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ASBSTRACT

The papers presented during the past ten years ‘at Western Sunow Conferences on i
statistical approaches for solving problems in snow hydrology, improving water-supply :
forecasts and on meteorological aspects of snow hydrology, are briefly reviswed. Season- l
al and long-term variations in high elevation - low elevation ratios or wintfer precipi-
tation amounts for selected stations in the westera states aive analyzed. The possible }
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effects of such fluctuations on the indices commonly used in snow hydrology studies are
discussed.

Those who work in the field of snow hydrology are well aware of the limitations of
the statistical procedures commonly in uss. Most methods provide fairly realistic answers
for the average or near normal cases but are least reliable under abrormal conditions.
Tnis 1s especially true for the field of water supply forecasting.

The purpose of this paper is to peint cut some evideunces why it might be advantageous i
to introduce additional meteorological data, especially analyzed synoptic or current
weather information, rather than continval re-evaluation of the sawe basic data as has
been used in the past. : ‘

A review of the proceedings of the Ue
shows that there have been at least ten
approaches for solving problems in snow
the use of additional surface data to imp
papers have dealt with the meteorological as

ern Snow Conference for the past ten years

rs dealing with different statistical !
ology. About half that number advocated ‘
e water supply forecasting. Ten other '
spects of snow hydrology.
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Max Kohler {1957) reviewed the develcpment of procedures for water-supply forecasting
as covered in published literature up to the time of our meeting in 1957. At the same
neeting, Burns and Strauss (1957) reported on graphical forecast errors. Hannaford,
wolfe and Miller (1958) showed a graphical method for determination of area-zlevation weighting
of snow course data; Work, Beaumont and Davis (1962) on using snowpack ratios in runoff
forecasting; Kuehl (1962) on improving water supply forecasts by limiting techniques. .
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§ Several papers have reported on the use of additional data for improvement of the

3 standard water supply forecast procedures: Peck (1934) on the use of low winmter stream-
flow as an index to ground-water carryover effects; Stockwell (1959) on the use of soil
moisture data; several on the effect of changes in vegetation on streamflow; Anderson
and Gleason (1959}, Anderson (1960), Hoover (1960), Lull and Pierce (1960), and Packer
(1960); and Peak (1962-1963) on the use of wind data to improve forecasts in Wyoming.
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With the exception of the use of wind data by Peak, most of the additional data N
could be termed two-dimensional. All the records (precipitation, snow survey data, runoff,
stc.) were collected at the surface of the earth.

While these new techniques have improved our procedures, there remain many problems

still to be solved. One of these is tims trends in the basic precipitatiom-runoff
relations; that is, changes in the amount of runoff for the same precipitation during
different periods of time. Other problems which have been only partially soived are
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se associated with determining the optimum value of our statistical indices derived
zom basic data.

ot

1/ Hydrol ogLst in Charge, Water Supply Forecast Unit, U. S. Weather Bureau, Salt Lake
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Several studies on weather factors related to saow hydrology have also been covertd
during the past ten years by papars at the Western Snow Conference. Garstka (1954)
reported on the heat exchange and melt of late season snow patches in heavy forest;
Mondrillo (1956) on the thermodynamics of transpivation during active snow melt;
walsh (1957) on the meteovolozical and snow studies in the Central Sierra; West (1959)
on snow evaporation and condensetion; Sellers (1950) ovn p
and Western New Mexico; Grant and Schleusenar (1261) on snow fall and snow fall accumula-
tion near Climax, Coloradoe; Schermechorn (1961) on short-range snow melt forecasts;
Miller (1962) on the interception loss of snow; snd Elliott and Walser (1963) on changes
in seasonal runcff relaticnships as related to cloud seeding activity.

cipitaction treads in Avizona

This list does mot include all papers which have been presented on the various sub-
jects at the Western Snow Conference but it does show the range of informarion which
has been reported.

The paper by Sellers (1960) demonstrated that precipitation has not decreased
waterially over the last fifty years. There havwe been numerous reports of trends in the
relations of precipitation and runoff and they are evident in most of such relations for
the western United States for data covering lomng periods of time.

The trends are evident whether you use precipitation or snow survey data. Causes for
the apparent changes in the precipitation-runcff relations are difficult to completely
explain. The use of ground-water carry-over factors have helped, as have corrections for
man-made or ecological changes in basin characteristics. However, in most cases, all of
the time trends are not rermoved by such methods.

Recent studies by Williams and Peck (1962) cn terrain influences on precipitation as
related to syncptic situations demonstrated that there is a relation between storm type
and the precipitation ratioc from high to low elevations along the Wasatch Front of
northern Utah. This report shewed that the ratio of high level to low level precipitation
varied during the season. A graph from the paper (Fig. 1) shows the variation (dashed
curve) in averaged high-low level precipitation ratiocs for the winter months of QOctober-
April (Silver Lake Brighton, 8,700 feet MSL, over Salt Lake City, 4,248 feet MSL).

The ratio changes from about 2.5 during October to near 4.0 for the winter wonths of
December-February and back to near 2.0 during April. The solid black curve represents
the average mumber of days by month for the period 1945-1560 when an upper-air cold low
was present over the Great Basin area. A storm was classified as a "cold low" type if
during the precipitation period a closed 200-f:r eontour appeared on the 500 wb chart
with a center located between the Continental Divide on the east and the Sierra-Cascades
on the west, and between 350 and 45°N§. The number of cold-low days is inversely related
to high-low level precipitation ratio. Fig. 2 further shows that the ratio varied for
other types of storms; near 2.0 for cold lows; slightly over 5.0 for warm front over-
running; neat 7.0 for cold fronts; and near 9.0 for miscellaneous types without cold lcws
aloft or frontal activity present. This analysis was made for the winter season alone
for the pariod October 1653 through April 1859. Only precipitation occurring during
storms of at least 0.40 inch at Silver Lake Brighton or Salt Lake City, Utah, in a 48-

hour period was included.

1

One conclusion which can be drawn from the information in Fig. 1 and Fig. 2, is that
jdentiecal indices of the same paraweter for two seasons may not represent the same areal
distribution. For example, the April 1 water eaquivalent of snow or the total October-
April precipitation for two differeut years may be the same but if the storm types during
the two seasons ware not essentially the same, the areal distribution of the precipitation
might be substantially different This could happen if precipitation occurred prirarily

during the winter months curing one season, but in the fall or early spring during the

second season.

Methods to account for yearly variation in distribution were introduced in some of

the cited papers. However, the techniques proposed did not completely account for the

variations experienced. In additicn, the available data on snow cover and snow water

equivalent at the lower elevations limits the ssefulness of most statistical appreaches.
be T

Areal weighting has alsoc ied. This is zood but is also limited by available data
in many areas.

en

Table 1 is a tabulation of the high-low lavel October-April precipitation ratiocs
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TABLE I

HIGH-LOW LEVEL ELEVATION PRECIPITATION
RATIOS OCTOBER-APRIL PERICD

Silver Lake Brighton (8,700 ft. MSL) (siB) / Salt Lake City, Utah (4,248 £t. MSL) (SLC)
Silver Lake Brichron (8,700 fr. MSL) (SLB) / Midvale, Uteh (4,250 ft. MSL) (MID)
Water Ratio 10-yYr. Ratio 10-Yr. Water Ratio 10-Yr. Ratio 10-Yr.
Year SLB/SLC Mean 1/ SLB/MID Mean 1/ Year SLB/SLC Mean 1/ SLB/MID Mean 1/
1916 3.48 3.71 1940 2.05 2.87 2.76 3.39
1917 2.30 2.67 1541 2.08 2.83 2.21 3.30
19138 3.00 2.84 1942 2.58 2.72 3.63 3.15
1919 3.40 3.38 1943 3.88 2.7% 4 .52 3.23
1920 2.60 2.46 1844 2.44 2.73 2.66 3.10
1921 3.05 2.85 1645 3.84 2.86 3.59 3.17
1922 3.09 3.19 1946 3.76 2.87 3.70 3.14
1923 2.51 3.060 1947 2.79 2.86 2.91 3.13
1924 2.90 3.20 1848 3.13 2.90 3.39 3.16
1925 i.28 2.86 2.28 2.96 1549 2.89 2.9 2.81 3.16
1926 §.36 2.75 2.65 2.85 1950 3.87 3.13 4.18 3.30
1327 3.22 2.84 3.09 2.89 1551 4.03 3.32 4.53 3.53
1528 2.42 2.78 2.63 2.87 1552 2.61 3.32 2.72 3.50
1929 2. 54 2.70_ 2.75 2.81 1553 2.48 3.18 3.23 3.37
1930 3.00 A 3.53 2.92 1954 4.31 3.37 4,56 3.56
1931 2.47 2.68 3.18 2.95 1955 4,04 3.39 3.60 3.56
1932 3.66 2.74 4.50 3.08 1956 4.29 3.44 4,16 3.61
1933 3.20 2.81 3.73 3.15 1957 2.90 3.46 3.00 3.62
1934 3.11 2.83 3.51 3.23 1938 3.17 3.46 3.39 3.62
1935 2.56 2.85 2.50 3.29 1355 2.91 3.46 3.5 3.69
1936 3.61 2.98 4,04 3.43 19460 2.83 3.36 4,44 3.72
1537 2.86 2.94 2.94 3.41 1961 3.41 3.30 3.37 3.60
1938 2.75 2.97 3.16 3.456 1952 3.9% 3.43 4,02 3.73
1939 2.46 2.97 2.80 3.47

1/ tYoving mean entered at end of 10-year period.
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1 for Silver Lake Brighton (8,700 £t. MSL) and the valley statiops of Salt Llake
Cicy (£,248 fr. MSL) and Midvale (4,250 ft. M5L) in northern Utahk. All of thes

e stations
are 2 to have long consistent records. Taz ten-year woving means for the high-los
srec stion ratios are also listed in Takle 1. The tea-yoar averag2 for the pevi
1625 is 2.70 for the Silver Lake Brighton-Salt Lake City ratio while for a later
period (1950-1959) it is 3.46; a significant change in the ratio. ion
the 1923-1929 period during Qctobac-April & sar Lake Brighton a t 32,5 dinct
nearly the same as observed for the 1950-1955 period (33.8 inches). However, at the Salt
lLake City station, the average amounts ware 17.0 iaches for the 1920-1929 pariod aud 10.2

inches during 1950-1959. How much of the apparent time tread in precipitation-runocff
relations can be attributed to the change in tha precipitation ratio is a matter of
coniecture. It is not suggested that all of the difference in the precipitation-runoff
relations is due to a change in storw type. Attempting to assign all or most of the
variation to one factor is a fallacy that has been too often used. Certainly, differences
in groundwater carryover, variations in weathzr conditions outside the pariod covared by
nter precipitation, ecological or man-made changes in the basin as well as climatic
ends affecting evapo-transpiration, could influence the precipitation-runoff relations.
Relative causes for the time trends probably vary from basin to basin. Perhaps too
little attention has been given to the possibility of variation in storm types accounting
for at least part of the shifts observed in precipitation-tunoff relations in ths western
United States.

Detailed daily upper-air maps are available since about 1943. These waps wera studied

to dstermine if there was a change in the type of storms for the years when the high-
low level precipitation ratios were great as compared with the years when they wzre small.
For this purpose, eight years haviag high ratios and eight with low ratios during the

1943-1961 period were selected from the §ilver Leke Brighton-Salt Lake City Octobev-

April precipitation ratios in Table 1. For the 8 years with high retios, there wz2s an
average of 14.4 days with ccld lows aloft while for the eight years with low ratios, ther.
were 18.1 days with cold lows aloft. Precipitation observed at Salt Lake City, Jtzh,
associated with cold lows aloft storms only (Oct-4pril pericd) averaged 4.00 inches for the
vears with the low ratios and only 2.80 inches for those with the high ratios. Total
arecipitation observed at Silver Lake Brighton during the two eight-year groupings were
approximately the same (32.8 inches for the low ratio years and 33.9 inches for the high
ratio years). These variations tend to verify the fact that more cold low aloft storms

are associated with the low ratio years.

dorsrmine the number of surface lows which moved through Ucah during each of the eight-
year perinds to see if these might be covrelared with the cold-low type of storms.
During the eight years with the high ratios, there was an average of 10.0 from Oct.
to april while for the years with low ratios the average was 12.2 days. It is interesting
toc mote that for the ten year period 1850-195%, there was an average of twelve surface
lows each year and in the 1920-1929 period, an average of twenty-two surface lows. It is
possible that the general upper-air circulation patterns were different during the two

i ft may have been experienced during the 1920 decade which

Since reliable upper-air maps are not available prior to 1943, a count was made to

decades. More cold lows alo
would have accounted for the small high-low elevation ratios. During the ten years
ending in 1959, there were a relatively small number of cold lows 2loft, The use of
upper-air data may hcld promise as a means for improving water supply forecasts and
could open up new avenues of research. The value of observed precipitation as indices for
areal distribution of precipitation may be enhanced by correlating storm or even shorter
period amounts with measured upper air parameters, thereby eliminating the need for

T a o

storm typing. Many storms are no clear cut cases but have characteristics of several
FonNs
types

The question arises if this technique would work in other areas of the west. Plots
of high-low ratios of monthly precipitation normals for stations covering the west bring
out some interesting facts.

It is well known that precipitation amcunts vary over the west. High-low elevation
racipitation ratios alsc vary as may be seen in the plotted graphs of monthly mean
atios for pairs of stations inm each western state (Fig. 3). The ratio at any location
5t any months is primarily dependent upon the predominate storm tvpe causing the precipi-
tation. The variations in the high-low elsvation precipitation ratios reflect the great
variance of storm types which occur in the West.

P
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The Leadville-Cheesman, Colorado, plotted ratios have the same genetral characteristics
observed for northern Utah. For the State of Washington, the variation in the vatios
for the October-April period is very small; for the Cregon plotting, the highest ratios
are found for the months of October and April with lower rarios duriag the winter months.
Tn California very little ceasonal variation is noted. This 1ack of variation during the

ipitation or soo

season probably accounts for the excellent correlations fhund betwenn prec
survey data and runoff in this area.

toving inland we find little variation during the season for Idaho and Arizona but an
extremely high range in ratio values in Nevada. Here the ratio for October is over 2.5
decreasing in December and January to near 2.0 and rising until it is near 4.0 for March
and April. This pattern is in direct contrast to that ohserved in northera Utah. The
curve selected for Montana shows a gradual increase from October to April in the ratios
while that for Wyoming has a peak ratio value in February. In New Mexico the ratio
values for Cloudcroft 2S-Alamogordo increase rapidly from October to March with a sharp
decrease to April. It should be noted that precipitation during March is an important
factor in determining the water supply outlook for the Rio Grande Basin.

No attempt has been made to type the storms associated with the variations in ratios
for the different sections of the west. Studies relating upper-air parameters to precipita-
tion distribution should produce results of more general application than simple storm typ-
ing. From the variations found in the changes in the high-low ratios for the Utah area,
it is evident that the seasonal ratios do not always follow the same pattern. Changes
in the overall weather pattern which cause departures from the mean pattern of high-low
ratios may cause deviations in the effects of computed seasonal indices. Such deviations
have been noted in California where the normal pattern of high-low ratios is very consisten
Corrections applied to the seasonal indices for such years, based on a knowledge of the cha
in the weather patterns, may improve the value of the indices.
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Robert Elliott (1962), hzs done considerable research on the relation of orographic
precipitation to orographic 1ift and upper air parameters. Myers {1962) of the
Hydrcmeteorological Section, U. S. Weather Bureau, has shown gcod predictabiliey of
rainfall distribution for the Sierras west of Reno, Nevada, from upper airflow patterns.
Results of such studies as these have not yet found their way into operational use fer
hydrologic purposes.

The title of the paper, 'The Little Used Third Dimension," implies that weather )
data should be used to a greater extent in stmow hydrology problems. The non-use is not Co
: all dus to a need for research but to some extent to the difficulty of obtainimg daily
5 weather data, especially for tumidity, wind, radiation, etc. part of this problem has
been solved by the fact that wost Weather Bureau data are now available on punch cards.
However, this does not preclude the fact that for many areas of the west, daily measure-
meats of weather ohservations of the kind and type required forv detailed studies are not
availabie. This is especially true for wind and humidity records. With the future
requirements jndicated for cur water supplies, adeyuate data of all kinds will be
required for proper use, conservation and planning of the available resources. Research
which will determine the extent and kinds of basic data which will be required should be
accomplished and means taken to obtain such information.

REFERENCES

Anderson, Heury W. and Clatrk #. Gleasou (1959): Logsing Effects cn Snow, Soil Moisture,
and Water losses, Proceadings, Western Snow Cenference, PP-. 57-65, April 1959.

Anderson, Henry W. (1960): prospects for Affecting the Quantity and Timing of Water Yield
: Through Snowpack Management in California, Procesdings, Western Snow Conference,

pp. 44-50, April 1960.

|

K Burns, Joseph L. and Fred A. Strauss (1957): Graphical Fovecast Exrors, Proceedings,
Western Snow Conference. pP- 86-93, Aapril 1957.

of Quantitative Relationships

Elliott, E. D., and R. W, Shaffer (1662): The Develo t
ters for use in Forecasting and
2

between Orographic Precipitation and Mir-Mass Pa e
Cloud Seeding Evaluatisa, J. Applied Meteor, 1, 2, p

oo

. 218-228, Juna 1962.

]

W e A,
-

~-38~




Filiott, R. D., and J. T. Walser (1963): #brupt Shifts in Seasonal Runokf Relationships
as Related to Cloud-Seeding Activity, Proceedings, Western Snow me‘ere ce, op. 99103,
April 1963.

gavstka, Valter U. (1954): Discussion of paper, Heat Exchange and Melt of Late Season
Snow Patches in Heavy Forest, Proceedings, Western Snow Conference, pp. 68-70,

A1l G 54
Aprcil 1954,

Grants Lewis O. aad Richard A, Schleusener (1961): Sonow F:ll and Snow Fall Accumulation
near Climax, Colorado, Proceedings, Western Snow Conferznce, pp. 53-64, April 1961,

vzanaford, J. F., C. G. Wolfe and R. W. Miller (1958): Graphical Method for Determination
of Area-Elevation Weighting of Snow Course Data, Procesdings, Western Snow
Conference, pp. 73-82, April 1958,

koover, Marvin D. (1960): Prospects for Affecting the Quantity and Timing of Water Yield
Through Snowpack Management in Southern Rocky Mountain Area, Proceedings, Western
Snow Conference, pp. 51-53, April 1980.

Kchler, M. A. (1957): Water-Supply Forecasting Developmeats, 1551-1956, Proceedings,
Western Snow Conference, pp. 62-68, April 1857.

Kuehl, Donald W. (1962): Improving Water Supply Forecasts by Limiting Techniques,
Proceedings, Western Snow Conference, pp. 70-76, April 1962.

Lull, Howard W. and Robert S. Pierce (1960): Prospects in the Northeast for Affecting
the Quantity and Timing of Water Yield Through Snowpack Management, Proceedings,
Western Snow Conference, pp. 54-62, April 1960.

Miller, David H. (1962): Snow in the Trees- -Where Does It Co:, Proceedings,
Western Snow Conferencs, pp. 21-27, April 1562,

Mondrillo, George (1936): Therwmodynamics of Transpiration in Heavy Forest During Active
Sanow Melt, Proceedings, Western Snmow Conference, pp. 20-25, April 1956.

Mvers, Vance A., (1962): Airflow on the Windward Side of a Large Ridge, J. Geophys.
Research, 67, 11, pp. 4267-4291, October 1952.

Packer, Paul E. {1950): Some Terrain and Forest Effects on Maximum Snow Accumulation
in a Western White Pins Forest, Procesdings, Western §now Conference, pp. 63-66,
April 1960.

Peak, George W. (1262): Snowpack Evaporation, Proceedings, Western Snow Conference,
pp. 32-36, April 1962.

Jeak, George W. (19563): Snow Pack Evaporation Factors, Proceedings, Western Snow
Conference, pp. 20-27, April 1963.
Pack, Eugene L. (1954): Low Winter Streamflow as an Tandex to Short and Long Term Carry-
Over Effects in Water Supply Forecasting, Proceadings, Western Snow Conference,
pp. 41-47, April 1954.

Schermerhorn, Vail P. (19%60): Short Range Snow Melt Forecasts, Proceedings, Western
Snow Conference, pp. 116-125, April 1961.

Sellers, Dr. William D. (1960): Precipitation Trends in Arizona and Vestern MNew Mexico,
Proceedings, Western Snow Conference, pp. 81-94, April 1960.

ckwell, Homer J. (1959): Use of Soil Molsture Resistance Units in Water Supply
Forecasting, Proceedings, Western Sncw Conference, pp. 35-39, April 1959.

-

n

ish, Kenneth J. (1957): New Meteorological and Snow Studies in the Central Sierra,
Proceedings, Western Snmow Counference, pp. 43-45, April 1857.

t, allan J. (1959): Snow Evaporation and Condensation, Proceedings, Western Snow Con-
ference, pp. 66-74, April 1959.

-39~

E

——

TP TY TR YE T,

T LI Y T TS




2 phiginn S

e e T i S

"

Williams, P. Jr., and E. L. Peck (
Intermountain West as related to

pp. 343-347, Sept. 1962.

1962): Terrain Influenc
S

3R, T. Davis (1962):

pp-

. . .
vork, R. A, R T. Beaumount an

Proceedings, Western Smow Coniervn

o

Is

g}
B
-

pes 14

s
ynoptic Siruations, J. Ap

Snownack Ratios
0-69, April 1802.

ccipitation in the
. Meteor, 1, 3,

in Runoff Forecasting,

WS 1T T \\ 20
] .N 0D 4 F M ' .
Wopote {8507} [ \

l o Bickiaion (3,073} \
<~
~
~— T e !

N

’ I
\ e

Briggs
. 18,0579

T TTTTTTY / 2 50,
° N o J : ~ A’ tdake Faile
Rsund Grave (4838°) . b sa
. 5 .
[ s

.
=~ L xiemath Falls 25SW (4,098}

T T
T‘ e ‘ O N O ¢ F M
N
———

ks |
/ Beowame (4,693} 4!5,_._.-,
- - SalrLere

Lameille Pt | LR

16,2901 {8.70C)

JMrafie Loka (6,358°)

e

0~

c.m(s,sfv) Fapat (9060%
-

Far s righien

[\

5. Y |
Pracacwiy 1
asy ? AN \ / l:ss—
Tmin Loxes -\, 91
>\f (290 ¢ 0\ gl ; '

htad T T T T 1 -
C N O J F M a2 \\ [~
N t
\\< Ash Fort (35,1407
. .
N Foct Volay (7,547°}
\2s
3
7
20 —
/ 7N/ <
N s
e e L= R R RN SR SR S |
174 ON D J F M a
\\
~
~
\\
~._
~
Fig. 3 Diagrams,showing variations in the

(Oct-April) for pairs of selecced high-low
the eleven western stahtes.

~40=

M Thetiman
Leodaiie :
f (o Ty \ 1887

(N
g

o/ Vs Clavadici PS (88980
Aamogords [4,357)
ES T T
G N D _J F M a
c A

raties of monthly precipitation
elevaticn staticns in




