwest flow west of the Cascade range, and southwest flow

and southerly flow dominating the region to the east of the Cascade

range. As was the case in previous months, the highest variability

of wind direction is in the northern and northwest sector of the grid,
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indicating that closed 500 millibar lows are typically centered in the

northern sector. The most consistent wind direction is in the southern

sector of the grid, indicating prevalence of northwest flow west of

the coast and southwest flow in the interior. As was the case in

previous months, high wind velocities are centered across southern

Oregon and northern California. The highest wind velocities are

located over the ocean in the extreme southwest portion of the grid.

2. Meridional and Latitudinal Transport

Characteristics and Curvature
Characteristics for May

Tables 6 and 7 reveal the strong decrease in the north to

south pressure gradient. May values have decreased by a factor of two

as compared to April values. The west to east pressure gradient has

decreased in the northern sector of the grid but has not decreased in

the southern portion of the grid. The relative increase in the west

to east pressure gradient is reflected in the zonal index which is now

very close to unity.

The increasing north-south transport characteristics of the

500 millibar height map are more clearly portrayed in the tabulated and

averaged curvature data (Table 8). Of the nineteen cases of class A

and B precipitation events tabulated, eighteen of the cases indicate

positive (cyclonic) curvature values. The west to east cyclonic

curvature is characteristic of precipitation producing events at 500

millibars across the Pacific Northwest in May. The curvature values

are large in magnitude indicating significant variation in (north-south)

latitudinal transport from west to east. Many precipitation producing
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disturbances are characterized by 500 millibar upper level closed lows

centered over the interior of Oregon and Washington. North to northwest

winds aloft dominate offshore, and southwest or southerly winds

dominate over the central and eastern interior. Precipitation is

maximized by cold advection to the east of the Cascades. Individual

precipitation events commonly show that precipitation is associated

with Pacific cold fronts or cold type occlusions with cold advection

aloft immediately to the west of the migrating front. This indicates

that strong destabilization aloft is responsible for significant over-

turning in the lower troposphere, resulting in cummulonimbus develop-

ment and subsequent shower activity. The displacement of the thermal

trough slightly to the east of the mean 500 millibar height trough is

indicative of the destabilization aloft necessary for moderate to heavy

intensity rainfall events in the interior.

3. Average Sea Level Pressure for Class A and B
Precipitation Events for May

Map 16 presents averaged sea level pressure date for May. The

orientation of the isobars in May takes on a more summer like pattern

and few of the wintertime characteristics remain. The prevailing west

to southwest flow offshore and the low pressure in the area of

Vancouver Island has disappeared to be replaced by a high pressure

ridge dominating the west coast. A very strong northwest to southwest

orientation in the isobars prevails along the west coast and Cascade

mountain range. Low pressure is centered over interior Nevada and

southern Idaho and low pressure is also centered over northeastern
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Washington and southeastern British Columbia.

The high pressure ridge dominating the offshore and coastal

area is indicative of the northward migration of the Pacific high

system in response to the change in the thermal environment of the sea

and land. By May the ocean is decidedly cooler than the land with

increased low level stability over the ocean and corresponding instabi-

lity over the rapidly heating continent. The low pressure over southern

Idaho and Nevada is a direct manifestation of the southwest desert heat

low which is a permanent fixture of the sea level pressure maps during

late spring and summer.

The low pressure over northeastern Washington and southern

British Columbia is most likely an indication of migratory Pacific

frontal impulses. The front is typically oriented from northeast to

southwest across central Washington and central Oregon with lowest

pressure associated with the more northerly portion of the frontal

wave. In the examination of individual synoptic events, surface low

pressure in the form of migrating cold fronts or cold type occlusions

were present in the interior of Washington and Oregon with a high

pressure ridge to the west of the front. This is in contrast to the

earlier period when, typically, low pressure remains offshore, and a

migrating frontal system is generated out of the major low pressure

system and moves across the interior. The May precipitation events are

characterized by cold frontal or cold type occlusion precipitation with

stronger air mass temperature differences across frontal boundaries than

in the earlier winter period. Cold advection aloft at 500 millibars

insures that destabilization takes on a larger role in precipitation

events, in contrast to the primarily warm advection which characterizes



75

precipitation producing disturbances in the earlier winter period.

The tendency for precipitation to be favored by the existence

of higher pressure to the south along any given meridian continues in

May. Some southerly component of flow must exist to trigger upward

vertical movement; once the pattern changes to one of high pressure to

the north along any given meridian, precipitation is virtually always

terminated.

D. Average 500 Millibar Heights and Sea Level Pressure
for June Precipitation Events

1. Average 500 Millibar Heights and Flow Characteristics
for June

Map 17 presents averaged 500 millibar heights for 21 class A

and B precipitation events for June. The latitudinal temperature

gradient has weakened considerably as the cyclonic storm belt shift

poleward.

The June height pattern is similar in character to the May

pattern with northwest flow characteristic west of 125° west longitude,

and southerly or southwest flow east of 122° 30" west longitude. The

major trough axis has migrated to the east of the May position and is

centered approximately over the Cascade mountain range. The southerly

flow east of the Cascades would imply warm advection aloft in that

sector. The 500 millibar isothermal map indicates that this is not

entirely the case.

The thermal trough is well developed with very strong north-

south temperature gradient. Cold advection dominates offshore but
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also extends into the interior including the region dominated by

southerly flow. Intense destabilization in the interior associated

with cooling at 500 millibars seems to be a prerequisite for moderate

to heavy rainfall in the interior. Individual synoptic cases typically

show small, intense closed lows at 500 millibars, centered over the

interior plateaus of Oregon and Washington with pronounced cooling

aloft.

Map 17 also presents plotted wind rose data for the 21 cases

of class A and B precipitation events for June. Wind velocities have

weakened considerably, which is indicative of the weakening and

poleward shift of the midlatitude cyclonic storm track. The strongest

winds during precipitation events are still located to the south at

about 40°N latitude. This belt of high speed westerly winds across

the southern limits of the grid is consistent for all months (March

through June). Despite the changes in organization of the 500 millibar

thermal field, the control of a southerly jet position is consistent

in that maximum cyclonic shearing will exist to the north of the jet

with consequential vertical stretching and accelerated upward vertical

motion (Saucier, 1962, p. 343; Byers, 1957, p. 308-310).

The most highly variable winds are located in the northerly

sector of the grid coinciding in most cases to the center of upper

level closed lows or the axis of sharp amplitude 500 millibar troughs.

The most consistent widns are again in the central and southern

portions of the grid. Cold advection is characteristic in the offshore

and coastal locations with northwesterly winds predominating. Strong

southwesterly flow dominates the central and interior location although

the more southerly flow is predominately in the eastern portion of the
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grid, indicating that cold advection extends into the interior.

2. Meridional and Latitudinal Transport Characteristics

and Curvature Characteristics for June

Tables 6 and 7 indicate that the north to south pressure

gradient is about the same magnitude as the May values. The west to

east pressure gradient is also equivalent in absolute value to the

May situation. The stronger north to south transport characteristics

of the flow are indicated by the change in sign of the pressure gradient

from the western portion of the grid to the eastern portion of the

grid.

The average curvature values clearly illustrate the strong

cyclonic trajectory typical of the 500 millibar systems as well as the

predominance of northerly and northwesterly winds aloft in the

western portion of the grid (Table 8). Only 2 of the 21 cases indicate

negative curvature values, implying that very strong cyclonic turning

from west to east aloft is a prerequisite for precipitation in the

interior in June. Average curvature values are quite large, from

58 to +108. Despite variations aloft in the actual wind directions,

the establishment of significant west to east temperature discontin-

uities related to migratory surface cold fronts or cold type

occlusions, is a prerequisite for moderate to heavy precipitation in

the interior.

3. Average Sea Level Pressure for Class A

and B Precipitation Events for June

The sea level pressure pattern for June is dominated by the

existence of a strong high pressure ridge offshore extending well to
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the northwestward limits of the grid (Map 18). The seasonal poleward

shift of the Pacific High as a result of the strong contrast in

temperature of the ocean and continent is not inconsistent with the

above pattern. The strongest gradient of pressure is notable along

the west coast which coincides with the strongest gradient of

temperature. Northerly to northwesterly flow dominates the offshore

region as well as the west coast eastward to the Cascade Mountains.

Low pressure dominates Nevada and extreme southeast Oregon,

and the interior of eastern Washington and southern British Columbia.

The Nevada low is the result of the intensification of the semi-perman-

ent summer desert heat low (Namis and Wexler, 1938, p. 164-170). The

low in the northeastern portion of the grid is more likely the

average position of traveling cyclonic disturbances, principally in

the form of surface cold fronts or cold type occlusions. The pressure

ridge extending eastward across northern California and southeastern

Oregon reflects the southern limit of precipitation as strong anti-

cyclonic and seaward flow dominates the sector south of the pressure

ridge. To the north of the pressure ridge cyclonic and southerly or

southwesterly flow would dominate, and precipitation is more highly

favored.

In the examination of actual synoptic events, the existence

of a northeast to southwest oriented cold front or cold occlusion is

typically detected. The cold front is commonly centered in the

interior of Washington and Oregon with strong southwesterly flow in

advance of the cold front and westerly to northwesterly flow dominating

the post frontal sector. While the precipitation is most commonly
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in the pre-cold front sector, the existence of a cold upper level

trough at 500 millibars insures that moderate instability is quite

typical of the air mass well in advance of the passage of the cold

front. As was indicated in Chapter 2, June is the month of maximum

thunderstorm occurrence in Washington with cold front or cold type

occlusion being the most commonly associated weather disturbance

triggering these thunderstorms.

E. Summary of 500 Millibar Flow Characteristics:
March through June

The major changes in the 500 millibar flow pattern which

characterize the March through June period may be summarized as

follows:

1. Progressive weakening of the latitudinal height gradient

reflecting the spring weakening of the midlatitude north-south

temperature gradient.

2. The evolution from strong zonal flow, i.e. (west to east),

in March and April to a much larger meridional flow (north-south)

pattern in May and June.

3. The evolution from long wave length 500 millibar troughs

with small amplitude variations in the direction of flow across the

entire Pacific Northwest during March and April, to shorter wave length

troughs with increased meridional variation in the direction of flow

between the western and eastern limits of the grid.

4. The migration of the 500 millibar trough axis eastward

from a position well off the coast in March to a position centered on

the Cascades in June.
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5. The change in temperature advection from that of dominant,

warm advection across the entire Pacific Northwest in March to

strong, cold advection aloft in western and central sectors in May and

June.

6. The reorientation of the upper level flow pattern from

one characterized by westerly flow and weak meridionally oriented

temperature gradients in March and April, to a pattern of strong

variation in meridional flow and the establishing of strong north-

south oriented temperature discontinuities.

F. Summary of the Sea Level Pressure Pattern:
March through June

The major changes in the sea level pressure pattern which

characterize the March through June period may be summarized as follows:

1. The dominance of low pressure offshore with prevailing

southwest flow across the Pacific Northwest in March.

2. The development of a strong ridge of high pressure along

the west coast which increases in strength and progressively shifts

northward from April through June.

3. Precipitation in the interior is associated with the

passage of a Pacific cold front or cold type occlusion which is

typically located in the interior aligned from southwest to northeast.

Variable position of the associated short wave trough tends to "mask"

its existence on the average pressure maps.

4. The strengthening and poleward migration of the desert

heat low from April to June in the southeast sector of the grid.

5. The tendency for precipitation to be associated with

higher pressure to the south along a given meridian.
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6. The increased dominance of northwesterly steering and

associated cold advection across the western portion of the grid in

association with well developed Pacific cold fronts.

7. The increased tendency for precipitation to be more

closely associated with the unstable air in immediate proximity to the

cold front, in contrast to the dominance of the warm pre-frontal sector

in March.



Chapter IV

MARCH-JUNE SOUNDINGS FOR CLASS A AND B

PRECIPITATION EVENTS FOR SPOKANE AND

QUILLAYUTE, WASHINGTON

A. Rationale

The secondary spring maximum of precipitation in the

interior of the Pacific Northwest is associated with an increase in

the relative frequency of moderate and high intensity rainfall over the

region. Sea level and 500 millibar pressure charts exhibit changes in

the organization of precipitation producing disturbances during the

late spring period. Winter months are characterized by strong warm

advection at the surface and at 500 millibars, while late spring is

characterized by cold advection at 500 millibars associated with the

passage of a surface Pacific cold front. It appears that appreciable

destabilization of the lower troposphere, accompanied by an increase

in precipitable moisture, is associated with precipitation producing

disturbances in the months of May and June.

In order to ascertain the seasonal change in the vertical

distribution of atmospheric parameters, radiosonde date were obtained

for Spokane and Quillayute, Washington, from the Spokane Weather

84
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Bureau (U.S. Weather Bureau, Pseudo-Adiabatic Chart). Hourly

precipitation observations were also obtained for Spokane (Local

Climatological Data, Spokane). Radiosonde data were available for an

intermittent period from 1971 through 1975. Atmospheric parameters

which were analyzed included: vertical lapse rate of temperature and

dewpoint; relative humidity and precipitable moisture; thickness of

the moist layer; and vertical stability. Due to the absence of

radiosonde charts for certain years, approximately three years of data

were available for any given month. A longer period of record would

have been desirable, but seasonal changes in lapse rate, precipitable

moisture, atmospheric stability, and moist layer thickness should be

responsive to normal seasonal heating. The existence of a secondary

maximum, a frequency relationship for three years, was therefore not

considered to be a significant restriction.

B. Analysis Procedure

Radiosonde data were analyzed for the months of March through

June for Class A and B precipitation events. A sounding was selected

if measurable precipitation ( T.) occurred within at least one hour of

the sounding time, either 4 a.m. or 4 p.m., P.D.T. Cumulative totals

of hourly precipitation were recorded for a consecutive four-hour period

across the radiosonde release time for Spokane, Washington. For each

precipitation sounding, atmospheric variables were recorded and

averaged at standard 50 millibar atmospheric levels for each month.

Data were also recorded at 920, 910 and 900 millibars in order to

ascertain low level diurnal changes in the sounding for Spokane,

Washington. It should be noted that most soundings indicated extensive
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saturated layers but of variable heights, and in the process of

averaging produce a mean sounding which is unsaturated.

The U.S. Weather Bureau commonly utilizes the Showalter index

of atmospheric stability. The Showalter index is derived by lifting

the air at 850 millibars to its lifting condensation level and then

pseudo-adiabatically to 500 millibars. The index is the difference in

the lifted temperature and the observed 500 millibar temperature

(Decker, 1973, p. 4-2). Smaller indexes indicate increased instability.

The Showalter index considers only 850 temperature and moisture and

500 millibar temperature and does not consider conditions in between

these two levels. The K index (Decker, 1973, p. 4-2) was derived to

consider moisture at 700 millibars, which was more relevant to the

prediction of severe thunderstorms in the midwest (Miller and Fawbush,

1953). The K index is calculated by the following formula:

K = (850 temperature - 500 temperature) +

(850 dewpoint - 700 dewpoint)

Increasing values of the index indicate greater instability. The U.S.

Weather Bureau has provided thunderstorm probabilities based upon the

K index. The probabilities are as follows:

K 15-20 21-25 26-30 31-35 36-40 40

Probability
of Thunderstorm 20% 20-40% 40-60% 60-80% 80-90% 100%

Both indices are adequate predictors of thunderstorms,

especially in the midwest, where the usual factors conducive to thunder-

storms are: low level moisture (maritime tropical air), and cool dry

air aloft (continental polar), coupled with a strong lapse of tempera-

ture in the dry air (Battan, 1961, p. 55; Beebe, 1955, p. 349-350).
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Cramer has pointed out the difficulty of these indices when applied to

the Pacific Northwest (Cramer, 1973, p. 16). The usual conditions for

thunderstorms in the interior Pacific Northwest are characterized by

warm, dry air in the lower levels of the atmosphere, coupled with cool,

moist advection aloft (commonly between 850 and 500 millibars) and

cool, dry air above 500 millibars. When the moist layer extends down

to 850 millibars, the Showalter index will be reliable; but often the

air is dry at 850 and saturated at 800 or 750 millibars, and the

Showalter will be quite misleading.

In Technical Attachment No. 74-19, put out by the Western

Region Forecast Center, various techniques of thunderstorm prediction

were evaluated. The three most relaible predictors of thunderstorm

occurrence were the K index, 850 millibar dewpoint, and inches of

precipitable water. Of the six variables evaluated utilizing some

combination of low level temperature and moisture and high level

temperature, none considered moisture at any other level than 850

millibars.

In the following analysis, average Showalter indices, K values,

850 millibar dewpoints, precipitable moisture and moist layer thickness

were all calculated and averaged for the months of March through June.

While very definite changes occur across the March through June period

with respect to all of these variables, individually any one is not

necessarily a consistent predictor of high intensity rainfall.

C. Average Spokane Soundings for Class A and B
Precipitation Events: Temperature and

Dewpoint, March through June

In Figures 11 through 14, average temperature and dewpoint for

precipitation soundings at Spokane for the months of March through June
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are plotted. Solid lines are temperature and dashed lines are dewpoints.

A dry adiabat and a pseudo-adiabat have also been plotted as well as

two constant saturation mixing ratio lines. In cases where motor

boating was indicated, a dewpoint corresponding to 20% relative

humidity was used in agreement with standard Weather Buread procedures

(Technical Attachment No. 73-17). Figure 15 is a plot of all four

average monthly precipitation soundings combined.

Table 9 presents average data on temperature minus dewpoint,

relative humidity, and average 12 level totals of precipitable water

in grams of water per kilogram of dry air, for Class A and B precipita-

tion events. Figures 16, 17 and 18 present average soundings of

temperature minus dewpoint, relative humidity, and actual mixing ratios

for the months of March through June. Figures 19 and 20 indicate

frequency data for the thickness of the moist layer, and both

Showalter and K index stability values.

1. Spokane Precipitation Soundings
for March

A total of 33 cases were available for the month of March

encompassing the years 1970, 1972, 1973 and 1975. The average precipita-

tion sounding for March is plotted on Figure 11. In all months large

variability exists in the sounding characteristics which can produce

precipitation. Lapse rates can be either quite unstable or very stable,

depending on the specific synoptic conditions occurring at the time.

A moist, nearly saturated layer must exist, but it may be extensive

or shallow, or have a base near the surface or some distance aloft. The

average sounding is the mean of a quite variable set of precipitation

conditions.



TABLE 9

Average Monthly Mixing Ratio, Relative Humidity and Temperature Minus Dewpoint for Spokane, Washington, for

Class A & B Precipitation Events

Pressure
Level

Temperature-Dewpoint
Degrees 0C

March April May June

Mixing Ratio Grms/Kg Relative Humidity
Percent

March April May June March April May June

920 2.3 4.6 5.5 5.2 4.3 4.6 6.0 7.1

910 2.2 4.3 4.9 4.4 4.3 4.6 5.7 6.7

900 2.1 4.4 4.5 4.4 4.3 4.5 5.5 6.2

850 1.5 3.6 3.8 4.6 3.9 4.4 5.1 5.5

co 800 1.3 2.8 2.5 3.6 3.4 3.6 4.6 4.9
Lip 750 1.0 2.2 2.0 2.3 3.0 3.1 4.0 4.3

700 1.5 2.5 2.8 1.8 2.5 2.5 3.2 4.0

650 1.4 3.4 2.4 2.5 2.1 1.9 2.6 3.1

600 2.7 5.0 3.3 2.9 1.5 1.3 2.1 2.4

550 2.9 5.4 5.1 6.2 1.1 .8 1.4 1.5

500 4.0 5.5 5.0 7.8 .7 .6 1.0 1.0

450 7.0 6.8 6.4 10.0 .3 .3 .6 .6

Totals 31.5 32.3 41.8 47.3

86 70 67 69

86 74 74 74
86 75 76 73

90 80 76 73

90 80 80 75

91 82 80 82

90 81 82 89

91 74 81 83

79 68 78 75

77 58 67 61

70 56 62 50

40 40 54 46
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Despite the variability in individual precipitation conditions,

certain consistent trends do appear in the soundings when analyzed

across the March through June period. March is a period during which

wintertime precipitation conditions are still prevailing but with some

indication of springtime warming beginning to assert itself. Precipita-

tion is associated with warm advection between 850 and 600 millibars,

and a surface radational inversion is quite common on the 4 a.m.

soundings, and frequently will exist even on the 4 p.m. soundings. The,

saturated layer is quite thick, averaging about 300 millibars in thick-

ness. Frequently, the saturated layer extends from near 850 millibars

up to at least 600 millibars. It is not unusual to find either

isothermal layers or even temperature inversions located within the

saturated layer, indicating very strong, warm advection aloft. These

sounding characteristics correlate with the prevalent light moderate

intensity rainfall or snowfall associated with the warm sector of

wintertime cyclonic disturbances (Saucier, 1962, p. 291; Conover and

Wallaston, 1949, p. 249-260). The average sounding for March in Figure

11 has the smallest lapse rate of the four months, averaging 3.42° C

per 100 millibars. In Figure 18, the actual mixing ratio values are

the lowest of the four months, but above 800 millibars are equal to or

greater than the April mixing ratios, indicating that precipitation is

associated with warm, moist advection above 800 millibars.

Figure 21 is a plot of both K indices and Showalter indices

versus four hour precipitation totals. A very wide range of stabilities

from Showalter indices of +1 to +19 and K indices of 11 to 45 exists,

but the heavier precipitation is more commonly associated with
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moderately stable indices and only very rarely do highly unstable

indices coincide to high intensity precipitation. This relationship

will be reversed in the May and June period. The average Showalter

index is +5.6, the most stable of the four months. Figure 22 gives

the average K and Showalter indices for precipitation intensities.

Only very tentative conclusions can be reached due to the wide scatter

on the original diagram, but one can conclude that higher stabilities

are more often associated with larger precipitation values. One would

expect a very pronounced scattering in the lower intensity ranges as

both very stable and unstable conditions can produce light intensity

rainfall. It does appear that rarely do unstable indices produce high

intensity rainfall. It is also apparent that March is typified by

light intensity rainfall most frequently.

Figure 23 is a plot of four representative soundings for the

months of March through June. Each sounding was selected for having

both stability indices and temperature dewpoint conditions which were

representative of those commonly occurring in each month. The March

sounding is typical of many which produce precipitation in March but

occur with decreasing frequency through the remaining spring months.

The sounding has a Showalter index of +6 and a K index of +30. The

air is saturated from 850 to 700 millibars, unsaturated but quite

moist from 700 to 550 millibars, and saturated from 550 to 500 millibars.

The saturated layer between 850 and 750 millibars has a very weak lapse

rate indicating warm advection in that layer. Between 700 and 650

millibars, the lapse rate steepens and the vertical wind shear from

the west-northwest is indicative of a cooler, dryer air being advected
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in that layer. From 600 to 500 millibars, the lapse rate again

weakens and the moisture content again increases to saturation, and

this is evident in the wind shear in that layer as the winds return to

a southwesterly direction again advecting in warmer, moist air. Many

precipitation soundings in March indicate strong changes in layer

advection with height with northeast winds often prevailing in the first

50 to 100 millibars, and variable west to southwest winds above 850

millibars indicating warm advection aloft. Very unstable lapse rates

do occur in March, but tend to be associated with cold core 500

millibar lows with quite low precipitable moisture values and do not

usually result in substantial precipitation (Saucier, 1962, p. 379-

380).

2. Spokane Precipitation Soundings
for April

A total of 20 cases of precipitation soundings were available

for the month of April, encompassing the years 1971, 1972, and 1975.

The average precipitation sounding from this sample is plotted on

Figure 12. Wide variability exists in the sounding characteristics

which can produce precipitation. The month of April is a transition

month with both residual wintertime characteristics and spring warming

detectable. The average lapse rate has increased to 3.67° C per 100

millibars, but as the mean sounding indicates it is primarily the

result of surface warming of the first 200 millibars. Above 650

millibars, the sounding is as cool as the March sounding. The

wintertime conditions still prevail above 650 millibars, and while this

destabilizes the sounding, low precipitable moisture values are

maintained above 650 millibars. Precipitation in April, indeed for all
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months, is associated with moist advection above 850 millibars. In

April the average thickness of the moist layer is less than 200

millibars and quite commonly is sandwiched between dry air below

850 millibars and dry air above 600 millibars (Fig. 19).

The most notable aspect of the April mean sounding is that

despite the decrease in stability due to the warming of the lower

layers, the dewpoint curve does not show a comparable warming and, in

fact, above 750 millibars is less than the March sounding. Precipita-

table moisture values are only .8 grm/kg above the total of the March

sounding, despite an increase in 3.4° C of the 920 millibar surface

temperature. In Figure 18, the actual mixing ratio values illustrate

how increased precipitable moisture has not kept pace with the increase

in temperature and therefore the vapor capacity of the air. In Figure

17, the relative humidity curve indicates that at all levels the April

sounding averages less than the March sounding, despite the increase

in temperature in the lower layers and the residual March-like

temperature distribution above 650 millibars.

April exhibits a wide range of stability values ranging from

Showalter values of +1 to +11 and K indices of 25 to 51 (Fig. 20). No

discernible trend can be identified in the relationship of precipitation

intensity and stability indices. Both unstable and stable indices can

produce moderate intensity rainfall. Figure 21 would seem to indicate

that high intensity rainfall is rather rare in April with a large

clustering in the light to moderate intensities. The average Showalter

index of +5.1 and K index of 35 is decidedly more unstable than the

March average indices, but does not seem to result in a significant

increase in the intensity of precipitation.
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Figure 23 includes a plot of a representative precipitation

sounding for the month of April. The sounding has a Showalter index

of +6. The sounding illustrates several common features of the mean

April sounding. The sounding has a moderately high surface temperature,

but is unsaturated below 750 millibars. It is saturated or near

saturated from 750 to 650 millibars, but is quite dry above 600

millibars. The lack of a thick moist layer, so typical in March, but

not compensated by increased low level dewpoints, typical of May and

June, would apparently explain the lack of a substantial increase in

precipitation yield from March to April. April is a transition month,

a hybrid, characterized by increased surface heating and delayed upper

tropospheric warming, which while increasing instability is not

compensated by a proportional increase in low or high level moisture

content.

3. Spokane Precipitation Soundings
for May

Twenty-two cases of precipitation soundings were available for

May, encompassing the years 1971, 1972 and 1975. The average precipita-

tion sounding for this sample is plotted on Figure 13. The May sounding

shows substantial warming at all levels averaging 4° C warmer than the

April sounding. The average lapse rate is about the same as the April

sounding averaging 3.6° C per 100 millibars. Warming has taken place

at about the same rate at all levels, indicating that vertical mixing is

quite efficient during most precipitation events. While the lapse

rate is no steeper than the April sounding, several characteristics are

clearly indicative of the increase in vertical instability. Dewpoint

temperatures have increased substantially at all levels, indicating
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that pseudo-adiabatic conditions will be more prevalent, due to the

increase in absolute humidity. As both temperature and dewpoint

increase, the slope of a given pseudo-adiabat is not as steep; there-

fore, wet adiabatic processes can be triggered by an environmental

lapse rate which need not be as steep as in earlier, colder months

(Byers, 1959, p. 177).

Certain decidedly springtime characteristics are identifiable

in the sounding data for May, which were being initiated in April.

Saturation most commonly occurs above 850 or even 800 millibars (Fig.

17) and generally extends to about 600 millibars. Dry air is commonly

found above 600 millibars. Interestingly, the average thickness of the

moist layer is about 275 millibars, which is thicker than the April

value (Fig. 20). A wide range of values for the thickness of the

moist layer is noticeable, however. Figure 17 illustrates the increased

convective instability in May as the relative humidity values average

quite high between 850 and 600 millibars, but drop off rapidly above

600 millibars. This is more conducive to cumulonimbus development,

especially if this layer is lifted by a Pacific cold front. In this

event, the moist layer will cool wet adiabatically and the dry layer

aloft will cool dry adiabatically, thus steepening the lapse rate and

promoting increased vertical motion (Byers, 1959, p. 190-192).

Table 9 illustrates the large increase at all levels in

actual water vapor content in May. The 12 level mixing ratio total is

41.8 grams of water/kg. of dry air, an increase of 9.5 grm/kg over

April, amounting to about a 30% increase, which, probably coincidentally,

is precisely the percentage increase in mean precipitation in Spokane

from April to May. Figure 19 is a frequency plot of Showalter indices
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and K values for the month of May. May has an average Showalter

index of 4.8 which indicates that destabilization is quite frequently

associated with precipitation events. Very rarely is precipitation

associated with Showalter indices greater than +7 and most events occur

with indices less than +6. Additional insight into the type of

disturbances which produce the more significant rains in May comes from

Figure 21. There is a clustering of data points in the middle stability

ranges about the light intensity precipitation values, but the most

noticeable aspect is the second clustering about the low stability

indices and the high intensity precipitation values. High intensity

precipitation is consistently associated with unstable indices. Very

rarely can heavy precipitation occur with highly stable indices. It is

also quite clear that heavy intensity precipitation occurs proportion-

ately more frequently in May than in either March or April. It is

under conditions of cool advection aloft, coupled with warm, moist air

at intermediate levels, that favor the most intense precipitation in

the month of May.

In Figure 23, a representative sounding for a May precipitation

event has been included. The sounding has a Showalter index of +4 and

a K index of 34. The sounding is unsaturated below 800 millibars,

which is fairly common due to the moderate surface heating occurring

at this time of year. It is saturated from 800 to 600 millibars and

nearly saturated to 500 millibars. The sounding is parallel to a

pseudo-adiabat indicating that saturated parcels, given some initial

positive buoyancy, will rise freely. The distribution of wind with

height indicates that southwest to west-southwest winds are prevailing

at all heights. However, the winds turn clockwise with height,
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indicating that progressively cooler air is being advected as one rises

vertically. This is in contrast to the March situation where commonly

the winds indicated increased warm advection with height.

May is a month that is characterized by decreasing cyclonic

storm frequency, but due to the rapidly increasing difference in

temperature of the land and sea, the interior is dominated by cold

frontal passages of Pacific origin. As cold, moist air is advected

aloft the increased heat loads in the lower levels destabilize the air

mass, and coupled with increased precipitable moisture permits

precipitation events of increased intensity.

4. Spokane Precipitation Soundings
for June

A total of 23 precipitation soundings were available for the

month of June for the years 1971, 1972, and 1975. The average precipi-

tation sounding for this sample is plotted in Figure 14. The June

sounding averages 2° C warmer than the May sounding, but is only half

the increase in temperature which occurred from April to Maya The lapse

rate is about the same as the May sounding, averaging 3.63° C per 100

millibars. The surface layer indicates a strong heating now occurring.

The mean lapse rate above the surface layer is very nearly parallel to

a pseudo-adiabat, indicating that with sufficient mositure availability,

upward vertical motion through considerable heights is assured.

The dewpoint curve indicates that the highest relative humidities

are found from about 800 to 600 millibars, but a greater spread exists

between the temperature and dewpoint curve indicative of a higher

frequency of both dry air at the surface and above 600 millibars. In

Figure 17, the relative humidity distribution with height indicates a

decided tendency for precipitation to be associated with moderate



111

moisture in the first 100 millibars, high moisture values above 550

millibars. This condition is more conducive to thunderstorm and

cumulonimbus type rainfall. Frontal lifting of a moist layer at

intermediate levels coupled with a dry layer aloft will cause a steep-

ening of the lapse rate and convective overturning.

Figure 18 plots the actual mixing ratio at the 12 standard

levels. June records the highest mixing ratio values for the four

months. The increase in moisture is evident from the surface to 550

millibars and above 500 millibars approximates the May values. The 12

level total of precipitable moisture has increased from 42 grms of

water/kg of dry air to just over 47 grms of water/kg of dry air, or an

increase of 13%. This increase in precipitable moisture is partially

compensated by the greater spread between temperature and dewpoint

indicating that saturated conditions do not occur as extensively through

the vertical atmospheric column in June. This fact is verified in

Figure 17. The base of the moist layer is at 800 millibars and the

highest relative humidities are typically above 700 millibars, a bit

higher in elevation than earlier months. Figure 19 also verifies the

fact that, while a wide variability in thickness of moist layer exists

for precipitation soundings, most commonly the thickness of the

saturated layer is about 200 millibars.

Figure 21 is a plot of both Showalter and K indices against

four hour precipitation totals. June is the most unstable of the

three months with an average Showalter index of +3.5 Figure 20 illus-

trates that precipitation is very rare with Showalter indices greater

that +6, and the majority of precipitation events have indices of less
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than +5. It is evident from Figures 21 and 22 that the highest

intensity precipitation events are associated with unstable Showalter

indices of +4 or less. The clustering around the .01 inch per 4 hour

precipitation values are of note, indicating that light intensity

precipitation is common as a result of limited moisture supply. If the

moist layer is extensive and the air unstable, the high precipitable

moisture values permit quite high intensity rainfall, but quite often

the limiting factor appears to be the lack of a thick saturated layer

Figure 20 gives the frequency of occurrence of both Showalter and K

indices, and the predominance of unstable Showalter indices is quite

evident. The K index peak has shifted to the right (increased stability)

of the Showalter peak, but in examining the soundings it was quite

evident that frequent existence of saturated conditions at 700

millibars tended to give rather low K indices. The K index is most

responsive to predicting thunderstorms when low level moisture exists

(below 700 millibars) and a dry layer exists from 700 millibars up to

500 millibars. These conditions are rarely encountered in the interior

Pacific Northwest as the Cascade Mountains tend to restrict moisture

advection to a layer above 850 millibars.

A representative sounding for June is plotted in Figure 23.

The sounding has a Showalter index of +3 and a K index of +31. The

Showalter index is probably more indicative of the actual stability of

the sounding as quite high intensity rainfall, .11 inches in four

hours, was occurring. The sounding is unsaturated from the surface to

750 millibars and saturated from 750 millibars to 500 millibars, and

quite dry to above 500 millibars. The lapse rate is greater than the

pseudo-adiabatic rate between 800 and 700 millibars and between 650
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and 500 millibars. Upward vertical motion is occurring quite freely

within these layers. The vertical wind distribution indicates the

role that cool advection of air aloft plays in producing precipitation

disturbances in June. The surface winds are from the southeast; they

become southwesterly at 850 to 800 millibars, and then turn to north-

westerly above 750 millibars. One would not expect to find northwesterly

winds aloft associated with most precipitation events in June. However,

one does consistently find that the winds will veer with height,

indicating increased, cool advection aloft.

June is characterized by precipitation bearing disturbances

associated with cold, upper level 500 millibar lows and the passage of

a Pacific cold front on the surface. Conditions which are favorable to

widespread moisture advection above 850 millibars and cooling aloft,

result in unstable lapse rates which can trigger cumulonimbus develop-

ment. These conditions are responsible for the majority of the

moderate to high intensity precipitation in the month of June.

D. Average Quillayute Soundings for Precipitation
Events: Temperature and Dewpoint

March through June

The characteristics of precipitation soundings for the period

of March through June in the interior of the Pacific Northwest can be

correlated to the changes in average mean monthly rainfall in the

interior. The intensity relationships which appear to be associated

with increased destabilization and increased precipitable moisture are

in the mean reflected in increased average monthly precipitation in

May and June in the interior of Oregon and Washington. Stations west

of the Cascades indicate decreasing monthly means of precipitation



114

across the May through June period, so it is relevant to examine

precipitation soundings for a westside station to see if there are

significant differences in the temporal change of vertically distributed

atmospheric variables.

Quillayute, Washington, is located at the northwest tip of

the Olympic peninsula at sea level. The station records radiosonde

data twice daily and is the only coastal radiosonde station north of

Eureka, California. Radiosonde data were available for Quillayute for

the year 1975, but certain problems arose in that no hourly precipita-

tion data were accessible. Daily weather map series were available so

the existence of precipitation at the sounding release time could be

documented, but no information could be ascertained concerning

precipitation intensities. Precipitation events were selected on the

basis of precipitation occurring on the 4 a.m., P.S.T. weather map at

Quillayute, Washington.

Figure 24 gives plotted values of average temperature and

dewpoint for precipitation soundings from 1000 millibars to 450

millibars for Quillayute for the months of March through June. A

minimum of 10 cases of precipitation occurrence were available for

each month. Average Showalter values and K index values are included

on Figure 24 for each month.

Quillayute is located at sea level on the northwest tip of the

Olympic peninsula and is therefore strongly influenced by the dominant

Pacific marine environment. The ocean warms very slowly in the spring,

and local upwelling effect can produce very cold sea surface temperatures,

even in the mid spring period (Staley, 1957, p. 458-459; Sverdrup, et

al, 1942, p. 724-725). The soundings often indicate low level marine
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characteristics which are quite distince from conditions above 900

millibars. Due to the Olumpic Mountains immediately inland from the

coast, a strong ornographic effect is available. It is not uncommon

to record precipitation with a saturated marine layer which only

extends from 1000 to 900 millibars.

1. Quillayute Precipitation Soundings
for March

The average March temperature and dewpoint sounding is plotted

on Figure 24. A lapse rate greater than the pseudo-adiabat exists in

the first 100 millibars, but above 900 millibars is less than a pseudo-

adiabatic lapse rate. The air is nearly saturated at the surface and

is saturated up to 800 millibars. From 800 millibars up to 450 milli-

bars the dewpoint curve gradually slopes away from the temperature

curve. In the examination of the actual cases which produce the mean,

two sets of conditions emerge: (1) Commonly soundings are either very

stable and saturated from near the surface to about 900 millibars and

then gradually decrease in relative humidity above that level; or,

(2) are moderately unstable and nearly saturated from 950 millibars up

to about 600 millibars. The frequency plot of stabilities in Figure

25 indicates the dual nature of the soundings. A group of soundings

have Showalter indices of greater than +8 and another group have

indices of less than +5. The high index values coincide to soundings

which have low level moisture and dry air above 900 millibars and the

low index soundings coincide to those soundings with near pseudo-

adiabatic lapse rates and saturated conditions from 950 to 600 millibars.

This dual tendency is repeated through the remaining three months with

an increasing proportion of the low level moisture and stability
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indices dominating the sample. The average Showalter index for March

for Quillayute is +5.0, which is slightly more unstable than the

average Spokane value. The ocean may still be a heat source from

below at this time as average biweekly sea surface temperature indicates

a poleward displacement of the isotherms along the Washington coast at

this time (Renner, 1974).

2. Quillayute Precipitation Soundings
for April

The average April sounding curve for Quillayute, Washington,

is plotted on Figure 24. The temperature curve is quite similar to

the March curve with actual cooler conditions prevailing in the first

100 millibars. The sounding data were derived from the year 1975, and

April of that year was one of the coldest on record for the past 20

years in the Pacific Northwest (Monthly Weather Review, 1975). The

sounding curve is not truly representative of the typical mean April

temperatures, but the vertical change in temperature is probably

representative of typical April precipitation soundings. The most

noticeable difference in the April sounding from the March sounding

is wider spread in temperature and dewpoint. Highest relative

humidities exist in the first 50 millibars and drop off gradually to

700 millibars. Above 700 millibars, the temperature-dewpoint spread

widens up to 450 millibars.

The frequency plot of Showalter indices for April again

indicates the dual nautre of precipitation events at Quillayute. Two

groups of values exist, one with stability indices greater than +10

and another group with values less than +4. The high stability values

are again associated with soundings with low level moisture between
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1000 and 850 millibars and dry air above; and the low stability values

are associated with pseduo-adiabatic lapse rates and near saturated

conditions from 950 to 600 millibars. The proportion of higher

stability condition has increased slightly from the March period. The

average Showalter index has increased to +7.2 while the average

stability index for Spokane has decreased from +5.5 to +4.9. It

appears that while the lapse rate is quite similar to the March

sounding, precipitable moisture again has decreased and convective

processes are not as efficient in producing thick, saturated layers,

and therefore mean precipitation continues to decrease. A trend has

initiated in April that will continue through the months of May and

June. Westside locations are experiencing increased stability with

precipitation producing disturbances primarily as a result of the

stabilizing effect of the cool oceanic surface waters. The interior

locations are rapidly destabilizing as a result of the rapidly

increasing latent and sensible heat additions in the lower layers of

the atmosphere.

3. Quillayute Precipitation Soundings
for May

The average May temperature and dewpoint is plotted on Figure

24. The temperature curve indicates a pseudo-adiabatic lapse rate

from 950 to 850 millibars, but above 850 millibars is less than the

pseudo-adiabat. The air is nearly saturated from 1000 to 800 millibars,

but above 800 millibars the relative humidity drops off to below 50%

and is under 45% at 450 millibars. The preponderance of precipitation

events are not characterized by those with low level moisture between

1000 and 850 millibars and dry air above 800 millibars. If one
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examines actual sounding events, one often finds a pronounced temperature

inversion separating the moist, marine layer below from the dryer air

above 800 millibars. The vertical stratification of air masses is a

common occurrence in summer along the Pacific Coast and, quite often,

it is only a thickening of the marine deck which will give light

precipitation to the coastal environment (Lowry, 1962, p. 162).

The stability values in Figure 25 reflect the dual nature of

the rain events along the coast. The lower stability values are

associated with strong frontal surges which can break up the marine

inversion and saturate air to higher levels; the stable indices are

associated with weak disturbances which increase the onshore flow and

simple thicken the low level marine layer sufficiently to give light

precipitation at coastal stations. The average Showalter stability

index is +7.2 for all events, which is decidedly more stable than the

+4.9 for Spokane, Washington. Mean precipitation is increasing from

April to May in the interior locations, but is continuing to decrease

in coastal locations primarily as a result of the increasing low level

stability imposed upon Pacific air masses moving into the cool, coastal

environment where the prevailing coastal northwesterlies produce

substantial upwelling (King, 1965, p. 266; Sverdrup, 1942, p. 724-725).

In contrast, those Pacific air masses which can break across the

Cascades are rapidly destabilized over the interior and the result is

an increase in cumulonimbus activity and higher intensity rainfall.
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4. Quillayute Precipitation Soundings
for June

The average June precipitation sounding is plotted in Figure

24. The sounding has a decided summerlike profile. The temperature

curve has a very small lapse rate in the first 100 millibars, and

from 950 to 850 millibars is close to isothermal. The lapse rate

increases above 850 millibars, but remains less than the pseudo-adiabats

throughout the sounding. The dewpoint curve indicates that saturation

occurs in the first 100 millibars, but relative humidities rapidly

decrease above 900 millibars, remaining below 55% for the rest of the

sounding. In the examination of specific soundings, one finds that a

strong temperature inversion typically exists between 950 and 850

millibars. This layer separates the cool, saturated marine layer below

from much dryer air above 850 millibars. The marine layer can produce

precipitation with a thickness of 50 millibars, but under strong

onshore flow the moist layer will thicken and extend up to 850 millibars

in some cases. Very rarely are Pacific disturbances strong enough to

destroy the marine inversion entirely and saturate air extensively above

850 millibars.

The plot of Showalter stability indices in Figure 25 illustrates

the increased dominance by low level marine layers. The majority of

precipitation events have Showalter indices of +7 or greater, indicating

that the marine inversion is quite persistent and tends only to increase

in height during precipitation events. The average Showalter value is

+8.8 for all cases, while the Spokane average index was +3.5.

It is clear that air masses which produce precipitation in the

coastal region indicate increasing vertical stability in the period from
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March through June. In contrast, the interior indicates increased

destabilization associated with precipitation producing disturbances

in the same period. The mean monthly precipitation values in the

Pacific Northwest respond to the west to east gradient of stability

in this period by continuing to decrease in May and June west of the

Cascade Mountains, while interior stations indicate increasing

precipitation means.

E. Diurnal Characteristics of Precipitation Soundings
for Spokane, Washington

Radiosonde data are obtained at 4 a.m. and 4 p.m. Pacific

Standard Time. The diurnal heating cycle might be expected to exert

some control on the frequency of rainfall intensity (Geiger, 1966,

p. 69-77; Trewartha, 1968, p. 162-163; Brien and Simpson, 1969, p.

125).

Figure 26 presents relative frequencies of four hour precipita-

tion totals occurring at either 4 a.m. or 4 p.m., radiosonde time, for

the months of March through June. Four years of data were utilized

from 1970 through 1973. The percentage of all rainfall events occurring

at either 4 a.m. or 4 p.m. is included on Figure 26. All months

indicate an afternoon bias in rainfall, and, as might be expected,

the percentage of afternoon rain increases from March through May. The

percentage differences are not large, considering the size of the

sample. There is also a tendency for higher intensity rainfall to be

relatively more frequent in May and June than in March and April.

Higher intensity rainfall is. also more likely in the afternoon in May

and June while it is about equally probably in the a.m. or p.m. in

March and April. The differences in the empirical probabilities are



40

30

10

10

MARCH THROUGH JUNE RELATIVE FREQUENCY OF 4 AM AND 4 PM
FOUR HOUR PRECIPITATION TOTALS FOR SPOKANE, WASHINGTON

DATA PERIOD 1970-1973 CLASS A AND B PRECIPITATION EVENTS

T -.02 03-05 06-08 09-11
AMOUNT

112

4AM (21 CASES)
-- 4 PM (28 CASES)

T -.02 03-05 06 -.08 09- 11
AMOUNT

..12

40

30

Lai

20
ww
cc

10

40

30

V 20
cc

10

APRIL
4 AM (18 CASES)

-- 4 PM (25 CASES)

"Ima_maa-

T-.02 03-05 06-08 09-11
AMOUNT

?.12

JUNE
4 AM (25 CASES)

-- 4 PM (26 CASES)

FIGURE 26

1- 02 03-05 06-08 09-11
AMOUNT

412



124

not large, however, so one cannot assume that afternoon rainfall is

consistently more intense in May and June than morning rainfall.

Table 10 gives average Showalter indices for 4 a.m. and 4 p.m.

precipitation events for Spokane for the period of March through

June. Surprisingly, there is no obvious monthly trend of increased

destabilization of the afternoon soundings in comparison to the

morning soundings until the month of June. The Showalter index is

calculated using the 850 millibar pressure level, and most of the

diurnal heating effects occur in the first 100 millibars. Most

precipitation soundings in the spring months will indicate temperature

differences amounting to +3 or +4° C at 920 millibars in the afternoon

in comparison to 4 a.m. soundings, but this effect rapidly disappears

above 900 millibars. The regional destabilization which occurs in the

interior of the Pacific Northwest in May and June results in increased

high intensity rainfall when an appropriate Pacific frontal disturbance

is moving across the region. These disturbances appear to have no

diurnal biases, and therefore the diurnal heating cycle, while detectable

in the frequency curves of precipitation intensity in Figure 26, is

apparently not a major control in itself.

Table 10

Average Monthly Showalter Indices for 4 a.m. and 4 p.m.
Precipitation Soundings for Spokane, Washington

Month 4 a.m. 4 p.m.

March + 6.5 + 4.9

April + 4.8 + 5.0

May + 4.4 + 5.0
June + 5.1 + 3.4



Chapter V

CASE STUDIES OF EARLY AND LATE SPRING

PRECIPITATION EVENTS IN THE INTERIOR

OF THE PACIFIC NORTHWEST

A. Rationale

The secondary maximum of precipitation in the interior of the

Pacific Northwest is defined through the analysis of longterm mean

precipitation statistics. The synoptic weather events which produce

the mean are organized on a day-to-day time scale and exhibit quite

variable patterns of atmospheric organization from one given precipi-

tation event to another. The processs of averaging will quite often

remove local synoptic scale features whose variance in space and time

are quite large, but whose existence are nonetheless quite persistent.

If individual precipitation events are examined on a daily basis, one

detects subtle but significant differences in the organization of

atmospheric variables which will produce precipitation in early spring

compared to the late spring period. Two individual synoptic cases

were selected in March and in early June because they represented

rather typical conditions which characterize precipitation events in

both these periods. Their selection was based on quite subjective

criteria which integrated the author's assessment of meteorological

conditions of temperature and moisture advection at the surface and

aloft, plus observed radiosonde characteristics and hourly precipitation

amounts. The selection was made from ten years of weather maps and over

50 radiosonde charts.

125
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B. Analysis Procedure

Surface and 500 millibar weather maps were available on a

daily basis with plotted synoptic weather data recorded at selected

stations in the United States at 7:00 a.m., E.S.T. (4 p.m., P.S.T.).

Maps of Maximum and minimum daily temperature and 24 hour precipitation

totals for the 24-hour period preceding 1 a.m., E.S.T. were also

available (U.S. Weather Bureau Daily Weather Map). Radiosonde data

and hourly precipitation data were available for the selected period

for Spokane, Washington (U.S. Weather Bureau Pseudo-Adiabatic Charts;

March 1975 and June 1971). The daily surface and 500 millibar charts,

24 hour precipitation totals, and 24 hour maximum and minimum tempera-

ture maps are presented in Maps 19 through 30. Spokane actual radio-

sonde data and hourly precipitation totals are presented in Figures 27

through 32, and Tables 11 and 12. Three hour temperature and relative

humidity records for Spokane are presented in Table 13. In the following

discussion of surface and 500 millibar synoptic maps, only the Pacific

Northwest region was included on Maps 19 through 30, due to space limita-

tions. The text occasionally refers to events occurring outside the

limits of the maps shown in order to more clearly portray the complete

synoptic situation at the time of observation.

C. Synoptic Analysis of the Precipitation Event
of March 7-8-9, 1975

1. Surface and 500 Millibar Charts

Maps 19 through 21 are the surface charts for the period of

March 7 through March 9, 1975. The surface map for the 7th shows an

intense Pacific cyclonic storm approaching the northern California

coast. The associated Pacific front is occluded, indicating that the



TABLE 11

Hourly Precipitation for Spokane, Washington
March 7th, 8th and 9th, 1975

(in inches)

Date Hour

7th

A.M. lam 2am 3am 4am 5am 6am 7am 8am 9am 10am

Precip. - - - - -

P.M.. 1pm 2pm 3pm 4pm 5pm 6pm 7pm 8pm 9pm 10pm

Precip. - _

8th

A.M. lam 2am 3am 4am 5am 6am 7am 8am 9am 10am

Precip. T T T .01 .03 .03 .05 .01 .03

P.M. 1pm 2pm 3pm 4pm 5pm 6pm 7pm 8pm 9pm 10pm
Precip. T T T .04

9th
A.M. lam 2am 3am 4am 5am 6am 7am 8am 9am 10am
Precip. .01 T .02 .03 T .01 .01 .03 .04 .01

P.M. 1pm 2pm 3pm 4pm 5pm 6pm 7pm 8pm 9pm 10pm
Precip. T T T T T T

127

llam 12pm

llpm 12am
_ _

llam 12pm

.03 T

llpm 12am
.04 .02

llam 12pm
T T

llpm 12am
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TABLE 12

Hourly Precipitation for Spokane, Washington
June 9th, 10th and 11th, 1971

(in inches)

Date Hour

9th

A.M. lam 2am 3am 4am 5am 6am 7am 8am 9am 10am llam 12pm
Precip.

P.M. 1pm 2pm 3pm 4pm 5pm 6pm 7pm 8pm 9pm 10pm llpm 12am
Precip. - - -

10th
A.M. lam 2am 3am 4am 5am 6am 7am 8am 9am 10am llam 12pm
Precip. T T .03 .01 .02 .03 .07 .09 .05

P.M. 1pm 2pm 3pm 4pm 5pm 6pm 7pm 8pm 9pm 10pm llpm 12am
Precip. .08 T .07 .63 .02 T -

11th
A.M. lam 2am 3am 4am 5am 6am 7am 8am 9am 10am llam 12pm
Precip.



TABLE 13

Three Hourly Temperature and Relative Humidity
for Spokane, Washington

(in °F)

Date Hour

March 1975

7th lam 4am 7ap 10Am 1pi 4pN 7pN 10pm
Temp. 26° 25° 26 34 40 41 34 35

R.H. 60% 60% 58% 48% 43% 43% 51% 52%

8th lam 4am 7am 10am 1pm 4pm 7pm 10pm

Temp. 34° 34° 32° 32° 33o 35o 34o 33u

R.H. 57% 62% 85% 89% 89% 89% 89% 92%

9th lam 4am 7am 10am 1pm 4pm 7pm 10pm
Temp. 32° 34° 34° 350 38° 37° 36° 34°
R.H. 92% 92% 89% 89% 86% 85% 89% 89%

June 1971

9th lam 4am 7am 10am 1pm 4pm 7pm 10pm

Temp. 51° 44° 550 64° 69° 68° 61° 570

R.H. 59% 76% 57% 38% 35% 35% 46% 47%

10th lam 4am 7am 10am 1pm 4pm 7pm 10pm
Temp. 54° 54o 510 52° 53° 53o 53o 53o

R.H. 59% 62% 83% 83% 83% 83% 78% 83%

11th lam 4am 7am 10am 1pm 4pm 7pm 10pm
Temp. 52° 47° 52° 60° 64° 65° 61° 54

R.H. 77% 80% 72% 60% 68% 43% 56% 72%

129
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storm had developed well offshore and has had a life history of several

days. Precipitation is occurring in northern California and southwestern

Oregon. The Pacific Northwest is dominated by a weak ridge of high

pressure and cool modified maritime polar and continental polar air.

Strong high pressure composed of cold continental Arctic air dominates

western Canada and has moved south into the northern Rockies and Great

Plains. Twenty-four hour maximum and minimum temperatures in the

interior of the Pacific Northwest indicate a large diurnal range with

minimums well below freezing and maximums in the forties and fifties.

Warm air is being advected from the south, but skies have remained

clear over most interior stations, permitting efficient radiational

cooling at night. Most interior stations indicate light winds which

appear to be responding to both local air drainage conditions and the

prevailing pressure gradient which is directed from northerly and

easterly quadrants. Cool air is draining from the north and east, and

the north winds at Omak, northeast at Spokane, and southeasterly winds

at Portland are all responding to major downslope topographic controls.

At 500 millibars on the 7th (Map 22), a deep upper level

low and associated trough is centered west of the Pacific coast. Two

upper level lows are present, one centered in the Gulf of Alaska at

50°N, 140°W, and another centered at 37°N and 130°W. An assymetrical

ridge of high pressure, the axis trending northwest by southeast,

dominates the Pacific Northwest. Strongest winds at 500 millibars are

located to the south over southern California with wind velocities of

90 knots from the southwest located over Santa Maria. The winds aloft

indicate strong, warm advection aloft over most of California and
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southern Oregon. The 500 millibar isotherms are displaced poleward

along the Pacific coast with the thermal ridge coinciding to the 500

millibar pressure ridge. There is a strong difluent circulation over

the interior Northwest poleward of the 500 millibar maximum wind

velocity belt, indicating strong, positive vorticity advection and

favorable conditions for upward vertical motion (Saucier, 1962, p. 350).

Precipitation has been occurring quite heavily during the

previous 24 hours in a zone extending from southern California to

southern Oregon and eastward across the Great Basin of Nevada, Utah,

Wyoming and northern Colorado. No precipitation has occurred in the

Pacific Northwest north of southern Oregon.

On the 8th of March (Map 20), the surface map indicates

that the California low has filled and moved northeastward, and is now

centered along the central Oregon coast with several minor centers

located over northeastern Washington and northeastern Nevada. A warm

front has moved northeastward from the northern California coast and is

centered across southwestern Idaho and northeastern Washington. A cold

front has swept southeastward and extends from the low in northeastern

Nevada southwestward through extreme southern California. Precipitation

is widespread throughout the Pacific coast states, both west and east

of the Cascades and Sierra Nevada mountain ranges. Most stations are

cloudy and are either recording precipitation or have recorded precipita-

tion in the last six hours.

Over most of the Pacific Northwest, temperatures have risen

both west and east of the Cascades under the strong advection of central

Pacific air from southwest to northeast. Westside stations indicate
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temperature increases from previous 4 a.m. readings, with changes of:

+6°F at Medford; +3°F at Astoria; +6°F at Quillayute; and +14°F at Port

Hardy. Interior Pacific Northwest stations also indicate temperature

increases of: +2°F at Burns; +6° F at Pendelton; +13°F at Omak; and

+9 °F at Spokane. Wind directions and velocity still tend to be quite

light and variable in the interior Pacific Northwest as a consequence

of the weak surface pressure gradients. Winds in Oregon appear to be

from a more southerly quadrant than the previous day while northeastern

Washington still seems to be responding to cold air drainage from the

north and northeast. Omak is reporting snow and Spokane is reporting

no precipitation at the observation time, but in the next hour reported

freezing rain and ice pellets (Table 12). At 500 millibars on the 8th

(Map 23), the upper low has filled, but a deep trough remains along the

Pacific coast. The trough is oriented north-south and is centered

about 130°W. The ridge dominating the Pacific Northwest has shifted

eastward to 110°W. The west coast, including the Pacific Northwest,

is under the influence of southwesterly winds with southerly winds

dominating the coastal areas of Washington and Oregon. The previous

day, southwesterly winds were restricted to southern Oregon and

westerly circulation prevailed over Washington. The wind speeds at

500 millibars over Washington have not changed, but the highest wind

speed, while still located over central California, has shifted further

north. Strong positive vorticity advection to the north of the maximum

wind velocity belt should be occurring, which would favor upward

vertical motion and shower activity in the moist air mass.

The 500 millibar isotherms show strong equatorward displacement

in the trough axis offshore, indicating cold advection between 130°W and



137

135°W, The isotherms are displaced poleward over the west coast and

interior of the Pacific Northwest with a warm thermal ridge extending

northwestward over Vancouver Island. Warm advection is occurring at

500 millibars over all of the interior Pacific Northwest. Absolute

temperature readings at 500 millibars over the interior are -25°C,

which is sufficiently cool to give a freezing level of below 4000

feet and snowfall at mid elevations.

On March 9th, the surface map (Map 21) indicates a weak ridge

of high pressure extending up the Pacific Coast. A trough of low

pressure remains over the interior and the low over northeastern

Nevada has intensified and moved southeastward into Colorado. Most

stations along the Pacific coast remain cloudy with shower activity.

Northwesterly winds prevail in northern California with southerly winds

dominating the interior of Washington and northeastern Oregon. Most

stations in the Pacific Northwest have recorded light precipitation in

the last six hours, but only the Washington coast and Spokane are

recording precipitation at the time of observation. Temperatures have

not changed significantly, but cooler, unstable air has swept across

the region associated with the eastward movement of the 500 millibar

trough (Map 24). Representative 24 hour temperature changes are:

- 6°F at Quillayute; -6°F at Astoria; -9°F at Port Hardy; -2°F at Burns;

- 2°F at Boise; -1°F at Omak; and 0°F at Spokane. A new Pacific storm

is approaching the southern British Columbia coast but is still some

300 miles offshore. Spokane is representative of the cooler, unstable

air as snow is falling with winds out of the southwest.

At 500 millibars, the major trough has filled and moved rapidly

eastward, centered now over southern Nevada at about 115°W. A
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disorganized pattern of westerly flow exists over the Pacific Northwest

with very light winds of less that 15 knots over Washington and slightly

higher velocity winds of 25 knots over Oregon. The trough has moved

eastward and is centered over the Pacific Northwest interior. The

strongest cold advection aloft is associated with the more southerly

portion of the trough over Nevada and western Arizona. A very weak

north-south temperature gradient exists over the Pacific Northwest with

the entire region dominated by air between -25 °C and -28 °C at 500

millibars.

2. Hourly Precipitation Data and Radiosonde Data
for Spokane for March 7-8-9, 1975

The 24-hour precipitation map for March 9th (Map 24) indicates

that extensive and fairly heavy precipitation occurred over all of the

far west at both coastal and interior locations. The precipitation

totals are from la,m., E.S.T. on the 8th (lOpm,P.S.T. on the 7th) to

lam, E,S.T. on the 9th (10 pm, P.S.T. on the 8th). It appears that

most of the precipitation occurring on the 8th was associated with

strong, warm advection from the southwest. This fact is verified by

analyzing the hourly precipitation records at Spokane. Precipitation

began at 1 am. P.S.T. on the 8th with .19 inches of precipitation being

recorded from 5 am to 11 am. No measurable precipitation was recorded

between 11 am on the 8th and 9 pm on the 9th. Table 13 gives three

hourly temperature and dewpoint records for Spokane for the 7th, 8th and

9th of March. March 7 is characterized by cool conditions with a

moderate diurnal range of 16° F. Relative humidities are consistently

in the 45% to 60% range. On the 8th, temperatures warm and maintain

a minimal diurnal range of 3°F. Precipitation begins at 1 am, but is
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in the form of steady precipitation from 4 a.m. to 11 a.m. Relative

humidity increases to 85% at 7 am, and persists above 89% for the

next 24 hours, On the 9th, temperatures remain in the 30's, but a

slightly larger diurnal range is apparent (+6°F).

Figures 27 through 29 give the 4 a.m. radiosonde data for

Spokane for the March 7 through March 9 period. On the 7th (Fig. 27),

the sounding shows a strong radiational temperature inversion in the

first 10 millibars and is nearly isothermal up to 850 millibars. Winds

are out of the east and northeast in this layer, indicating regional

drainage of cool air from high pressure to the northeast. Between 850

and 750 millibars, a weak lapse rate exists with winds from the south-

east and south. In this layer, the temperature - dewpoint difference

decreases, indicating that some moisture advection from the south is

already occurring. From 750 to 650 millibars nearly isothermal lapse

rate exists, and moisture rapidly decreases above 720 millibars. There

is nearly pseudo-adiabatic lapse rate above 650 millibars associated

with quite dry conditions. The winds rapidly veer above 700 millibars

and are consistently from the west from 650 to 450 millibars at 25 to

30 knots. This sounding indicates a three layered system with:

(1) dry continental polar air from the surface to 850 millibars and

strong radiational cooling; (2) a moist layer (but unsaturated) from

850 to 720 millibars associated with southerly winds and the approaching

storm off of northern California; and (3) dry mP air from 700 to 450

millibars associated with moderate westerly winds. The sounding has a

Showalter index of +15.
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The 4 a.m,. sounding for the 8th of March is shown in Figure 28.

Precipitation began at 1 am and was intermittent until 5 a.m. when

steady precipitation continued for six hours. The sounding has a

temperature inversion from the surface to 850 millibars. The low

level radiational inversion is absent so the temperature increase with

height is preimarily the result of cool continental polar air being

rapidly overrun by warm Pacific air above 800 millibars. The winds

are from the northeast from the surface to 900 millibars and rapidly

veer around to southerly and south-southwesterly winds above 900

millibars. Wind velocities increase to 15 to 25 knots above 900

millibars. The temperature-dewpoint difference also illustrates the

two-layered system. The continental polar air is quite dry below 850

millibars, but temperature and dewpoint rapidly close to saturation

from 850 to 750 millibars. The air is saturated and uniformly less

than pseudo-adiabatic from 750 to 550 millibars. The warm advection in

the midlayers is quite apparent if one examines temperatures from the

4 a.m. sounding on the 8th and temperatures from equivalent levels on

the 7th (Table 14).

The most significant warming has occurred between 850 and

900 millibars associated with the strong southerly flow dominating the

layer. Temperatures have not changed. appreciably above 700 millibars,

indicating that the westerly advection of the previous day and the

southerly advection of the 8th were not significantly different in

temperature qualities, but were quite different in moisture qualities.

The sounding for the 8th has a Showalter index of +8, quite stable,

principally as a result of the warming at 850 millibars.
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TABLE 14

Temperature and Temperature Changes
for Spokane Radiosonde

March 7-8-9, 1975

Height in
Millibars 7th 8th A T 9th AT

930 - 5°C + 1°C + 6 °C 0
o
C 1°C

920 1 °C 0°C 1 °C 0 °C
o

0
o
C

o
0 + 1900 - 1°C
o

+ 6 °C

0 °C 1 °C
o
C

C - 2°C
0 °C 0 °C

850 - 2°C + 4 C - 6°C
o o o

800 - 5 C + 1°C + 6 C - 3 C - 4°C

750 - 6 °C - 3°C8 °C - 3°C + 5
o
C - 6

o o
700 -10

o
C - 6°C + 4 °C - 9

o
C - 3 C

600 -15 °C -15°C 0 °C -17 °C - 2°C

500 -23°C -24°C - 1 °C -27uC
o

- 3°C

Figure 29 gives the radiosonde data for March 9 at 4 a.m. Snow

was occurring at Spokane at the sounding time and continued until noon.

The advection of cool, unstable air is quite evident as the sounding

has cooled at all levels with the exception of the surface layer from

the previous day (Table 14).

The sounding has a very weak lapse rate of 2°C per 100

millibars from the surface to 700 millibars. From 650 to 450 millibars,

the lapse rate is nearly pseudo-adiabatic. The sounding is saturated

from 850 to 650 millibars and saturated from 550 to 470 millibars. The

cool advection associated with the rear quadrants of the 500 millibar

trough is evident in the winds which are from the southwest from the

surface to 850 millibars, and become westerly and northwesterly from

800 millibars to 500 millibars. The sounding has a Showalter index of

+4.
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The synoptic sequence which has been presented is indicative

of many which produce wintertime precipitation in the interior

Northwest. Salient features which are quite typical of these events

are: (1) a surface depression located off the Oregon-Washington coast

with prevailing south to southwesterly flow dominating the Pacific

coast region; (2) cool, modified polar or continental polar air present

in the first 100 millibars over the interior with easterly to northerly

winds blowing at the surface; (3) warm, moist advection above 850

millibars from the south or southwest which results in steady, moderate

intensity precipitation, but stable lapse rates; (4) the passage

eastward of an upper level trough or closed low and cold advection

from the west or northwest which terminates extensive precipitation, but

due to the moist, unstable character of the air mass, can result in

localized shower activity of rain or snow; and (5) the most extensive

and heavy precipitation is associated with the warm sectors of both

surface and upper air depressions.

D. Synoptic Analysis of the Precipitation Event
of June 9-10-11, 1971

1. Surface and 500 Millibar Charts

Maps 25 through 27 give the surface charts for the period of

June 9 through June 11, 1971. In the previous three days, a series

of Pacific cold fronts have been moving across the Pacific Northwest,

associated with a very intense, closed 500 millibar cold low located

over northwestern Washington. On the 9th of June, this low has filled

and moved into southwestern British Columbia. Temperatures have

remained cool over all the Pacific Northwest and skies are cloudy at
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most stations, both west and east of the Cascades (Map 25). The

latest Pacific cold front, which gave light rain on the 8th, by the

9th has moved into central Montana and a weak ridge of high pressure

has extended into western Oregon and Washington. The next Pacific

occlusion is about 200 miles off the coast of Washington and approach-

ing from the west. Winds are very light and variable, both west and

east of the Cascades in response to the very weak pressure gradient.

At 500 millibars (Map 28), the closed low over southeastern

British Columbia is filling, but a well developed thermal trough

remains over the interior Pacific Northwest. A new upper trough in

the Gulf of Alaska is shifting southeastward and by the 10th will be

along the west coast. Temperatures are cool at 500 millibars (-15°C

to -20°C) and winds are from the west and southwest.

On the 10th of June (Map 26), the surface map shows a cold

occlusion on the west coast of Washington and Oregon with precipitation

occurring at most stations west of the Cascades. Precipitation is

also occurring in the interior ahead of the front at Burns, Boise

and Spokane. Most interior stations report light, southwest winds as

low pressure still exists to the northeast. All stations, both west

and east of the Cascades, report cloudy skies, indicating that

moisture advection from the southwest is quite extensive.

The 500 millibar map (Map 29) shows a northwest-southeast

oriented trough extending from northwestern Washington into south-

western Oregon. Strong cyclonic wind shear is present in the trough

as western Oregon stations indicate northwest winds, and central

Washington and eastern Oregon indicate southwest winds. A thermal

trough is present over the interior, indicating that unstable lapse
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rates are present some distance in advance of the surface front.

Map 27 presents the surface map for the 11th of June, 1971.

The Pacific front has moved rapidly southeastward and is now located

in southern Wyoming, central Utah, and southern Nevada. High pressure

has built in over western Washington and Oregon with northwest winds

prevailing across most of central and southeast Oregon. Southerly

winds still exist at Pendelton and Spokane as low pressure persists to

the northeast. Most interior Oregon stations report clear skies, with

Washington stations reporting cloudy skies and showers west of the

Cascades and partly cloudy skies east of the Cascades. Temperatures

are significantly cooler than the previous day with representative

decreases of: -9 °F at Spokane; -11 °F at Pendelton; -11 °F at Burns; and

-7 °F at Omak. The dominance by post, cold frontal, maritime polar

air is quite apparent.

At 500 millibars (Map 30), the trough has moved eastward and

is now centered over central Idaho and eastern Nevada. Shower

activity is occurring on the surface map over eastern Idaho and

northern Utah, despite being in the post, cold frontal zone, indicating

the role the cold, upper trough plays in destabilizing the air mass.

A weak ridge of high pressure is dominating most of the region. A

cool, thermal trough does remain over the interior Pacific Northwest.

2. Hourly Precipitation Data and Radiosonde Data
for Spokane for June 9-10-11, 1971

The synoptic weather sequence which produced the rains on the

10th is more clearly illustrated by examining the hourly precipitation,

temperature and radiosonde data. Most of the precipitation which

occurred on the 10th fell between the times of the synoptic maps for
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the 10th and 11th of June.

Table 12 presents hourly precipitation totals for Spokane on

the 9th, 10th, and 11th of June, 1971. Precipitation began on the 10th

at 4 a.m. and for the first 6 hours was steady but light in intensity.

At 10 a.m., the intensity increased and quite heavy rain fell until

4 p.m., at which time a thunderstorm occurred, dropping .63 inches in

an hour. Precipitation terminated two hours after that event,

indicative of the passage of the cold front and the intrusion of dryer

air.

Three hour temperature for the 9th, 10th and 11th are plotted

in Table 13. On the 9th, a 26°F diurnal range of temperatures occurred

with warm, moist air moving in during the late afternoon and evening

hours. On the 10th, precipitation began at 4 a.m. and continued during

most of the day. The diurnal range of temperatures was very small,

amounting to 5°C with cool air in the mid-50's dominating most of the

day. By the 11th, cool but dry Pacific air had swept across the region

and Spokane had a diurnal range of 18°F, from 47°F to 65°F.

Figures 30 through 32 give the 4 p.m. sounding on the 9th,

4 a.m. sounding on the 10th, 4 p.m. sounding on the 10th, and 4 a.m.

sounding on the 11th of June, 1971, for Spokane. The 4 p.m. sounding

for the 9th has a dry adiabatic lapse rate from the surface to 750

millibars, indicating strong surface heating and vertical convection.

The air is quite dry throughout the sounding with the highest relative

humidity at the top of the surface mixed layer, reflecting some fair

weather cumulus development. The lapse rate is quite stable above 750

millibars, averaging less than 3°C per 100 millibars. The air is also
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auite dry above 750 millibars as the winds veer to the west and north-

west with height. The 4 p.m. sounding for the 9th has a Showalter

index of +8.

The sounding for 4 a.m. on the 10th indicates widespread

moisture advection from the south and southwest, as it is saturated

from 750 to 500 millibars. The sounding is dry from the surface to

750 millibars, indicative of the common extent to which moisture is

advected into the jnteHar well above the 850 millibar level. Surface

temperatures are cooler since it is the early morning sounding, but

temperatures above 850 millibars have changed very little from the

previous day. This lack of temperature change is indicative of warm

advection above 750 millibars, and the southerly winds above 700

millibars verify this. Precipitation is just beginning at this time

and will be steady and light for the next 5 hours in the warm pre-cold

front sector. The Showalter index is +8, which is quite stable.

The 4 p.m. sounding on the 10th, during which time thunderstorm

rainfall was occurring, is markedly different from the 4 a.m. sounding.

The air is saturated from 920 to 630 millibars and a pseudo-adiabatic

lapse rate exists between 920 and 700 millibars (Table 15). Cooling

has occurred both in the first 150 millibars and above 550 millibars,

indicating that vertical motion is occurring quite freely. The warmer

temperatures from 750 to 650 millibars may be a bit misleading as the

radiosonde may well be in the top of the cumulonimbus cloud in those

levels and therefore be indicating a saturated parcel temperature and

not environmental temperatures. The rapid cooling above 600 millibars

is indicative of the destabilization that has occurred aloft which is
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promoting rapid upward vertical motion.

TABLE 15

Spokane Sounding Temperature Change for
June 10th and 11th, 1971

Pressure
Level

4 a.m.

10th

4 p.m.

10th

O T 4 a.m.

11th

6T

920
900
850
800
750
700
650
600
550

500
450

0
+13 °C

+12°C
+10°C

5 °C

+ 1°C
3 °C

5 °C

- 8°C
-11°C
-14°C
-19°C

-10
0

o
C

+ 9 C
7 °C

4°C
+ 1°C
- 2°C

3°C
7 °C

-12°C
-18°C
-25°C

3 °C- 3 C
3°C
3 °C

1°C

0°C
+ 1°C

+ 2°C

1 °C

- 1°C

4 °C

- 6°C

+ 8°C
0

+ 6 °C

9 °C
T.

+ 4°C
+ 1 °C

3 °C

7°C
- 8°C

-13°C
-19 °C

-25°C

- 2 °C
- 3°C
+ 2°C

0°C
0 °C

- 1°C
- 4°C

1°C

1°C
1 °C

+ 1°C

The distribution of the winds aloft is also indicative of the

advection of cooler air aloft. From the surface to 800 millibars, the

winds are from the east, and between 800 and 700 millibars, veer to

the southwest. Above 700 millibars, the winds are westerly and even

northwesterly, reflecting rapid cooling with height. The Showalter

index now manifests very unstable conditions of +2.

By the 11th, the air mass has cooled a bit more as the front

has moved eastward, but the principal change is the advection of

dryer air aloft. The sounding is unsaturated from the surface to 750

millibars, saturated from 700 to 650 millibars, and very dry from 600

to 450 millibars. From the surface to 700 millibars, the winds are from

the southwest, but turn westerly to northwesterly above 700 millibars.

The sounding is still unstable with a Showalter index of +4, but a
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thick, moist layer is lacking so only scattered clouds exist between

700 and 650 millibars.

The synoptic sequence which has been presented is typical of

many which produce precipitation in the interior in the mid and late

spring. While the 24 hour rainfall total at Spokane of 1.10 inches was

quite large, many interior stations reported moderate rainfall totals

with this particular synoptic sequence: .13 inches at Pendelton; .23

inches at Boise; .16 inches at Burns; and .31 inches at Lakeview. The

salient features of this synoptic sequence which typify many precipita-

tion events in the late spring are: (1) a Pacific cold front or cold

occlusion moving across the region from the west; (2) a cold upper

level low or trough at 500 millibars along the west coast with cold

advection aloft extending into the interior; (3) a period of warm,

moist advection from the southwest in advance of the approaching cold

front when light-steady precipitation occurs; (4) the approach of the

Pacific cold front and cooling aloft at 500 millibars which destabil-

izes the air mass and produces heavier intensity precipitation and

possibly thunderstorms; (5) a period of cooling as the post-frontal

zone occupies the region associated with westerly or northwesterly

winds and dryer air aloft; and (6) most heavy intensity precipitation

events are associated with strong cyclonic wind shear in the upper

trough and strong, cool advection aloft in close proximity to the

surface cold front.



Chapter VI

AN ASSESSMENT OF THE MONTHLY CHANGES IN SURFACE

SENSIBLE AND LATENT HEAT VALUES IN THE

PACIFIC NORTHWEST UTILIZING EQUIVALENT

POTENTIAL TEMPERATURE DATA

A. Rationale

The Secondary Spring Maximum in the interior of the Pacific

Northwest reflects a complex set of climatological controls. Certain

climatological controls are quite conservative in their temporal

variations while others have very large, short-term variability.

The major physiographic provinces and seasonal incoming

radiation values are quite conservative in the period of historical

record. Surface albedo, absorptivity, and transmissivity should be

moderately conservative from year to year, but may vary due to the

duration of snow cover, soil moisture, and thermal characteristics

of the sea surface. The location and configuration of upper tropo-

spheric longwaves and surface pressure systems are characterized by

very large, short term variability. The variation in the intensity

and location of atmospheric circulation patterns will necessarily

result in very large year-to-year variations in monthly precipitation

values. It is only through the analysis of long-term precipitation

means that regional precipitation types can be ascertained. The

secondary maximum of precipitation in the interior of the Pacific

Northwest should therefore be related to relatively conservative
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climatological controls.

The thermal regimes of the eastern Pacific Ocean and the

continental portion of western North America are quite distinct. The

thermal gradients across the land-sea boundary are further intensified

by the existence of the north-south cordilleras of the Cascade

Mountains and Sierra Nevada Mountains. The thermal heat budget of the

continental-ocean boundary has been investigated by many researchers

(Budyko, 1962; Landsberg, 1958; and Riehl, 1965).

In the winter season, the land cools more rapidly than the sea,

due primarily to convective mixing of the sea surface and the strong

downward longwave radiation flux from the atmosphere. This is the

result of high water vapor values. By midwinter, the eastern Pacific

is a large thermal reservoir for air masses moving across the Pacific

Northwest. These warm Pacific air masses are forced to rise over the

Cascade Mountains and also rise over the colder continental polar or

modified maritime polar air masses which dominate the lower layers of

the atmosphere in the interior. The moderate intensity rainfall and

snowfall associated with the warm sector of cyclonic storms is there-

fore the most prevalent precipitation type during winter and early

spring.

The angle of solar radiation and length of day increase

rapidly in the mid - spring period so that by late spring incoming

radiation greatly exceeds outgoing terrestrial radiation. During this

period, the thermal gradient of the land and sea rapidly reverse and

by late spring the land is a heat source and the sea a heat sink. The

air mass characteristics of precipitation producing disturbances during
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this period evolves from that of prevailing warm sector precipitation

in winter to that of cold frontal dominance in late spring. This is

quite apparent by the data presented in the preceding chapters.

The assessment of seasonal changes in the low level heat budget

of the Pacific Northwest region is further complicated by the great

variability in the elevation of observation points. The effect of

mountains on precipitation has been treated extensively (Donley, 1939;

Crow, 1961; Dickinson, 1959; and Linsley, 1958). These studies and

many others have centered on orographic relationships. Very little work

has been done concerning the regional sensible and latent heat budgets

in mountainous areas, and how seasonal changes in the surface heat

budget relate to the organization of synoptic weather disturbances

moving across the region.

In a doctoral thesis titled "The Regionalization of Climate

in Montane Areas" by Val Mitchell (1969), the author used the technique

of potential temperature to assess the horizontal distribution of

common air mass characteristics and frontal boundaries in the western

United States. Mitchell analyzed individual synoptic weather disturb-

ances as well as monthly mean values of equivalent potential temperature.

The equivalent potential temperature of an air parcel is

derived by lifting the parcel dry-adiabatically to its lifting

condensation level and then pseudo-adiabatically to 200 millibars. The

parcel is then reduced dry-adiabatically to 1000 millibars. and its

temperature at that level is its equivalent potential temperature

(Saucier, 1962, p. 14). The equivalent potential temperature of air

mass is a combined measure of both sensible and latent heat contribu-

tions. Equivalent potential temperature is conservative with height
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under conditions of adiabatic lapse rates. It is not single-valued

with height nor is conservative for diabatic processes (Mitchell, p.

Mitchell produced mean monthly maps of equivalent potential

temperature for the western United States, utilizing first order

weather stations for the period of 1931-1938. The maps for the period

of January to July have been included as Figure 33 through Figure 38.

For a complete discussion of the monthly maps, the reader is referred

to Mitchell, Chapter III, pages 60 to 105.

B. Mean Equivalent Potential Temperature:
January to July

The pertinent features of Mitchell's maps which apply to this

study center around the reorganization of the thermal regime of the

land and sea, and the establishment of a strong thermal gradient

across the western cordillera in the months of February to July. The

equivalent potential temperature maps for January, February, and March

are quite similar. The isotherms have a strong west to east orientation

over the Pacific Northwest, indicative of uniform air mass character-

istics, both west and east of the Cascades. Cooler air does dominate

the interior as a result of the more effective heat loss of the

continent during the winter. March is the month of the least land-

sea temperature difference in the Northwest, while continental heating

is recognizable over the southwestern United States.

The April map indicates the beginning of the reorganization of

the land-sea temperature field as the interior is now warming at a

faster rate than the sea. While strong west to east temperature

gradients are confined to northern California, the heating of the

interior Northwest is evident in the poleward displacement of the
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isotherms across Oregon and Washington.

The May map indicates a well developed land-sea equivalent

potential temperature gradient. The isotherms are oriented north-

south with very strong temperature gradients covering the entire

Pacific Northwest. The strongest gradient is located in northern

California and southern Oregon. Distribution of equivalent potential

temperature will not coincide to the precipitation change gradient,

as the number of stations used to derive the equivalent potential

temperature map were far less than the number of stations used to

derive the precipitation change maps. Mountain stations were lacking

for Mitchell's data, so the gradients across the Cascades are probably

stronger than indicated on Mitchell's map.

The June map indicates continued north-south orientation of

the isotherm, especially in western Oregon and Washington. Northeastern

Oregon and central and eastern Washington indicate a more west to east

orientation, reflecting a more uniform heating gradient east of the

Cascades. The dry thermal trough of the interior southwest is

readily apparent east of the Sierra Nevada and extends northward into

southern Oregon. The strong equivalent potential temperature gradient

north of southeastern Oregon, separating the thermal trough of Nevada

and southeastern California, is likely a transition zone between the

periodic cyclonic activity still occurring in the northern sectors of

Oregon and most of Washington and the dry, subsiding, northeastern limb

of the subtropical high to the south.

The distribution of equivalent potential temperature should

not be expected to spatially corresoond to the detailed precipitation



April mean equivalent potential temperature.

(Mitchell, 1969, Figure 3.6a, p. 71)
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May mean equivalent potential temperature.

(Mitchell, 1969, Figure 3.7a, P. 73)

FIGURE 37



June mean equivalent potential temperature.

(Mitchell, 1969, Figure 3.8a, p. 75)

FIGURE 38
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change characteristics in the interior Northwest. Mitchell's data

was derived by utilizing only a few stations in the interior North-

west. The data is not stratified according to precipitation events, and

so represents the total array of monthly, sensible, and latent heat

contributions. Most significantly, it is difficult to specify the

proportion of sensible and latent heat additions in a given region

since equivalent potential temperature is a combined measure. The

latent heat contribution is critical in permitting precipitation

processes to occur, since without sufficient moisture no precipitation

is possible despite large, surface, sensible heat additions.

C. Change in Mean Equivalent Potential Temperature:
January to July

Mitchell did not calculate monthly changes in mean equivalent

potential temperature. These maps have been calculated from Mitchell's

data and are presented in Maps 31 through 36. The monthly changes in

equivalent potential temperature can be used to assess rather large

scale regional organizations of latent and sensible heat changes.

Small scale regional changes will not be adequately defined and those

that do exist will not necessarily correspond to boundaries of precipi-

tation changes, since far fewer stations were available for Mitchell's

analysis.

Map 31 indicates the change in mean equivalent potential

temperature from January to February. The whole Northwest region

manifests uniform temperature increases of +4°C. Only extreme North-

western Washington indicates slightly weaker temperature increases

of +2°C, reflecting the very strong marine dominance and consequent
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smaller, sensible heat additions. The uniformity of the temperature

change would imply very little west to east (or north to south) change

in the characteristics of air masses dominating the region in the

January to February period. While the interior is indeed warming at a

faster rate than the coastal region, the interior is still cooler

than the westside, so that little destabilization is available for

air masses being advected into the interior.

Map 32 presents changes in equivalent potential temperature from

February to March. The west to east gradient of temperature change has

increased particularly across northwestern Washington. The interior

is now heating up more rapidly than the westside, but strong topograph-

ically induced gradients are not yet apparent. At this time the least

actual equivalent potential temperature gradient exists between the

westside and the interior.

The interior of Washington and Oregon are now heating at a

faster rate than the westside but are achieving only parity in actual

equivalent potential temperatures. Air masses advected from west to

east across the Cascades would not be expected to experience signifi-

cant destabilization as actual interior surface heat additions are

roughly equivalent to westside values.

Map 33 presents changes in equivalent potential temperature

from March to April. The temperature field exhibits a rather distinc-

tive organizational pattern. Equivalent potential temperature rises

are large but are separated into two distinct regions. The coastal

area is characterized by small increases and a distinct gradient of

change exists which roughly coincides with the Cascade Mountains.
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Central Oregon and Washington have uniform temperature increases and

a second, strong gradient of change exists across Idaho and western

Montana. The large increases in northeastern Idaho and western Montana

should not be interpreted as large additions of sensible heat which

would be available to destabilize the atmosphere. This region was a

heat sink in March due primarily to its higher elevations, and there-

fore is responding in a delayed manner to the increasing solar radiation

loads and loss of snow cover. This region is realizing larger increases

in equivalent potential temperature from March to April in order to

achieve actual equivalent potential temperatures about equal to those

at equivalent latitudes in central Oregon and Washington.

Map 34 presents the change in equivalent potential temperature

from April to May. Coinciding with the Cascade Mountains is a very

strong gradient of change. Values west of the Cascades average less

than +5°C, while values east of the Cascades average above +8°C.

Univorm values of +8°C to +9 C are located over most of central and

eastern Oregon, northern Nevada, and southern Idaho. Large sensible

and latent heat additions are occurring east of the Cascades at this

time and are producing significantly higher actual equivalent potential

temperatures than the region west of the Cascades.

Destabilization of Pacific air masses penetrating into the

interior is quite likely, although the precipitation yield will be

dependent upon the thickness of advected moisture accompanying the

individual disturbance. A more uniform gradient of temperature change

characterized northern Idaho and western Montana. The higher elevation

of this region may result in a greater potential for temperature

rises due to a lag in seasonal heating.
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Map 35 presents the change in equivalent potential temperature

from May to June. A less organized pattern of temperature increases

is apparent over the Pacific Northwest. The coastal region still

indicates only moderate increases although the dominance of the dry,

subsiding air from the Pacific High has produced a weaker west to east

temperature gradient across the Cascade Mountains. The interior of

Oregon, central Washington, and southern Idaho indicate moderate

temperature increases of 6°C, although not as large as the April to

May values. A curious (anomalous?) area of very small temperature

increases is located in northeastern Washington. This lobe of cool,

equivalent potential temperatures is derived from two observation

stations in northeastern Washington. There is insufficient information

to attribute the anomaly to either local mountain effects or some

observational error, but the readings are certainly anomalous to

similar locations in Montana.

Map 36 presents the change in equivalent potential temperature

from June to July. During this period, stations both west and east

of the Cascades are recording large decreases in mean monthly precipi-

tation. This is the result of the rapid northward shift of the

Pacific High Pressure System and the diversion of the cyclonic storm

track well into southern Alaska. The prevailing clear skies and high

zenith angle of the sun permits further sensible heat additions over

most of the Northwest. Only the coastal region and Puget Sound area

indicate small rises in equivalent potential temperature. This is

most likely due to the low clouds and stratus beneath the prevailing

subsidence inversion.
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Additional instability of the lower atmosphere is realized

but this does not result in additional precipitation. The frontal

disturbances and associated advection of moisture are not available at

this time, having been deflected well to the north by the prevailing

Pacific High Pressure System.

The monthly changes in equivalent potential temperature in the

Pacific Northwest demonstrate the strong reorganization of the thermal

regime of the land and sea across the spring period. The intensifica-

tion of the land-sea thermal gradient by the Cascade Mountains is also

quite detectable, particularly in the period of May through July. The

potential destabilization of air masses crossing the Cascade Mountains

is also apparent by the large increases in equivalent potential

temperature in the interior, especially in the month of May. Detailed

regional changes in sensible and latent heat cannot be ascertained and

related to observed precipitation changes, due to inadequate density.
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Chapter VII

CONCLUSION

The Secondary Spring Maximum of Precipitation in the interior

of the Pacific Northwest illustrates the highly complex system by

which atmospheric processes are coupled to seasonal changes in the

heat budget of the land and sea. The existence of major topographic

structures and highly variable terrain in the interior reorganize

atmospheric flow in a complex manner whose fine structure cannot be

detected with the present widely spaced network of radiosonde stations.

Year to year variations in the latent and sensibl heat capacities of

the land may well lead to significant temporal and spatial variability

of atmospheric disturbances moving across the region. Large year to

year variability characterizes the thermal organization of the sea

and can significantly reorganize the atmospheric circulation on time

scales ranging from days to seasons (Namias, 1959, 1963, 1969, 1971; and

Quinn and Burt, 1972). The year to year expectancy of precipitation

phenomena is, therefore, quite low and necessitates the definition of

most regional precipitation types from long term mean statistics. The

search for rational explanations of atmospheric process utilizing long

term averages of meteorological data is hampered by the unstratified

character of the data, giving inordinate bias to non-precipitation

climatology.

This study has attempted to define the magnitude and spatial

limits of the Secondary Maximum of Precipitation in the interior of the
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Pacific Northwest, utilizing traditional 30 year normals of precipi-

tation. In addition, this study has utilized synoptic meteorological

data in developing a synoptic precipitation climatology of the

Secondary Maximum. Quite marked changes in the organization of

surface and upper air disturbances are present during the spring

period. Marked changes also occur in the vertical distribution of

atmospheric moisture and stability. These changes result in an

increase in precipitation yield and must ultimately relate to changes

in the surface heat budget of the land and sea over which disturbances

pass. An examination of the average monthly changes in surface,

equivalent potential temperatures for the Pacific Northwest indicates

pronounced reorganization of the sensible and latent heat field across

the March through June period. These changes result in significant

destabilization of maritime-polar air masses moving across the

interior in May and June. The limited number of radiosonde stations

did not permit detailed regional heat budget characteristics to be

ascertained, which might relate to some of the more detailed regional

patterns apparent in the precipitation change maps in Chapter II.

Many questions have arisen from this study which hopefully

will stimulate additional inquiry into the nature of regional

precipitation processes. The following specific areas could well be

productive in shedding further insight into the complexities of

regional precipitation climatology.

(1) The major north-south cordilleras of the Cascades, Sierra

Nevada and western Rocky Mountains reorganize air flow, and many studies

have focused on their vorticity, katabatic, and trajectory character-
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istics. Little work has been done on the reorganization of individual

synoptic disturbances, including variable upstream and downstream

surface heat budget characteristics. Changes in stability and vertical

motion must be analyzed under actual synoptic conditions, as the

sharp gradients of temperature and moisture advection tend to be lost

in the analysis of average flow patterns. Recent work by Egger has

begun to focus on this problem (Egger, 1974, p. 847-860).

(2) The separation of precipitation climatology from non-

precipitation climatology should be stressed. In climate regimes

other than the most humid, non-precipitation days outnumber precipita-

tion days. The traditional approach is to utilize mean monthly

atmospheric charts for interpretive analysis, which in fact, gives

inordinate bias to non-precipitation events. Precipitation patterns

are often quite unique and distinctive from the "normal" array of

weather patterns, particularly in arid and semi-arid regions. There-

fore, the average precipitation producing circulation pattern may bear

little resemblance to the average circulation pattern. The work of

Sands (1966) and Bryson and Lahey (1958), has stressed the "discreet"

nature of precipitation climatology.

(3) There is a need for research focusing on "meso-scale"

meteorological and climatological systems. The large-scale regional

climatological patterns are ultimately derived from atmospheric

disturbances whose organizational limits are less than a few hundred

square miles. Very few meteorological studies are geared to assess

changes in the organization of weather system on a scale less than the
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normal synoptic grid (100's to 1000's of square miles). Studies like

those of Cramer (1970 and 1973) and Fujita (1956 and 1963) can shed

much needed insight into the effects that moderate scale terrain

features can exert on the organization of atmospheric disturbances

such as those which commonly occur in the interior of the Pacific

Northwest.

(4) This study has presented evidence which links the seasonal

changes in precipitation delivery west and east of the Cascade Mountains

to corresponding changes in the surface heat budget west and east of

the Cascades. Additional research into the variable thermal conditions

of the sea itself, and to a lesser extent, variable latent heat

capacities of the land, may begin to clarify the large year to year

variations in weather patterns for equivalent seasonal periods (months).

The large thermal capacity of the sea and highly variable short term

mixing characteristics would seem to offer likely opportunities for

atmospheric reorganization over a variety of time scales (Namias, 1963,

1969, and 1971; Clark, 1972). The reorganization of major atmospheric

flow patterns over the northeastern Pacific could well explain year to

year variations in the timing and intensity of the Secondary Maximum

in the interior Pacific Northwest.
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SUPPLEMENTAL TABLES
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Source: Climatological Handbook, Columbia Basin States, Vol. II,

Precipitation, 1974.
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43.20' N
M6T21
42°. .14

PSIUS 936"6" 5966 UMPTt

PAMIELUXIGITR LIP 2015
STATION

c,,,Hiv,
1 5147" :

PAUL 1 DR MINIGOKA 4210 4,32757: wN

PALETTE PAYETTE 2150 44°05. M
116950 li

PEBBLE "am' 5799 11122.;-'--

PELT. RANCH 0061811 7100 43:55' .
114 01'0

PETS MO Kowa
1$5'

46°09..
STATION 1W-F8

43°18' II
PICARD mums 4875 ni-72,-,,

PEER. RANO. CLEARYSTER son 46°2). 11
STATION 115.37' 0

PIERSON mum '' 4 4°04,
14°48' 8

PM 1 N HUME 4220 Ai' , 1,._

MASA*, ULU! ,o, Joao Milk/OA:

PURIM 3 x91 BOMAR 2970 47.19. N
116.5V W

POCATELLO NURSERT mom, 5396 1'172:52:: :

POCATELLO 2 i.,,,,,, 4440 11,145

POCATELLO MUER

14"
42.55' 11

WWI ALMS 91111111 17177-6,1

POCATELLO 0000161
'BOPS. OF/ICI l'4 L

POLLOCK IWO
"°°

45°0)' II

17°F;71

,,,,,,,,
"41V"' 55°° 114331:

POPLARS 00134 2425 1144'
44605' .Po.CUP/11. FREMONT 5500

PO 101110.1 180 Le.' Nu-.756-.7

MIA. UTAH
7900

46°55' .
7.6 %1

FRAME '''''''' 45"
1'1'5610'5. W

PRESTON 2 SE FMX6m 4718
311°--4--51:

STATION LOCATIONS

STATION MAI*

PRICHARD RANGER
STATION

COUNT"

SHOSHONE

10119000
ELF. AND

VAIL. 1.1171.116

199
IDAHO

11 NOf

LAT111206
E LE - No

COURCI VAT,. DCPICITUDE

2400 ,47042: N
SALON

43°52,
IR010117 5000 11345' 0

PRIM? LAKE

PRIEST RPM 10070.1

48°35. N
ToTAia. w

so-re u.
PRIEST RIVER
EXPERIMINT STATION

BONNER 2)80 48°21.
17977

SALMON LINO
3767 1)44;41

SA.OM RIVER DAN TWIN IAL. 4260 119,90:
vv

51.1.111.14 WASH.". 2750 U22a.'
116,311.1/

PRINCETON UTAH 2496

PRINCETON 5 SI UTAH 2600

46055.
1-17.5FP-ri

46 °52'

SANDPOINT EXPERIMENT
STATION

11010111

511601 CREEK. RANGER
STATION

E1111118

2100 68.07,

0.3° 457,5°40:

20100 GRUA VALLEY 4800 44°45,
1150010 11

.1012 RILL BOISE
UM R.

PUT111111 HOWL.. 11.1.14.11 5667

PT. CRC. WISE UNA-

RAITISSMAXIL ELMORE 4000

SHOSHONE 1 WNW
3950

42°58.

'""L' 1WT/

SHOUP Laois 3340 45623.
Ti1777,

SILVER CITY 640

REACTOR 76571110
STATION

BUTTE 4925
112 57' Y

SLATE CREEK BANDER
STATION

mum 1568 45°38. 11

iT;F1.11

REXBURG MADISON 491.3 WO. N
71.1.c77W

SMITH CREEK VALLEY
55- 135' VV

REINOLDS 3910
4,7°12' m
116.45' V SMITHS PERRY WISE 00

1'1°19'6 06, W

RICE 5600 6;8: 5X1111 PRAIRIE 01210. 400
i$'72:

RICHFIELD LINGO. 4306
314 °09' V

SODA SPRINGS CARIBOU UNA
URN.

UNK.

RIDDLE NEM 6200 42.11,
-1-1.77-0.vv

SOIDIER CAMAS - 4)022'14
ILIOCIERS IDAMO 1801 45°25' .

'11-717-71
SOLDIER CRIER
4320091 STATION

CANA 5755 43.30' 11
111-57-17

RIME 1LITIPSON 4962 47038,
111Th9c1, vv

SPENCER 31110231
STATION CLARK

55" 17.0.1=

RIRIE 1.2 131 BONNE:ILL. 5676 42022. N
r173.7-1-1

SPIRIT CARE K001.4I 2560 87059' N
31612' Y

BOBER'S ITIVERSON 4775
47°42.

ITFT6` VV
SPRINGFIELD 1 SE B

43°04. m
"93 iTiV77

POLAND (61ST 001614) SHCONALE 4150 SPRING HILL 43°40.
11.71.71-1

ROOSEVELT VALLEE Un- UMX.

UNE.

1051.BERRT VAULT 4872 44°44,
r1.77-5,1

48°13. M
114055. w

IVDSFRIORTIf IVIN PADS 42°22'
11177-8,

51003015 44°54, N
w

RUBY CREEK BOISE
ONES

II
STONE 42°03' N

112

RUPERT KINITOKA 4200
4257. M

113 1.-°°5-..11
STRLYELL 42°01. 11

-17577-1

T111PBURG 04.1101101 UNK.

UNA.
SUBLETt GUARD STATION 42°22. N

ST. 611111001 ?MONT 6968 43:56,
111 40, Li

SUGAR 12152.a.
11%5. m

ST, WARIER BORN. 2085 47.29. N
317377 SUN VALLEY 0041. mWI

ST. MICR.. PRIORY 46°02' N
116.23, W

SU/011711DR ELMORE 2500
43539,

776i-01



STATIDN NAIE cooNTv VATIW

LATITuDE
AND

ICHCIIVON

SUNSET PEAK SHOSHCH 01,21. Le.34. t
115.5o. W

SWAN TILLS
POWER !OUSE III

23" 413: :
SVAH VALLEY 1 W Bararmut 52140 01%72'

TNIONIA TEICH
62°° l'n"--477/

TETONIA CIPERWIDIT .0
5'

10°51. N
STATION 1711.7677

THREE CREEK WW2 WO ,',25:°50 :

THUNDER MANEADI VALLEY 0,4, 7,111_,0::

TELUGU RANCH WWYMEE 52"
,12:-4i-,

wart Lau oE1O
7400 43 °38. x

STATION
115°26. W

TRIPOD MOUNTAIN GEM "°° "II6'456: :
TINDUTDAIN GUANO

EINCRE 34 43.43. .
STATION

INN FALLS R NM WIN YAMS 3770 il'ii

WIN FALLS 3 SE TWIN FALLS 3765 ,t=*÷,,I:

WIN FALLS FACTORY TWIN FALLS UN!.

VAN WICK BD SE 47"
1t'3014: W

VE1010 700)717 NNE N

1404,

VIpBA MINE MOO 43%9. NMINS
11e51, W

WALLACE woman 2770 47*29' N
115°56, W

WALLACE WCOOLUID ,c..
0 AllPARE

WARREN num 5352 II25VI:
SATAN CARIBOU 6430 .Tii,,irirh'''''

WILISER 2 SE VASHWOIW 2120 .t".'
WENDELL 000DIN0 3467 wia*4"

WESTIAKE IDAHO ' 46°07. N
11716, w

'''''''''' ' 11-i.ZHi'

WIITILBIRD IDAHO 3000 45'57. N

42°26. NWHITES OWYHEE UHL mer2-7-,-

WILLOW FLAT FRANKLIN 6103 C' .,,T,..,..Tia'9'

WINCHESTER 1 SE 184115
3950

46"li, II
IT.676-7171

WOLF LOME SIMS NOOTINAI 4650 47:4'3 :Y.:

STATION LOCATIONS

STATION NNW COUNT, VATION

UTITIMP
AND

LOKIIVON

WOODLAND PART SNOW. 2950 Ak"
NOM. FRINONT 5200 72,-°°037"

WRINSIID R/J101 PO WS

595'
420». N
112i7,7;

=law JACKS! LOCI
6k°

45%0' If
TirVII

YELLOW PINE VALLEY 4760 1,05a. m

200
IDAHO



STAT. SASE COW,
ELE-

LATITUDE

106I TI106CITIKK

AI Al RII

01.7.17 IODLE 112e.g5::ANACoN0

BEAR DANCE 1,1(6 7 °02
114°02' w

48°30. 11

BELTON 8,7NEAD
113°59' W

47.51.
BIGPORK 12 70150

I14.02.

BISON 30UNTA1 DOWELL 7243
112°25' W

BUTTE SCHOOL OP MINES SILVER BON 5765
113°33' u

ELITE 8 S SILVER BOW 5700 45°54' N
113°33' V

BUTTE mom,. AV.- SILVER BOW 5530 45°57.
SION AGENCY, AIRPORT

112°10' V

CATARAC I CREEK IEFIERSON
uVXIJiRR

CHESSMAN RESERVOIR
LEVIS 6
CIAPH 6275 40025. X

113.11' W

CHRISTE FERGUS
UM,

COLLEGE Of MONTANA
DEER LODLE POWELL 4539 40'31' X

V1_113°44

48°22' 71
COLUMN. PALLS J095

48°19. N
COLUMBIA PALLS 5 SW F,TILLSO 7080

114°13' w

COMO RAVALLI 3750
40°07'
114°10' Id

45°50'
COINER RAVALLI 4029

w

CORVALLIS PANALLI 3575 46° 19.
114°07 W

4.0 44'
CRESTON P.TNEAD 3991

1 04°08 W

.REY - NEAR RAVALLI 4131 45°54'
114°10'

4e Or N
.RBT RAVALLI 3315

114°11. W

4f 54. N
DAEMON LACE 3935

114°11'

46.23. N
DEER /ODLE POdELL 4510

11P44 W

46°23' N
DEER LODGE 1 W POWELL 4650'

112.34s

DRL09.719 PEDERAL
AVIATION AGENCY GRANITE 4340 46.37.
AIRPORT 113°12. 4

DRUMMOND 1 SW GRANII'E

46006.
EAST AHACONDA DEER LODGE 5511

113°55. W

46°1 N
ELL1STON POWELL 5075 113°36' VN

48°17'
ESSER PLATNEAD 11-7377/.

EUREKA 1.1003121 2577 ".
15°03' Li

STATION LOCATIONS

STATION NAM awe ELI-
HATICM

LATIMB
AO

1.070111.10E

WU' 11
[ORM R61/000 STATIC.. swam. . ,004,

5155 10I11 SIL8101. SW 5664 ","::::: :

451/47.
MIMS 1 PM LINCOLN 3000

CORM GlIANITIL 4000 ,1::::: :

0110111 PANS RAVALLI 7000
45°42' N

113°57' V
II6°15'

501550105 RAVALLI )529
neoe. w

MT OEM MILL 5075 -9...__Ii,

000.1 ISLIERRAL 3150 47025'

115°24' II

48.05. 0
222011 2 NY 14110101S 2140

116°00' il

0000112 SASS IVA SUTMAD 3160 ",114.00...11* :

LALLS21111 11.02.21 r.T.." 1945 N °U' I
PUREAll AIRPORT STATION ,,,,,

48°12.
SALISPELL PIATIERAD 2160 W.,
LIM 1 1111 WW1 1.10011 20110

-I
4.°1/0

115°32' V52621011

LIM 32 SSE stmou 3600
47.51. P

115°16' V

LINSOISI is we unile es
CUM

,,, 47.os. 0
112°25' V

' 44°31' II
LINC0121 RANGER STATION r" ow°

111°59. 11

UMW= EA '47.26 Xmssouu moo
113°43' V

uno woe muse 1 112 111990RA 4055 6.6.43 2.
114 °30' V

UMPIRE 1 VW 0000III3 2175 JaalZ_I
11.°39 4

1011191110
"""a"." 250"

4 42

114°30' 11

401o. w
IOM ORM NCI IC00. 5200

111°54' 11

51007311113 11152015 L ul 051 -104__.
UM

PM CORM awls ,
C1/4112

5065 -.222XiLi
111°21' ii

mellow., 1 VW MISS 3172 .AL.:1.:

IOSSOCRA V112171111 MIAS 46°53'
AMMO 122510P I PISSOVIA 3200

110°05' V

475311'1x1111100! 311110522 6053
115°17' V

OLT. 1 SC SUM. 3175 1"1,-.42i.-;1,

017101 SWILL 5100 1151i4iii

050000 1 7P1 MILL 4101
0671. X

113°09' V

005000 7 VMS TWILL 4000 .19..Y...

201
MONTANA

STATION NAM COUNTY

ELE-
VAT1CN

IATITUDE
AND

LCMCI TON

PAM° ISE SANDERS 2890 ''''' "
114.471. V

PREEMIE. RANGER
'...41U.1iiSTATION GRANITE 5230 -

113°111' LI

PLAINS RM. STATION SANDERS 2475 '''''.' "
114°51. V

!WINS 2471 '''".SANDERS
114°51 V

PLEASANT VALLEY /LATIN. 1600 '721°21LJ-7
114°55' W

PLEASANT VALLEY 4 SE !U573003 305 0 4°:°'' a
14752' W

POLEBRIDGE 4,..°4'ILATNEAD 56.
11,16 W

POISON AIRPORT 3911
47°41' NEA.

114°11' A

POLSON (NMI DAM) LAKE
47°41' N

114°15' W

RENE°. RANG. STATION LINGO. 2350 "'"' "
115°13'

ROGERS PASS
LEWIS 6
CIARK

5,,,,, 470, N
112°13'

ROUND BUTTE 1 NNE LSNE
47°73. N

114°21. W

ST. IGNATIUS LAKE
0500 11.4:0: :

ST. .LIS RANGER
STATION MINERAL 2664

47 °u'
115000. W

SA LEE SE MINERAL 3600
47°20. N

1115

Sr. REGIS MINERAL
KKR.

UM

SEELET 1AKE RANGER 7 °1'
STATION MISSOULA 4030

213°11' V

SILVER LAKE DEER LODGE 6450 46"0.
113°13' W

010051105 =C12='LINCOLN 4500
115041'

SPOTTED BEAR MOUNTAIN FATHEAD 4000 'If'3,.
.1117.23. W

Ss.T1KTE0 BEAR RANGER 47°55.

113°31' w

STEVENSVILLE I RAVALLI 3370 4''.---'1L
K14°D6. W

KIMONOS '''''''" 1075 11...:11.

SU. 2 SE 5 RAVALLI 4000
45°49' N

013°57. V

SU. RAVALLI 4400 2.
pIrsw w

SU10117 P. D 5213
48°19. N

113°31' V

SUNSET OECHARDS ORVILLE 4000
46°27' e

114°00,

SUPERIOR I 47000. "MINERAL 2730
114°54' V

SHAN LAKE 47°35' NLAKE
-0 13°50' V

TMIPSON FAL. 47°36' N
POWER MOUSE SANDERS



STATION LOCATIONS

STATION NAIE
ELE
VAT1ON

UTITUDD

LOAMLOAM TIDE

TRAPPERS CREEK RAVALLI 4137
45°54. N

A
114 10.

TROUT CREEK 2 W SANDERS
47.51:2!

115.1S' w

mum CREEK MNCER
STATION SAHDERS 235fi

115°17' W

TROT LINCOLN 2000 4002/.

115.52'w

IDIOT LINCOLN 1929 48°29' a

.055,

TROT 18 N LINCOLN 271,
411.44, V

115.53' W
UPPER COLAMBIA

SNOW., PIATHEAD 4946 40°18' Id

113.22' N

UPPER HOLIABD LAKE MISSOULA 6000
47.28.

113.31' W

OFFER UKE MCDONALD F1AIWEAD 3164
wa°39' w

113.53' W

Aesod
UPPER YORK RIVER LINCOLN TROD

115°43' W

VICTOR (NEAR) RAVALLI 3600 46.25' N

114.3 2. w

WEST GUCIER FLATHEAD 3154 ww.Tod w

113.5wd w

WHITEFISH 5 NW FLATHEAD 1050 411029.

114.23. W

TOAK LINCOLN 3010
fjgti

115.42d W

202
MONTANA



STATIC. WANE COONEY
EIS-
VAT.

LATITUDE

ARI1
IDINGIIITIR

ADAMS 0:000800 RANCH UMATILLA 1700 45°49' N

ADEL 1 1 LAMP 4500 421' N%
7573711

ADRIAN MINER 2231 11.:144,:

MINCE RUCH 419000[ 87 44°41 x
U.E. COAST WARD 124%6' W

*MKT PLAINS JEITENSON 2363 ,_wwkwqwww.

121.11' W

9011951 CURT
2" It:002: :

ALBANY 212 44;31 ,
123 CIO W

AUMNY 810. 2 LINN
222

44°35' N
72-70-4,

ALM (AIRA ) UNATILIA 3600 °.69:,y,il :

ALKALI LACE LAKE 03, 142758,
.00P v

A LIJOUNT coos 50 43.26' N
U/=2, 19

A LLINGUM MVOS. 3600 .7.11.417.,H2 .

AMNIA JACKSON 1310
vow N-61--122 46,

AMA MANE 2"
44.10 ,

-73.4177

II442201
ALPINE /MTN 2.00 75'1-37i

A ISEA FISH HATCHERY LINCOLN 230 4'l2,ZL.--: :

ALVORO MUCH 1"" 41" 11270: Ai'

ANA PIM LAC 4200 V "
120%5, At

ANDRES 1.,49,,,, 2.000 14,20:3277:

ANONYM 23 ESE Ram 4275 42°16' N

ANNA SPRINGS '22" "16
42.52, N

7,7./.

ANTELOPE 1 N COW 2758 44°55' N
120%3' w

ARLDIOTON 01121.1 350 45043, N
120.09. W

ANITIOL MENU LANE 440
44003' x

123°03' W

ASHLAND 1 NM JACKSON 1750 42%5' N
122%5' 0

9001100 D JIPPERSON 2484 44042., "
120°45' A

ASTOR RIPIOUIRENT CIATSCP 50 46°00, X
STATEN 123°48. W

ASTORIA CIATSOP
20_ ion, N

150 123050. W

ASTORIA WILIER 46°05' x
MARC AIRPORT STATION CU... 8

183°53' N

A191.1.9 NUR INIATTLIA NNE.
45.48 ,

118°28' 9

STATION LOCATIONS
203

OREGON

STATION MAZE DPINIT ON

LATITUDE
ANO

LOIC1 TUN STATION NNW CONIV
ELI-

VAT.

LATITUDE
AND

1 ONG11UDE

Amu FARM OHMIC* 1 10191114 1950 --;No: : BLIT'. MANNED 2.301 42°38' ",,11;)

119°04' w

ACCRA MHION l','- N-'1,;*i,', z;;;..,,L.---, 0 IRIAT ILL\ 4200
4580' N- -9

116°12' W

AURORA NEAR RION
UN

45°20' 11

BL1 RANGER 5TITION CANON 4356 N''''''' N
1 50,

121°C4' W

AUSTIN 3 SR ORA 2 4373 :÷-70--: 'n1TN WE 2720 URN.

t;142.---; :

LNN.

BAOLF V 5 RANCH BACK 39050 0005100140-E NO HRLINCYAN 85 2.5°,8' "
131.57. W

RA BMW
OPTIC

21120 34 41%5 6' N
CIAOKAIMS 595

45°87' N
122.22' W

BAUR RADIO
STATION 113101

NA CA 04 BREITINKISH MARION 2220 44047, N14,147:567o: oN

131°59' 9
PAAIR r CORRAL
AVIATICN 901411

00211 3368 104 °50' N
BRION1M009 cuciums 1065 48°2' N

122°01, W

11,24 1 4 619,9 41°16, N
M4 "" .1.. WALIDAA U10

1 1 78 5 C ' )1
1.07,---,,N5°)."

1145 37 (1175-190 ) 43°07. 11

77-277--- 1.1001, N2"2 2 "
44035, NWi

BANDON 0WS 1J 43',"
111000142, CORNT

12°
42°23. N,o,

12/777i79

BARNES 5TATIO0 64020 4977 43°57' i
PROT.. 060910/13 4640 43.13. A,,,,,

120°361 W

BATES 5 11, 010110 80 GRANT 5,5) 12.'32. N
BREAMS ORCHARD JAcxsoN 1500 422;2,81: :

4.7 6107 7111A11200
""

15'3'. N
13/474112111E LOIN 326 41-4P2-1

59' W1E3887. 4

BEAR 20970 00000 45025

60.
43559. 9

au ;53080 FARM .1252111140 1327 43.10, N
1126E3. V 1E3°29. W

HEAR SCNINS' 11111.1

VIATION 441. WALL.* 4500 45°)9' "

1'71:11)°:31°.;:' 0N"

117817. 0

BEAR 4111_, GRANT 130,1692
HARNEY 63°C0' N

11°507. 4 7.77-6). 4

13136101477 ''''''r 43'''' ::r M. ./151A ETAT1. M14117 4114 43°81, N1.1-g.,:,
1,8,5, 4

69900 1 N 0
61°31. N

SPINA untx 00I09 45.03' 00106, w
118 05. 4

111411 cAINTAIN 141.170 9 1'._.k...LI
173.43. 4 .0M" CIADA1515 719 -----

01,10112 3181400 0 3 , 2151
1.._. '',1_:a anocon 7 SE JACKSCW 1925 620,. N

1220,. w 77-,w
DEW DESCHRI, 36

121 '19. ii
4111100 FARM 415E00,9 91,5 0 _""*5'.

2C 77. W

BRIAN A 1220611 /4_... 8 013022111.1,...21.9A11, a 0,11 43°35' Nill.

111.011 0

PIG 4A: :IN 1 41114. 3'I,1 '''' 000
41 °6' N

Tis7TT

11181214
IA

4,49,, I
PUT, 4566 L3 .11). N

17701. W172.2, .;

BIG 1920 In 1) 105 4.1 391' 5

nun, FA. 1 :Ex ,,,,,,, ' ' 125.72. x
111 C6' 1.,,,,,T3-7,

,,,, 1222.,Y ri artu. CRY, (n8CAR07
MACH)

45°39, N
.111.751-,1 Wr

nov, ,,

I M NIA 510 o'', N
BUCIEM ,A51.11..04 325 15',.1,

238E1. 11 173-11, VI

RIP . 09126 1 Kt 445 43'3' " NiNiToN - NOONTAINIALE WA51111.21017 321 85%1' ..77-0 .l23.7L, I

BLAU') 0 0 0 81181141 5 1 56804110515 15311, N11'050:'2':
101.05, 4



STATION NAM CD911111

ELP.
NATION

LAT11140E
AND

LONGITUDE

CALIFORNIA GULCH LIMATIL1A 3222 _Hen, _J4
118.50, 9

CMS VALLEY 0000019
0093 1.423;4:

GOLF HARNEY 4990131 16, N4, w3.40,

COW WARNER lAla 5770 42°20 NWI;
CANARY LANE I" "1122: 1E

CANNY CIACKAMS 130 43°10 N
122°41 9

CANYON GIFT MO 3194 44°24' F.
119°57, 9

CAPE BIANCO 00991 ., 42.50. P
121774, V

CARLTON 13 00 TIMM. 1950 54:13' N
123 20' 41

CASCADE 10094 X001 RIVER 100 45941, N
121°54, W

CASCADE SMUT KLAMATH 041 43°35. N
122.02. 11

CASCADIA .0, 0150 44°24. 74

T23.97,767

CASCADIA RANGER 44.22. N
STATION LIMN1-Kn

T237,717,

CATE 41007109 JCBEBNINE 1323 4e10' .
123°39, 0

CAUDERO c.,0.6. 404 ,14+,

CENTRAL MINT
'6°6'6°' 1269 116f1.

CHAITION MINE IAMB 4375 4335' N
122 39' 9

CHANIESTON COOS 50 43°204 9
124°20, 9

CNORILT CIANAT0 4760 43233, :

0X0101 GROVE 2 SE ILLIGIILL 900 45°25. I
123°19, W

CHIIIXII/IN lamas 4200 TrAi
CHRISTMAS IAKE IARK 4360 Ig;43. :
GLUM° WIDEBIZR 1344 44°53' 9

12E3-0. W

CLASSIC IARE TILIAMOOK 60 41,:oLtt.i

CIA15RANIN 3 WO Go.9.9.A 50 46°06, N
17.77677

Clan IAKE ""A" 3030
1612402, :

cull 016 13' 22' :1

CIDTERIMLE 1190/ TILIAMCOK 20 45.13, N
123°74, 9

000000 2 SI IANE
040 11117F011

N45°16. 0
COLTON CIACKAMLS 651,

STATION LOCATIONS

EE.
LATITUDE

AND
STAT. COU NATION wow TUCe

COLUMBIA CITY COIBMBIA UNK um.

00011461, NINE BMA 60' 41j6;1.1' , Y

COMBS FIAT 00X101 4027 44°15,
1241941, 91

COMSTOCK TOUGLAS
68 i21.1.430: W"

001076 90.994 "" 1.115;44:

COMM. OIL00100.019 2844 45.14. N
120.11, 9

WOOLS CANTON
60 45 39' N(BIT RATON) MATO..

118 5J'

GAMIN *111001 1780 M7: :
0.0.1UILLE CO3 No 43°11, N

124°11, 14

COQUILLE RIVER 1.17 073.' 0
BOAT STATION 000S

1.1 5. V

CORM100FIA SAM 4700 456°°' X
117.12. 9

11,1,,,,,T194 I91IGER 19111141A 2370 1419"'L NN

GOREN L115 (RIFE!. 11.11,1 .44°314 N

23°15. 9

CoRVALITS 19147,544
2

1.4°34, N
12-A-7. w

C01044415000III0 1,41,01 LL°38. ti

771771
0090ALLIS BENCH
EEFERIKNNT 09 91

,.. 14234°445: 16

CC IS LE413-191,0) 4034:13,3:
:0 5.1r111.1' ER,

IN

CDR., 4413 'HAT10
912002 570 44°31, N

BUREAU
12.1.27. w

COTTAGE 64403 1 WE 650
L3 1.7. X

1.7) 4,17-.7.',

COTTAGE GROVE CAN LANE 041 43°43. N
121003. 4,

COUGAR 5911 IANC 126' L11° 11.

COUSE 00401. (215
lu,431) UMATILL, 1,1 45', I

1,"' 21 . W

Cull 1 ,1BB UN NU ,,, 1,,13! N
117 1,3'

colon. GRAET
2'00

44030. N
1-1-9-971,74

09109.421 C0,9 RAKER
6' ljt.;/'

CRANE liARNET 14135 6,3;2237: ,,

C32241 PRAIN1E 0070110116 145c - ,6,.-

121-1,7. w

CRATER IAKE 1IAMTN 90,55 12:614. N

120°0/. 0

'24649T49%;.A1261177e1t9i"6 '1'6'6'6' "1' 67:5,1,'F', "

'RISC 409 "' 43°27. 9
121 1.

2 04
OREGON

-
121717919

AND

STATION NNW couNTT TION 40NEETUDE

CREI4217 LAU
K''''1679 67 -1;214H

09011ELL LANE 4B0 l'?;'Ti.
cP001 4750 Woo P

123.29, W

Ca.4931TT C1ATSOT 413
4o°29. N

CROW 4 NE IAN, 440 °DI
23 14

CROWLEY RANCH "6°"°0 "0
43°16. N

117 .T.,. W

CINTATTE IANE 4104
4,3:3°,0,

0010/. [Noon 26^ 44°20. N
71-1E74

10920 631.10110 440 143043. 9

123°12. N,

NE TOPM4 KIA0BTH 4150
47.1EDAIRY 3

121.2b,

LE UriaTILIA 29 ,,...,655.'

DALlAS 11 .

26
44056

123 19.

CANNER HAIII0ni 43°1 L'''''' "

DAYVILLE 09.1111

761

Ia,
11'-:.:771....

DENENG0.7. rA
,,

123°49' 4

DEE PC ,, 44 ..!°33. 5

1 °3',.
DE.1 ISIAND court.,

-1:-73777

ca..%
24°25, w

DIME BAY L oln 44.LE, P
1,4,, 4

DETROIT 1/90

DETROIT DAN 4V/30 N
199,1111197111.6

HAR 13
122 15. 4

001 018 19 90 6 ,,, 44.44, 11

1,151,7. W

0,145 FIAT 200..., 10'45, N
735.01. 'A

5100419 4 WAN 00109,1 43°01. 14

116046,

DIA.lioND 12105 000011 , 5210 43°11, 9
lit 10--.1

Dawn 0090 IDDGE 00 ,0,' 5105
N

103°1°18:

010,111 1 0 3 220

DISsION 5 NBA IANF. 1212

DIS5709 10 SE 11314 4375

42°32, I01410 1400 GRANT 5250
115°36. 1



EIX.
LATITUDE

MU

STATION NAIR COUIrry vATICAV 4660111/06

DORAVILLE COIONSIA 750 -V223.=
193900, 0

DORDIM DS LANE
7" 1224. :

MIX 1 IOW 00110115 372 7.1;RH:

IMAM 10 IS Moo ,s8 788
43.47. N

12).26. I/

ONDIGEY Koss 3508
:i4,38172:

[MR MASCO

1325 1422107.9: :

MSS UMATILLA 3242 "ifT:

MUIR 3 NNW ROW 2740 5037. N
117055. 0

MST MMUS 111/177/0,6,1 Is* 'ti;i ,'

CM UNATILA 601 0,5.4., N

WS WILIod 3400 01'57: N

6W13 UNION 2670 0°35' "
117°55. 0

SSW DAIS. 780 43°32 ,
123.11,

SAMOS WON coos 808 4 2LL.
121901. V

IXATON '0 1 L'S
405

'l21:r3: :

EIXION 3 SMO nom. 114 056' "
123035. I

FUTON 4 I DMUS 170 "102:87::,
V

061* MORROW 830 . 45038. 2
13.9"51-6,6

OMIT 60 42 °26' 6
6LLINSILRO 124925. is

)26008 LAKE 9360 43°17. X
121912, 0

INTIRPRIS WALDO* 3760
15216'. :

02E8I6160 21 XIS/ WIL/d 3520 '-.-i',.L

MLA POLE 5' 2.11.427*04

SWAM 2 sE
"A"""" ''' -ATT:'

ESTACSK 24 9E OIRCIAMAS 2200 45°65' "
121259' 0

wow LANE 15" M
WOES P BMW ECI6A0 44917, X
11220]111220]1 STATION Ulle

3

61

-17-3-61-371

11016 WE 866 43050, N
122°97. 0

SYMMS C066 148 43.25. X
124010. N

FAIT/VIM. Wad ""
45.03. N
1182*. w

STATION LOCATIONS

STATION NW COMM
E LI -
MI COI

Asiund
do

LC60( 1.6

FALL RIAU NATD...s. 0.10.11/1", 7,3. 7.t0:1.: :

FALL, CITY voLY
.4.2,,L,

123.27. w

06100006 RANCH 51611112 1050 4S°4^, X
,

11E947' w

FtliN 61006 CAM LAM 36/ "--,.-"0".123 .8,
8,..x., 3375 °AP'FEE,

Sly 57' Y

FIX GLEN ouu0LA5 2300 i.121853:: :

42.23. x
FISK LAKE JACKSON 1.839

FLAT CREEK MOOS
STATION

LANE 5)20 v_W
122 30' 0

lOWNCE 3 IMO *Ns 6o 44 °01. x
T21.7.77rwv

Le11. X
FLOURNOY VALLEY 00.00166 700 7.01-c,

700.165 FARM "A"' ""
43°06. N

7707,
FOOTHILL, ORCHARD SC.* 1510 el& J.

12e52. 0

FOREST OROS 0X01630161. 175
45032. X
123%6. w

TORT KOSS 6**N 380
112431r8:

FORT XS/MS MOMS 4260
42°40. x

0,121 °'S0'

70111 SKIMS 7 * PAWS 1.160 2:1.
NOW WI LAKE 1°' 121 :,.. :

FORT SCI 6 WA LAKE 84* 43221. X
-1-23.607;

F 66.11. K
FORT STEVENS CLAMOR 721170,

FORT UMKIM DOUGLAS
8 43°42. w

1.2-1./.

FORT RUNIIS W011 375 49°05. 2
123036' w

FOSSIL "10" 26" 31212C1

401 Luid 42925. X.6.cd* 1350

100 661,11. 0" 44 °39'
119.09.

FRDONT us 432*
-S42441

IRENCXOLEN WORT 4200 55412,5): :

16'2o ,781010 1 WA *2906
2k3" -5.1.1787;

/ALICE
40035023 20' 1.42237

OSIODIER DOUGLAS 15 43%4,
124.12. w

OARS/6M NANCII JACKS* 1800 32445'

205
OREGON

STATION 66.6 caorr8
Ele.
8 ATION

LATITUDE
AND

LW I er NM

=OWN rum ,,,,T, 8888 i2°1z124
121°C6. W

DIMION UMATILLA 0000 '
10 '17' w

CUSS BUTTE do* 520* 430)0' "
120.07. w

0510110E weleow 1700 0°24' "
119049' 0

OLOCALL 2 NW OW OWN 15* 42.46. x
123.24. 0

CRANCRA TILLAMOOK 575 58'834'8: :

OILS= im101220901 sr 54,53:4:: :

GOBLE 6 SA 00116812 493 11,,r85522: w"

MID IMM* clan 6o 40:'5' .
124-25. I

MIS 42.26. x
COLL BRACX RIMER *DRY 80,

124596, w

ICU* FAL. woo 650 05°20, 2
113°53. W

0002321608 NORKW 1925
4 059. 0
119.91. A/

03080160617 CAMP/ CLACIRMAS 3900 ' A3.---4. "
121%9' w

__,_V*01.,
GRANDE 601160 PO8 340 -. ---

123 37. W

ORSIDVIRS 4076602 2576 424:32: :

DWI'S MRS
46M

44850. M
177F-7.

*SITE 4 *ON SANT 4939 1.14)÷.:

GRANTS PASS 40.9270010 .25 ..i.t.;2;÷",

GRASS VILIFY SISMAX 2381 ,IiAe6,

ORSIONSMI RAKER 0250 44%1. X
118030. *

oimionur 160
290 it7:3°59: :

ORES PETS CAN 3" UI:P;
ORE* 187,I000 ACWIR 888,888. 80,38 42.07. I
FIST 124, w

aluslid IRRTIMAN 310 itr4:: :

CRUM WAY WNW 3639
44°31. w

1.27F677

RD/ROM. /AWLS 45O3
/6.10. N

116951. 0

OUSTS DOINZAS 750 i'n-8÷-%2 I

CUMMICK
..g...L_R,/IISMS 35/03

119.09. 6

MUST MIS 2671 44°53. x
113'07'

WWII (1936-41) UM
35" 11.a1g50: :



ERE -
LAT I TIDE

AND
STATION NA. COUNTY BATA ON LON0111.

ILMPTO14 UCINTM 4420 "2---.,.',I-.. :

1'

HAPPY HOME COOS

21' 1232;151: i

HAPPY VALLE', HARPY 4200 42055' N
118.39t 0

42°03. tiHARBOR CURRY
,

124.17. W

HARDMAN (1390-92) MORROW UNE 0K'
UNK.

14ARDMAK (1962) ''''''' 31"
45°10' NWI,

HARE CURRY 1362 47°35' ,.
121,°2o w

KARNES BRANCH
EIPERIMENT STATION

43°35 ,
118.56' W

NARPENO 29212120 2510 43°52. N

HAIM.. HARNEY 4135 1$'2237: w"

HARRIS LANE 1200 43°35' N
123°00 w

HARRISBURG LINN 308 4016. N
123°10. w

HART MOUNDUN.
ROWE LANE

59
42.31, N77;7

HASKINS D. TA/91Ill 721
45°19. N

123.21. W

45°17. NHASKINS CREEK 0. TANNILL 750
123°20, W

NAT CREEK JISKONSON 2936 1,20;151:, :

WEIL/ELL IAN/ 1280 °3. N01,
W. W

HVA900RKS (NORTIAND 748 45.27. N
WATER BUREAU) WC,

CROON 1870
44°40. NHEISLER

120.55' W

911.11 (LEAKS RANCH) UMATILLA 1860 1111:5432: :

HENDRICKS BRINE JANE 660 44°04. N
122°5, W

HIPPNER Mr"' 1950 ''-1-1459:

REPPNER (NEAR) MORROW 1950 45°19. N
119.24. W

2 65 °69' NHEFINISTON SO UMATILLA 624

REHNISION MOUTON
GRAIN ORME.

620 1._§22Lf
119.17. W

HILOM UNION 2997
45°21. N

,,Ei.,.

HILLCRIMT ORCHARD JACKSON 1595 ,422,2,..!

45031, NHILLSBORO WASHINGTON 203

HILTS CREEK DAM LANE 1275 43°45. N
Iii ,517. ;

°r 11:mHOONACK MAMAS _r4

122°56,

STATION LOCATIONS

STATION NAME couNTV
El,
VATI CM

LATITUDE
AND

LONGA TUDE

HOLIES LINT 527 1..oi
122248. 4

001.02910014 ORCHARD JAC K.' MOO ..1..5.52f,..:

HOLLOAT OICHARD JACKSON 1486 42.17. N
122°50. W

IICOD RIVER (1940 -41) 6000 RIVER 393 14.52A20:

MOD RIVER NOW RIM 350 45"41' N
121 °31'

HOOD RIVEN 2 .1 NOW N'''' 000
45'41' N

121°31,
HOOD RIVER RAPERINEOT

9081 11121.8 500 45°41. N
STATION

121°31. w

woo RIVER AINiATS WOO Erna 388 45%, N
-1-07-0,

HOOVER PION 1642 44%2, !I

HOME PRAIRIE DOUOIAS 2212 ,42°56-,--.--
123 36t W

HOSKINS BENTON 250 44°41' N
121.28' W

HOWARD PRAIRIE DM JACKSON 4567 if-47:

HookROVILLE WALLOWA 3574 1,--9;?2-,.: -':

HUSENIED ,,,,,,ow 274 I4:1311.
123946. w

ININTIMOYON ''''' 20'0 44°21'
:

11162 NINE * '4 6oco 44%6' II
118.17. 14

2 I= PARK IN0012910 00001A5 695
43°21. N
22.59t I/

IDLETID PARA 4 BE wows Icao 43°22' N
11E958. w

IMETLD PARK ROC 43°23' N
CREEK DCUOIAS 1140

CURRY 3' 12M-49: 'N'

A WALLOWA 1980 ",7:3737-16034,

IMNARA . 2 WALIONA 1925 45°34' .

IMPERIAL CH004 4500 43546.

20995,

INTAKE CIACKAMS 2200 45°05. N
121°59, w

10110 TO 5 KORN., 1925 45.19. N
409 °51' 1

22085170 ',MUIR 3500 Len,
117°57, N

IRON413,. 2 w '"" 392' ' :11''':g:

NERVATION HENAWART LAKE 4000 42007.

120°71

IRVINGTON MULTNOMAH 75 45°35' N
122.3D. W

JACKSONVILLE JACKSON 1640 1422,,,,°1:: :

206
OREGON

STATION NAME 0CoNTT
E LE ..

VAT].

LATITUDE
ONO

ACM01 TIM

MEM. !BMW 235 4010' .
123°00. W.

AMIN RANCH LI/COIN is
14: 0' : W"

JA.F.1.1 CLAMP 560 A'230:0552: A"

JINE11. GUARD STATION CLAMP 491 ,45°5 N

JOHN OAT GRANT 30% 44°26, N
171;6T771

J0/01 OAT D. SUM. 186 45°43. N

2oRDAN BALLET MAMMA 4397 ,,Ii::
JOSEPH WALLA. 6198 45°21. N

31-A-57I

JUNCTION CITY LAME 353 --,---"°°"
123-rt. w

JUNIPER (HELIX) UMATILIA 1303 45°57' N

JUNIPER LAKE RAMAT 4100 111V,

JUNIPER RANCH
2*a.22! "' -115;lf-I

,,,,,,L, UNION
634' et1:77:4:

KELICOa WOOU,S UNK. IAA.
Um.

Imo 11.4411, IA 0 .-in-,-1.-%

MIT 910N, , 2707 11;30,.0112: AN

KENNY JOSEPHINE 1965 42°15, N
123°39' 0

MOM. PLAIMEUR 2231 43°44' N
117.04..

KLITLIIA 4HEE122 1450 1)-AQ5: :'--
KLANAM AGENCY KIAMATH 4169 02:0' .

12156' 4

KLAMATH MIS 2 SW/ MAHAN 4098 42.12. N
121.47. il

10AMAIN PAL. MANI ,, 42005. N
AVIATION AGENOT AIRFORT "'"""' ""'" 7;1-,5. w

IACCNB 1 MO LINN 655 44°35. N

12-71-6. w

IAPATEITE DOM LL 170 ' W*114 W

123°07. W

IA GRAMMY 1.9,5921 2782 45°20. N
717-E5. w

IA ORME AIRPORT UNION 27 . 45°17' N
17872. w

IA BRAME 6 SE umlom " o g 45'17,
-17.6-6,30 ,

IA GRANDE 16 WHof UNION
34,.--

45°15, N

1172r-o w

IA GRANDE 19 91 UNION 3475 55016, .
118°27' W

1ALDIAW CROOK 3171
10,44°10'



STATION NAME COUNTY

ELE
VATI CM

1.1711.
AND

.117UDE

LIM LIM
4316 1425748: :

IAPE CRS. 5 SSP JACKSON 1923 -1§82ii:.;

LOINVID1 INCE 4756 14,244,1

INICROIS (1891-1904) CURRY
900 1422/1'

INICROIS 2 GMT 88 42°56. N
121-7277/

IN PINS 019010.1180 4229
43%0. N

121°30. W

IAMI muirrill, mumatui um 818:

IADO CRITEX 1212 ",%i,.'3'1.2.

MINIM 1 at TANN 675 '''''''WL., K
122.1a. A

LEMANON 1.90 334 44°32' NWV
ISMS CAMP TILLAMOOK 655 "155'36:

1112.0101 744000 . 4537 144i:
LDINVILIE KUM.% 4160 TII22:4-: :

LIMB RIM 10110141 1250 1'2'2:5140: :

LITTLE VAL= MAISEL. x500 53:5). X
117629' W

LOIN. SANE

904 t9"2oF, :

LOPROCS OILLIAM 3114 45°05.
119.59. w

4010 CRP. (190T3-15) CIRANY 3500 44w43. 2
117!6 W

MM. ORE. 05571 awn 3722
4.47 N
915 4

IOW VALLEY INKS 5500 -tl-2°(4U'
120%7. Al

10.1000 0030 RIVER 600 14gN.

MM. CUSS VALLEY 00110140 43°11. N
-1755,70

IDONEBT POINT DAN LANE 712 83 °53, N
122°46. W

3 22,,,,
1L'ATh '3"

42°16 N
77/077

IOST CRETE RANCH LANE 1800 "____,,V18'

122.01P W

.111 1 E LANE
74' :1r2li:

WELL 2 9 LANE
666 _0°57' N

122.47, W

1.12 EAT CREEK JEFFMCS 1596 11.047, '''
020.55. I

W. MITT CREEK 418711.0N 1684 44047' N

44°38' N
MORNS MIMS% 2256

121°08' 14

STATION LOCATIONS

STATICS NA. MINTY
ElP
VAT!.

WI TM
AND

LCMCITUDE

MM. 2 N JINTIRSCS 2507
44%0' N

121009. 14

SA SUN ENA/1CH WIMP 2251 43059. N
UPERIMENT STATION

KAMM L71102
HEADRIANTIRS

HARNEY 4103 43°17' X
112°5% W

MAT. laxwm 4050 Leo, N

1,1°,5, V

MAPLETON UNE 18
°02' N44

73771
MARBLE CNN. RAM 4320

°29' N112

M.

WOO. LANE $3o 44°10. N
122°51. W

8 NNE COOS 3080 42%9' N
MARINI

-1727.77,

YORKS FISH LYNN 2475 406. N
MARION
HATCHERY 121°$7' W

ERNS CREEK WARP 4600
44°3 0. N

STATION
c,2,22

MAI6NE10117 COOS 38
ten. 8

12777;
MAUPIN VASCO 1030 45010. N

121°51' W

FURY CROOK toco WV .
-3-.2(776771

45°' N06,,016,EMUS GILLIAM 7"6

MoCREDIN SRO. LANK 2121
43%0' N

meDERMITT 26 N '''''' " 11147;V:

IIRKENYIN BRIDGE
LANE

'372
44°11' N

(1954-62) WAI
.611121E BRIDGE 1.0,2 1400 44°10. N

122°10. II

MMUS 92I211 4010.
RANGER STATICS

INNS '32, 75.71-71-1

%MINT COOS 140 43°11. ti

1211002, 0

MDMINNVILIE %MILL 152 45°12. N
7.75.77/

MO/MRS 21114M001 1142 1'-45°)-6'
125029, 11

%WART DAM UATILA 480 45'5' N

NEAcHAM . 3620 45°31'11

MGR. NETHER BURRO ,22.,2,050 45°)0. N
AMORY STATICS 118°24' II

0910X.121 RANCHCHNCH WASHINOTON 310 45°42' N

MIA00.1)002 RUM 0000 RD. 850 1'05:4:: :

MEADOW un WASHINDTON 1950
115°19. X

128°26' W

IMPONO JACKSON 1379 42°20' N
122°51' V

MEDEOND 42°18' N
ELBENDIENT STATION )".... 11.55 7227F71

207
OREGON

STATION NON ../.7
EIS-
VAT.

LATITUDE
.0

LONGITUDE

M ®1020 WEATHER Ram 42.12,
AIRPORT STATION 122852. W

MM. RAMON 620 44°47' N
122°57' 0

MIDI mammas 850 0°38' N
122932' V

MERRILL 2 IBM IGIOUTH 4050 42%). N
121°38' W

MSTOLIUS 1 WI 4171.110011 2500 "9.5' 11
121°11. 14

MUSAls) (1907-12) OILLLOI 1400 5 5'
N

850,4 :
W

MM.° (1916-48) BILIS.. 1550 45°28' N
12e21. V

KINEALO 6 W ona.ux 1550 L5'28. "
120°21. W

RANCH GILLIAM 1550 45°28' N
MIKE OD 1ABSON -0
101KAIO pa. RANCH 01411AM 1100 72:4i4Hi,

MUM YOUTIGNAN
RAM011

73,577,45.28..

leo. x
MILL CITY 1zers. 0

MILL. FRAIREE MORROW 1.202 45°02' N
119°40' W

MILTON UMATIIJA 1100 1le56LII
118°210 Al

MILTON 6 SE INIATILIA 1315 45°52' N
115°17. W

MILIP-IIRMATI. I. Rd IMATLIJA 962 ,I.;-gf:4,'

MIR. 7 I./ WALL/NIA 3584 "145°"'

rattumn ma, CLACKAMAS 162 45W16. It

122%5. ur

MISSOURI MICH (CASE) (INATILIE loso 5l',8:: :

KIST COUBMIA 450 45°59. N
123°16. 11

MI... VIILIPR 2744 44084, N
120w10. W

MOW ORM%) JACKSON 1215 43 °27, N

122°53. VI

NOLA. 1 MO CLACKAMAS 165
45°09' N

122°35' W

!PRIORI% 1 YOU 204 44°51' N
123.11, II

209100111 2 FOLK OVX Il°49. N
123812. W

IPSO/ B.7011 5" 72147:

19.700.21 RANCH

r-

4171 '''''''' 19' -1.212:179

ORANT

1850

44%9. N
MONIRTENT

119°25' N

MOKIPENT ROOM 406, N
STATION MUST 1990

MONUMENT 2 222,,
1"5

449. N0
119°25. V



STATION NA* CO MT
SHE-
VAT.

IATITUDE
AND

LCWCITLEE

Amax mormx, 793 15.31' NW11
10110 EIPERIMENT MT. SHER/. MR N2,9;1,4_

MOUNTAIN 0(170 CO.BIA 1000 66.02. N
123615. 0

MOUNTAIN RANCH JOSEPHINE 2710 42*07' N
123.38. 0

MINIMA PARA HMO xlva 1510 11,,,,,,N:o: :

MOUNT ANGEL MARION
i ,LLi___1 N

122%5, W

MOUNT HOOD , 11000 RIVER 165,- A..,.2,1

MUSICK 000031.0 5530 4934' N
122.12, W

MONICA (RAWLINS RANCH) UMATILLA 1725 ,,,,,,_...;s4:

MYRTLE CR F3.3.. IP Mt 1,01IGLA3 II, 0 13°01 , N

MIA LEN TILIANION 150 /i5.1.3' N

NEESCOTT LINCOLN 98 1957. II
1211.0C, W

8006000 ',WILL 192 43°12, N

MOEN 7,,,,, H
N(WORIDGE

111°17:

NEWHALL ORCHARD JACKSON
47°23. N
121°51, 0

NEWHALL RANCH JACKSON
1395 11':;H,

NW PINE CREEK LANE
1

1880 12.00' N
120.18,

IMPORT .100. 121 Wf-eLl.'
1211104. li

01011 PAWN OIL.. 1198
4$ 26' N

NOUN UNATILLA 735 "NI', N
119°08, W

NORTH 1316,16 0006 20 43115. N
121-6, w

NORTH 10770 PAR CC. ,,, 1_,,t722
AIRPORT 124°11. W

NORM POWDER UNION 3050 1903. N
'1:776Ti

PORTEN. CREEK
'10111581'' 54°

69.9. N
5:37/171-1

NOTI 7 RSV !AXE 180 14103( N
123024, 9,

NTSSA (1916-20) MA IILEIIN 2720 63°"'' N
107005' 8

MESA (1937-62) 2013(001 2105 -4322!='
117.00, W

OAKRIDGE IAN? u /w1IL*_;56:

OAIGIIDGE SALMI, 7An 7775 13.45, N
HATCHERY 122.23, W

OCLANIAKE
4L00( X67772071

121°C0( 91

STATION LOCATIONS

STATI ON NNW COUNTY ATVAT .

LAT I 11111

AND

LON. IIIDE ST TI COUNTY

0091000 cRooK 3700 44.08. N
PENULPI,N (1089-1935) ,01,3111A

120°29' W

OCMGCO CREN CRANK 3700 -44.11-t+
12e3). 90701ETON (1915-40) UMATILLA

OCH000 DAM C.01, 3001 41°18.
PENI. LEI, AIRPORT 03011111

1709W,, w

OCHCCO RANGER STATION 08009 3070 05103890. ,07X511
,0'001101

120 °2G' w

OUELL EAPIRIMANT AR,A MOOD RIVEN 790
x

EF TIU NA EL,
..TAION ONA T1 L1A

ODELL LANE. No, 1 (LAND) !AMAIN
13.3), N Pi 1.1T1N itt;31A Li

IA RA
,R.AT,LIA

00ELL LAKE NO.2 (NA. KLAMATH 43°858 N 2.6113E13N. 01411,11
BUREAU AIRPORT STATI. UMATILUt.

122902' W

0I1131AM P LETON GHAT

0111,417.3
3.n LIA

126 1,3

GNAW:
N

0171'10

01A 0.1) IA K3 MN ON N

8NT:i10 AIRPORT 2 W MAW. 2 PHI re. 3 KILN RI: JACKS111
8;

ONTARIO CAA AIRPORT MAIIM. 27,4 Nu, 1 Nu TI LIA

ONTARIO 0010 011110
2%5

1/003. el 4./T R13:1,
(1061 3-0 CH

UMATILLA116078. 1.1

"00" RANCH HANN, 1030 10 °17'
PINE PA KFR11919. w

ORCNARE NO. JACKSON 1137 10910,
9ITT30196, WALICVA77777

ORZ0011 AMERICAN
CAMP

CIA MOP 1680 1515, IL

TZ.37,7374
PUG. 00501511316

ORMAI: CA VFS JOREFILII1 1,20.96, N 10.T.1757X1

OREGON CI TT °LACUNA, 167 17821. s
P011731 009017x-

02.36. W

1070
0°39, N

Rea Al RT
maTMOHAN1,"17.778

ORTLET WAS1,0
15009, C.0 T

MOAN C11T 01 LTNOMAH77774
OTIS LINCO. 20 45082. FORMAN!, .3

COKE LW'P NY
ER,INOMAN

123 56' 9,

09/110,1 MALHEUR
53011. N

1757-6. N
PmORTuT.IA

I. CAS COMPAN I"

CWTHEN MA 1/1 43°38'
PANT CRFORI: CINUiT137913, 0

PAILLIT 371 142°12. N
PART 0.00

1,777.0. I,

PAILUT (NEAR)

?Ad/TALI HOOL .V1N

1709

1710

PrAJEL1 BUTTE CauCK
170133' 8
15095.

PIF Eli (0(03.0 UMATILLA109830. 1

PA RESALE 9 100 11001 RIVEN 5800 15 0

131039.
C003

(191,11, CR001 113,x) N

PM IHIt GiA NT

PAU LI, A (1961 -6,) 011330 3,8.6 1,1"88. x FRA1111. GI TT HANGEN
STATE,119°58. 9:

FELTON LAM JEFTIRMON
N

171°16. w "P. MRCP 9611104 NARNET

208
OREGON

LAT I "PUDEft, MN
VAT,. LONG, TORE

1056 15`4c, N
118018,

1589 45°41. x

MR. 170,1, N
113'31.

111'7
43_7L11,

111.3 W

1u. N
110%, W

OS

17011, I
18.01,

11.1,

118 11' NN

3,1 91

31 18.3,
122953 W

169

1900
45°78. N
7°50. W

2600 64831,
7005. X

125 45'38, 0
116°313 W

11.

LL

12°3, N

12021 N

3779 65'27' x
121'13. W

9,3
01833.

1,A537. N

229, W

49 15°30' N

69
122939. N

62'66,
7071, 1

3519 44 ";17' N

1315

L915' N
771, 9i
4505, N
I Itr 17' W

62053.

11 .

118913. 9!

3556
1,081,

11943. 9,

1201' 12.19. N
118053



STASI. NAM MENET

FRINGETCA /3 MARNET

LE-
vATION

3910

TuDE
AND

Lox 01 1170E

130164 w
1.1777 l

1NLT1ffVILIE 21HN CR0014 2868 11019.24
120252. w

PROSPECT 2 WE JACKSON 2182 42%4. x

122°31. I4

PROODFOOT (ECHO) UNATILIA 1000 45°37, N

119°17'

QUARTS-VILLE 11 LINN 861 41°30.
79'774

RAGES CREEK cROOK 3776 41,014.
71-9V-15

EAGER RANGER
STATION CROOK 1000 4044. N

119014E4 31

RAINBOW MANN 1200 41°11. N
128°13. I

13', 145 .240 44

W

RANGE 3500 44°54' N

I18°58, w

RAT GREER 7000 45°18,

119°W44 w

RESHOND DESCHUTES 2991 44°18, w

1727.7. 674

111.0110 FEDERAL
AVIATION AGENGTAIRPORI

3075 4076, N
771 64;8774

REEDSPoRT LOUGIAS
43°42.

121-77-46,

RESERVOIR IP. 3 MAU41111R 3100 4022, N
117°38' w

DolIGIAS 856 4L0_8,4
123238. W

ftd (waffizem RANCH) uNATILIA 1130 45°45,
1717C4774

NEI TANIIILL 490 45°18, x

-1.775741

RICHIAN0 22345 44°46, x

117 °10'

STATION LOCATIONS
209

OREGON

STATION NA9t

ENTITufrt
EL AND

couNTT TA, oN La LITHO*

ROCK CREEK BENT014 025 14f241. ...x

123°32

ROCK CURE BAKER 1150 -4440-4534342
118°05,

NSA CRC* COLIOIAS 1110 13°23. N

ROCK CREEK RANCH HARNET 4575

ROME NAINETIR 3378

122°58.

11;'111:

15172.'5380: IN

RCAE FEDERAL AVIATION wWES
AGENCY

1013
12035, N

111°53, w

ROSSEURO 00801AS 179 43°13' N
123°20, w

TA=R4Z041ORTIITATION 05 143011.4 N

1404341u440 10.3710414
BMW OtTicE 4,8,310,

123 °20' w

4,scHur8.6 1198 43°47. x

77.7174

RoUND GROVE KLAMATH 4888 0.20,

120°53. W

RoJADA LANE 1212
122 45' M

SAGINAM IAXE 611 43°50.

72:7737/

SAINT NELLAs c01.11MBIA 40 45°524 44

122122 le' Wm

SA.14 WEATHER WNW
AIRP0RT sTATIONE 200 44 "55' x

123°01, w

SALEM (1) MANION 150

EAU4011 UK

11°56' N
77F34

uNA.

SAND cl.a KLAMATH 1689 420504 6
1WW

SAMNA .6162100 3780
LL°24, x

121°564 w

RIDDLE (1099-1948) MOCHAS 700
42°58. N

123001, W

RIDDLE 51950.1956) molulAs 700 42°57. x

127' M

SANITAN PASS LINN 4748
44°25, x

121°52,

SASSIES ISAIID NULIA0NAH 40 45040.

RIDDLE 2 NNE 700 422584 N
s0OT15 MILLS 8 SE CIACKAJL3S 2)15

122051.

41°57. N
122°32. M

RIDDLE nouous 68) 12255, 41

123226. w SUSI DE cursor. 1 0 45°594
12 3 5 5 ,1

HILET NAMES 4125

RIO HER.. JEFFM0' N 2110

43°33. 14

118°594 44

1,4fELN.
121°324 M

RIVSLOALE RANCH CASON 1225

RIVERSIDE MALMEMP 3000

120.02, w

13°0'

0E1. 4W JOSEPHINE. 1500 42°17, 11
.1.774-a

sENECA GRANT 1.666 40094
118°58, w

SIRS. Axn1T wEATHER
JOSEPIR NEBUREAU AIRTORT STATION 3836

12°37, N
123°32. W

SMANIK0 wASOO 3170 JL00122:
120°454 w

ROMs OD LINCOLN 30
121°004w

0039,
118°594 w

11;3104)0:

L600
13009. x
17-11

REARING SPRINGS RANCH NAME, 4630

ROBEILIE DESCHuSES 000

SHERIDAN TAMILL 207 45°05,
1.RT370

SNEREMA cBD0K 4225
43%8. I

120002.

STATION Not Cam
LL

NATI.

ENTITHOF
AND

L4Mci sum

.410. 95 44%3. X

77-476:70

SILVER cREEK FALLS 2RION 1310
112t047:

SILVER LAKE LAS 1,315 A3'09 N

siLvERTON wxa 108 45 W'N
122%, M

01191317014 L sa NARIoN 1090 411584, x

SIMMA SRO MASCO 2400
212214 w

sISKITOU JACKSON 4125 42003, 11
122°36.

sISEITOU SUMMIT
WEATHER BMW OFFIC JACKSON 4480 4 ° 0

11s25E4 (1958-52) N1E4NETE4 Jew. N
121 32

SisTEEs (1906-20) DE:0.TM 14:15,

SISISLN 15W2 C005 550

01194101 6 8,044 0064

23 7'

SIUSIAW LIFE ETAT 44x01' N
STATION

124 O7' Y

SLED sermics wAL14341A 10
11107:721:

SMITH NIEFR FAL. mucus 8c 43°171 x
12 3 0113 W

300 00008 11,3
I18 50' 4

4400134 VEER80a4 DounIAS

50TH RETERTA
(NOBBT RAKE) TELIA BS 45°37,

171L7T01

SPARTA 1150 44°52.

7372-077.4

SPRAGUE NITER 13714 12°27, H

SPRAT 34NEELEIL 1770 44°50. x

117177
SERINOBROOK ELIERILL 9

1

1230004 w

sTRINNIELD 1476 141!22111
1232024 w

SERI. CAGE ACRES' YINHILL 45°25. N900
127-815' Y

AU. WITT aPEN
STATION 1675 10.09, N

119 171.7i

STAFFORD cIAcKAMAS 413 45°25.

1-2 2 Th75-71-1

sTANFIELD 592 45°47. x

11-7g744

056

SWEET OILION 3400

sTAUFFER NODE



XII.
LATINOS

AND
STATI. SAW cam, vATI a Loni TIDE

sTATIOS MARION 46°48, N025
122°48, W

STEAMBOAT RANGER
STATION DOUGLAS 123$

43°21, N-,76,47,

STIEPSON CAMP WASHIXOTON 1725 l',-2.-:.:

StlIVER LAKE 1 S LAKE 4192
42090 w
120°49, W

;TIMID MTN 720 44238. n

123°35. 6

summ/T GUARD STATION LS°18' "ClACWTAS 3900
121°45, w

SMUT PRAIRIE 1008 4570 1'22.: :

SUNDONIN RANCH CIACKAIIAS 2400 44 °52' "
122 31, W

SUNRISE. VALLEE HARMER 3710 0206, 0
118010, 0

SUNSET HARNEY 4110 43'23' N
110°58. 0

SUNS. VALLEY XANNET 4110 43°23' N
178.5P. w

sums( 066988 ,300, 33°36, N
11./.38. w

SUN= MAMA HILLS 0.1E650 43°40. X
PAN® 19°52. w

SUSANVILLE GRANT 3756
41'''1,3' 0

111.°48, ,

SUITIFELIN 2 .6
r''''''' 5" 21'U 3 6 , -

SUMER. II ' "28'ME DOUGLAS 1033
2 w

SU112£111111 CAMP DOUGLAS 1065 45°28, N
Ti3.6-737

SUTER (NUR) RIX 210 46°47. N
1730.. w

TAPIR ROCK JACKSON 1215 ?;-22-4T.-7:-'

TAUNT JACKSON 1550 °w'2°6'

TAMARACK

'3'3'3' 3 550
45°01, X

1-1?7-8, W

TELOCASET UNION 351,0 '16. N.1
117°L9, w

Tws MLLES 61000 102 45°36, X
121°12, W

11111 X.® CURRY 300 42211, N
124°00, 6

THE POPULAR`. LAKE "" 112-21024±61, !

THREE LINKS CLACKAMAS 1135 45 °V °
122 CC, W

MEE LYNX 01.0.01611. 1135 45 "225'7,,;

TERMATERM LINGO.
'''') -1.1255h: :

TIIJAKION 'ILI/J®0K 16 ,8W,4

TILIAMOOK NIL 1 TILLAMOOK 665 4938. X
123°37, W

STATION LOCATIONS

STATION NA. cm®
E LE.
vATI.

LATITUDE.
AND

1.09crivoN

7111010140 No. 2 TILIAMooK 475
123°), w

TILIATIDOX 12 4 TILIAMOOK 320 AL26.24
123.37,

TILIAT6OK NocK TILL.. 156 46'8' 0
12001. w

TILLER 11200020 1010 4025, 0
/22°57, w

TILLER IS ENE 000112s 7s70 -.II)L'D
122°42. w

Tu.s. ww°,17NoTEN 96( '!7AH

TIMBERLINE 117220 ClACE:10. 5935 16'21' "
121°02, w

TIN 0004 CAPIN /01271116 350 °_,____"5°,°
11,5,

MOGI. nouCIAT 1950 43L...W1
122°26, w

NUT. FA:, DouslAs 19'17 1,052842: ,0,

TELEX, LINCO. 75 NI.°30' N
123°57P w

821.10211 UNATILIA 4900 1f2.2..._47. II

111°06, w

954101084 No. 2 tiMs II L1A 5070 45°47, N
nr

MIL 14 N. JAC.. 1003 42°0, N
127.4o, w

TPASK TILLN302 300 4S°76. N

THIANCLE LAKE LANE 205 4400e, N
1.73.77

INouTLALE MOLT/10W B9 ,4if.T:

TRORMALE ®. 2 NTILITAM41 230 5,45032,0:231 :2,

TRGUTEALE AVIATION MuLTWORAN 29 ''''''''' N
172°21,,

11U1.111116 WEATH.
.L22.2." 25

45°31. N
Bilitlau A.PuNT STATION

122 21,. w

1801 6A1,102A 1506 N116292,
52® w

19112 LAKE KEENAN Lo55 l''''o1' I
121130. 0

no RIDGE 105170
21'

45279, N
1271-6. w

0E .
'3'3'2.28 "" 45208. 9

TTgT2?

IrmATILIA 11647141A 285 45°55.
RPT 01-rs,

IOWA DoUGIAS 110 43°42, N
124°10. w

UNION UM. 82 65
N

-45°11117 074

MUTT 2,031 44°26, N
118011.w

UPPER OlAIJA MMUS 900 42°99' N
123.39' W

UPPER STSAMODAT 10581 0.29, n
LODE 1855

123239, w

210
OREGON

sTATrom NoE couNTT
ELE.
vATIcn

LA71711111

.1)
um clime

uppER THAT clis. RE... 2710 --T,I---",.,124® w

VALE 1 NM ''''' 23"
43.59,

7.77:677,,

vOILET FALLS 4325 42°79,
120°17, w

VA.672 POLK 1135
44°50, N

173%0, W

vAN 1.11MT 4095 ,J20;;°i__,8,.: :

vANsILLE 29181II1A inix 88'9, K
11e41,

NYANK IA 0020401*." liwo 1,63:712;

VILA IA. 071 "'O. N
122°2e. w

VIST1LIAS IA. 5301' 42°12. N
120°50, W

VOLTAGE 2 MISS HOUSE FARM 410) 43°1/. N
107.56, W

wAOONER GRANT 096 43°50, N
7177-50, w

wAoCINTINE NANNET 4726 43215, "
119°33, W

WA116 JOSEPHINE 1600 40°142. NWY,
NAITO LAKE LANE 5494

L3°40. N
122°®. W

WALLACE 02001117 sou 173 44°19, N
12)003' N

6AL1A NAL. 13 .k. UTIATILIA 0400 ,..i,'',.:-.

SIALIcupA WALIEWA 2700 45249' 0
117°33, W

IIAL1.04 NAL.. 2923 4923% N
...

117-32. 14

NALTENVILIE LANE 560 LL°nlo N
122°50, w

MANIC 60520 8'1 12'17':
NA. SPRINGS JEFF.S0X 1500 44°44. N

121 °14' w

.. SPRINGS wcalcr 468711saw 150 k'' °,__501'

121-11, w

WA. SPRINGS pEsEPRIIR MA1110.19 3352 '312L'' °
118°13, w

WARKFN A, 145°49.N
127°51. W

21760 5N0.. 1272 45035, N
120%, w

wATIFEL® LINN No, 4031.. N
122°49 W

wAT.VILLE LANE 560 - 142.'
122.50,

wEDIDERNMN CURRT ' 42°25. N
1.7W-74

wEICNEs JIACK.As 1)85 '5°0' N
121°56, w

NESITALL MAIMOIR 3000 43252. N

117244' li



STATION LOCATIONS

STATION NAVE COUNT,
EL-
NATION

LATITUDE
AND

1.0101TUDE

IMITALL 14 MI MAMMA 3110
44 '

: 35 :40 :

liABITIN LAM 0,64 ,A24173. :

VEST TOMB =MIAS 1065 W:
LOST LINN CLACKAMAS 66 45.20, w

122°29, 4,

IRMA (1889-1966) UMATILLA 1800 -,-1'°'''''' -'4
118-25' 31

112231TM 45°49, w
UMATILLA 1866

116926' II

MESTON 2 SE
'''''''' " 45°48, N

1772.1-L M

10567001 5 St IIMATITIA 3222 Iiii 044

3161591 (HOOD PAWN) UMATILLA 2000 N1"0:0:

MNI1AA121 CROOK 4250
43°5w. N

120.45, w

MNITIMON 2 MO TANNIIAL 160 65011' N
123.12' M

VICUNA DAM DISCMITAS 1330 43°42, N

121 I11

WICOPES LANE :1...0LIL2077
122°16' II

NILLANSTTE S1100
LEM

4100
LAXMATONI 18

142'P P81: Li"

WILIANIA 2 MA BOLA

2" 'M'1$3"0:

WILLIAMS 2 30 JOSEMITNE I370 42016' N

17376'71
WILL}, OREM CIINff 25 §55,4+4

IIIIGNISTEA 0031014S 14121L.460
123922' V

WINONA 48E3401' 149
2.21*': I:

WOW CREEK JOSELMINE 1320 42°41, N

123522, w

TAQUINA IMMO 1171 44.42, w
BOAT STATION 212100124 82

1-21 01...67.7-1

TONNA sumeni 4180 42:17' N
121629' M

ZIGZAG CLACKAMAS 1222 45°21, N

121 °56' V

2 I 1

OREGON



STATION DANE COUNTY
LLD-

NATION

TAT LTUDE

AND
1091-121.10(

ABERDEEN GRAYS "ARBOR 17 46 °59'

121°41' w

ANERDEEN 20 NNE GRAYS MANDE 435

1227: w

ANNA (5861) LEWIS 250 2,6.1372,

121°06. W

lll'ANUM RANGER

STATION
YAXIMA 1100

46°31' II

121°01' w

ALDEN MEEK OKANOGAN 2400 48 °2l' 11

120°09' w

ALDER CARP PIERCE 1301 46°48. NDAM

122°19. W

ALPHA NEVIS 720 46°37' N

122°37. w

A.M./A RAN011 ASOTIN 730 46°25. N

117°12. w

AMANDA PARK )RAYS HARBOR 185 ww4Zw22LN_

ANACORTES SKAGIT 30 48°31' N

122°37' V

AHADONE ASOTIN 3590 46°08. N

111°08. w

45°49' N
APPIZION ELICKITAT 2116

121°16. w

45°58. N
ARIEL DAM CONLITZ 22A

122°14. w

ARLINGTON B11011.158 100
122°08. w

ASNPORD PIERCE 1775 46°45. 11

122°10. w

ADIALLA NIA LLA NACU 360 46°06' M

1111°57. 4/

AUBURN ksNG 87 47°18. N

122°14' w

AUSTIN PASS WHATGOM 4730 48"51' N

121.39' 91

AZURITE MINE V.TODN 4364 48°41' II

120°47' W

BAINDRIDGE ISLAND KITsAP 50 47°36' N

127°40. w

BAKER S1UGIT 390 48°32' N

121°45'

BAKER LAKE WHATCON 670 48°43. N

121°37' w

RANEE 55058 UST. SKAGIT 3640 48°41. xx

121°39' 41

45°47. NBATTLEGRED. CLARK 295

122°32. w

BEAR CREEK KING 1100
121.411. w

48E54'
BLAYNE PASS iBAiptl 3675

121°16' W

48°07' N
REDAL STARE sNONONISN 1241

121°26' N

BEEHIVE RANGER
CREIAN 4250

47°20' N

120°21' w
sTATION

BEEHIVE MoVNTAIK
(BASE) CRELAN 2760

47°20' M

,eos,
BELLINGHAM WRATCON 159

122°29' 11

STATION LOCATIONS
212

WASHINGTON

STATION NAME COUNTY
ENE-
NATION

UT! /UDE
AND

LONGITUDE sT AT I ON NAME .COUNTY
ELF 9

NATION

TAT I 7,11I

AND

11-911-.1 TUFT

BILL.HA.11 2N ,,,,,,,,,,, 112 40°47. N

122°29 w
CJASV Is FIERCE 47°22' N

122.31' w
BELLINGHAM ANDSRAL
AvLATION AGENCY

,,yuy,,,,, 150
GRAYS HER.

46.48' H

123°51. w

RENTON CUT . ,,,,,,,,
6.0 46°17' II

PIERCE 47°05' N
119 °30 w 122.04,

BERME cy,,,y,,, 1818 47°46' N

CARNATION INN SING 75

BEVERLY (11081) GRANT '''' -5157!;-:'
CARNATION 4,41 KT. 35

131 Sa 9'

A10E4E7011 KLICAITAT 3023
46°00' N

CARNATIONTIoN 158 Km 1100
120.111 ' w

NIG POUR sIEDIONISH 1748 48'.' . CASCADE TOWEL CR[LAN 1125
42°

111°04 v

BIG 1DG MASON 1500 47'13' . CASHMERE GRLAx 1000
4) °l

121°21' w

AIL, GOAT 113181TAIN ONANOGAN 5280
46 °42

CASTLE ROC%
120°20' 9/ 122 °55' w

!RARELY EITSAY SNIK.
ONE. GAIVIAKET 9 NE 46°19. N

121°16' w

NIAIND IE MIMEO. 49°00. N CA 6 NE NNW 46E16. N
122°44' N 123 °18 W

'MEET CHELAN 2328
47°25. 11 ,,,,y, Toss PIERCE 4800 46°52' 11

120°39. W 121°12. w

BLE-148-rr PASS CREIAN 4071
7°21. t,

CEDAR PALLS 4 SE 1100 7'3
120°40' w

1 1 . W

B. GLCIER JEFF ERSOx 6900
47049. N

CEDAR D 5 SE K
2

121°41. w
123 46' 11

NOCACHIEL /CAPERS. .11.
47.s2' x

MAR PALLS 7 SE RIK 1800
47°21.

111 °40' w

NONITA WHATCOM 5505 48 '45' . CEDAR lAr.,: KING 1560
47°25.-._
121°44' w120°45' w

NOTHELL 211 SNONNIIsm 100 4''42' . C DAN SING 47°23. N
12251' v 121°58' u

BOUNDARY STEVENS 1185 49°00' 11 CEDAR RIVER
NEAR GREEN

KING 1900 021' N

1°33' w

BREMERTON EITSAP 162
47.,,. 11.

C DONIA STEVENS 1000 48°08' N
122°40. w

t18 °0B ' W

BRENsTER ORA... 878 48 '°.' . cENTERvILLE 7 SW KLICKITAT 1E47
ys y,

119°47. W 112 °5]' w

BRIDGEPORT 0013GIAS MK U'"' . CENTRALIA LEwls 385 46°41' 11

119°42' W 122°57. W

BRINNON ICENEASON pp 47°42. N
LEVIS 46°17. 11

122°56' W
123°08

NROOKLYM PACIFIC ''' 46046. 11

C U

,,,,
LEwis 46°40' N

121°11' W
122°59. w

BletsoN'S RANCH OKANoCAN 3800 CHARLEY CREEK KING,4,:::'0: :
,,,,,,. w

BUCHANAN, KAN( ADAMS ,N25 10.07. PI , Om UN 47°50' N
118.25' W

120°02' w

BOOKLET IRK PIERCE

'." 1423.°00°: : '''''' ''''' IAN . 4812. N

1 0 47'

BENDING UK/ TAKE. 3440
46°52. N

C'En"
muse 2400 '-'2:1'y

121-1B. W
117°35. V

BURLINGTON SKAGIT 28 48°28' 0
°MEAN OKA1lO0225 1900 .57

1220191 11
19°01'

CAMP AIMEE KEN, 47°26. 11 w OKANOGAN 3960 9 "00'
2.1.317

119 °G'

CART GRISDAIE GRATE WINO 820 RUM 2 S s 1 5
8°

14'3 .1:26'. :2
117°41. W



STATION NAVe COUNTY
TIE-
NATION

IATIIIIDE
AND

.011110E

43°00. N
MITT JOST. DAN DMUS 4" 19°19. W

C111564TINI 4 3 JTFIERSON "
.2,715
122°46' II

CEITWAVIGIN MOGAN
47.41. II

1TO°49' II

MINA RIVER REIGN 2712 -ilaaLll
120°5. W

CIONW MAMMA* 1200 -041921
120°00' w

46°34' V
CMS AR LEWIN

1400 W

EAT 1 WI CIALUM " 1CALIAN'7k' 1

CURT.. NEIGITTS A10114
1156

44.21.
Th.°13FTI

GLUT M901 wR6T0509 , 0 II.50'
122°20. w

47.35. V
CINPJNATTI AMASON i0 124°10' W

CIA SLOB IITTITAS 1.5 41,01:1,17:

CMS WALIA .LIA 1251
N °13'

46°W 9
COLFAX 1 IN MIRAN 1955 up".

ODIT ILLI STE 1655 i'- ,-

COLVILLE ATI.. STIVINS IBA
.,11L12:.2

17055,

411.14. N
CONCONULLT ONANOCAN 2275

119°45. w

CONCRETE SKAGIT
48°32' N

In... w
411°40. II

CONCRETE 12 NE ANAT.!, 4500 711977,

411.42' N
CONORTIT 11 NMI ..".. ...... 111°49. w

GONGEWS RAM STATE ORANOPAN 3500 4:1'9:3,1:

NNLLCO A LIN 808 11,44:44,

46°4, II
CONINILL 4 MN ?MMARLIN 1125

44°10' N
CONNTIL 12 ST FRANI. 1078

46.05. II
CONG., STANANIA 596 ,5E95,.

46°04. V
COUGAR 11 COALITZ 495 112817' 4

46001. N
COUGAR 4 974 CMILITZ 320 122°11' W

COGARCOUGAR 1 I S.W. 699
46°04. II

121.11,

COUGAR 16 NE SFANANIA 1400
II46°09.

122°02. w

COMET CIST on.,
14" 1:::"1:: :

GOMM DAN 1 IN MATT 1.2 47855. VI
119°00. 3

STATION LOCATIONS

STATION NAIR COUNTY
FIE-

RATION

IATITODE
AND

.01TOCE

COUPIVILLT 1 3 ISII.D 50
1'2°2:417: :

46039. V
GONICHE 541334 1874 -cro,.,

194101117 LINGO. 2200 47°45. V
-nr5r7+

PIERCE 343. 14'893:OW441101E60

47°16' R
CRYSTAL SPRIICS E1TSAP

144 -171°7-6'
46°51' vCTS FIATS T.DIA 2400

121°00. W

47.2,'
.91M671 CAM NASON 7.

123°15' w

CUSICE PEND 2056
40°21` N

17°19' IIOREILIA

.LLESPORT FRONTAL
221

45°37. N
AVIATION ACENCT ILICR/TAT

121°09' W

45°45' N
NALITSPONT 9 II RLICIITAT 1919 1,1909'

40839. IIDANYILL6 FERRY 1749
118°51' II

0A.11101011 RANGER 48819. II
STATION SNOHON1S 550

121.16. 8

DAVENPOIG LINCO11 2450 Tilfri,L

48041' N.VIS RANCH NUTCON 172

46°19' II
DAYTON 1 WSW COLLINTIA 1557

DAYTON 5 IN MUTSU.
46822. V

1110

DATION 8 1100
45°11. V

SW COLUNTIA
110°05' w

46911. IIDAYTON 9 SE COWING 2115
117°51. II

47837' NDAR TAW 2 0 SPOKANE 2114

44049. N
DINING WHATCON 101 111W-7

DEN. 4 II WHATCON
40°51' N

UM. Mr77,
47.24. IDEM GRETA IINC 2200

121°27' w

DISTIMJCTloIl 47°40 ' II1sIAND JEFFARsON 71
124°Y9' w

DEMOTE Noses 20
47°10. II

122°49' W

NATIO DAM .ATCRI 40°45' N
091

121°09' W

INT .DIITIT FACT IOUNTAIN CUL. 1990
UNA.

molt, 9
DISAUTTL 9 111 1490

119006. II

46°09. NDIZIT RAGA UAW 5000
110.01. II

DIIIT 4 46°06' IISI WALIA WA. 2350
116°06' V
40.17. 11

DONUT SAN JUAN 10 ,294.

213
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STATION NEIN COUNTY
EIA
VAT.

IATI 111111

AND

LOICITIME

DOME TARE CHETAH 2244 40°11.
120°15. W

OORRANCE YALTA YALTA 5.

OMEN CRETAN 920

47°19' N
DUCKANUSII JEFFERSON 1" 22°57. w

47°46' N
DUVALL 7X1 INC

414 21°56' W

47°16' /I
TACIT TONCE ZINC 11" 121°46' w

EASI CIALIJOI CIALIAN O
40°15. II
124°16' W

47°15' N
EASTON AMISS 11" 121.11.

40°40.
FAST SOU. sAN JUAN 5. 122.59. w

ELECIIION REA.ORELS PIERCE 17. 1.211:

47°00'
ELUAISBUNG R1TTITAS 1611

120°11. W

ELLENSIEMC FROM
AVIATION ACENCT IITTITAS

1111 1270:7:: :

EL.SINNG (17448) NITTITAS 1700

GRAYS 47°00,
ELNA

HARBOR 68
123°24' w

AMAIN FRANKLIN
114 119 00 V

46°28. NELTOPIA 6u TRAWL.
119908' W

CINIVA RANGER STATION CIALLIN 545
48°02, N
121°15' W

EPHRATA MINT 1150 47°18' N
119.11`

MANTA FEDERAL
GRANT 1, 47°Iir

AVIATION NLY
119°72. W

LORENA WALLA YALU 411°18. N

110°19' W

EVERGATTII VANN TWITS.
4-

47°00. W
22°40' W

EVERETT SHONDNISH 47°59. N99
122°12, W

CORM FlIDENAL
AVIATION AGENCY

SNOHOMISH 596 4/°52,
122917, W

47°07' NI)30
117°.' W

PAINFAT PIERCE 1420
47°00' N

I21°00. w
0°05' II

FATIONC.1/
17.03. W

FERRY UNITS
=K.

TONES 1 E C1ALIAN 47.57. N
124822'

48°45' W
FORT BELLINGHAM WVATCON " 122°10. w

46°17. N
FORT CARTY PACIFIC 1" IWO). 51,



STATION NAI.E COU.Y
ELE-
VAT1OS

IA 1 UOE

ARO

"NCI TUN

47°0" 14
FORT IEWIS PIERCE

568 122.33. 11

46.21..2)
PORT SINCOE YAK. Lzesa w

PORT SPOKANE LINCOLN

PORT STEILACOON PIERCE 100

46°03' NPORT VALLS WALLA WALLA WALLA 865
118°241 11

46.33' NMINES TAXI". 131
123°30 1.1

47°13.MOAT CREEK KIM 1750
111.171 1.1

48°32' II/RIM"( HARBOR SAN JUAN 100
123°02' V

GALENA NETTITAS

46°05. NGARDEN CITE HEIGHTS WALIA WALIA 1030
Y

41.5" N
GARIAM MT SPRINGS SNOHOMISH 1480

121.201 V

CERONE STEVENS 1200

48.53. 11

MAGI") RANGER STATION WISATCON 937
121 °57' x

CLEHOMA LEWIS 009
46.30.

122°11' V

46°01. el
GLENWOOD KLIOLITAT

4.,
COAT LAKE SNOEDMISH 121.21. w

48.05.
03135 EASIN SNOHOMISH 1511 121.3, V

46°55 11LAND OFF."( TAKIIM 2600
121°03. W

46.55 k
COLD HILL TAKINA

111.281 31

45.49 N
GOLDLNDALZ KLICKITAT /635

120.50 V

45.54.GOVERNMENT SPRINGS ENAMANIA 1360
122.00.

47°)7. NCRAM COULEE DAN DOOGIAS
11859' w

46°4" 11GRAM MOM MAST.
123.011 W

GRAIICER (NEAR) TAN. 46°2" N
110°08 V

48.10. NGRANITE PALLS SNONONISH

121°58' V

GRAPEVINN Inosow 47.10. N
122°49' 11

46.46'OUTLAND 2 5 PACIFIC 15
124:05' 1/

46.21. 11CRAYS RIVER WANKUKUM 50
123°34.

46.2" NGRAYS RIVEN MANCINI" PACIFIC
588 12 v

GRERMATER KIM 47.09.
121°391 w

STATION LOCATIONS

STATION NAME COUNTY
Ili-
NATION

NAT 1 TOO
09I 1

LIN C NO

07100 N
C111061000 FARM 111011611311 160

GA08190 111IG 849 .--ISZA.X.:-r
121°25' 8

6°00' NGOER [LIMIEST 1960
120321 W

CUMIN'S RANCH 1716.0.21 .70 413.31. II

120.18 V

HANFORD BENTON "7 46°3, N
119°35.

HARRINGION 1 11 LINO3U1 211) ...44,
HARIIINGION 2 1

418291' 18" 1418:4165: !

S LINCOLN 2167 455' R
LIN.L5. w

MAMIN:TOn 4 I LINCOLN 2260 ,1:70:2;11..

ILUITIANI KLICKEIAT 1800
;o25.,..°469: :

61.411 XHARTLINE CLINT 1910
119°06. V

NASsAN OKAIN/CAN 2900 -OfILA
119.39. 11

8 L ADAMS 417'...L6'11NAITON 14271
116.40. 51

46.481 11
HEADWORES PIERCE 1701

IATIEN NEADO80 129018 4200
4 . N

121°41. W

PUT5S 41.301 11HICLEY PLAN
57.5..5 18' 13.53. v

MUNN CVEIAN .. 714.121 N
120.47. V

MINEN VILLAGE CHEW "30 11:..1,1,: :

HOOPER WHITMAN 1083 '.-.71'.-"
1/8°00. V

NOISE HEAVEN BENTON . 46°06' 11

119.3). w
11.3171181 FEDERAL GRAYS

4AVIATION AGENCY NA.. Acif,i.:

MINTERS STEVENS 1210 ,4:88:515; :

MINISVILLE GOLIASKA 1400 46 878' N
118.07 w

ICE HARBOR DAM
vALLA 46211 115

LA
368

110.52,
11108E411111 2 NJ FERNY 4189 ,1451H1

INDEX SHOHCMISH 532 47849' K
121.331

INDEX 1 0,49 SIONONISH 010 '7.-&-i..
121°33' W

INN[ Kr. WAUCONDA OKANOGAN 2700 48.49. N
IE..' W

ISSAQUAH KING 96
4703

122.02,
JAY 0..00002 0800 48.44. N

119°55. N
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STATION NAME COUNTY
ELE-
NATION

LATINIDE
AND

LC/1111W

oAsurrus ASV MERLIN 1340
"-5?)1'7'11

NALAMA 5 NHL CO8LITI 900 46.02LN
121.4"

47.36'
KELLY'S RANCH JEFFERSON 254

KELSO MEATH=
MMLITE 17 46.08 11

41RIZAU 0/7111

46.13. 11KENNEVIGN DENTON 392
119.08 W

44%s. oILLIONWITX 10 SW UNION 1500
114°48. w

47.22. 9NEXT ZINC 40 -17M77.1

48 °14 NKETTLE PALLS 67TEVNIIS 1265
116... V

NITSAP 35
47%, 5Kan.°.
122.37. V

47°. N
KEYSTONE ADAMs 1937 11171177.1

46.12. NKID VALLEY COWLITZ 690 122.37.

.15 NNIDIN BENTOM 4)0
119°29. 51

48.04. NK1OSP2 NANIT011 CIALIAN 33110
124.08.

48.39. 11ION KUL". woorcom 850
121°42. v

66°301COSMOS LAMS 000
122.11'

45 °51'UMPTEEN CLARK .5 122.391

46.44.LACROSSE 3 ESE WHITMAN 1546
117°49.

LACROSSE LATHER
)1111TMIJI 1416

46.49. 14

117.53. WMMUS OF/10E

46.50' 11IA GRANDE PIERCE 960 L22°19 V

47.151 NWS CIS NUM NITTITAS 2255 121°04

LANE DOUCIASS SNACIT 440 -1193H87

MANE KACINSS 11171869 2270 121.12.

47.191 N
INNECHEINS KITTISAS 2475

121°101

4..o.
WE SUTAFRIAND CLALIA16 5)2 123.42 W

47.50.UNE WENATCHEE OMAN 2005
120.40. W

LAKE INIATCOM WHATOON 316
132 °18' V

4790. NLAKESIDE CHELAN 1110
120.02..

UNIX MNCN GREISLP

LATIONT 4 SSW 101111.11 47.09 N
117.57' V

[INC 47°2" NIANCSAINE
121.511 V



sTAT1oN NA.. fawn
ELF
VAT1ON

1.A111TV0h

AND

LONGITUDE

1AP06N 0LALLAN IS 114:10-: i'

101918 0 ELICKITAT 1900 =1-.' ,2-.0

1AURIE0 EERIE 1644 ,.'--2",

47.14 N
LEAVEMORTN 3 5 0112LA9 1108 120°40' w

48.41' N
LENANAsKT LAKE PI OKANOGAN 4000 119,8, 0

_41°,N
UNANASKT I.A. 82 ONIJIOCAN 0640 119°37' W

48.41, M
LENANASET WE 03 ONANOCAN 3800 o,

,Zfa:_v
LESTER KIM

0222 21°19' w

47.13' II
LESTER I E KING "" 121°27' w

47°16' N
LESTER 5 Nw KING 2100 Un, w

LESTER 5 NE KING 1920 ''',

LESTER 7 NNW RING 2400 47°18' II

121.31, w

LESTER 8 11 KING 3400
47°20. N

121.28. w

8 KING 2400 0°19' MLESTER NMA

121°10 W

=7,'111INETER 10 NW KING 1900 1:,01,

LESIRR 12. S.
GEOLOGICAL slIRVET

1,7. 1, 47.12: PIIWIT
46°17' NlzwIS lzwIS 680 ---

119°10' II

L IBERIT RANGER KITTITAs 2412 470 11' N
STATION 120645 W

47930' 9
LIND 1 NE 202110 l''S iiP70
LITTLE FINN 42.51' Pi

RANGER STATION
TANI.

121°00. w

LOCKE
PEND

OREILLE
3000

48°28. II

117°23. w

GNAT, 46.57. II
IONE TREE HARBOR 12008 li

46°23, P
LONG BEAM 3 NNE PACIFIC 124°02 w

46045. 8
101.110.E PIERCE 2722

121°49' li

IJANNIIILE SPRINGS PIERCE
23,2

46.45. N
21.49. W

LONGVIEW COWLITE 12
46°10' II

122°55' w

48.49 N
LOOMIS OIWIOGX 1310 915095,

9010 CRIME (AENEAS) OKANOGAN 2650
46.29' 9

119°01' V

44.19, NIOVERINGS RANCH PACIFIC 55
124°01' W

LOWDEN 46°02. i
18°40' w

STATION LOCATIONS
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,TATIrw NAK cDoNly
i ti.
ATION

LATITUDE
AND

ioNci MN STATION NAPE Cam,/ vAT F 0N

LATITUDE
AD

LoN GI TIAN.

40.14' N 47°43' N
1.0cERNF 1 NW CNELAN 1085 WILD DOUGLAS 2400

110019,

LTLE 2L1 09121 LW.
121°15' w MIME s00, 20

47°51' v
121°59' w

MARRONE KITSAP MONTE 009550 sNONOMISII
42°59 ' N---

172%0' 0 121°23. w

8°17' N CPA's 4701' N
MALLITT OKANOGAN 845 1, WINTESAPKI 3 PM NARBoR 121.39' w

47.49' N
3 1000ElEto nouclAs 2/95 ,..

' ''
/9001s 120E E 7,0,

119'12' .'
42°12' m

IMNSPIElo - NEAR DOUGLAS 2400 :::''.' ppssTRDEN INNIS '" 122.29' W
.1.51 45856. w...LE sTEVENs 1450
117°54

WITMER BENTON 307
11909 w

MANNIKIN:err RANGER 48°32' X ..... "ARC"" KLIGEITAT 1900 46°00' V
STATION

0"2011 500
OPE,' W srA." 121°12' w

46.40' 2 48052' el
MRCVS STEVENs 1202 ....--, WIIATCOM 4150 Tr, ,,,,-7,-,...,

48°17' IINARIETTA 3 NW wNAToom 20 2,,,:, MT. SONAPARTE OKANDG9N 4000
119°09' w

o

01 i.e..,MARTNILL 101091525 200 MT. PLEASANT CIALLAM 500
120°47' 0 127°25' w
411 4' II 5°34' N

MATLOCK 3 0 MASON
9'

NT.. 911.242117 SEAMANIA 650
142°15. w

4731'NAITIEID IEVIs 600 -4a12---
122°31' w

89. ROSE NAS0N
1009 133°14'

2422.012 2 0 OKANOGAN 2175 48 °122' " mT. 0,,,,,,w0 SINTRAME 5180 47°55' a
120°26' w

NAKAPIA 6 SE ONANDGAN 1960 ' " sINNIT 5890 6047 X
110.20, ...1

Kr. SPOKANE SPoKANE
117°07, w

0123103 FIELD PIERCE 300 '47 °08 N
MT. VEIL110/4 3 wNw SKAGIT IA

48222. 9
122°29' lo 122°23' li

M°CONINE 47.12. N
MOUNTAIN LAKES RING Al 47°42' IIM ANT 1072

119°22' w 121°56' II

ReCNUERs RANCI YAKIMA 2181 46.05 N
1000 42°35' II,..,-,-.B.,, 50051 (X020.9 220090

120°26' W

1.0101.10 RESERVOIR FIERCE "' 40*°"' 40°31'
122°12' w

lout eIrt lo 0 TAN

45`,1' 2 tom WM KING 1112 47°09' NI DAM 807508 14.1

119°18 W
MOUNTAIN

121°56. w

MERRITT clotIAN 47°47' N
00 RINER RUMANIA DNE.

46°04' N
120.51' W 22100'

.7055

MESA 4 w FRANKLIN 875 46236' NAGREs 10 Rd TAM. 2175
019.05 w

-R1/12
110°40' W

/ALINE FALLS PIM 3107 40°57' 8 NACRES NEIGNTS T2R15A 1874 42939' m
00.001E 117°22 w 120°38' w

Know OKAPRICAN 1160 n.:--
NADA

7°30' N
120200. 0

2491 CHELAN 5500

Mellow 2 0 OKANDGM 1230 0i.1!2!1.1.7.1,S-, NAsELIL pACIPIC 2'
46°22' N

123°49' W

NILE CREEK wALLA 2000 46'1/4.1 " 48°22.wAL1A 20, NUN BAT 1 E cIALLAX IS
124°37 w

.a.os. 470MILL CREEK NAM WALLAWALLA wAL1A 1175
118°16' W '9990

.29,, 9:08,,'

NANKAI 19w L,,,, Iyo 42°42' II MAIM. 1890
48.08. N

122.12 w 118°59' w

MINTER CREEK PIERCE 17 47°22' 115'
12 °42'

WATGON 525
121-'

272w w PM 2205 411°11' 8moles BHARBOR
1500

124.12 w
NEWPORT 0,,..1.

117003. w



STATION NAPE COWRY
Elt.
VATI ON

UTMODE
AND

LONGI TIME

NEW WHATCINI WRATH. IDOL

NICHTNAWK OKANOGAN DIN. 711::Fw

HOOKEACE HATCHERY WHATOON 4" 122.05 W

NOM BEND KING "0
47 .30 If'

121.45 W

NORM FOLK CEDAR RIVER HMG
2400 142;7'0'. !

NORM MAD WEATHER
MEAD OFFICE

PACIFIC 164 -ANILa
114.18'

NORTNPORT STEVENS
4 55' N1347
117.47' W

NORM, RANCH !EPPERSON 100 47.34' N
114.17 W

MORIN EAKIN.. TAMA '71;3711

NORTH RUMMEL ELICKITAT
MK.

LINK.

max..) auctxxar Ina. ...
UNA.

GRAYS , . 46.51' 11OAKVILLE HAMA 123.13' 11

ODESSA LINCOLN 1540 :1';+.°0:7,E,

46.44' N
OINNAPECORN LEWIS 1925

411.11. I
OK OKANOGAN 835

OLDHAM MSS RUMANIA 3100
WOO' N

OLGA 2 SE SAN NAP 110 *1,1,,
112-48 W

OLYMPIA MESE Hp WHEREON
'47.04 N

208
uros. W

OLYMPIA PRIEST
INURSTON 2, _HInNIJI

PT. PAPS 112.53' II

OLYMPIA WEATHER BUREAU ..... 46.58' /I
AIRPORT STATION 122.5, W

01O1PIA THURSTON " 057.:142;1 !
OW 2 Rd 0NAXOG.410 1228 ...4102(e _H

119.32 W

OAK OKANOGAN aso 45'05' X
119.32' W

MICAS ISIAND SAN JOAN MN. n'''
MK.

ORIENT FURY 4,, WAIL j1
110.13' W

OROVILLE 1 S ..,... 610 40031'
119.26' W

OROVILLE 3 NI OKANOGAN 48 .58' 11

119.30 W

ORTING 5 9 PIERCE 400 47.02' 0
112.12' W

OTHELLO 1110 46 °340o: 1,1

PAC:13100D LEWIS 1040 ,41222_1,

12040' W

STATION LOCATIONS

STATION NAVE 0041117 nw UN17/9

PA00.000 tA111 LE115
45.15'

171.14'

PALISADE FARM PIERCE '7'5 -8;'1V4

FALLER 3 SE KIND 895 47.18' N

11.50'

PALMER 5 St. BEAR CREEK KING 1.100
121.48'

PA LETEI 7 SE
OMELET CREEK KIND l600 N

121%7'

PARADISE I. PIERCE 5550
44%7'
171.44'

PARKWAY PIERCE 2640
46.59 N

121.31'

PAIUMAT 6 S PIERCE 3150

121.32.

PASCO MARLIN 360
W

PATEROS 825
48.03' N

119 °54'

PEARL UN,
173T77

PEOLA GARFIELD 400
117.28 W

PETERSON'S RANO. SEAMANIA 556
46.01.

122.12'

PILCMICK CREEK SIGGIT BID
112.04'

PLAIN CIISIAN 18041

120.40' W

PLEASANT VIEW
WALIA
NALL* 165D 46.11'

118.20' W

POINT GRENVILLE
CltAYS
HARBOR 100

124.17' W

POMEROY GARFIELD 1805 JA.311LH
117°38' W

PORT ANGELES CIALIAM 99
123.16' 11

PORT ANGELES
16010 HOOK)
LATHER MEAL/ OFFICE

CIALIAM
123.24' W

PORT ANGELES Ils CIALIAM 5100
3.30' W

PORT ANGELES 14 SE CIALLAR 5270
47051'

123.16' 11

PORT CRESCENT CIALIAM 259 40.07.
123%1' W

11O11R4All

RT TOWNSEND WEATHER
OFFICE

JEFFERSON 98 48.06' N
122.46'

/ORE TOWNSEND /EPPERSON 71

122.45' W

P01113110 KUMAR 20 47%5' II
122.39' W

PRIEST RAPIDS DAN GRANT 462 46.39' 11
114.54. w

FRIEDEL SKAHANIA 250 45.35' N
122.10 w

PROSSER BENTON 675 46.13'

I 19.U' w

PROSSER 4 NE BOIDIN 800
W ° '

A
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STATION NAIK COUNT/
ELE-
VAT.

LAMM
AND

10411 TUVE

rm... 2 NI WRITILAN 2545 ''''''' '
117.12' w

FD LIPIAN 2 I wa.n" 2520 -A00, -.P
117 .09' W

PUYALLUP 1 W PIERCE 90 47.12' N
EXPERLINNT STATION 172.20' V

PWALLIIP 3 li PIERCE 47.12' V
112.20' 4

48.12' NFERMI CIALIAM 30
124.07' W

QUIETS RIVER JEFFERSON MR.
47.31' H
124.21 w

QUILCEIN 2 SW JEFFERSON 123
0%9' /I
122.55' W

5 SW DM JEPPERSON 1028
47.47 II

001131111
122 59' W

ODINAIILT RANGER GRAYS 47.1E' I
STATION HARBOR 113°50' w

47.30' 11

QIIINAOLT RIVER STARE JEFFERSON 2175
123 44 4

QUINCY 1 NE 627 GRANT
1,1197:1,5,,..

1
47913' aGOINCT S cur' 0774

119°51'

CREEK 47°25. 5RACK KING
121.43' 4

46.30. 11

RAINBOw FALLS PARK 2 E IGAIS 301
121.14' w

RAINIE GRRON PIERCE ",, 47.00' N
RIVER ER MANCE

110'55' W

46%5' NRAINIER 1.0110411LL PIERCE 2762
121.49' w

RAIBEERONANAPECASH LEWIS 1925
46%4' N
121034' LI

RAINIER PARADISE 46%7' a
RANGER STATION

PIERCE 5550 121.44' II

RAINIER CITRUS? MIRE 46%4' NPIERCE
121.54' W

46.32' N
RAMIE 1 E USES 900

121.56' W

MATTILSRAKE 4602 I . NMOUNTAIN BENTON 2800
119.43' 4

REAR.. LUICOLN 2510 AZ"'CJI
117.54' W

REFUGE°. PAR 1WHAT0341
411.43 N

871
121.09' W

RENEW KING l3
47.29' II

122.11' 1.

48.39' NREPUBLIC 1211. 260D
114.08. V

REPUBLIC RANGER STATION aa*so NHIM
118%4' w

REG CRIER GNELAN 1100 -ii.a.LAt
120.32' W

RICHARDSON 3 AE 26II SAN JUAN 30
122.50' W

RECTUM NOME 370 -81-.4411L.-11.
119.18' 11

ROOD. 71511311 DAN YAKIMA 1730
,kniuit.
121.08'



STATION LOCATIONS
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WASHINGTON

STAT. NAW. COuNTI.
Elk-
VAT I ON

,T1 MIN
AND

LOW.1 WOE STATION NAIR COUNTY Ti

UT 1 TOOL
AND

LLMOITUDE STATION NA4 COON, TlfN

LA117111,1

AND

1.i Nri MK

RITzVILLE ADAMS "3'
47.07' 14 .... wHATCOM 2030

8'55. N
sPROCE PTE 4.

7°48. II

I/8°W W 3330.3.
124°04. w

47.14. N
74j2.RITIVILLE - NE. ADIOS 1025

47.0jLN
330033. w SIGNAL PEAK S AU. 4011

46.14L31
770. , STAMPEDE IN 2800

11011ERTSN ILO KLICK1TAT
45°50. N

SILCOTT A.S. 730
46.25, sTANTEDE PASS w. iE R

BUREAU orrIcE
4717. N

121.tv u tt,..2. w 11r°20. w

ROCK BLAND DoLICIAs 647
47°23' N ""'"' S110.11614 35 sTANTEDE ruNT480 NG 2506

47.16. I
120°09. w

_ll'Ll
122

121.22. w

ROCKDALE .1.0 2100
1,22LH.

SILVER GREEK LEVIS 97"
46.32. N

5140. BUCK CoLIIMBIA 640 41'31,7... tleoe u

ROC, LAKE .4111MAN 1750
47.10. II

SILVER SPR1Ks LOKE PIERCE 2678
4 7 °OW 8

sTATE 1.01151sIly IOU
47°39. N

0
117 42. w 12132. w 122.18. w

ROSAL1A NMI,. 2400
4714

SILVERTON S.IDNISN 1500 STARTUP I E sXOM ONis 170
47°52. N

333.33,

ROSS MN wHATC014 1236
4844. N

SIKPROK KLICKITAT 1100
45°50.

To-07-w. STEHEKIN 3 No UN 1150
121003. li

33'137: w"

RUNT GREEK WHATCOM 1272 48*40' I sRACIT POdER Pura wHATCoM 525 49°41' N
sTELIII0 RANCE.

ON 0 ...
47045. N

I21°03. W 121.15. w 130 °36'

RUNT NIL/ OKANOGAN 2850
411.211. N

SKIRMISH II 51 KING 2900 sTEVENS PASS CE UN 4083

47°,53LN._
33.035, 1421:721: : 121°05. w

RUPP 3 sw ....333 1342
47008. X

sKTKE*4131( KING 933
sTEVENsON 2.1110
AMMO oFFICE S '

,wo .,2.r,3,,.3...

121.32, w

111.1S0ELL.S RANCH YAK INN D00 WYNN. GRANT 560
6°50. N

sr ELLACuAmIs11 s 1 35
40.12. N

:'363:33!: :
119°40. u 112°15. w

ST. HELENS ONLIT2 892
46020. .

SPIDERS *AKER STATION CIALLAm 76 0 STOCKDILL RAN. N 2,00
450:2. N

122°31' 51
-.g."-W11.
124.011 w 120.20. w

SAPPHO 8 E C.L1Am 160 48.04' X
SNOHOMISH S110.1111

47055. N
STOKES RANCH

411°31.
33,,,, w 121°05' w 130 °18' W

SATSOP
GRAIN
SANER 40

47000. I
SNOQUAUNIE FALLS KING 440

47.33. N
sULLIVAN 1.500

PEND

OREILIE
2600

48051 N

121°51' w 117°18' w

SASSO. 1 w
GNATS
WKS 40 ''*---2"-' 31101311011111 PASS

KING
KITYITAS

3020 47°25. II
SULTAN

crso N
123°30. El

333023
121°50' u

EAT. PASS KLICKITAT SOSS 2..4°59' N siloccAune PASS 4 2 nos 11.
AC/t33_0.. ,,, 115500

120°39' 51 121°27. w 122°125: :

ROOK (MM) sKAcrf 226 -'1-1-L333°02 SPIDERS RANCH oNANOLAN 2200
40°22' N

SUNNTSIDE 1 141 ,..3.taiLN_
120°00'

, 3...8T3--,-7

SCENIC NG 2224
47°,14

SODA sPR1Ks OAK. TARR. 3170
....

52X086 111110N
ORAIOGAX 324

413°23' II
121009. 4 121000 4 111048. 4

sEATTIS JACPsow TARN KING 335
47.44. N

sot. ELLENsBURG KITTITAS 1700
XIIR.

TACO. CITY NALL PIERCE
47.15. H
122.2. w

sEATTLE MAPLE
WU RESERVOIR

KING 412 47.42. x
SOUTH OLTIsPIC TREE FARM

GRAYS 580 TACOMA W.TNER BUREAU
oFFICE122°19. li 2°26' W

SEATTLE NAVAL
AIR STATION

KING
47.41. 11 SOUTX PORK -

CEDAR RI.*
KING 2400 TA110.11

GRAYs 47°20. N
32266 w i24.17. w

SEATTLE-TA.. WEATHER
BUREAU AIRPORT sTATION

633..
509 67°2' " small ern PACIFIC 46041. N LATIVI: IS

OFFICE C''
101 48°23 N

122°18. W 123°47. W 124°44' w

SEATTLE UNIVERSITY
OP WASHINGTON

60
47°39. N

SPIERMAN RANGE* STATION ONANur-AN TALTON CREEK KING
122°18' w

:.27:02,30:

SEATTLE WEATHER BUREAU
AIRPORT STATION

03.033.. SPIRIT IAKE
RANGER STATION

SFAMANLA 46°16 N

TEKDA VN3T52X 26'
47°13,

122°18. w 122°09' w 117°05'

sEATTLE wPATNER BUREAU
MICE

47.36' N ''''''' sPoKANE 1875
47°40. N

TISTON urn= TA 1 i1 e0
46°40

122°20. Id 117025. W 121°00' w

SEAVIEW PACIFIC '
18212L33.3

04°02' w
SPORN. PALO SPONGE 1909

47.441,
rtrrow GNYON T. 66.42. il

110.56. W
-
117°25 . 14

sEDRO wCOL1ET I 8 SKAGIT 56
44°30' V SPOKANE NEATER 909000

AIRPORT surrop
........ .3, 47°37' II

1,33..... 061902AP 2)00
48°12. I

122°13. w 1 .31' W 119°28' w

SEQUIN CIALIAM 180
411.05. V

SPOKANE PELTS FIELD 5181048 1955
47.40' N ToLEDO FEDERAL

AVIATION AGENCY
1.11 46°19' N

123°06. I/ 117020. w 12.48. w

sliELION MASON
47112. N ........ LIKOLN 1911

47018. N
TOIl (NEAR) K IT 41.5.9.11.1

123°06' 57 117059. W 121°56. w



STAT1CN WARE COUNTY
ELE-
VATICN

.7171102
AND

LENGIMDE

413°42' N
TOMASKET ONANorAN 945

14,,13.

TONASKET II WW OKAIMAX 3110 -4-.0:..:

TOPPENISII YAKIMA )65
46012 n

12D 17. w

TOUCHE, AL.
WL.

46°02. N
tle0co. m

cm°07. m
TOUCHET RIDGE GOLAMIA 3600

117°59. w

TRINIDAD 2 SSE op,,.. , 7.17.
120°00. w

TROUT LAKE 13 10114 SKAMANIA 3500 '''''''''
121°41. W

TROUT LAKE 19 VW SEAMAN. 2600
46°09. X

121°511 W

IVENLY-FIVE NM CREEK CHELAN 2000 45'52. I
120°17. If

VIII CLALLAM URL
MK.

MK.

TWIN RIVERS CULLA). MX. -
UNIL

4500 46°45. VTWIN SISTER TAR.
121°20' W

NIS? OKANOGAN 1610
48123.

120°07. w

TVE KING
7°44' N

121'04' LI

TTEE CHEIAN UNE.
47°56' X

120°30' w

UNDERWOOD 4 W SNAPIANIA 1260
5°94' II

121°36. 11

UNION CIT1 MASON
4,, 47°21. N

123°10' W

UPPER BARER RIVER WNATC011 850 48°401 II

121°43' W

UPPER CLE E11211 VALIZT K1TTITAS 5300 '''''V ''.

21°03' W

UPPER PINE CREEK OKANOGAN

I--

1080 -'COL,
119°39' w

WIEN pant CREEK O2 OKANOGAN .0 'I'''..' I
159.38. 51

USE MID
OREILLE

--MIL--
UM,

VAIL 435 11TINDISTON --ifa0'
122°40. W

VANCOUVER CLARK 100
45.3N. I
122°41' II

VANCOUVER PORT DOCK CURE 26
45°37' II

122140. 11

VASHON ISLAM KING 41°21. I
122°30' W

NA.03 W.IJIDG18 4170 5-1
1110,0. w

SI 4111.170 (NUR) GIANT D2LN.46

119°43. w
NAL. WALLA FEDERAL WALIA Ill] OCR.' IAVIATION AGENCY WALLA

118°17' w

WALLA wALIA 3 W 800 46°03' II

118°24' W
NAwALIA
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STATION LOCATIONS WASHINGTON

STATION NM COUNTY

ELE-
VATILN

1.2171Two.
AND

IIn f 1 TM SIATMI NM CONNTY

E 11-
TAM,"

,11111,1
AN°

ov" IMF

WALLA WALLA OWITIER
BUREAU MILE

wAITA
wA.2A

949 46°02L

118°20. w

-5.1a211-11
110'20' w

411SO CREEK 1276
47°25. IV

,1400,.

WAL1A wAt IA ICARIAN
Oil HEIGHTS,

wA

WAL1A
wIND RIVER

121'5, w

wALLACT OKANOGAN 4000 w17221.1110E I wsw ""
0°26 N

120°11. W

YAKIMA esp

119030. 12

46°26. WISMAN
GRATE
INRSOR

435

120.25,
121.43. w

SEAN.. 650 45°3, N wITIRow 4 wW DOUGus 26e0
47°4 X

122°,5 119°54. w

WASHOUGAL 0 3NP SKANANIA 760
45°36' X CRAYS ROO 47°20. N

121"10

ATERVILLE COMA, 2605 NINO0THEE OXBow
outs
laRB0R

670

120.05. w 123.111.

UNA PIERCE "
47°2 wYNOOGNEE POdER P.121 MAYS

ILARBol 620
47°20. N

112°4 12303e u

V. 3 1. .RFIELD 695
46°39' TA0027 CLARK 737 45°52..034 122.24. w

wELLPINIT STEVENS 2450
0 °53. X TALI. GINLITZ

40°Q

W1°59' 122°,

YAKIMA 2175
46°52 N
120.40. w

YAKMA TERRACE
NEIGNES

TAX. 1200 46°37' N
-111.727.7

MEE CIELAN 5'
TARIM WEATHER
AIRPORT STATION

UAUU
YAKIMA 1061 460.. N

16200'479: 1I4
120.31 w

WENATCHEE EXPERIMENT
STATION

47°26. YE. THURSTON 355
46.56. X

110°21 w 122°16. w

WENATCHEE rEDERAL
AV/ATION ACENCY

CHELAN
ZILLAH YAK. 000

46°24' N47°44' 4
IZO°12. w 120°15. w

XATCREE (NEAR) CHELAN
41°32. 21NDEL ASOTIN 715

6.141 N

120°221
112°03. w

WEST PERMDALT WINTON.
48°51

122036 W

7 INV. ENATs
MAIM 124006' w

wESTPORT UNITED
STATES COAST GUARD

GNATS
HARBOR

46°54. II

1277361 w

EST SOUND RAM INAM 100 41142:1,.
11 W

70011 111.713311 60

WIRIER CRUET 1315
119°05. w

WRITE RTUIPS BENTON
46°39.

119°27. w

NIIITE RIVER ENTRANCE PIERCE
46°56' N

111131' w

WHITE RAMA 4 NNE KLECKITAT 2011 45 °46. *
121°291 W

WHITE SALND11 B INIE RLICKITAT 2020 0114
121 °24' w

WHITE SLAM MINA
46.023:

wILEUR uwlN
.1:042:1 If

WIL.PA 1.11011 PACIFIC
46°431 I

123°421

WILLARD MOM. 48"41' N

121°38.

WILLARD RISE( .8. SKAMAIRIA 761
121.3111 W
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APPENDIX B. SUPPLEMENTAL FIGURES

Ratio Chart A2/A1

(Horn, L., and Bryson R., 1960, p. 161)

FIGURE I
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(Sands, R., 1966, p. 19)

FIGURE 3
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(Sands, R., 1966, p. 43)

FIGURE 4
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FIGURE 5
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APPENDIX C

SUPPLEMENTAL MAPS



SURFACE WEATHER MAP AND
STATION WEATHER, 7 :00 A.M , E.S.T.

500-MILLIBAR HEIGHT 224
CONTOURS, 7:00 A.M., E.S.T.

11779700

18100

18300-
18500

181

9

81'00

MARCH 23, 1973

APRIL 3, 1973

MAP I

MAY 29, 1973

10900 (4').xr;\
19100 19300\ i I Hi-o:

JUNE 19,1970


