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I. INTRODUCTION 

This Technical Memorandum is the result of work performed as a graduate 

student at the University of Washington. This study presents an analysis of winter 

precipitation events along the Wasatch Front region of northern Utah. Accurate 

mountain precipitation forecasts are necessary for estimating avalanche hazard in 

the heavily used Wasatch Mountain backcountry, and to facilitate avalanche 

control measures taken by the developed ski areas and the Utah State Highway 

Department. 

The emphasis is on relationships between meteorological parameters observed in 

rawinsondes taken at the Salt Lake City airport and spacial and quantitative 

distribution of precipitation among mountain and valley locations. Precipitation 

amounts are extremely variable in this small geographic area. The variance is not 

only· between the valleys and the high mountains, but also among closely spaced 

mountain locations. 

The correlations of meteorological variables in various combinations and 

under varying synoptic regimes may prove useful in determining the effectiveness 

of weather modification aimed at enhancing precipitation. Additionally, the 

ratios of observed precipitation between mountain and valley locations in 

different synoptic regimes may provide a further basis for analysis of weather 

modification efforts and mountain precipitation forecasting. 

A number of studies of winter orographic precipitation have been done. 

The National Weather Service Forecast Office in Salt Lake City is currently using 

a semi-objective method for forecasting snowfall rates and accumulations for the 

Wasatch Mountains (Nielson, 1965). Rhea (1976) has developed a I Okm 9rid 

orographic precipitation model which is used in Colorado. In Canada the Alberta 

Weather Office (1976) developed a numerical technique using 500-mb map types as 

a diagnostic tool in quantitative precipitation forecasting. 

This study examines winter precipitation in the Wasatch Front region using 

a single station's rawinsonde data. The purpose is twofold, namely to define the 

precipitation climatology based on rawinsonde observations and secondly to 

determine the prognostic value of the Salt Lake City rawinsonde data in winter 

quantitative precipitation forecasting. 
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Chapters Ill through VI represent four distinct experiments with the Salt 

Lake City rawinsonde data that address the above two objedives. In Chapter Ill 

the relationship between wind and precipitation at each site establishes a 

climatolq9ical ~ata base not previously available. The ability of any single 

, rO\vinsonde parameter or compination of parameters to explain the variance in 
' ' ' 'I ' • 

precipitation amounts is .studied in Chapter IV. The linear and multiple linear 

correlatic;>n coefficients det~rmlned provide a measure of the prognostic value of 

individual rawinsonde parameters. Chapter V examines the ·prognostic value of 

the rawinsonde data by determining rawinsonde profiles for unusual precipitation 

patterns and comparing these to profiles of more typical precipitation patterns. 

Unl)sual patterns are those in which very heavy precipitation takes place 6r when 

the distribution. of precipitation, is anomalous as in cases when valley locations 

recejve mo~e th~n the mountain sites. The final chapter looks at the variability of 

.site to site precipitqtion ratios due to .closed, 700-mb low cir~ulations and surface 

fronts. This is climatological information that may aid forecsters in making 

quantitative precipitation forecasts for remote areas based on precipitation in the 

more populated areas. A method for identifying synoptic scale closed lows from a 

single site's rawi ns~nde data is also presented. 
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II. DATA BASE 

The region considered in this study is the Wasatch Front of northern Utah. 

Nine stations were used to ascertain observed precipitation amounts. One 

location was used for rawinsonde observations, namely the Salt Lake City 

airport. All meteorolgical parameters were taken from the sounding data. The 

surface and upper-air observation data cover the winter seasons (November 1st 

through April 30th) of 1969 to I 978, and November and December of 1978. 

Rawinsonde data were obtained through the National Center for Atmospheric 

Research. This data consisted of height, pressure, temperature, relative humidity, 

wind direction, and wind speed at 50-mb increments. Surface observations were 

obtained from two sources. Alta data were obtained from the U.S. Forest Service 

in Fort Collins, Colorado. The data for the other eight sites were obtained from 

the Utah State Climatologist's office in Logan, Utah. The only significant 

difference between the two types of surface observations was that in addition to 

24-hour precipitation totals, the Alta data also included six-hour precipitation 

intensities (i.e., light, moderate, heavy). A tape consisting of data from frontal 

passages through Salt Lake City was obtained from the University of Utah 

Meteorology Department. 

The Wasatch Front region consists of a long valley at approximately 4,200 

feet above sea level bounded to the east by the Wasatch Mountains which rise to 

over II ,000 feet above sea level. The Great Salt Lake is to the west of the valley 

in the north. The southern portion of the valley is bounded in the west by the 

Oquirrh Mountains which are generally below 10,000 feet above sea level. The 

. Wasatch Mountains provide a very abrupt barrier, rising from the valley floor to 

the highest peaks in less than five miles. There are essentially no foothills. 

The surface observation locations used in this study are all within thirty­

five miles of the Salt Lake City airport rawinsonde site as shown in Figure I. This 

close proximity eliminates any time lag considerations since the airmass measured 

by the sounding will nearly always be representative of the other locations within 

the hour. The nine sites can be considered in two separate groups. The Salt Lake 

City airport, Cottonwood Wier, Alpine, and Ogden Power House can be considered 

valley stations. Alta, Silver Lake Brighton, Park City ski area summit house, 
Mountain Dell, and Pineview Reservoir are considered mountain sites. The highest 
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site is Park City Summit, at 9,270 feet above sea level; the lowest site is the Salt 

Lake City airport at 4,222 feet above sea level. A listing ·of the stations with 

their elevation and the time of day at which the 24-hour precipitation 

measurement is taken is given in Table I. 



/ 

STATION 

Silver Lake Brighton 

Alpine 

Park City Summit 

Cottonwood Wier 

Salt Lake City Airport 

Odgen Power House 

Mountain Dell 

Pineview 

Alta 
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24-HOUR PRECIPITATION 

OBSERVATION TIME 

10 a.m. 

Sunset 

Sunset 

3 p.m. 

Midnight 

Midnight 

5 p.m. 

8 a.m. 

8 a.m. 

SITE ELEVATION 

(FEETI 

8740 

4920 

9270 

4950 

4222 

4350 

5420 

4940 

8760 

Table I. The elevation and the time of the 24-hour precipitation 

measurement for each site. 
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Ill. WIND ANALYSIS 

In this chapter the relationship between the 700-mb and 850-mb winds and 

precipitation is examined. The 850-mb wind is representative of the low level 

flow in this region since the Salt Lake. City airport is generally near the 870-mb 

level during the winter. The 700-mb level is approximately the height of the 

Wasatch Mountains. · Thus, this near-ridge-top wind is very much affected by 

orography, but still high enough to depict upper level synoptic disturbances. The 

results that follow present the different climatolegical wind vs. precipitation 

relationships that exist in northern Utah. 

The observations at Alta offer a more detailed look at the time variation of 

wind and precipitation observations. The Forest Service record from Alta consists 

of 24~hour precipitation measurements taken early each morning. This is the 

same situation as exists at the other eight observing sites. Additionally, Alta 

records contain four separate 6-hour precipitation intensity observations. Due to 
these additional observations a more detailed analysis of the wind and precipi­

tation events was done at A Ita. · 

A plot of the percentage of precipitation events at Alta versus the 700-mb 

wind direction at ten degree increments was done three different ways in order to 

determine if any differences result in the distribution when surface observations 

are taken prior to or following the rawinsonde observation. The different ways of 

measuring this relationship are presented in Figures 2-4. 

The similarity of all the plots indicates that from a large sample the result 

will be the same regardless of the observations taken. In other words, since the 

rawinsonde observations are taken independent of the prevailing synoptic situa­

tion~ the observations will, over a large sample, have equal chance of occurring 

before or after a frontal or trough axis passage. The significance of this is that a 

single representative frequency plot of wind versus precipitation can be obtained 

by comparing the 00 GMT and 12 GMT observations separately to the precipitation 

record, normalizing the number of cases by converting to percentages and then 

averaging the two results at all stations. 

In addition to wind direction at 700 mb, the wind speed was examined in 

relation to Alta precipitation. In Figure 5 it is clear that the precipitation P.lot is 
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Figure 2. 

DIRECTION OF 700.-MB- WIND (DEGREES) 

-The percentage of all precipitation events at Alto is plotted three ways 
with respect to the 700-mb wind direction-at OOZ. One line is from 
checking only intensity observations. prior to OOZ. A second line is 
checking only observations aftero(post) OOZ. The third line is based on the 
24 hour precipitation measurement taken at Bam. 
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Figure 3. 

DIRECTION OF 700-MB WIND (DEGREES) 

The percentage of all precipitation events at Alta is plotted two ways 
with respect to the 700-mb wind direction at 12Z. One line is from 
checking only intensity observations prior to 12Z and the other is from 
only intensity observations after (post) 12Z. 
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Figure 4. 

DIRECTION OF 700-MB WIND (DEGREES) 

The ·percentage of all precipitation events at Alta is plotted two 
ways with respect to the 700-mb wind direction. Both plots are 
based on the 24 hour precipitation measurement. One line is for 
the 12Z wind direction and the other is for the OOZ wind direction. 
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The percentage of all precipitation events at Alta was plotted (solid 
line) with respect to five categories of 700-mb wind speed. The 
dashed line is the 700-mb wind speed for all days. 
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very similar to the climatology, with a slight precipitation bias with wind speeds 

between II and 20 meters per second. The highest speed category accounted for 

less than I% of all cases both in the climatology and in the precipitation. Thus, 

wind speed does not seem to have a strong relationship to precipitation. 

An analysis of the 700-mb wind speed and direction together was done to 

produce Figures 6 and 7. In both figures the number of cases with a given speed 

and direction were found at 10 degree intervals and 5 meter per second cate­

gories. The number of cases was normalized to percentages and then 40-50 degree 

groups were summed. For example, wind directions ,of 290, 300, 310, and 320 in 

speed category 2 (6-1 0 m/s) accounted for approximately I 5 percent of all :cases in 

Figure 7. Figure 6 is for all precipitation case~· at Alta, while Figure 7 is for 
. i 

heavy precipitation· events at Alta. A heavy ev.erit was classified as any· 24-hour 

precipitation measurement of 1.00 inch of water equivt:Jient or greater, or if the 

precipitation ·intensity was noted as heavy. There were 500 cases for Figure 6 and 
78 cases for Figure 7. "· , 

When all precipitation events are considered, most occ1~r with west7" 

northwest (290 degrees) winds of 6-10 m/s. Less than one percent of these event~~ 

were associated with southerly or e~sterly 700-mb winds. There ,was a conceri~ 
tration of the heavy events with northwesterly (31 0-320 degrees) winds :at I 0-1 5 

m/s. The high wind speeds from the northwest associated with the heavy cases 

show a bias to post 700-mb trough axis precipitation at Alta. The southerly wind 

cases were likely associated with slow moving waves or closed lows with strong 

vertical motion fields. 

Frequency diagrams of 'all' and 'heavy' precipitation events by 700-mb wind 

direction were prepared for all nine observation sites. Additionally, the. climato­

logical 700-mb wind direction profile was plotted. If precipitation were inde­

pendent of wind direction the plots would follow the climatological line. If the 

plot is above climatology the direction would be a favored one for precipitation 

and vice versa. Figures 8-16 show the results of the 700-mb analysis. The 

climatological peak is at 290 degrees with few winds having easterly 

components. The classification for heavy pre~ipitatipn was 24-hour amounts, 
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Alta Wind Rose 
ALL 

lsopleths of the percentage of all precipitation events at Alta are 
plotted on a 700-mb wind rose. The isopleths are at two percent 
intervals starting at one percent of events. The concentric circles 
represent wind speed. 
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Alta Wind Rose 
HEAVY 

' . 

Figure . 7. The same as .Figure 6 except only cases in which 24-hour 
precipitation at Alta exceeded 1.00 inch.·were considered. 
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Figures 8-16. 

DIRECTION OF 700-MB WIND (DEGREES) 

The percentage of all and heavy precipitation events with 
respect to the 700-mb wind direction was plotted for each 
site. Additionally, the 700-mb wind direction climatology was 
plotted. The solid line is for all precipitation events. The 
dashed line is for only heavy precipitation events. The dotted 
line is the climatology (both wet and dry days). The site 
location and the number of precipitation events is noted on the 
figure. 
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equaling or exceeding .5 inches of water equivalent except at Alta where the 

threshold was 1.00. inch. The number of cases is indicated by the number beneath 

the site location on the figures. 

With the exception of Alta, all the sites showed at leqst a relative 

maximum for 'all' and 'heavy' precipitation events with southwest"flow (190-230 
... I 

degrees). The three valley sites, Salt ~ake City airport, Ogden, and'Aipine peaked 

with this southwest flow and generally were below the climatoloQiC:al curve for 

northwest flow. The other sites showed another,, maximum with northwesterly 

flow with Alta exhibiting the greatest··.rnaximum at 300 degree~: ~;Although the 

Cottonwood Wier site is located in the Sal.t Lake Valley, it is at the mouth of Big 

Cottonwood Canyon at the foot of the mountains. Thus, the location probably 

explains 'the similarity of its 700-mb' profile to the mountain sites. Heavy 

precipitation at the valley locations was,strongly related to south-southwest flow 

while the mountains, with the exception of ~Jfa, received heavy precipitation with 

either south-southwest flow or northwest flow~ Tnis indicates that the passage of 
.· ... 

the 700-:t;nb trough axis marks the end of heavy precipitatio~ in the valley~, but 

rot the mountains. 

T~e same analysis was done with the low level wind obs.ervations (850mb). 

Again, f.requency distributions of all precipitation events and heavY events were 

plotted by wind direction along with the 850-mb climatological profile (Figures 

17-25). All sites showed maxima above climatology for south-so~thwest flow and 

northwesterly flow. Alta and Cottonwood Wier maxima were 'most pronounced in 

northwest flow while Ogden, Pineview, and Apline maxima were most pronounced 

in southerly flow. The southerly flow is associated with prefrontal overrunning. 

Moist prefrontal conditions favor heavy valley precipitation, but most heavy 

mountain precipitation is associated with low level northwest.erly flow in 

postfrontal conditions. 

( 
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IV. CORRELATION OF RAWINSONDE PARAMETERS TO PRECIPITATION 

This part of the study examined the relationship between rawinsonde 

parameters and precipitation amounts at the various sites. The strength of the 

relationship between rawinsonde parameters and prec!pitation serves to identify 

the usefulness of these observations to qu'dntitative precipitation forecasting. The 

first analysis consisted of finding the linear correlation coefficient for different 

rawinsonde parameters. The 18 parameters chosen for this are listed in Table 2. 

The geo-potential height values and the associated temperatures at these levels 

were departures from monthly means. This took into. account seasonal variabil­

ity. The relative humidity values were based on readings at 50 mb increments as 

given in the NCAR data tape. The k index is a rough measure of atmospheric 

stability. This index is generally used as an aid in'. forecasting ,warm season 

convection. It is a good measure of the lapse rate. and loW. l~vel relative 

humidity. It is also very simple to compute. It is given by the equation: 

k = T(850) - T(SOO) + T d(850) - TDEP(700) 

T = temperature 

Td =dew point 

TDEP =dew point depression 
''•\'• 

(George, 1960) (I) 

A temperature advection parameter Was approximated by the turning of the wind 

between the 800-mb and 500-mb levels. 

There is a difficulty in determining exactly what value a parameter has on 

a given day. Two soundings were taken for each 24-hour period precipitation 

amount. Thus, depending upon when in the day the measurement was taken, either 

the 00 GMT or 12 GMT data may be prefrontal or postfrontal. Therefore, the 

correlation coefficients were determined for the two sets of rawinsonde times 

independently. The, linear correlation is given by: 

where: 

r = L: (xi-x)(yi-y) 

( L; (xi-x)2 L: (yi-y)2 ) 1/2 

xi, Yi = parameter and precipitation amount 

x, y = the respective means . . . . ... ,, 

'. 
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PARAMETERS EXAMII\ED IN CORRELATION ANALYSES 

PARAMETER 

850-mb height 
700-mb height 
500-mb height 
850-mb temp 
700-mb temp 
500-mb temp 
Surface to 800-mb relative humidity 
600-mb to 800-mb relative humidity 
900-mb to 600-mb relative humidity 
Surface to 400-mb relative humidity 
Surface pressure 
k index 
850-mb Wind speed 
700-mb wind speed 
600-mb wind speed 
500-mb wind speed 
Temperature advection 
Precipitable water 

ABB REVA TION 

850H 
700H 
SOOH 
850T 
700T 
SOOT 
SFC-800RH 
600-800RH 
400-600RH 
SFC-400RH 
SFCPr 
k 
850ws 
700ws 
600ws 
SOOws 
Temp Adv 
Prec Wat 

Table 2. This is a list of the eighteen parameters examined in the correlation 
analysis. A number and abbreviation for each parameter is given. 
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Both wet and dry days were consider~d togeth~r. ; Then days for which the 
- . ' ~ 

24-hour precipitation amount was greater than .01 inches were analyzed 

separately. 

The five most highly correlated parameters for Alta for all days are given 

in Table 3. The 00 GMT results are generally higher than the 12 GMT. This may 
' 

be because at Aha the 00 GMT sounding occurs at approximately the midpoint of 

the 24-hour measurement period whereas the 12 GMT SOUI')qin~. is nedr the end of 

the period. Thus, the conditions recorded at 12 GMT may be assoc;;iated,with 

precipitation that was not recorded until the next day. Three· ot" the five 

parameters show correlations at both times. However, surface·to 400-mb reiative 

humidity and 600-mb to 800-mb relative hu,midity. are likely· to be highly 
'. . ,, - . 

correlated to each other. This will be examined in the. s.ection on rrg.Jl;tiple 

correlation. It is interesting to note that the 700-mb height is in both 'the 1·2 GMT 

and 00 GMT results. Thus, the intensity of the mid-level trough may, .be one of the 

best indicators of precipitation for Alta. 

Tests for significance and confidence intervals wer~ done. Usi~g Fisher's Z 

transformation (Daniel, 1977), 99 percent confidence·int~rvals' ~ere' constructed. 

The total number of cases was I ,345. This yielded intervals of .59 to .49 for the 

00 GMT surface to 400-mb relative humidity. If only every third set of paired 

observations is used, the events may be considered independent of each other. 

This is essentially taking rawinsondes from 48-hour intervals as indepen-dent. 

This assumption is probably valid in nearly all synoptic regimes. In this case the 

99 percent confidence interval is .62 to .45. Thus, the most highly correlated 

parameters account for IS to 35 percent of the variance in precipitation amounts 

at AI ta. Using a 't' test and either I ,345 or 448 cases leads to rejecting the null 

hypothesis (no relationship) at the .001 significance level. 

The heights, temperatures, and pressures were negatively correlated with 

precipitation amounts, the other parameters were positively correlated. The 

absolute value is presented in the tables. 

When only wet cases (precipitation greater than .01 inch) were considered 

the correlation coefficients of the most highly correlated parameters were 
lower. The three most highly correlated parameters are presented in Table 4. 

There wer7569 wet 'cases. After constructing a 99 percent confidence interval it 
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SFC-400RH 

600-800RH 

700H 

850H 

400-600-RH 

Table 3. 
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LINEAR CORRELATION COEFFICIENTS 

r 12Z r 

.539 600-800RH .450 

.SOl SOOH .426 

.449 SFC-400RH ~413 

.431 700H .387 

.405 SOOT .380 

The five J:>arameters with the highest linear correlations at 
Alta are given for OOZ and 12Z separately. Both wet and dry 
days were considered. 
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is found that the OO,GMT"surface to-400,...mb relative humi<;fity accounts for from 4 

to 25 percent of the variance in Alta pr~ipit~tion- arriounts. Any correlation 

coefficients below .2 were not significant at the .001 percent level. T~us, very 

little of the Alta precipitation variance is accounted for by any one "parameter 

once the condition of measurable precipitation is impqsed. 
. .. i 

Linear correlation coefficients were also determined for the .ot1:1er eight 

sites. The two highest .coefficients found at each site are given in Tabl~ 5. The 

parameters were generally the s~me as at Alta except for the surface pr~~sure. 
Surface pressure was amorig the most highly correlated parameters even at :S~Iver 

Lake Brighton, and Park City Summit which are(]t, or above the. elevation at 
I 

Alta. Thus, Alta's precipitation may be less dependent on the intensity of the low 

level synoptic features than the other mountain locations. 

Precipitable water was one of the most highly correlated parameters at all 

but the three highest sites, Alta, Brighton, and Park City Summit. It was a par­

ticularly significant parameter at Salt Lake City and Ogden. Low level moisture 

seems to be important for the low elevation sites but not for the ski areas. 

The highest coefficients when the condition of measurable precipitation 

was imposed were generally near .37. This is approximately the same result as at 

Alta. The statistical significance at the other sites was approximately the same 

as at Alta, thus, no single parameter could explain more than about one third of 

the variance in precipitation amounts. 

Therefore, any scheme of weather modification evaluation that depends on 

an established ratio between precipitation and one of these parameters is of 

questionable value. 

A multicorrelation analysis was done to find the combination of rawinsonde 

parameters that were most significant to heavy precipitation events. This was 

done for all cases, and again for cases in which measurable precipitation was 

recorded. Similar analyses were then done with a precondition of a certain mid­

level flow orientation. In each case the average value of the rawinsonde para­

meters were found. The multicorrelation analysis resulted in choosing the six 
par:ameters.~hat resulted in the highest coefficient. 

. . ~' . 
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SFC-400RH 

600-BOORH 

Prec Wat 

Table 4. 
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LINEAR CORRELATION COEFFICIENTS 

r 

.379 

.344 

.311 

12Z 

SOOH 

700H 

600-BOORH 

r 

.204 

.196 

.193 

":··. 

The three parameters with the highest linear correlations at Alta 
are given for OOZ and 12Z separately. Only wet days were 
considered. 
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LINEAR CORRELATION COEFFICIENTS 

SITE 2 HIGHEST PARAMETERS r 

Brighton 850H .489 
SFCPr .459 

Alpine SFC-400RH .495 
600-800RH .449 

Park City Summit 850H .415 
SFC-400RH .403 

Cottonwood SFC-400RH .457 
600-800RH .428 

Salt Lake City 850H .440 
SFCPr .427 

Ogden SFC-400RH .434 
Prec Wat .419 

Mountain Dell SFC-400RH .448 
600-800RH .409 

Pineview SFC-400RH .475 
Prec Wat .446 

TableS. . The two param~:t~rs with the hf'ghest n~~ar C9r·r.elations at the eight 
sites listed are given~ Both wef and dry qays were considered. 

. . ti'· .. l 
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At Alta approximately 36 percent of the variance was a~counted for by just 

three parameters with additional parameters adding little information in the case 

where all days were considered. When only wet days were considered the para-
' ' . . .. . 

meters were essentially the same as when all days were examined, but the co-

efficient obtained was lower, accounting for only 23 percent, of the variance in 

precipitation. The parameters chosen are given in Table 6. Atmospheric stability 

seems to be an important criteria in determining the potential for heavy snow. 

The average value of the k index rose from 7.5 when all days were considered to 

14 when only wet days at Alta were examined. 

The same analysis was done for the other eight sites in the study. The 

parameters chosen and the resulting coefficients are given in Table 7. Generally 

most of the variance in precipitation amount was accounted for by the first two 

parameters· chosen with additional parameters yielding little new information. 

Again, the coefficients determined for only wet days were lower than when all 

days were considered. Nearly every site had either: the 850-mb height or the 

surface pressure as a top parameter. Precipitable wat:r and either surface to 

400-mb o( 800-mb to 600-mb relative humidities also ,were among the top 

parameters· at most sites. The highest sites, Alta, Brrghton, and Park City 

Summit, did not show precipitable water to be a highly correlated parameter. 

The direction of the 700-mb wind was imposed as a precondition on the 

data before doing a multicorrelation analysis again. The average precipitation 

amount per event for the various flow direction is given in Table 8. The 700-mb 

wind speed was a highly correlated parameter at all the mountain sites in north­

west flow. In contrast, precipitable water was highly correlated at the valley 

sites but not the mountain sites. Northwest flow at 700 mb of 270-360 degrees 

produces the highest average precipitation amount at Alta of any of the flow 

directions, heavy valley precipitation in northwesterly flow seems to be dependent 

on the amount of moisture available. 

A precondition of a 700-mb wind direction of 170-269 degrees was imposed 

and the multicorrelation analysis was done again. Every site except Alta had a 

higher average precipitation amount per event in this flow than in north...,northwest 

· flow. Precipitation in southwest flow ·was. strongly influeneed by the amount of 

moisture present as measured by the precipitable water. Also notable was the 
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MULTICORRELATION COEFFICIENTS AT ALTA 

ALL DAYS 

PARAMETERS CHOSEN IN ORDER r 

SFC-4PORH 
SFC Pr. 
k index· 
400-600RH 
700ws 
·850T 

.539 

.589 

.594 

.6'02 

.606 

.607 

WET DAYS 

PARAMETERS CHOSEN IN ORDER . r 

Table 6. 

SFC-400RH 
SFCPr 
700ws 
k index 
Prec Wat 
700T. . •' ,' 

..• ~79 
.429 
·.456 .. 
.467 
.474 
.486 . 

The six parameters chosen by. multicorrel.ation analysis for ~p~h wet 
and dry days together and just wet days at Alta are given. The r 
value is the multiCotre1ation coefficient· after each new pararh .. eter 
.is added. p· 



SITE .. : 
,,.,, 

Brighton 
Alpine 
ParkCity Summit 
Cottonwood 
Salt Lake City 
Ogden 
Mountain Dell 
Pineview 

SITE 

Brighton 
Alpine 
Park City Summit 
Cottonwood 
Salt Lake City 
Ogden 
Mountain Dell 
Pineview 
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MUL TICORRELATION COEFFICIENTS 

ALL DAYS 

6 PARAMETERS rAFTER 
IN ORDER CHOSEN 3 PARAMETERS 

I 0, I ,9, I 2,4,6 .570 
10,1,7,18,12,11 .548 
I, I 0, 14, 18, 17, IS .• 492 
10,1,7,17,11,14 .S21 
I I , 18,7, 12,9 ,4 ..• 526 
10,11,18,12,17,7 ' .•• S24 
I 0, I I, 18,7, I 6,3 .491 
10, 1'1' 18, 12,7,17 .562 

WET DAYS 

rAFTER , .• 
6 PARAMETERS 

.586 

.S63 . .. - ·; '• 

.501 . •·n· 

:·' .S27 
' .S49 

.SS7 

.504 : .,~ 

.S88 .~·-

., 

6 PARAMETERS rAFTER rAFTER 
IN ORDERCHOSEN 3 PARAMETERS 6 PARAMETERS 

I I, 18, 14, 17, 15,9 
10,11,18,7,13,2 
18,2, 14, 17, 12, IS 
1,8,17,7,12,18 
11,18,9,4,12,13 
18, II, 17, I 0, 12, I 
18,7 ,2, 17' 16,4 
18, II, 13, 17 ,3, 12 

.489 

.479 

.441 

.438 

.462 

.482 

.378 

.463 

.508 

.S07 

.472 

.455 

.472 

.S04 

.392 

.497 

Table) •'-- -- Th~ ~ix parameters choset;~by the m,ylticorrelation analys,is for both 
all days and just wefdays at eight si.tes dre"'fisteq. The parameters 
are listed by the mimbe'r assigned in Table 2~ 
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AVERAGE PRECIPITATION PER EVENT (24 HOUR) 

700-mb FLOW ORIENTATION 

SITE ALL WNW ssw WEST WEAK 

Alta .59 .69 .57 • 63 .3.8 . 
Brighton .37 .37 .44 .25 
Alpine .19 .17 ' .22 . ra , 
Park City Summit .33 .34 .36 .21 ; i 

Cottonwood .26 .27 .30, .29 
Salt Lake City .17 .14 .21 .17 
Ogden .22 .18 .30 .24 
Mountain Dell .21 .22 .28 J7. 
Pineview • 31 .34 . .37 .21 

Table 8. The average 24 hour preCipitation in inches at each site according to 
700-mb flow direction i~ given. 



45 

fact that 700-mb wind speed was more highly correlated at Park City in southwest 

flow than any other directions. Strong 700-mb winds could pose measurement 

· · problems at the high elevation sites. Thus, the relationship between 700-mb ;"find 

.. 'speed and mountain precipitation may be stronger than these results indic(lte. 

Thus, m_oist south-southwest flow is favorable for precipitation at all sites 

exc~pt Alta. 'the amount of moisture is a critical factor in south-southwest flow 

for all sites, whereas it is not in north-northwest flow for the mountain sites. 

A condition of 700-mb wind speed being less than 5 meters per second was 

imposed and the multicorrelation analysis was done again. The average'heights at 

500 mb and 700 mb were much lower than the other wind regimes. This is an 

indication that the weak flow is the result of closed lows aloft or very weak·short 

wave troughs. The precipitation at the mountain sites was less in weak flow than 

the other wind regimes, while the valley locations were about the-same in weak 

flow as other flows. The parameters that were most highly correlated were 

essentially the same as found previously; relative 'humidity and the low level 

pressure field at all sites with precipitable water a factor at the valley sites. The 

lack of flow is most significant in the mountains where the orographic effects are 

greatest. 

Both the linear correlations and multiple regression analysis failed to 

explain more than .about one third of the variance in precipitation amounts. This 

. was true even when events were divided by wind regimes. Thus, the prognostic 

value of these parameters for forecasting precipitation amounts is very l~w~' · 

However, some qualitative information is clear. Most notable is that 

. northwesterly flow is particularly favorable for heavy precipitation at Alta, but 

npt as much so for the other mountain locations. Also of note is the significance 

of the low-level pressure field and the amount of precipitable water to valley 

prec ipi tati on. 
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V.RAOB PROFILES RELATED TO VARIOUS PRECIPITATION ~ATTERNS 
. !I .. 

An attempt was made to determine what .conditions observed in ~awinsonde 
. ' . : ., 

data might point to anomalous precipitation patterns. Frequency distribution~. of 

six atmospheric parameters were constructed in order ·to find unvsu.al ,precipi-
• , r,, 

tation patterns such as the valleys receiving more precipitation than the 

mountains, or one valley site getting much heavier precipitation than another. 

The six parameters chosen for this analysis were the 70Q.,.mb <?nc;l 500-mb 

wind directions, 700-mb wind speed, precipitable water, k index, ~nd surface 

pressure. Each parameter was divided into categories and the percentage of all 

cases that fell Jn each category was determined. The categories of each, para-

meter are as follows: 

k index •• · ••••• 0-5, 6-10, 11-15, 16-20, GT 20 

700-mb wind speed (m/s) ••• LT 3, 3-6,7-9, 10-12, GT 12 

·precipitable water (inches) • 0-.33, .34-.66, .67-1.00,' ·1.01- I .33 

surface pressure (mb) •••• L T 860, 860-864, 865-868, GT 8~8 

1, ' 

500- cmd 700- wind direction (degrees) ~ I 20-180, 180-240, 240~300, 300:..:360 

GT = Greater Than 
.·,• 

L T = Less Than 
'I I' 

.' ,•• 

Precipitation events rarely occur In northern Utah with east· or north­

easterly winds aloft at 500 or 700 mb; thus, a category for these wind dir.ections 

was not created. 

A mountain to valley site comparison was between Alta and the Salt Lake 

City airport. Alta has the highest average precipitation and the airport has one of 

the lowest averages. The days were separated into three categories:~ Days in 

which the difference between Alta and Salt Lake City precipitation was less than 

.10 inches were classified as equal days. When Salt Lake City· precipitation 

exceeded Alta precipitation by more than .I 0 inches the day was classified as 

greater. Days when Alta precipitation exceeded Salt Lake City precipitation by 

more than .I 0 inches were classified as normal. There were 41 greater days, 40 

equal days, and 484 normal days. Days with less than .10 inches of precipitation 

at both sites were disregarded. 



47 

A problem arises in this comparison since Alta reports 24-hour precipi­

tation at 7 a.m. and Salt Lake City reports 24 hour precipitation at midnight. 

Although the two stations are not exactly comparable, the present analysis has 

used the data as reported. It is thought that the precipitation patterns reported 

here are representative, although the distribution of categories reported in each 

case obviously will not exactly reflect reality. 

The first analysis considered all days. An example of the tabulated data is 

given in Table 9, but the full tabulation will be omitted for the subsequent 

analyses in this Chapter. Equal and greater days were found to have high 

percentages of the events with higher precipitable water, somewhat higher k index 

values and lower surface pressures than normal cases. Additionally, the 700-mb 

wind tended to be from 180-240 degrees for equal and greater days_while it was 

northwesterly for normal days. The same was true for the 500-mb wind. These 

reSL!lts are in agreement with those described in Chapters Ill and V for cutoff lows 

and in the multiple correlation analysis, particularly the significance of low 

surface pressure to valley precipitation. 

The 500-mb and surface chart for February 12, 1978 as well as the observed 

precipitation for the storm, are presented in Table I 0 and Figure 26 as an example 

of an event in which valley and mountain precipitation were approximately 

equal. The upper level flow in northern Utah is quite weak with a closed low 

circulation centered over Idaho. The surface pattern shows relatively low 

pressures and no building surface high over the region. This combination resulted 

in similar precipitation amounts in both the mountains and the valleys. It is of 

. particular note that the upper level flow is southwesterly. This flow direction is 

not favorable for heavy precipitation at Alta. 

To look for the presence of a lake effect due to the proximity of the Great 

.. Salt Lake to the city, only cases in which the 700-mb wind direction was greater 

than 270 degrees but less than 360 degrees were considered. The postfrontal lake 

convection occasionally will produce locally heavy precipitation within a few 

,, miles of the shoreline and in the mountains directly downwind, but very little if 

ariy precipitation at other mountain locations. This situation is relatively rare and 

only 23 of 400 cases were found in which the airport received more precipitation 

than Alta in northwesterly flow. The most notable difference between greater 
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SALT LAKE CITYVS ALTA PRECIPITATION -ALL WIND DIRECTIONS 

k INDEX 
0-5 6-10 11-15 16-20 21-25 . 
II% 6% 17% 26% 3S0;6 Equal. 

9 5 14 27 43 Greater 
23 II IS 20 27. Normal 

700-mb WIND SPEED (m/s) 
3 3-6 6-9 9-12 12 

5 22 31 17 22 · Equal · 
3 16 25 22 31 . Greater 
3 13 26 23 31 Normal 

PRECIP !TABLE WATER (in) 
0-.33 .34-.66 .67-1.00 1.01-1.33 
~ 67 0 0 Equql. 

31 63 5 0 Greater 
57 42 0 0 Normdl 

SURF ACE PRESSURE (mb) 
860 860-864 865-868 868 

-7- 19 34 38 Equal 
23 12 36 25 Greater 
·7 16 22 53 Normal 

700-mb WIND DIRECTION (deg) 
120-180 180-240 240-300 300-360 

3 35 36 23 Equal 
7 42 31 17 Greater 
2 33 41 23 ·Normal 

500-mb WIND DIRECTION (deg) 
120-180 180-240 240.;.300 300-360 

2 33 so . 12 Equal 
3 49 36 9 Greater 
2 25 49 23 ·Normal 

Table 9. The percent'age of all cases that fell into each category of a given 
parameter when Salt Lake City and Alta precipitation were equal, 
when Salt Lake City precipitation was greater than Alta, and the 
normal case of Alta precipitation being greater than Salt Lake City 
precipitation are given. Events were considered regardless of wind 
direction. 
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SALT LAKE CITY VS ALTA STORM- FEBRUARY 13, 1978 

STATION 

Brighton 
Alpine . 
Park City Summit 
Cottonwood Wier 
Salt Lake City 
Ogden 
Mountain Dell 
Pineview 
Alta 

PRECIPITATION (inches) 

.12 

.29 

.00 

.52 

.24 

.34 

.35 

.30 

.20 

Table ·10. Precipitation resulting from storm in which Salt Lake City 
precipitation exceeded Alta precipitation. 



Figure 26. 
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Surface and 500 mb charts for SLC greater than Alta storm 
February 12, 1978. Height.(feet) Pressure (mb). 



51 

and normal days is the clustering of k index values in the higher classifications and 

the lack of high surface pressures in the greater days as opposed to normal days. 

A comparison of precipitation at two valley sites was done using Salt Lake 

City and Ogden. Both sites are at approximately the same elevation with Ogden 

slightly closer to the mountains. Ogden is exposed to the lake in westerty flow but 

not northerly flow. Salt Lake City is exposed to the lake in northerly and 

northwesterly flow. In this analysis the two sites were considered to have 

received equal precipitation if the 24 hour amounts differed by .15 inches or less. 

There was not a time sampling problem with these sites. 

The Salt Lake vs. Ogden analysis was done with the precondition that the 

700-mb wind direction be greater than 270 degrees but less than 360 degrees. This 

attempted to look to postfrontal conditions and possible differences in the effects 

of the Great Salt Lake. Significant differences in the raob profiles were seen in 

the surface pressure and wind directions. Ogden days have much higher surface 

pressures .than Salt Lake City days. This is similar to the equal days. Thus, low 

surface pressure is more important to Salt Lake City precipitation than Ogden 

predpitation. This was also the case in the comparison between Salt Lake City 

and Alta. The 500-mb wind direction shows a very strong tendancy towards south-

. westerly directions on Salt Lake City days while Ogden days are spread out among 

various directions at 500 mb. Thus, the passage of the 500-mb trough axis and 

accompanying wind shifts limits likelihood of significantly more precipitation 

falling at Salt Lake City than Ogden. Northerly 700-mb flow seems to eliminate 

tt)e possibility of Ogden receiving more precipitation than Salt Lake City. This 

difference seems to point out the different position relative to the lake of the two 

. sites. As mentioned previously, northerly flow may be unfavorable orographically 

for Ogden. 

Abnormally heavy precipitation events at the individual sites were 

examined to look for tendencies in the raob profiles. The criteria for a heavy 

event at Salt Lake City was 24 hour precipitation of .5 inches or more. When all 

wind directions were considered there were 44 heavy days and 589 light days. 

High precipitable water, low surface pressures and southwesterly flow are 

conditions that characterize heavy precipitation at Salt Lake City. 
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Analysis of heavy and light precipitatio!" <;lays .at Silver Lake Brighton was 

done in a similar manner as for Salt Lake City. The analysis was done twice, once 
' I 0 

with a threshold for heavy precipitation of .75 inches and again for 1.25 inches of 

precipitation in 24 hours. There wer~ 89 days greater than .75 inches of 

precipit~tion and 25 days. with 1.25 inches or more. Strong 700-mb winds, high 
' 

precipitable water, and low surface pressures we,re characteristic of heavy 
' ' 

regimes. Instability as indicated by high k index values was also a factor in heavy 

. days. The very heavy cqses at Brighton showed ~ery high. percentages in these 

categories indicating that, the exceptional precipitation events do have a definite 

signature. 

In all the other results Alta had somewhat different atmospheric conditions 

associated with its precipitation than the other mount~in'sites. Most rotable was 

the, qias to northwesterly flow to the exclusion of other directions for heavy 

precipitation. . The .. Alta analysis ·was done twice, 'once with a predipitdtion 
' ' 

threshold of 1.00 inch with oil wind directions·, and with d precipitation threshold 

of 1.50 inches and only 700-mb wind directionS greater than 270 degrees. •Heavy . ~ 

precipitation days at Alta accompany a raob profile with high instability, ·high 

700-mb wind speeds and low surface pressures~ ·ln contrast fo the other mouhtain 

sites Alta did not show much difference in the preei~itable water betw~en rieavy 

and light days. The presence of low surface pressure seemed' to favor heavier 

precipitation, but the contrast in surface pressure between heavy and light days 

was not as strong as at the other sites.· Thus, as was indicated in' the. correlation 

analysis,Aita precipitation seems to depend less on available moisture and'surface 

pressure than the other sites, and more on the direction and s~'eed' of 'the mid level 

flow. 

These analyses of rawinsonde data point out that definite, characteristic 

atmospheric conditions favor certain precipitation distributions. To summarize: 
;· ,.i' 

I) High precipitable water, southwest flow, l~w surface pressure,"and extra 

. instability favor Salt Lake City precipitation over Alta. 
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2) Equal Salt Lake City and Atla precipitation is favored by weak south­

westerly upper-level flow with a closed low over Idaho, low surface 

pressure, and no surface high building over the region. 

3) Post-frontal conditions with high instability but no rapid building of a 

surface high can favor lake effect precipitation at Salt Lake City. 

4) Precipitation distribution between Salt Lake City and Ogden is governed 

by position of the 500-mb trough axis and orientation of the 700-mb 

flow. 

5) Heavy precipitation at Salt Lake City tends to occur with high 

precipitable moisture, low surface pressures, and southwest flow. 

6) Strong 700-mb winds, high precipitable moisture, low surface pressure, 

and a high k-index characterize heavy precipitation at Silver Lake 

Brighton. · 

7) Heavy precipitation at Alta occurs with high 700-mb winds, high 

instability, and low surface pressures. Direction and speed of mid-level 

flows are dominant parameters with northwest winds aloft the key 

indicator. 
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VI.CLOSED LOWS AND COLD FRONTAL EFFECTS ON PRECIPITATION 

DISTRIBUTION 

Different synoptic patterns produce precipitation patterns in northern Utah 

that are marked departures from normal. Certain patterns !'!light be expected to 

bring significantly more precipitation to the mountains than the valleys and vice 

versa. A study of mountain and valley precipitation in southern California was 

done by Elliot and Schaffer (1962). This section examines the quantitative distri­

bution of precipitation in cases of upper level closed lows and surface cold 

fronts. The aim of this experiment is to identify precipitation patterns associated 

with these features to aid quantitative precipitation forecasting in these 

situations. 

An examination of precipitation distribution under various synoptic regimes 

was done using both rawinsonde data and National Meteorological Center (NMC) 

surface analyses. A study at the University of Utah produced a list of dates on 

which a surface cold front was analyzed by NMC to have passed through the Salt 

Lake City area. This list served as a means of classifying a precipitation event as 

either frontal or nonfrontal. The rawinsonde data were used to identify instances 

of closed low centers or weak flow systems at 700 mb. This section attempts to 

characterize the different precipitation patterns associated with these different 

synoptic features. 

To determine 700 mb closed low systems solely from rawinsonde data a 

definite procedure was followed. 

Four successive rawinsondes were examined to be referred to as I, 2, 3, 4 

with I being the first and 4 being the last rawinsonde in the series. The following 

criteria defined a closed low or weak flow case: 

I. 700-mb wind speed decreases from I to 2 and increases from 3 to 4. 

2. temperature decreases from I to 2 and rises from 3 to 4. 

3. height of the 700-mb level falls from I to 2 and rises from 3 to 4. 

4. directional shear of the 700-mb and 500-mb wind in either soundinq 2 

or 3 is less than 35 degrees. 
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These four criteria are very likely to identify either a closed low or weak 

flow trough at 700mb. The falling and then rising temperature and height in a 48-

hour period would indicate the passage of synoptic scale trough. The fall and rise 

. of the wind speed would likely eliminate troughs embedded in a strong flow. The 

condition of a minimum wind shear between 700mb and 500mb during the middle 

,two soundings would help identify troughs with little vertical tilt and thus, likely 

candidates to be closed circulations. This procedure resulted in a list of two or 

three day periods in which either a closed low or a baroclinic wave with weak flow 

existed at the 700-mb level. There were 73 cases in the period examined. A 

random sample of ten of these cases was compared to the synoptic charts~ Each 

case proved to have a closed low or weak flow trough present. 

In order to compare closed low precipitation distribution to cases in which 

no closed low was present, a list of storm dates based on Alta precipitation was 

compiled. Alta was chosen since· it had the most complete observation record and 

because even if only one site received precipitation in a given event it would most 

likely be Alta. This produced a list of storms ranging in length from I to 15 

days. This list was compared with the list of days determined from the raob low 

analysis and if a date was common to both lists the storm was categorized as a 

'low' storm, otherwise it was classified as a 'nonlow' storm. There were a few 

problems with this classification scheme. Some raob low dates did not exist in the 

Alta storm data and were thus left out of further analysis. Occasionally two raob 

low storms would fall into a single very long Alta storm. Some Alta storms were 

quit~ long and the days on which a closed low was identified might be preceded 

and followed by days with significant mid-level flow. Thus, a long storm may be 

· classified as a low storm when in fact most of the precipitation fell under high 

flow conditionso A raob low storm consisted of only the 48-72 hour period in 

which the weak flow was present, while a low storm consisted of the entire storm 

period. 

The ratio of mountain to valley precipitation in low and nonlow cases was 

examined. The ratios of each station to the other stations in the two regimes is 

presented in Tables II and 12. The ratios from the raob low cases are given in 

Table 13. The Silver Lake Brighton to Salt Lake City ratios of 2.56 and 3.57 for 

low and. non low respectively correspond quite well with the results from a 
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PRECIPITATION RATIOS IN CLOSED LOWS 

ALTA BRIG ALPI PCS COTW SLC OGDN MTD PINE ------
Alta 1.94 5.04 3.18 3.13 4~93 3.26 3.41 2.60 
Brighton .52 2.60 1.64 1.62 2.56 1.69 1.76 1.35 
Alpine .20 .38 -- .63 .62 .97 ~64 .67 .52 
Park City Summit .31 .61 1.59 .99 1.55 ' 1.04 ' 1.07 .82 
Cottonwood .31 .62 1.61 1.01 -- 1.57 1.04 . 1.08 .83 
Salt Lake City .20 .39 1.02 .64 .63 .66 .69' .52 
Ogden .30 .59 1.54 .97 .96 1.49 1.03 .79 
Mountain Dell .29 .56 1.49 .93 .92 1.43 .96 .77 
Pineview .38 .74 1.95 1.22 1.20 1.87 .126 1.30 

Table II. Ratios of precipitation per event between sites under conditions of a 
700-mb low are given. 

PRECIPITATION RATIOS IN NONLOWS 

ALTA BRIG ALPI PCS COTW SLC OGDN MTD PINE ------
Alta 1.97 6.00 3.21 4.75 7.00 5.75 4.76 2.71 
Brighton .51 3.04 1.63 2.41 3.57 2.92 2.41. 1.37 
Alpine .17 .33 .53 .79 1.15. .96 .79 .45 

· Park City Summit .31 .61 1.87 1.48 2.15 1.79 1.48 .84 
Cottonwood .21 .41 1.26 .67 1.45 1.21 1.00 .57 
Salt Lake City .15 .29 .87 .46 .69 

--
.83 .69 .39 

Ogden .17 .41 1.04 .56 .83 1.20 .83 .47 
Mountain Dell .21 .41 1.26 .67 1.00 1.45 . 1.21 .57 
Pineview .37 .73 2.21 1.18 1.75 2.55 2.12 1.76 

Table 12. Ratios of precipitation per event between sites for events with no 
700-mb low are given. 
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(Williams and Peck, 1962) study of 500-mb lows which were 2.45 and 3.75 respec­

tively. The Alta to Salt Lake City ratio goes froni 7.00 in nonlow conditions to 

.4.93 in low conditions and to 3.96 in the raob low cases. The ratios between two 

mountain sites and between two valley sites are approximately the same in both 

closed low or nonlow conditions. 

The ratio of mountain to valley precipitation decreases under closed low 

conditions, with the lowest ratios during the period when the low center is clo5est 

to Salt Lake City. The absence of flow to produce orographic· lifting is most 

pronounced when the 700-mb center is directly over northern Utah. Closed low 

storms do produce the highest average precipitation due to their slow movement 

and strong v-ertical motion fields. 
. ' 

·· An example of a closed low storm taken from the time period of this. study 

is an event that took place March 25 through March 27, 1975. The precipitation 

for the entire storm at each site is presented in Table 14. The surface and 500-mb 

charts valid at 1200 GMT, March 27, 1975, are presented in Figure 27. The 

synoptic pattern at 500 mb is typical of a major closed low storm in the inter­

mountain region. There is a complete lack of flow over northern Utah at this map 

time. The surface pressure is still relatively low, but the lowest pressure and 

frontal development is typically to the south and east of Utah at the time of the 

weakest flow aloft. The precipitation observed shows a major precipitation event, 

but the mountain to valley ratios are significantly smaller than in nonlow cases. 

A study (Jorgensen, et al, 1966) of the spacial and quantitative distribution 

of precipitation in the intermountain west from closed lows at 700 mb found that 

the area of heavy precipitation in relation to the low center was determined by 

the intensity of the low as measured by the departure from normal of the central 

pressure. The heavier precipitation was associated with the more intense lows. 

The area of heavy precipitation was found to be to the east of the low in intense 

lows with the area shifting to the low center and southwest of the center with the 

least intense lows. Lows of moderate intensity had the heaviest precipitation to 

the south and southeast of the low center. 

The frontal and nonfrontal classification also served as a means of com­

paring mountain to valley precipitation relationships. There were 127 frontal 

storms and II 0 nonfrontal storms as defined by the University of Utah data. Non-
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PRECIPITATION RATIOS IN RAOB LOWS 

ALTA BRIG ALPI PCS COTW SLc· OGDN MTD PINE ------
Alta 1.64 4.14 2.90 2.90 3.96 2.90 3.34. 2~56 
Brighton .61 2.52 1.77 1.77 2.41 1.77 2.04 1.56 
Alpine .24 .40 .70 .70 .95 .70 .81 .62 
Park City Summit .34 .57 1.43 1.00 1.36 . 1.00 1.15 .88 
Cottonwood .34 .57 1.43 1.00 1.36 1.00 1.15 .88 
Salt Lake City .25 .42 1.04 .73 .73 .73 .84 .65 
Ogden .34 .57 1.43 1.00 1.00 1.36 1.15 .88 
Mountain Dell .30 .49 1.24 .87 .87 1.18 .87 .76 
Pineview .39 .64 1.62 1.13 1.13 1.54 1.31 1.31 

Table 13. Ratios of precipitation per event between sites during the 48..;72 
hour period of the sotrm in which the 700-mb low was closest to Salt 
Lake City are given. 

CLO~ED LOW STORM-- MARCH 25-27, 1975 

STATION 

Brighton 
Alpine 
Park City Summit 
Cottonwood Wier 
Salt Lake City 
Ogden 
Mountain Dell 
Pineview 
Alta 

PRECIPITATION (inches) 

2.17 
.00 
.60 

1.03 
.79 

1.91 
.77 

1.81 
3.53 

Table 14. Precipitation resulting from storm with a closed low a 700mb. 
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Figure 27. Surface and 500-mb Charts for closed low storm March 27, 1975. 
Height (feet) Pressure (mb) 
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frontal storms were precipitation events in which no surface front was shown to 

pass through Salt Lake City on N.M.C. analyses. The average precipitation for 

each site was computed by summing the 24 hour precipitation for each day of a 

storm and dividing by the number of storms. The average precipitation in frontal 

and nonfrontal cases is given as well as the frontal to nonfrontal ratio in Table 

15. All stations had higher average precipitation values in frontal cases with the 

valley sites showing the greatest difference between frontal and nonfrontal condi­

tions. Cottonwood Wier was an anomaly in that the average precipitation did not 

go up significantly in frontal cases.· The station to station ratios in frontal and 

nonfrontal conditions are given in Table 16. The ratios between two mountain 

sites and two valley sites are approximately equal under either condition. The 

ratio between Alta and Salt Lake City goes from 5.89 in frontal situations to 7.80 

in nonfrontal cases. Thus, valley sites are more affected by the presence of a 

surface front than mountain locations. The presence of a.front proyi des additional 

lifting that has the most pronounced result in the valley. The front may become 

quite disorganized as it passes. through the Wasatch Mountain range which is a 

considerably higher and more extensive barrier than any upstream mountain range 

east of the Sierras and Cascades. 

Two storms are given as examples of a frontal and nonfrontal event. The 

500mb and surface chart for 1200 GMT March 14, 1978 and observed precipitation 

from a frontal case on March 14 and 15, 1978, are, presented in Table 17 and 

Figure 28. The sanie information is presented for a nonfrontal event on December 

13, 1972 in Table 18 and Figure 29. The 500-mb charts both depict a west to 

northwest flow with shortwave troughs embedded in the flow. The surface maps 

differ in that the nonfrontal event has relatively high pressure over the region. 

Thus, the upper level trough in the 1972 case has no low level feature associated 

with it. The mountain to valley precipitation ratios are higher in this nonfrontal 

case than in the 1978 case which had an organized surface frontal structure. 

Very definite differences in mountain to valley precipitation patterns exist 

depending on the type of synoptic conditions present. These ratios provide a 

means of estimating precipitation in remote areas based on observed precipitation 

at only a few sites. The difficulty arises in correctly classifying the type of 

regime present. Any scheme of weather modification based on site to site 
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AVERAGE PRECIPITATION IN FRONTAL AND NONFRONTAL CASES 

SITE FRONTAL NONFRONTAL RATIO FNT /NONFNT 

Alta 2.24 .78 2.87 
·Brighton 1.17 .40 2.96 
Alpine .41 .13 3.17 
Park City Summit .71 .24 2.97 
Cottonwood .51 .19 2.72 
Salt Lake City .38 .10 3.73 
Ogden 
Mountain Dell 
Pineview 

Table 15. 

.so .14 3.43 

.56 .IS 3.75 

.83 .32 2.64 

The average precipitation in inches for each site in frontal and 
nonfrontal storms is given. The ratio of frontal to nonfrontal 
precipitaion is calculated. 
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PRECIPITATION RATIOS IN FRONTAL AND NONFRONTAL CASES 

NONFRONTAL 

ALTA BRIG ALP I PCS COTW SLC OGDN MTD PINE -----·-
Alta 1.95 6.00 3.25 4.10 7.80 5.57 5.20 2.44 
Brighton .51 3.08 1.67 2.10 4.00 2.86 2.67 '1.25 
Alpine .17 .32 .54 .68 1.30 .93 :87' ...• 41 
Park City Summit .31 .60 1.85 1.26 2.40 1.71 1.60; .~.75 
Cottonwood .24 .48 1.46 .79 1.90 . 1.36 1.27 ~ ~59 
Salt Lake City .13 .25 .77 .42 .53 .71 •' ' .61'' .• 31 
Ogden .18 .35 1.07 .58 .74 1.40 -- .93. ·:.44 
Mountain Dell .19 .38 1.15 .62 .79 1.50 1~07_ 

; ~··!' • 

.47 --
Pineview .41 .80 2.46 1.33 1.68 3.20 2.29 2.13 . -:-

,,, •··:,'I"!' ' 

FRONTAL 

ALTA BRIG ALP I PCS COTW SLC OGDN MTD PINE --------
Alta 1.91 5.46 3.15 4.39 5.89 4.98 4.00 2.70 
Brighton .52 2.85 1.65 2.29 3.07 2.34 2.09 1.41 
Alpine .18 .35 .58 .80 1.09 .82 .73 .49 
Park City Summit .32 .61 1.73 1.39 1.87 1.42 1.27 .86 
Cottonwood .23 .43 1.24 .72 1.34 .102 .91 .61 
Salt Lake City .17 .33 .93 .53 .74 .76 .68 .46 
Ogden .22 .43 1.22 .70 .98 1.32 .89 .60 
Mountain Dell .25 .47 1.37 .79 1.10 1.47 1.12 .67 
Pineview .37 .71 2.02 1.17 I .63 2.18 1.66 1.48 

Table 16. Ratios of precipitation per ~vent betw~~ sJtes in frontal and 
nonfrontal storms are g1ven. . 
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FRONTAL STORM-- MARCH 14, IS, 1978 

STATION 

Brighton 
Alpine 
Park City Summit 
Cottonwood Wier 
Salt Lake City 
Ogden 
Mountain Dell 
Pineview 
Alta 

PRECIPITATION (inches) 

.69 

.01 

.00 

.49 

.23 

.I 0 

.26 

.33 
1.29 

Table 17. Precipitation resulting from a storm with a cold front. 
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·'. 

Figure 28. Surface and 500-mb charts for frontal storm March 14, 1978. 
Height (feet) .. Pressure (ml:>) 
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NONFRONTAL STORM-- DECEMBER 13, 1972 

STATION 

Brighton 
Alpine 
Park City Summit 
Cottonwood Wier 
Salt Lake City 
Ogden 
Mountain Dell 
Pineview 
Alta 

PRECIPITATION (inches) 

.04 

.32 

.19 

.00 

.06 

.02 

.00 

.15 

.47 

Table 18. Precipitation resulting from a storm with no cold front. 
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Figure 29. Surface and 500-mb charts for nonfrontal storm December 13, 1972. 
· · · · · · Height (feet) Pressure (mb) :" ., . , 
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precipitation ratios must take into account the type of synoptic regime present if 
the results are to have any meaning at all. 
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VII. CONCLUSIONS 

Winter precipitation in northern Utah occurs under rather' variable.syno,ptic 

conditions. The ability of the correlation analyses to explain only one-third of the 

variance in precipitation amounts is indicative of different types of storms 

producing the same results. Thus, atmospheric conditions that produce significant 

precipitation in northern Utah vary a great deal. 

The ratio of mountain to valley precipitation is very much influenced by 

the synoptic pattern present. The ratio of mountain to valley precipitation is 

much less with a closed upper level low than with an open wave. This is due to the 

lack of flow to produce orographic lifting while the low is over northern Utah. 

These closed low storms are often preceded by strong moist southerly flow which 

produces extensive precipitation at all sites except Alta. The lifting associated 

with a well defined cold front has a greater impact on valley precipitation than in 

the mountains. Thus, systems without defined cold fronts result in high mountain 

to valley precipitation ratios. 

Unstable northwesterly flow with the absence of a building surface high 

favors heavy precipitation at Alta as well as localized 'Lake Effect' convection. 

Stations which are less than five miles apart exhibit very different 

responses to wind direction. This is particularly true of Alta precipitation which 

is very biased to northwest flow, whereas the other mountain sites exhibit maxima 

in southwesterly and northwesterly flow. 

In the wind direction frequency diagrams Alta was alone in not exhibiting a 

maximum in southwesterly flow. Alta's precipitation data also stood out in that it 

was significantly higher than either Silver Lake Brighton or Park City Summit 

which are both at similar elevations and located within a few miles of Alta. Alta's 

anomalous precipitation seems to be due to the shape of the nearby terrain. In 

comparing the terrain near Brighton and Alta there are two big differences. In 

northwesterly flow the high mountains between Big and Little Cottonwood 

Canyons act as a barrier which the flow likely goes around rather than over. Also, 

the formation at the southeast end of the Salt Lake Valley sticks out against a 

northwest flow (Figure 30). These two large and very high (over II ,000 feet) 

barriers may serve to channel northwesterly flow into the canyon towards Alta. 
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Thus, a zone of low level convergence is likely to result in northwesterly flow. 

The Alta Canyon is a much shorter and more open canyon to low level flow than 

Big Cottonwood Canyon. Thus, while Brighton and Alta are very closely located 

the terrain configuration favors low level convergence for Alta in unstable 

northwesterly flow. Brighton precipitation more likely results from pure 

orographic lifting, thus the dual maxima in northwesterly and southwesterly 

flow. Alta and Brighton get similar precipitation in southwesterly flow, since the 

terrain is not favorable for low level channeling in this regime. 

The presence of strong low level convergence in northwesterly flow has 

dramatic consequences in Alta Canyon. The postfrontal northwesterly flow that 

creates this convergence is typically very stable at low levels, but quite unstable 

aloft. Thus, lifting of the lower air can bring on deep convection under these 

conditions. The general orographic lift provided by the Wasatch is not always 

sufficient to start this convection. In combination with strong low level 

convergence, the orographic lift produces enough lift to bring postfrontal 

convection to Alta more often and more intensely than other nearby mountain 

sites. Thus, the much higher precipitation observed at Alta is due to its favorable 

position in postfrontal northwesterly flow conditions. 

A detailed study of the local wind field near and in the canyons during 

precipitation would be necessary to verify these conclusions. To define the 

convergence field would require accurate wind observations along the sides and 

center of Big and Little Cottonwood Canyons. Additional wind observations would 

be needed in the southeastern portion of the Salt Lake Valley and especially along 

the east bench area between the canyons. Hourly precipitation intensity 

observations are already being taken at Alta and Snowbird ski areas. Similar 

. observations in Big Cottonwood Canyon would help verify not only the different 

convergence fields, but also the different character of precipitation in each 

canyon as the 700-mb trough axis passes. 
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Z. Km 

Figure 30. Topographical map of Alta and Brighton Canyons fmeters) 
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Valley locations also show a bias to certain flow directions. This is due to 

the position of the Great Salt Lake to Ogden and Salt Lake City and the position 

relative to the mountains of Cottonwood Wier, Alpine, and Ogden. The effects of 

the Great Salt Lake on precipitation seem to be very localized and relatively 

rare. The data in this study support the idea of a 'Lake Effect,' but are not 

conclusive. 

Precipitation in northern Utah may be summarized as follows. The stabili­

zation of the low levels brings about the end of valley precipitation. Thus, the 

lack of rapidly rising surface pressures indicates the potential for heavy valley 

precipitation. This condition occurs with a slow moving, closed, upper low or with 

a strong flow with closely spaced embedded 500-mb short waves. Southerly pre­

frontal flow will bring heavy precipitation only if there is abundant moisture 

which is observable in precipitable water values. This is not the case for 

postfrontal northwest flow which depends mostly on the atmospheric stability as 

. to whether or not heavy precipitation will result. The passage of the 700-mb 

trough axis marks the onset of the heavy precipitation at Alta. The passage of the 

500-mb trough axis marks the end of valley precipitation. 

The ability to extrapolate precipitation amounts from a few sites to remote 

areas is very valuable in both avalanche hazard forecasting and weather 

modification verification. The results of this paper point out the need to define 

the type of atmospheric conditions present before a legitimate attempt to predict 

quantitiative precipitation at remot~ sites can be made. 



72 

VIII. REFERENCES 

[I J Daly, K. W., Winter Precipitation Forecasting for Sunshine Village, Bannff 
National Park, Alberta Weather Office, 1976. 

[2] Daniel, Wayne W ., Introductory StatistiCs With Applications, pp. 3 L9-321, 
1977. . . . . ~ . . 

[3] Elliot, Robert D. and Schaffer, Russell W., "The Development of Quantitative 
Relationships between Orographic Precipitation and Air-mass 
Parameters for· Use in Forecasting and Cloud Seeding Evaluation," 

· JoiJrnal of Applied Meteorology,. I, pp. 218-228, 1962. 

[4] Jorgensen, Donald L.; Klein, William H.;· Forte, August F., "A Sxnoptic 
Climatology ·Of Winter Precipitation from 700-mb . Lows for 
Intermountain Areas of the West," Weather Bureau' T echnieal Notes, 
T echriical Note 45-TDL-4, 1966. 

[5] Nielson, Barry C., "A Technique for Forecasting the Rate of Snowfall 'bt Alta, 
Utah, 1965. ' 

[6] Rhea, J. Owen and Grant, Lewis 0.," Topographic Influences on Snowfall 
Patterns in Mot~ntainous Terrain," lnter ... Disciplinary Symposium on 
Advanced Concepts and Techniques in the Study of Snow and Ice 
Resources, Monterey, California, 1973. · 

[7] Rhea, J. Owen, " Winter Quantitative Mountain Precipitation Forecasting 
Using an Orographic Precipitation ·Model as an. Objective Aid," 
American Meteorological Society Meeting, Tuscon, Arizona, 1976. 

[8] Williams, Phillip Jr. and Peck, Eugene L., "Terrain Influences on Precipitation 
in the Intermountain West as Related to Synoptic Situations," Journal 
of Applied Meteorology, I, pp. 343-352, 1962. · · 



NOAA Technical Memoranda NWS ~'R: (Continued} 

i2i Climatological Prediction of Cumuloninibus Clouds in the V~cinity of the Yucca Flat Weather Station. R. F. Quiring, June 1977. (PR-271-704//\S) 
122 II llctiloo for Transforming Temperatum Distribution to Normality. MorrisS. Webb, Jr., June 1977. {P8-271-742/AS) 
12~ Stiltistical Guidance for Prediction or Eastern North Pacific Tropical Cyclone Motion - Part I. Charles J. Neumann and Preston W. Left1vich, August 1977. 

(Pil-272-661) 
125 Stiltistical Guidance on the Prediction of Eastern North Pacific Tropical Cyclone Motion - Part II. Preston VI. Leftwich and Charles J. NeiJmann, August 

1977. (P8-273-155/AS) . 
127 Development of a Probnbility Equntion for Winter-Type Precipitation Patt!!rns in Great Falls, Montana. Kenneth B. Mielke, February 1978. (P8-281-387/AS) 
128 lland Calculator Program to Compute Parcel Thermal Dynamics. Dan Gudgel, April 1978. (PB-283-080/IIS) 
129 rire Whirls. David W. Goens, May 1978. (?8-283-866/AS) 
130 Flash-Flood Procedure. Ralph C. Hatch and Gerald Hill iams, May 1978. (PB-286-014/AS) 
131 Automated Fire-Weather Forecasts. Mark A. Mollner and David E. Olsen, September 1g78. (PB-289-916/AS) 
132 Estimates of the Effects of Terrain·Blocking on the Los Angeles VISR-74C Weather Radar. R. G. Pappas, R. Y. Lee, B. W. Finke, October 1978.(P8289767/AS) 
133 Spectral Techniques in Ocean Wave Forecasting. John A. Jannuzzi, October 1978. (PB291317/AS) 
134 Solar Radiation. John A. Jannuzzi, November 1978. (PB291195/AS) 
135 Application of a Spectrum Analyzer in Forecasting Ocean Swell in Southern California Coastal Haters. Lawrence P. Kierulff, January 1979 .. (PB292716/AS) 
136 Basic Hydrologic Principles. Thomas L. Dietrich, January 1979. (PB292247/AS) 
117_ .LFM 24-llour Prediction of Eastern Pacific Cyclones Refined by Satellite Images. John R. Zimmerman and Charles P. Ruscha, 'Jr., Jan. 1979. ( PB294324/AS) 
138 A Simple Analysis/Diagnosis System for Real Time Evaluation of Vertical Motion. Scott Heflick and James R. Fors, February 1979. (PB294216/AS} 
139 Aids for Forecasting Minimum Temperature in the Wenatchee Frost District. Robert s. Robinson, April 1979. (PB298339/AS) 
1~0 Influence of Cloudiness on Summertime Temperatures in the Eastern Washington Fire Heather District. James Holcomb, April 1979. (Pil298674/IIS) 
141 Comparison of LFM and MFM Precipitation Guidance for Nevada During Doreen. Christopher Hill, April 1979. (PB298613/AS) 
142 The Usefulness of Data from Mountaintop Fire Lookout Stations in Determining Atmospheric Stability. Jonathan W. Corey, April 1979. (PB298899/IIS) 
143 The Depth of the Marine Layer at San Diego as Related to Subsequent Cool Season Precipitation Episodes in Arizona. Ira S. Brenner, flay 1979. 

{PB298B17/AS) . 
144 Arizona Cool Season Climatological Surface Wind and Pressure Gradient Study. Ira S. Brenner, May 1979. (PB298900/AS) 
145 On the Use of Solar Radiation and Temperature Hod.els to Estimate the Snap Bean Maturity Date in the Vlillamette Valley. Earl M. Bates, Augu>t 1979. 

( PBBO -160971) 
146 The BART Experiment. Morris S. Webb, October 1979. (PB80-155112) 
147 Or.cu1·rence and Distribution Of Flash Floods in the Western Regi.on. Thomas L. Dietrich, December 1979. (PB80-160344) 
149 Misinterpretations ot P1·ecipitation Probau·ility r'orec<:sts. ~-llJ~ !1. Mwr~hy, ~•.r•h Lichtenstein, Uarucli Fischhoff, and Robert L. Winkler, Febr~ary 

1980. (PB80-174576) · . . .. 
150 Annual Data and Verification Tabulation- Eastern and Central North Pacific Tropical Storms and Hurricanes 1979. Emil B. Gunther and Staff, EPHC, 

April 1980. (PB80-220486) 
151 NMC Model Performance in the Northeast Pacific. ,James E. Overland, PMEL-ERL, April 1980. (PB80-196033) 
152 Climate of Salt Lake City, Utah. Wilbur E. Figgins. June 1980. (PB80-225493) (Out of print.) 
153 An Automatic Lightning Detection System ir\ Northern California. James· E. Rea and Chris E. Fontana, June 1980. (PBS0-225592) 
154 Regression Equation for the Peak Wind Gust 6 to 12 Hours in Advance at Great Falls During Strong Downslope Hind Storms. Michael J. Oard, July 1980. 

(PB81-108367) . 
155 A Raininess Index for the Arizona Monsoon. John H. TenHarkel, July 1980. (PB81-106494) 
156 The Effects of Terrain Distribution on Summer Thunderstorm Activity at Ren·o, Nevada. Christopher Dean Ifill, July 1980. (PB81-102501) 
157 An Operational EvaluaUon of the Scofield/Oliver Technique for.. Estimating Precipitation Rates from Satellite Imagery. Richard Ochoa, August 1980. 

(PB81-108227) '· 
158 Hydrology Practicum. Thomas Dietrich, September 1980. (PB81-134033) 
159 Tropical C.vclone Effects or\ California. Arnold Court, October 1980. (PB81-133779) 
160 Eastern North Pacific Tropical Cyclone Occurrences During Intraseasonal Periods. Preston W. Leftwich and Gail M. Brown, February 1981. (PB81-205494) 
161 Solar Radiation as a Sole Source of Energy for Photovoltaics in Las Vegas, Nevada, for July and December. Darryl Randerson, April 1981. (PB81-224503) 
162 1\ s.vstcms l\pproacl1 to Rcul-Time Runoff Analysis with a Deterministic Rainfall-Runoff Model. Robert J. C. Burnash and R. Lar-ry F<'rrill, 1\pril ')9~i. 

(i'llii1-U~~95) 

16:3 1\ l.r>lllpar·ison of T1<o Methods for Foreca.sting Thunderstorms at Luke Air Force !lase, Arizona. Lt. Colonel Keith R. Cooley, Jlpr'il 1981. (PIJ81-225393) 
16~ /In Objective /lid fo~ ~ore:asting Aft:rnoon Relative Humidity Along the Washington Cascade East Slopes. Roberts. Robinson, April 198!. (PRR1-23078) 
165 Annual. Data andVenf1cat1?n Tabulat1on, E?stern North Pacific Tropical Storms and Hurricanes 1980. Emil B. Gunther and Staff, May 1981. (PB82-230336) 
166 Prel11mnary Est1mates of W1nd Power Potent1al at the Nevada Test Site. Howard G. Boo'th, June 1981. (P882-127036) 
167 ARAP User's Guide. Mark Mathewson, July 1981. (revised September 1981). (PB82-196783). 
168 Forecasti~9 the Onset of Coastal Gales .of: Washington-Oregon. John R. Zimmeiman and William D. Burton, August 1981. (P882-127051) 
169 1\ StatlStlcal-Dynamlcal·Model for·.Pred1ct10n of ~ropical Cyclone Motion in the Eastern North Pacific Ocean. Preston W. Leftwich, Jr., October 1981. 
170 /In Enhanced Plotter for Surface Anways Observat1ons. Andrew ,1. Spry and ,Jeffrey L. Anderson, October 191ll. (PnRZ-153883) 
171 Verification of 72-Hour 500-mb Map-Type Predict·ions. R. F. Quiring, November 1981. (Pil82-1580g8) 
172 Forecasting Heavy Snow at Wenatchee, Washington. James W. Holcomb, December 1981. (PBB2-177l83) 
!73 Ccnt1·a1 San Joaquin Valle.Y Type Maps. Thomas R. C1·ossan, Dec~mber 1981. (PCfl?-1%06~) 
174 ARAP Test Results. Mark A. Mathewson, December 1981. (PB82-193103) · 
175 Annua 1 !'lata an~ Veri fi cation Tabulation Eastern ~forth Pacific Tropi ca 1 Storms and Hurricanes 1981. Emil B. Gunther and Staff, ,June 1982. ( PB82-252420) 
176 Approximations to the Peak Surface Wind Gusts from Desert Thunderstorms. Darryl Randerson, ,June 1982. (PB82-253089) 
177 Climate of Phoenix, Arizona. Robert J. Schl7lidli, .~pril 1%~ (revised MB'rch 1983). 
178 Annual Data and Verification Tabulation, Eastern North Pacific Tropical Storms a'nd Hurricanes 1982. E, B. Gunther~ June 1983. 

17'~ Stratified Maximum Temperature Relationships Between Sixteen Zone Stations. in Arizona and R ti 
espec ve Key Stations ITa s Br 

180 Standard Hyarologic Exchange Format (SHEF) Version I. Phillip A. Pasteris, Vernon c. Bissel, David G. Bennett, Augu'st, 1983•• enner • .June 1983. 



NOAA SCIENTIFIC AND TECHNICAL PUBLICATIONS 

The National Oceanic and Atmospheric Administration was established as part of the Department of 
Commerce on October 3, 1970. The mission responsibilities of NOAA arc to assess the socioeconomic impact 
of natural and technological changes in the environment and to monitor and predict the state of the solid Earth, 
the oceans and their living resources, the atmosphere, and the space environment of the Earth. 

The major components of NOAA regularly produce various types of scientific and technical informa­
tion in the following kinds of publications: 

PROFESSIONAL PAPERS- Important definitive 
research results, major techniques, and special inves­
tigations. 

CONTRACT AND GRANT REPORTS- Reports . 
prepared by contractors or grantees under NOAA 
sponsorship. 

···~> ATLAS- Presentation of analyzed data g\!nerally 
in the form of maps showing distribution of rainfall, 
c_hemical and physical conditions of oceans and at­
ffi'osphere, distribution of fishes and marine ma:m~ 
mals, io~ospheric conditions, etc. 

TECHNICAL SERVICE PUBLICATIONS -Re­
ports containing data, observations, instructions, etc. 
A partial listing includes data serials; prediction and 
outlook periodicals; technical manuals, training pa­
pers, planning reports, and information serials; and 
miscellaneous technical publications. 

TECHNICAL REPORTS- Journal quality with 
extensive details, mathematical developments, or data 
listings. 

. TECHNICAL MEMORANDUMS- Reports of 
preliminary, partial, or negative research or technol­
ogy results, interim instructions, and the like. 

Information on availability of NOAA publications can be obtained from: 

ENVIRONMENTAL SCIENCE INFORMATION CENTER (D822) 
ENVIRONMENTAL DATA AND INFORMATION SERVICE 

NATIONAL OCEANIC AND ATMOSPHERIC ADMINISTRATION 
U.S. DEPARTMENT OF COMMERCE 

6009 Executive Boulevard 
Rockville, MD 20852 


