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ABSTRACT

Winter precipitation in mountainous southwest Colorado was related
to terrain slope and elevation by multiple regression. From a 12
season record of 15 daily precipitation stations, the study used only
those days with 2z .01 in. at > one station. Days used were classed
by mean 24 hour 700mb wind direction and speed. By class, each
station's mean 24 hour precipitation was computed as was station
slope over 8 distances., These precipitation values were correlated
to elevation and to products of terrain slope ¥ 700mb wind speed
X 700mb mean saturation mixing ratio lapse rate. (Products are simpli-

fied factors in an orographic precipitation formula.)

Multiple correlation coefficient ranged between 0.80 and 0.98
for both speed and direction constant and was 0.68 for both variable.
Correlation to elevation was negligible. Thus, slope explained
most of the areal precipitation distribution. For each of two test
years, correlation between computed and observed seasonal precipita-
tion was 2 0.92. Technique refinement into a short term predictor

seems feasible.
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1.0 INTRODUCTION

1.1 Purpose

Accurate current and predictive knowledge of both point and areal
winter precipitation in mountainous regions is of considerable impor-
tance to a wide range of the population. The attainment of such know-
ledge is lagging advances in weather prediction being made in certain
other areas. The influence of terrain on precipitation in mountainous
regions is readily recognized, but quantifying the effect remains dif-
ficult, as the overall process is quite complex.

The purpose of this paper is to contribute to the knowledge of
terrain effect by relating precipitation specifically to terrain slope
under varying wind regimes.

1.2 Discussgion

Many hydrologic studies have used the observational fact that pre-
cipitation generally increases with elevation as a point of departure
to develop local linear regression relationships between precipitation
and elevation. Interesting examples of this approach can be found in
Peck and Brown (1962) for Utah and Hounam (1958) for a part of
Australia. A frequent observational comment from such studies is that
the relationships hold only for a relatively localized area and work
particularly well for areas with gimilar terrain aspect. A good ex-
ample of this is shown by Figure 1, from Marlatt and Riehl (1963).

Mathematically, the terrain-induced (orographic) potential preci-
pitation is proportional to %%5 . (3z . §h) where 6h is horizontal wind,
32 is the terrain gradient, and %%E is the local change of saturation

mixing ratio with height. A more complete relationship is developed

in Section 3.1.3.
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Figure 1., Average annual precipitation as a function of elevation and
aspect, Solid dots or squares refer to 13 stations over the
Colorado River Basin (Marlatt and Riehl, 1963).

The total precipitation process is compounded, however, because it
is frequently made up of components from (a) large-scale vertical motion
fields arising from migratory waves, (b) orographic (terrain) 1lifting,
and (c) local release of conditional instability (convection) as pointed
out by Elliott and Shaffer (1962), Hjermstad (1970), Chappell (1970),
and others. Each of these factors is quite important during the period
of time over which it is acting. Rasmussen (1963) explained up to 25%
of the variance in seasonal precipitation over the Colorado River Basin
by using multiple correlation to a number of circulation features. He
(Rasmussen, 1968) explained up to 64% of the variance on a storm period
basis using a more complete atmospheric water budget approach.

In many high, complex terrain areas, the terrain influence exerts
the dominant control, however, because it provides (1) a more persis-

tent orographic vertical motion field and (2) a forced lifting zone



for release of convection. Ridge-to-valley winter precipitation ratios
are observed to range mainly between 2 and 10/1 (Hjermstad, 1970;
Rogers, 1970; Rhea, 1967; Elliott and Shaffer, 1962; Peck and Williams,
1962). These ratios show large variability however over short time
periods due partially to the passage of meso-scale convergence bands
(periodicity of 3-5 hours) as observed by Elliott and Hovind (1964) in
California and by Rhea, et al. (1969) in Colorado at much higher alti-
tudes.

Numerous other factors complicate the specification of point pre-
cipitation, especlally for snowfall, not the least of which are (1) the
rather complex effects of wind and temperature on dendritic (high mass)
snow crystal initiation altitudes and subsequent trajectories, (2) the
presence of interference patterns (constructive or destructive) between
multiple mountain waves over complex terrain, and (3) increasingly
large errors in snowfall measurement as wind increases, thus precluding
accurate knowledge of historical values of precipitation for calibrating
predictive models.

Despite these complexities, mountain precipitation regimes can be
studied systematically with the objective of aasessing the importance
of a given precipitation contributing factor. This paper henceforth

concentrates on the orographic (terrain-slope) factor.



2.0 REVIEW OF RELATED STUDIES

Spreen (1947) indirectly partially accounted for variations in the
orographic precipitation expression (given in equation 3,7 of Section
3.1.3) and explained up to 887% of the variance in winter precipitation
between gelected stations over western Colorado through graphical multi-
ple correlation to the following terrain factors: elevation, maximum
terrain slope within 5 miles of the station, exposure (relative freedom
from obstructing barriers within 20 miles), and orientation of exposure.
He did not attempt to directly relate these factors to any causal
meteorological flow parameters,

Chappell (1970) computed supply rate of condensate by assuming
certain mean values of orographic vertical motion and %%5 through the
estimated cloud depth for Wolf Creek Pass and Climax, Coloradc. Quite
good agreement to observed average precipitation was obtained (except
for the warmest temperatures) when also accounting for theoretical
changes in nucleation efficiency for converting the condensate to
precipitation.

Elliott and Shaffer (1962) used a similar formulation to that for
orographic precipitation in Section 3.1.1 and California coastal
soundings for data input. They obtained single correlation coefficients
between 0.44 and 0.63 for observed versus calculated hourly precipita-
tion in the San Gabriel and Santa Ynez Mountains. Higher r-values of
0.5 to 0.8 were obtained when replacing the theoretical equation with a

multiple regression formula with parameters of stability, temperature

(and therefore condensate supply rate), and wind speed and direction



as the independent variables. Finally, when empirically accounting for
the non-orographic precipitation component r-values ranged from 0.67 to
0.94.

A most interesting study by Kusano, et al. (1957) in Japan, made
direct use of the orographic precipitation equation (including height
dependent damping factor) for summer orographic rainfall. Values of
rainfall were obtained graphically by using an overlay on a terrain map
and considering wavelengths of 60, 120 and 300 km. Excellent improve-
ment of calculated versus observed precipitation amount and distribu-
tion was obtained compared to the calculations by the Estoque model .

Parameterized numerical modeling of orographic precipitation over
an idealized barrier has been accomplished by Sarker (1967) for rain in
the Western Ghats of India and by Willis (1970) whose test data was from
snowfall precipitation over the Park Range in northwest Colorado.
Sarker obtained very good rainfall profile agreement to observed values
while Willis found consistent agreement on the upwind side
of the mountain only when a number of snow fall cases were averaged
together. This difference in model results is perhaps a manifestation
that the much smaller terminal velocities of snow crystals considerably
complicates the real distribution of snow deposition and also decreases
the snow measurement accuracy compared to rain.

Finally, a preliminary study of the 700 mb wind direction depen-
dence of meso-scale precipitation patterns in western Colorado by Rhea,
et al, (1969) led to the present study which takes direct account of
the effect of terrain slope on precipitation through a multiple regres-

sion scheme.



3.0 DESIGN OF THE STUDY

3.1 Theoretical Considerations
In mountainous terrain, total precipitation can generally be at-

tributed to vertical velocities wq, w., and w, arising from (1) large-

c
scale convergence (negative divergence), (2) convection, and (3) oro-
graphic lifting as discussed briefly in Section 1.2. Symbolically,

this can be expressed as:

Ry = Rg(wd(2z), q(z), T(z), t) + R.(wc(2), q(z), T(z), t) +

R, (Wo(2), q(z), T(2), t) G.1)
i.e., total precipitation, Ry is a function not only of the three
vertical motion profiles but also of vertical profiles of mixing ratio,
q(z) and temperature, T(z) and also the duration, t, of the processes.
Subscripts, d, ¢ and o, refer to divergence, convection and orographic

respectively.

3.1.1 Large Scale Convergence

Numerous formulations to quantify Rd exist. Many of these
compute the vertical velocity using horizontal divergence of the wind
field, the continuity equation, and certain assumptions on compressi-
bility. Divergence, in turn, is directly proportional to the rate of
change of the vertical component of vorticity, i. Values of vy
computed are generally in the range of 1 to 5 cm sec‘l. Precipita-
tion rates therefrom are computed and observed to be between 0.01 and
0.1 in, hr-1 during winter over high, mountainous regions while the
convergence condition exists, Accuracy limitation arises chiefly from

the meteorologically universal problem of inadequate input data resolu-

tion. Since this paper is primarily concerned with studying Ro’ no



further elaboration on Ry will be made. 1Its direct proportionality to
&, however, should be noted for future reference in Section 4.

3.1.2 Convection

The convective vertical motion w. can be fairly well com-

c
puted for individual cumulus clouds of a given radius when accurate
knowledge of environmental temperature, mixing ratio and wind profiles
exists. Computation can be made from versions of either steady-state
models of cumulus convection developed by Weinstein and Davis (1967)

and Simpson (1968) or time-dependent models such as that of Weinstein
(1968). These models yield sufficiently accurate computations of cloud-
top (r = 0.8 to 0.9) and precipitation (r = 0.6 to 0.8) to have been
incorporated as valuable tools in execution and evaluation of cumulus
weather modification projects (Davis, et al., 1968; Simpson, 1970).
Computed w, values for the type of marginal instability existing in
winter over mid-latitude mountainous regions range from 50 to 250 cm

aec-l and precipitation computes at 0.05 to 0.25 in. hl:"1

, values which
are realistic over short periods of time, Major difficulty is encoun-
tered, however, in accurately predicting (1) profiles of temperature,
humidity and wind such that the existence and effect of marginal insta-
bility can be assessed, and (2) areal coverage and duration of convective
precipitation if it does exist, Variability and predictability of R.

is thus a substantial hindrance to systematically accounting for Ry or

studying either R, or R,.

3.1.3 Orcgraphic Precipitation

The orographic precipitation r, produced from a mass of air,

dm, is very closely approximated by

r, = E (%%g) *w, * dm - dt (3.2)

(o}



where

E = efficiency of converting condensed cloud water to
precipitation

ELL local (parcel) change in saturation mixing ratio

z with height

w_ = orographic vertical motion of mass, dm, over time,
dt

By definition, the pressure, P, of a column of air is the air weight,
mg, per unit area., Therefore,
dm = a%E (3.3)
g
where A = cross-sectional area,

Equation (3.2) can then be written in traditional units of precipita-

tion water depth as

L 398y ., - 4By 3.4
0 pr( ) g t ( )

where p,, = density of water,
Integration is required to obtain total orographic precipitation, R,

i.e.

R, = - gt gp (az ) w, + dP * dt (3.5

For a saturated adiabatic process an analytic thermodynamic expression
9gs
exists for 'y also, the profile of w, over idealized, smooth barriers
can be approximated by solution of a differential equation, with barrier
shape and dimension, stability, and vertical windshear as equation
variables. wo(z) can also be approximated by applying an exponential
damping factor, f(z), (Kusano, et al., 1957; Berkofsky, 1964) to the
orographic vertical motion value, Voo produced by the impingement of

the low-level wind, 32, against the barrier with slope, Vz, to yield

an expression for v, at height, z, of:



Vo(z) = £(2) wo, = £(2) + (Fz-¥)) (3.6)
Substitution into Eq. (3.5) yields

. _E_ . 298 | I, .
0" tup St SP £(2) + £ (Vz Vk) dP dt (3.7)

Specifying the location at which Rj will be deposited is very difficult,
especially for snowfall in rugged terrain due partially to low terminal
velocities (0.4 to 1.3 m sec_l) of snow crystals (Brown, 1970) which
are being carried through a complicated field of v (0.1 to 0.7 m sec™})
arising from multiple mountain waves,

3.2 Experimental Approach

This study assumes E and f(z) in Eq. (3.7) to be invariant and
makes no attempt to treat them specifically. It also makes no attempt
at directly integrating Eq. (3.7). Rather, a statistical approach is
taken to relate average station precipitation to variations in the pro-
duct %%i . (Vz-gz). A brief attempt is made to account for variations
in saturated column pressure depth, jP dP = AP, and duration, jt dt = At,
in section 4.4.

Specifically, the experiment was designed to systematically study
the effect of varying wind direction and speed (and the resulting varia-
tion in %%5 - (Vz - 62) on snowfall precipitation at a given point.

The San Juan Mountain region of southwestern Colorado was chosen as the
setting for the study (Figure2 ). The 700 mb level (which is found at
or below barrier height) was chosen as the key level for extracting
values of (355)700 and the real wind, %}00 = vz. The first part of the
study displays the resulting wind direction-dependent precipitation

patterns in map form, while the second and more definitive part statis-

tically relates precipitation values to the product of terrain slope,
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wind speed, and ( %35)700 through least squares linear multiple re-

gression.

3.3 Data

The basic data used was:

1)

(2)

(3)

(4)

(5)

Vector average 700 mb wind direction for Grand Junction,
Colorado, (Figure3 ) for the 24 hour precipitation period
in question.

Mean 700 mb wind speed for Grand Junction for the 24
hour period.

700 mb 24 hour mean temperature for Grand Junctionm.
Records from 20 NOAA climatological (non-recording) 24
hour precipitation stations (Table 1 and Figure2 ) with
reading times near sunset (or 0000Z).

Topographic maps (1:250,000) for the area from which
elevations were tabulated at 10 km intervals out to

50 km upstream and downstream from the station in

question for designated 700 mb wind direction categories.

Data records studied were November through March, 1955-56 through

1966-67,

The seasons 1967-68 and 1968-69 were held out as test data.

In addition to the above set of basic data, the Steamboat Springs

precipitation record and terrain profiles were used as test data as

were terrain profiles for two points near Silverton.

3.4 Data Treatment

3.4.1 Precipitation Days

First, the sample studied was restricted to days on which

measurable precipitation was recorded at at least one of the 20 stations

thus eliminating totally dry days.
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3.4.2 700 mb Data

Second, the vector mean 700 mb wind directions at Grand
Junction were computed (using 00Z, 12Z, O0Z values) to bracket the pre-
cipitation day, for each of the resulting "precipitation days" from
above. Corresponding mean 700 mb temperature and wind speed were also

calculated.

3.4.3 Direction Stratification

Next, twelve 30° direction categories were designated run-
ning clockwise consecutively from 175° - 204°, 205° - 234°, to
145° - 174°, and labeled categories 1 through 12, respectively. The
precipitation data set was stratified accordingly.

3.4,4 Speed Stratification

Each direction-stratified precipitation data set was then
sub-stratified by 700 mb wind speed into the six categories shown in

Table 2.

3.4.5 Precipitation Averaging

For the first part of the study (Ei)i,k (average 24 hour
precipitation) for station k in direction i class were computed for
i=1, 2, ..., 12 along with the overall average (if)k for each sta-
tion regardless of direction.

For the more detailed study, average 24 hour precipitation,
(Ef)i,j,k’ for station, k, in direction i and speed j categories were
also calculated and the Grand Junction average 700 mb temperature, Ti,j’
was also thus tabulated (Table 3). Note that there are 27 i, j joint
stratifications with greater than zero frequency of occurrence. Also,

only 15 of the stations had adequate record quality to be used in this

part of the study.
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TABLE 1

Precipitation Stations Used in the Study

Station No. Elevation (m) Station Elevation {(m)
IAme s 1 2610 Conejos 2370
{Cortez 2 1853 Saguache 2310
Del MNorte 3 2365 St. Turkey Farm 1999

urango 4 1965 Trout Lake 2904
Ft, Lewis 5 2278 Wolf Creek Pass 3193

ermit 6 2700
Ignacio 7 1927

esa Verde 8 2121

orthdale 9 2008

orwood 10 2105

uray 11 2322

agosa Spgs. 12 2171

ico 13 2653

Silverton 14 2797
allecito 15 2295

TABLE 2

700 mb Wind Speed Classes

j - index 1 2 3 4 5 6

Range (kts) 6-12 13-18 19-24 24-30 31-36 237
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TABLE 3

Station Average 24 Hour Precipitation By
700mb Wind Direction and Speed Categories

(Precipitation values are in thousandths of inches)

Direction Category

Number 1 2 3
Dagrees 175-204 205-234 265-294
Speed Category
Number 1 2 4 1 2 3 4 1 2 3 4 5 6
Kts. 6-12 13-18 25-30  6-12 13-18 19-24 25-30 6-12 13-18 19-24 25-30 31-36 37-42
No. of Precip. Days 18 13 6 17 35 20 12 28 67 3% 22 7 3
1. A Ames 070 105 198 246 180 296 458 142 168 210 216 315 610
2. B Cortez 140 139 107 089 177 151 111 080 087 127 098 104 140
3. C Del Norte 240 045 000 054 076 03% 043 014 018 022 020 000 083
4, D Durango 2640 209 352 206 324 314 361 119 109 188 223 240 593
5. E Ft. Lewis 200 198 283 131 276 207 441 088 119 145 179 116 397
6. F Hermit 130 158 233 076 127 127 155 084 063 075 152 029 283
7. G Ignacio 100 177 178 141 162 283 108 067 064 085 122 225 147
8. H Mesa Verde 200 265 215 121 262 262 294 119 124 176 173 147 313
9. I Northdale 060 173 180 160 202 108 156 051 060 079 121 128 200
10. J Norwood 110 091 038 105 152 094 079 114 089 077 069 076 137
11. X Ouray 090 120 140 120 114 127 175 118 120 119 131 079 157
12. L Pagosa 270 224 298 178 182 308 308 111 112 246 252 256 573
13. M Rico 100 229 290 170 279 370 610 140 186 253 271 478 683
14, N Silverton 104 182 294 110 243 234 235 124 121 152 165 252 467
15. O Vallecito 280 298 407 338 372 362 402 183 171 236 300 367 820
Mean 700MB Temp. -5.2 -5.1 -3.0 -6.5 -6.1 -4.2 ~4.2 -7.3 -6.7 -5.8 -4.2 -4.6 -5.0
Direction Category 5 6 7
As Above 265-294 295-324 325-354 355-024
Speed Category 1 2 3 4 1 2 3 4 1 2 33 1 2 3
As Above 6-12 13-18 19-24 25-30 6-12 13-18 19-24 25-30 6-12 13-18 19-24  6-12 13-18 19-24
No. of Precip. Days 3476 44 9 27 41 20 7 20 25 4 18 19 4
1. A 125 114 151 066 140 117 080 067 043 058 103 059 064 033
2. B 068 056 049 020 020 o021 032 001 012 017 018 042 002 008
3. ¢ 026 011 018 011 032 020 015 004 018 0S1 200 056 031 030
4.0 071 038 052 062 021 021 023 007 006 024 073 040 005 013
5. E 060 055 072 037 030 030 030 000 010 038 000 028 010 000
6. F 058 022 041 017 027 018 033 057 008 039 050 011 011 025
7. ¢ 061 045 037 023 016 021 006 000 008 013 000 029 002 013
8. B 089 093 062 066 025 o041 021 003 023 031 053 026 014 020
9. 1 030 032 018 004 015 007 006 000 00s 004 008 013 026 010
10. J 069 075 043 050 036 066 008 004 022 041 103 024 056 085
11. ¥ 134 103 089 046 134 197 080 127 121 171 310 122 164 210
12. L 109 0S4 049 040 036 028 014 001 011 021 008 050 026 038
13. M 103 107 154 099 091 063 039 064 022 022 061 014 043
14. N 054 098 117 099 057 093 098 199 017 039 153 058 031 028
15. 0 116 072 058 080 036 035 035 017 016 037 058 050 013 083
Mean 700MB Temp. -9.9 -8.3 -7.0 -6.3 -8.1 -8,2 -7.0 -6,7 -11.2 -10.1 -10.8 -8.5 -9,5 ~-11.3
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3.4.6 Terrain Slope Computations

Terrain slope (gz) computations for each station in

1,ks
direction category, i, were made by first computing mean elevation
along a 30 degree arc at 10 km radius increments both upstream and
downstream from the station out to 50 km. The procedure is shown in
Figure 4 . Figure 5 is an example of the resulting direction-dependent
elevation profiles for Durango.

Slopes were computed by taking end-point elevation dif-
ferences for the 8 distance scales shown in Table 4 and then dividing
by the distance increment, AS. Rationale for selecting such a number
of slope variables was that (1) snow crystal production and trajectories
are influenced by a multiplicity of terrain-induced (orographic) verti-
cal motion fields and (2) it would be desirable to determine which, if
any, of the selected slope factors exhibited a consistently dominant
influence on precipitation through high correlation. The problem of
determining where best to measure terrain slope affecting precipitation
at a point is complicated by the opposing effects of (1) the condition
that in stably stratified flow the axis of maximum vertical motion
slopes upwind with height and (2) masses of cloud-water and the re-
sulting snow crystals produced from this region of maximum orographic

vertical velocity are carried downwind toward the barrier.

3.5 Analysis Methods

3.5.1 Normalized Precipitation Maps

(X
The ratio ka%iik. was computed for each station, where
(Re)1,k 1s station k's average precipitation in direction i (for all
speeds) and (§£)k is that station's overall average, regardless

of wind direction, speed or any other stratification. Values of these
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TABLE 4
Distances Over Which Terrain Slope
Was Computed (See Figures 4 and 5)

(vz2), y = [(zy - 2,)/88]y 4

2 - Class Location of Location of As
=2 (km) 2y (km) (icm)

1 +40 -40 80

2 +20 -30 50

3 +10 -20 130

4 0 -10 10

3 0 -30 30

° -10 -30 20

7 -10 ~40 30

8 -10 -50 40

dimensionless ratios can be contoured when plotted on an area map.
This was done on maps showing topographic relief. Maps and pattern
interpretation therefrom are presented in Section 4.1.

3.5.2 Statistical Treatment

By Equation (3.7), orographic precipitation at a point is
theoretically proportional to the product of the mean local vertical
change of saturation mixing ratio, with the scalar product of terrain

slope and the low-level horizontal wind, i.e.,
998y . (Y7 . ¥
R, OC ) * (z - V) (3.8)
Unfortunately, it is difficult to isolate R, from Ry and R, (de-

fined in Section 3.1). Therefore, this study for the most part
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considered only Rt (where Ry = Rg + R. + Ry) as the precipitation
variable. Exceptions to this are found in Sections 4.2.4 and 4.4.3
where some attempt was made to separate Ry, and (Rq + R¢) and consider
each in relation to possible causal factors. The major emphasis, then
was on determining the validity of the proportionality (3.8) above when
R, was replaced by R,.

Furthermore, according to the rationale expressed in Section 3.4.6
(concerning multiple fields of orographic vertical motion) it would be
desirable to simultaneously consider the combined effects on precipita-
tion of slope factors computed over several distance scales. To accomp-
lish this, a statistical approach was taken through multiple linear
regression analysis employing the method of least squares. A standard
version of this routine was invoked (UCLA Bio-medical Statistical
Series - BMDO2R).

The main object was to explain the observed inter-station variance

among the values of average 24 hour precipitation, (E;) Thus,

i,j,k’
the sample of dependent variables in each regression analysis consisted
of one or more sets of the average precipitation data in Table 4. The
exact choice depended upon the way in which direction, i, speed, j, and
station, k, were allowed to vary (or remain constant). Table3 1lists
the numerous ways in which the data sets were chosen for regression
analysis; it also gives reasons for so choosing.

Nine terrain variables were chosen to correlate with station k's
precipitation. These were station k's elevation and the eight terrain
slope factors computed according to Table 4 (and multiplied by (%)

700

-
and |V| according to proportionality (3.8) ) with direction, i, also

700

appropriately taken into account. Now, from the nature in which



TABLE 5

Data Sets of 12-Season Average 24 Hour Precipitation for Which Regression Equations Were Derived to Explain

the Precipitation Variance in Relati
Distance Scales (and Multiplied by G

z 1700 mb

and ([¥])

700 mb

to Elevation and Station Terrain Slope Factors Computed Over Eight
According to Proportionality (3.8).

Section
Stratification Each Case No. Eq. Indices Where Purpose
Description Sample Size Derived Discussed
22::2.;:d Direction 15 27 i = comszant, 4.2,1 To derive regression eqs. for the
3 = constant, set of precipitation data holding
k varies from 1 ... wind direction, and speed constant,
15 thus minimizing the greatest num—
ber of complicating factors
Wind Direction 45 = 90 7 i = comstant 4.2.2 To derive regression eqs. for the
Constant, Speed § varies; 1, ..., 6 set of precipitation data keeping
variable k varies; 1, ..., direction constant but letting
15 speed vary to test the proportion-
ality (3.8) over a range of wind
speeds while minimizing influence
of variations in large-scale
factors
Direction, Speed 405 1 1=, our, 7 To derive a general regression eq.
and Temperature J21, ceey 6 applicable for all directions, all
Variable k=1, ..., 15 stations, at all speeds. Does not
attempt to isolate non-orographic
precipitation variability with
direction
Direction, Speed and 105 1 1 =1, ci0ay 7 4.2.4 Early attempt at same as immediately
Tesperature Variable; jJe24+3 above except attempts to isolate
Non-orographic Com~ 2 non-orographic components and also
ponents Isolated k=1, ..., 15 account for varistions in these
with wind direction. Speed categor-
iea 2 and 3 were used as one class
in computing precipitation data
averages.
Direction, Speed and 405 1 1 =1, ..., 7 4.2,4 Same objective as immediately above
Temperature Variable; i=1, ..., 6 but using the later data with the
Non—orographic Com~ k=1, ..., 15 27 Speed and Direction categorieas
ponents Isolated from Table 4.
Speed and Direction 27 15 i=1, .,.,7 4.2.5 To derive regression eq. for each
Constant, Station i=1, ..., 6 station valid for all spesds and
Variable k = constent direction but accounting for local

peculiarities of given station.

1
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(3:)1’k,1 is computed (stratified by 1), it follows that:

2L a1 (00 5 = @By oy AV 0g 5 3.9

As

(Vz * V) = (

i.e, Vz and 32 are perfectly aligned by definition in this case and

therefore the cosine of the angle between the vectors is 1.

Table 6 gives an example for the type of input data sets used for

the regression analyses.

This then gives the following form to each resulting regression

equation:

R, F 9gs
®e)y g 0,= AothraictholV2e 6, 1U0V17000 5 JGE 00 4 41 + - - -
> a8
+A9[vzi,k,8(|vl700)i,j (3%—)700 i,j]

or T - > . (998 .
Re)g,g,k = Aty n 00" Ga) sop)a, 57 [A2V2y 4 1+ - -
(3.10)
+A,V
9"%4 8!
Az i ¢
where vzi.k,l’ (As)i,k,l ¢ As )i,k,l computed for distance cate-

gory, 1, from Table 4, As is distance along the wind direction i and is

positive downwind.

(ﬁ’?oo)i,j

mean Grand Junction 700 mb wind in class i, j (common

= class-interval mid-point speed of 24 hour

to all stations and slopes in a given i,j category).

dgs -
[(éz )700]i,j mean local vertical change of Grand
Junction 700 mb saturation mixing ratio derived from
assuming a saturated air mass rising moist adiabatically.

Values were estimated using finite increments of Az about



Example of Input Data for One Regression Analysis, Bi,j = [(%229700]

TABLE 6

i,j

(V1 70071, 5

Sample Size 15

Dependent Variables

Independent Variables

Station Elevation

Station Slope Variables

(Redy,y,1

(it)i,j,2

Redy, 4,15

2

215

Bi’szi,l’l

Bi’szi’z’l

Bi,jvzi,IS,l

Bi,jvzi,l,Z

Bi,JVZi’z,z

Bi,jvzi,IS,Z

Bi,jvzi,l,a

Bi,3924,2,8

By,3%1,15,8

14
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the 700 mb level from a Stuve diagram., They are listed

1

in units of g kg km~! in Table 3.

For this part of the study only direction class i =1, . . .,7
(see Table 3) were used, as sample sizes of '"precipitation days" were
ingufficient for stability in the precipitation averages in the other
categories. Also, five of the original precipitation stations were
eliminated on the basis of period of record, or in the case of Wolf
Creek Pass, a change in the time of day for measurement. The records
of the remaining 15 stations listed in the left-hand column of Table 1
were used in the regression analyses. Results are discussed in Section
4.2,

3.5.3 Testing the Results

The seasons for 1967-68 and 1968-69 were used to test the
predictive ability of the resulting regression equations from Section
3.5.2. Computations of calculated versus observed precipitation values
were made for each station k in each i,} category using various equation
sets from Section 3.5.2. Single regression analysis was performed
between observed and calculated values. Results are discussed in
Section 4.3,

Also, in order to determine the validity of the methods for com-
puting the terrain slope factors and assessing their importance in ex-
plaining precipitation, terrain slope and elevation factors were com-
puted for two points, each only 5 km removed from Silverton (Figure 2),
Precipitation values calculated from the various regression equations
derived by Section 3.5.2 were obtained using these terrain factors as

input and were compared to observed values at Silverton.
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Finally, it would be highly desirable to be able to use the regres-
sion equations in other areas. To test thelr applicability in another
mountainous region of Colorado where the Grand Junction 700 mb data is
still reasonably valid, Steamboat Springs was selected as a test case
and treated similarly to the two test points near Silverton. (See
Figure 3).

3.5.4 Other Tentative Investigations

The major study was designed to determine the feasibility
of explaining observed precipitation at a point on the basis of only
some of the orographic and thermodynamic factors in Equation (3.7).
Specifically, it ignores dependence on moist air pressure depth and
duration of precipitation. Brief consideration is given to these vari-
ables in Section 4.4.

Also, as pointed out in Sections 1.2 and 3.1, substantial preci-
pitation is derived from large scale convergence. Through the diver-
gence and absolute vorticity theorems, large-scale convergence precipi-
tation should be proportional to the time rate of change of vorticity,

C. This fact is briefly studied in relation to estimated non-oro-

graphic precipitation values in Section 4.4.



4.0 RESULTS AND INTERPRETATION

4,1 Normalized Precipitation Maps

Examples of the set of maps of normalized precipitation values de-
rived according to 3.5.1are shown in Figures 6 through9.

Contouring was done according to station ratio values and also
purposely considered major barrier orientation. (That is, barrier
orientation and location effects as exemplified by ratio values at
existing stations were extrapolated or interpolated into silent

areas using topographic similarity as a guideline).

The map set reveals two scales of topographic effect. First the
upslope and downslope effects of the overall San Juan Mountain massif
are plainly evident. Also, more localized effects can be seen at most
stations where attention is focused on the topography around a parti-
cular location.

These results must be viewed only qualitatively, however, due to
the nature in which the contours were drawn and from the lack of numer-
ical values of topographic factors,

4,2 Statistical Treatment

It would be highly desirable to obtain a regression equation ex-
plaining virtually all of the precipitation variance and which would
be valid for all locations, speeds, directions, and temperatures, Real-
istically, though, there are numerous complicating factors working to
prevent this accomplishment. These include:
(1) An expected systematic change in mean cloud depth
and %%ﬁ (due to T.change) with wind direction due to

differing large scale vertical motion fields in selective

26



Figure 6.
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Figure 7. Pattern of (R )6,k/(it)k for 700mb wind direction category 6 (325°-354°). Arrows indicate flow

along center girection of wind category (E.G.&G., 1970).
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Figure 8. Pattern of (Et)7 k/(it)k for 700mb wind direction category 7 (355°-024°). Arrows indicate flow
along center diréction of wind category (E.G.&G., 1970).
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regions of migratory waves (decreasing vertical motion with

veering wind).

(2) Corresponding systematic change in the magnitude of

non-orographic precipitation components, Rq and R. (de-

creasing magnitude as the wind veers).

(3) Highly complex effects on snow crystal trajectories as

temperature, T changes.

(4) Marked changes in snow crystal trajectories with wind

speed variations.

(5) Local topographic pecularities unique to each station.
Therefore, the highest correlation is to be expected by minimizing as
many of these factors as possible,

In the discussions of regression analysis results that follow re-
ference is frequently made to the above five (5) complicating factors
and also to Table 5 from Section 3.5, 1In fact the following sub-section
titles are identical to the stratification descriptions in corresponding
Sections of Table 5. Also, since the number of pages of tables and
figures considerably exceed the pages of text, grouped stacking of text,
tables and figures (in that order) is observed for the next two major
sub-sections in Section 4 (i.e., for Section 4.2 and 4.3).

4.,2.1 Speed and Direction Constant

Factors (1) through (4) above, can be held constant by re-
stricting the regression analysis to the precipitation and terrain data
set for a given direction (i) and speed (j) category. This was done
for each of the 27 combinations of i,j Table 3, and 27 uniquely dif-
ferent regression equations were obtained. Sample size in each analysis

was 15 (because there are 15 precipitation stations). Multiple
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correlation coefficients were quite high (0.8 to 0.98). The complete
set of multiple and single correlation coefficients is presented in
Table 7.

Regression equation coefficients are correspondingly displayed in
Table 8. These equations calculate 24 hour precipitation in inches when

9gs

(1) station elevation is given in meters and (2) (az )700 is given in
g kg_l kmnl, 700 mb 24 hour mean wind speed, j, is in m sec” ! and ter-

rain slopes are dimensionless and computed for the distances shown in
Table 4.
Interesting features observable from Table 7 and Table 8 include:
(1) a generally high single correlation between precipitation
and the terrain slopes computed over the distances 10 km down-
wind to 20 km upwind (Vzi’k,3) and also 40 km either direction
from the station (Vzy y 1)
(2) occasional systematic increase in the importance of more
upstream slope factors as wind speed increases
(3) generally only slight single correlation to station ele-
vation
(4) considerable inconsistency of the signs and magnitudes of
the resulting regression equation coefficients
(5) frequent negative single correlation to the slope over the
first 10 km upwind of the station (vzi,k,k)' This is explicable
since the stations with heavier precipitation are located locally
in deep valleys amidst surrounding high peaks and near the San
Juan crest. The statlons with lighter average precipitation, on

the other hand, are generally farther removed from the San Juan



and Speed Constant

TABLE 7
Summary Table of Regression Analyses Performed with Direction
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TABLE 8

Regression Equation Coefficients for Speed and Direction Constant

Direction Speed Constant Elev. 1 2 3 4 5 6 7 8
1 1 -.13749 .00013 2,29357 -.49686 .00000 -,63756 1.61525 -,80593 -1.22005 -.30981
2 04905 .00004 .92389 -,43766 .37813 -,17225 .39887 -.23522 -.94204 .95863
4 -.05690 . 00009 .67856 ~,22899 49761  =,25646 . 34868 -.21576 -,51726 .25607
2 1 -.12887 .00010 .00000 1.87013 -.24675 -,27638 .61375 -.29819 -.76802 -,19816
2 .11968 .00002 11732 .63104 41385 ~,04333 -,11313 .05530 -.41172 -,17505
3 -. 44067 .00024 .90888 .38608 -.51613 -,06794 34924 -.16027 .00000 .09897
4 -1,25358 .00063 41846 .63990 -,62450 -,18732 1,02689 -.71895 .30322 ,30677
3 1 -.02494 . 00004 .54285 .06999 .16869 0,03722 . 00000 .15931 .00000 -,29357
2 -.08723 .00007 .36168 -.03641 -,06760 .03602 . 00000 .25552 -.,10378 .06105
3 -.16532 .00011 87391 -,10023 -.,19369 .00000 .09664 .36999 -.55619 .18919
4 ~,11478 .00010 61145  -=,24635 .07141  -,00543 . 00000 .32052 -.58161 .28254
5 -.39100 .00022 .54818 14253 -,26942 .05356 .00000 33224 ~-,34033 ,21487
6 -.91304 .00051 1,44842 -,35748 -,39295 .08399 .00000 .97964 -1.,16224 ,28898
4 1 09740 -,00002 .29939 .00000 .06870 -2,58946 7.60135 -4.85245 ~-,57790 48999
2 .02208 .00002 -,01818 .05917 12776 .00000 03140 .04498 .12018 -.08934
3 -.14333 .00009 -.24862 .00000 04714 -,07434 25231 .00000 -.06354 ,27857
4 -,03002 .00004 -,04339 . 00000 01126 . 00000 .01503 06225 .06356 -,06323
5 1 -.08399 .00005 96737 -.45739 .20545 -,03953 -,21863 . 00000 .00000 -.02082
2 .02059 .00000 41132 -,06941 .23268 -,01763 -,35050 . 00000 .25881 -.20696
3 0.,02260 .00002 .02907 .05300 .04920 -,02542 -,09167 .00000 .08603 -.03203
4 -.08506 .00004 -,07140 ,18912 04792 -,02060 -.18512 .00000 .12715 -,00855
6 1 .14174 -,00006 -.12786 .02205 34043 -,02120 -.47065 .00000 .07617 ,32382
2 .18896 -.00008 ~-.13837 .13394 .22837 -,16729 . 00000 -.33485 .,04557 ,30600
3 .21614 -,00008 42255 21974 .05245 .00000 -,53769 .00000 -,19271 ,52943
7 1 .18001 -,00008 -.10231 .68675 -,24826 -,21315 .00000 -.29150 .10861 .08418
2 22849 -,00011 -.24330 «31137 .02283 .00000 -.39298 -.11454 .35893 ,15733
3 .42285 -,00017 1.62817 -1.03689 23768 ~,55373 .95312 .00000 -1,24224 ,61725

4%
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crest and are not in such deep local valleys. Therefore,

v values are not as negatively large.

%i,k,4
4,2.2 Wind Direction Constant; Speed Variable

Referring to the stated complicating factors in Section 4.2,
variations in cloud depth and non-orographic precipitation (factors (1)
and (2), respectively) can be minimized by keeping only wind direction
class, i, constant. By allowing wind speed class to vary the wind
factor, (4), can be expected to induce complications and to the extent
mean temperature, f; changes, so will factor (3).

To test the severity of effect of these complications regression
analysis was made for each of the 7 sets of precipitation data obtain-
able from Table 3 when classifying separately only by wind direction
category, i. Sample sizes for each analysis were 45 for 1 = 1, 6 and
7, 60 for 1 = 2, 4 and 5, and 90 for 1 = 3.

The resulting set of seven (7) regression analyses (one for each
direction class, i) still showed fairly high multiple correlation coef-
ficients (0.74 to 0.85).

4,2.3 Direction, Speed and Temperature Variable

As discussed in the introductory remarks of Section 4.2, it
would be desirable to obtain one general valid regression equation ap-
plicable for all points, speeds, directions and temperatures. This
section attempted such an accomplishment even though the chances for
success (high correlation) were not high.

The procedure was to run a regression analysis on the entire data
sample of size 405 (i.e., the sample resulting from 27 combinﬁtions of

i,j classes, each containing 15 (Ef)i 3,k from Table 3.
b ’
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The resulting lower multiple correlation coefficient of 0.69
reflects the existence of the expected effect of giving free range to

all five (5) complicating factors as listed in Section 4.2.

4.2.4 Direction, Speed and Temperature Variable Non-Orographic
Components Isolated

The analysis to obtain one general regression equation in

the preceeding section made no attempt at isolating (ig)i,j,k from
(ﬁﬁ + ig)i,j,k' Rather, it gave free range to all the complicating
factors listed in Section 4.2 and the resulting correlation was only
modest (0.69). If (§£)i,j,k could be divided into E; and iﬁ + EE com-
ponents, a more valid general regression equation might be obtainable
by considering only (iﬁ)i,j,k in relation to terrain variables,

This was attempted in an early part of the study in the manner dis-
cribed below. The procedure was then extended to the larger data set,

In an early part of the study regression analysis was performed on
the data set consisting of mean precipitation values derived from
pooling wind speed categories 2 and 3 (13-18 and 19-24 kts) together as
one class. Resulting multiple correlation was again very high as was
single correlation to the +10 to -20 km slope value (Vzi,k,3 from
Table 4). When plotting actual station precipitation against this slope
for a given direction category, two interesting observations could be
made (from examples in Figure 10). First, the slope of the visual best
fit regression line decreased systematically with more westerly or
northerly direction categories (i.e., the inter-station range of
(ﬁt)i,j,k decreased). Secondly, the estimated precipitation value

(visual regression line value) for the point of zero terrain slope

(Vzi,k,3'0) decreased systematically for veering wind direction cate-

gories.
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This value of precipitation at zero terrain slope was taken to be
the non-orographic component (R, + R ). . for a given direction
d c’i,j,k

category, and was assumed to be affecting all stations equally. It was

consequently subtracted from each value of the appropriate set of data
and the resulting entire sample of 105 cases (15 stations and 7 direc-
tions) was input to the regression analysis program. A multiple cor-
relation coefficient of 0.79 was obtained therefrom.

This same technique was used on the set of 405 cases (as in Section
4,2,3) by substituting estimated (E;)i,j,k for (Et)i,j,k
where

®R)1,5,x = (Redi,,k - EST. (RgHRoD 4,k 4.1)

and values of EST. (Ea4§£)i,j,k were obtained from the appropriate
direction categories from the above described early part of the study.
The resulting correlation coefficient from the multiple regression
analysis was only 0.71. Thus, only slight improvement was obtained com-
pared to the 0.69 r-value found in Section 4.2.3.

4.2.5 Direction, Speed, and Temperature Variable; Station Constant

The effect of local station topographic peculiarigies
(factor (5) in Section 4.2) was minimized at the expense of giving free
range to all other complications ((1) through (4) of Section 4.2) and
regression equations were computed for each station by allowing wind
and temperature to vary. Sample size in each case was 27 (because of

the 27 1, j joint classes).
Table 9 lists pertinent correlation results and standard errors

of estimates (see Table 1 for station number key). Voluminous inter-
pretative ( or speculative) comments could be made in relation to

station terrain profiles. However, since the most important testing



Direction, Speed, and Temperature Variable, Station Constant

TABLE 9

Summary Table of Regression Analyses Performed with

S Degree of Single Correlation Coefficients
H Freedom
s
@
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A sral 2l glslg |3
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s g 5 43| A N - - g 1 2 3 4 5 6 7 8
» © © £ £ % = [ =
1 27 .068 | .898 | .807 7 19 |11.31 {-.001] .168 | -.087 | -.504 | -.870 | -.715 771 .736 466
2 27 .027 |.902 | .813 7 19 |11.79 |{-.000f .072 .368 .072 .068 .340 .000 .761 .688
3 27 .056 {.513 1,263 7 19 .97 {-.000 .078 | -.076 .078 | -.076 .143 .191 L2641 -260
4 27 .066 | .917 | .840 6 | 20 {17.51 .000| .883 .850 .722 .037 .658 .785 718 .636
5 27 .056 | .919 | .844 7 19 |14.67 .000{ .851 .762 .804 .804 767 .568 .602 724
6 27 .043 |.853 | ,727 7 H 7.22 |-.001] ,720 | -.070 .047 | -.761 -.100 | -.393 .548 .438
7 27 .042 | .878 | .771 6 20 11,21 [-.000l .865 .863 .659 | -.611 .718 .860 .838 .824
8 27 042 1.926 | .858 | 6 20 }20.17 .000] ,833 .736 .730 .856 .755 .381 416 472
9 27 1035 1.902 | .814 7 19 |11.89 |-.001] .433 .767 .820 .562 .820 .562 .338 .361
10 27 .036 | .677 | .459 6 20 2.82 {-.000| -.375 | -.126 ]| -.250 | -.311 -.207 | -.005 .490 .308
11 27 .043 |.690 | 477 6 20 | 3.04 .000| .117 .075 .184 .190 ,091 | -.204 | -.148 | -.082
12 27 .063 | .922 | .850 7 19 |15.36 |-.000{ .501 .790 .819 .461 .553 .501 .730 .782
:2 27 .061 | .958 { .916 7 18 |27.87 [-.000] .85l .788 .892 1 -.669 .278 .537 .856 .812
27 .052 1 .895 | 802 7 19 |10.97 }-.001 . 269 .681 .252 -.068 -.470 .262 117 .151
15 27 .095 | .902 | 813 7 19 |11.83 .000] .796 .839 .781 YA .770 .603 .682 .786
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of the study is yet to be made in Section 4.3, only the following brief

discussions will be presented:

(1) The lowest correlation for Del Norte is to be expected since
it is downslope from all direction categories except 7. Therefore, the
great majority of individual "precipitation days" (as defined in Section
3.4) from which its (Kt)i,j,k were calculated were zero values. Yet
the site is within occasional "spill-over" range for snow
crystals born over the upwind slopes of the San Juans and borne onto
the lee-side by strong south to south-westerly winds,

(2) Ouray is definitely in a complex "spill-over" locality
which partially explains the relatively low correlation.

(3) Mesa Verde, Ft. Lewis and Northdale are essentially non-
valley stations . Thus, the true importance of representative
slope in the first few kilometers upwind is revealed by the
high single correlation coefficient to v%ﬂj,A . This contrasts
markedly with the strange-looking negative correlation to similar slope
factors for many of the other stations., Thus, rather than actual sta-
tion elevation, a mean over a 5 km radius circle might have been a
better choice to minimize the valley location problem.

(4) 1t is interesting to note from Figure 11 that Silverton (a)
is upslope for longer waves (+40 to -40 km; Vzi,k,l) for all directions
but (b) downslope over the 0-10 km range, (vzi,k,é) in all directions
and (c) average precipitation is relatively low for Silverton. This
implies that either (a) there must be very strong evaporation of cry-
stals in the close-in downslope flow or (b) the majority of snow gets

physically intercepted by windward slopes of the surrounding barriers.
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Figure 11. Average terrain profile encountered by air moving over
Silverton from left to right (right to left) for direction
categories i=1, ..., 6 (7-12) (E.G.&G., 1970).
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4.3 Testing the Results

4.3.1 Test Seasons of 1967-68 and 1968-69

The generally very high multiple correlation coefficients
obtained in Section 4.2.1 and 4.2.5 are quite encouraging. However,
the utility of the derived regression equations for generally specifying
mean precipitation at a point can best be verified by comparing calcu-
lated to observed values using true test precipitation data. For this
purpose, precipitation data was tabulated for two test seasons (1967-
68 and 1968-69).

The sets of regression equations from Sections 4.2.1 (Speed and
Direction Constant) and 4.2.5 (Station Constant) were used to compute
expected values of total precipitation for each station, both for each
speed and direction category and also summed over the season. Single
regression analysis was performed for each resulting set of calculations.
Visual examples of the degree of fit for the seasonal totals are
shown in Figures 12 and 13, while examples of individual speed and
direction categories are shown in Figures 14-17. The alphabetic
characters in these Figures refer to specific precipitation stationms.

The locator map is given in Figure 18.

As can be observed both from the tables and figures, the correla-
tion of observed to predicted is quite high in most cases where sample
size permitted (see also Figure 19) although the observed values were
frequently consistently above or below the predicted. That is, there
was good inter-correlation of relative precipitation values among sta-
tions where even fairly small samples were composited to obtain a total.
This implies the general validity of extending the regression equation

to predict non-higtorical data, but cautions that other significant
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Figure 12, Scatter plots of computed vs, observed total precipitation for 1967-68 season using regression
equations derived from section (a) 4.2.1 and (b} 4.2.5. Alphabetic characters denote specific
stations as shown in Figure 41; (r = 0.91 and 0.93 for (a) and (b) respectively).
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Figure 13, Scatter plots of computed vs. observed total precipitation for 1968-69 season using regression

equations derived from Section (a) 4.2.1 and (b) 4.2.5. Alphabetic characters denote specific
stations as shown in Figure 41; (r = 0.92 and 0.89 for (a) and (b), respectively.
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Figure 14. Scatter plot of computed vs. observed (Rt)3,2,k for 1967-68.
Computed values are from regression equations derived in
Section 4.2.2, See Table for correlation coefficients and
number of "Precipitation Days'" comprising the average
(§£)3’2 k. Alphabetic characters represent stations (See

Figure 41).
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Figure 15. Scatter plot of computed vs. observed (R¢)p 3 3 for 1968-69.
Computed values are from regression equations derived in
Section 4.2.2. See Table 14 for correlation coefficients
and number of "Precipitation Days" comprising the average
(Et)2,2,k' Alphabetic characters represent stations (See

Figure 41).
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Figure 16. Scatter plot of computed vs. observed (Ry)2 3,1 for 1968-69.
Computed values are from regression equations derived in
Section 4.2.2., See Table 14 for correlation coefficients
and number of "Precipitation days" comprising the average
ﬁit)2,3 k. Alphabetic characters represent stations (See

Figure 41).
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Scatter plot of computed vs. observed (Ry)3 4,k for 1968-69.
Computed values are from regression equationd derived in
Section 4.2.2. See Table 14 for correlation coefficients
and number of "Precipitation Days" comprising the average
(E£)3,4’k. Alphabetic characters represent stations (See

Figure 41).



Figure 18. Alphabetic identifiers for precipitation stations.
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Figure 19. Scatter plot of number of "Precipitation Days' used to

compute (R¢)4 ,1,k (by regression equations from Section
4.2,.2) vs. correlation coefficients between calculated and
observed (ﬁt)i . Note the direct proportionality of cor-
relation coefficient to number of "Precipitation Days".
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large scale influences are at work to substantially contribute to or
detract from the overall magnitude of precipitation.

A case in point is direction 2, speed 2 for 1968-69 (Figure 15)
when the regression equation severely overforecast precipitation. One
of the probable large scale influences contributing to this light pre-
cipitation was (the suspected presence of)negative horizoantal wind
shear of the upper level wind field (and therefore, large scale subsi-
dence). Both Rasmussen (1963) and Rangno of EG&G (1970) have emphasized
the necessity for positive (cyclonic) horizontal shear of the 500 mb
wind over the study area for precipitation occurrence. Another variant
is simply the timing of movement of the moist air into the area. Pos-
sibly both effects can actually be seen by close scrutinity of Figure 15
in combination with Figure 18, It is at least notable that stations in
the northwest part of the region and/or near the San Juan crest show
the least deficit in observed versus calculated precipitation values.
This is also true in Figure 16, while Figures 14, and 17 show just the
opposite effect with high relative precipitation values over the south
or southeast part.

4.3.2 Test Points Near Silverton

Silverton rests in a local area of extremely complex ter-
rain. Yet, this study attempts to correlate precipitation to terrain
slope features by computing mean values of elevation (and then differ-
encing those to obtain slope) using only three data points over an ever-
widening arc with distance from the station (Figure 4). Therefore, in
order to determine the validity of (1) the general regression equations

for other points within the area of study and (2) the Silverton equation
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for points in {its immediate vicinity two points only 5 km from Silverton
were chosen and their elevation and slope values computed.

These values were input to the appropriate regression equations.
The envelope of reasonable calculated values was deemed to range from
50% to 200% of the Silverton observed precipitation for Test Point 1
(with similar terrain profile to Silverton) while for Test Point 2
(on a mountain top 4,000 ft. higher tham Silverton) the range was set
at 50% to 300%. These ranges were selected based on winter field
project experience at several locations in the Colorado Rockies and -

are documented by reference to Rhea, et al. (1969).

As can be seen, The calculations using the equation set for speed
and direction held constant (Section 4.2.1) for both test points near
Silverton generally fell within reasonable range of the observed Silver-
ton precipitation. On the other hand, negative precipitation values
were calculated for several direction categories from the Silverton
regression equation (Section 4.2.5) using test point terrain factors
and are meaningless. In truth, the overall seasonal average precipita-
tion likely averages 1.5 to 2.5 times as great for Test Point 2 as
for Silverton. Test Point 1 probably receives seasonal average

precipitation amounts within *30% of the Silverton mean value.

4.3.3 Steamboat Springs Test

A test for applicability of the resulting regression equa-

tions in other geographic areas was made using Steamboat Springs slope
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and elevation factors as independent variables for input to the equa-
tions. Steamboat Springs is located roughly 180 nautical air miles
north-northeast of the main area of study (Figure 3). Thus, Grand
Junction 700 mb wind should have the same degree of validity for Steam-
boat as for the study area.

Calculated negative values of precipitation at Steamboat in
relation to the station terrain profiles (and observed precipitation
values) point up the virtual lack of applicability of the exact set of
San Juan regression equations (from Section 4.2.1 holding speed and
direction constant) for this peoint. On the other hand, calculations
from the general regression equation of Section 4.2.3 at least trended
correctly in relation to observed Steamboat precipitation.

In fact, a closer look at these calculations from the general re-
gression equation in Figure 20 ylelds several interesting inferences.
First of all, considering that the correlation coefficient associated
with the historical data on which the regression equation was based was
only 0.68, the visual correlation between calculated and observed
Steamboat Springs values is surprisingly high. Secondly, the calcu-
lated (it)i,j,k values are systematically low for most direction cate-
gories. The very high correlation within a given direction category
for differing wind speeds (see, for instance, directions 2, 4, 5 and 6)
implies considerable physical realism in the general regression equa-
tion, but cautions that calibration to fit specific local terrain

peculiarities is required to adjust the magnitude of calculated values.
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Figure 20. Scatter plot of calculated vs., observed 12-season (R¢)i, j,k
for Steamboat Springs. Calculatiens were made from the
general regression equation of Section 4,2,3 (with no at-
tempt to isolate the non-orographic precipitation components.)
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The over-prediction for direction 1 (175-204°) is consistent with the
observational fact that for this wind direction the general area cover-
age and intensity of (non-orographic) precipitation is much lighter

for the Steamboat Springs area than for the section of southwest Colo-
rado where the regression equation (usingit instead of 55) was derived.

4,4 Other Tentative Studies

4.4,1 Saturated Laver Depth Variations

This study has to this point ignored variationms in satura-
ted layer depth (J'PdP) and duration (idt) even though they are indi-
cated to be potentially very important from Equation (3.7) in Section
3.1.3. This has been done largely because of the lack of knowledge
of such variations which can be determined directly from the coriginal
data sources used. This section briefly considers variations in
j dp = AP.

P

It was assumed for argument that due to the passage of migratory
waves and their attendant wind fields and vertical motions there should
be an average systematic decrease in AP with veering wind. For south-
southwest and southwest 700 mb wind, (i=1+2) the cloud depth was esti-
mated at 275 mb (extending from 725 mb to 450 mb) which is similar to
that estimated by Chappell (1970). For north-northwest through north-
northeast 700 mb winds (i=6+7) it was estimated at 125 mb (from 725 to
600 mb) partially due to observation and also as an estimate of oro-
graphic vertical wave length to the first zone of negative vertical
motion (Willis, 1970) for stably stratified flow. For lack of any
better approximation a linear change in AP was assumed between these

direction extremes.
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Now from the early part of the study described in Section 4.2.4,
the slope of the visual best fit regression lines from scatter plotting
dit)i,j,k vS. Vzi,k,3 (one line for each direction category) decreased
as shown by example in Figure 10as wind direction became more westerly
and northerly. (Another way of saying this is that the inter-station
range of (§k)i,j,k was lower for more westerly and northerly direc-
tions.) Reference to equation (3.7) for orographic precipitation shows
that regression line slope (obtained from Figure 10) should be propor-

tional to the quantity:

S

-
2as
gP gt V1500 Gz 2700 4t 4P

In the early study of Section 4.2.4 for which the Figure 10 scat-

-+
ter plot series were constructed |V|70o was constant and J;dt was as-

sumed to always be 24 hours. Therefore,

regression line slope (from Figure 10) C(;(—a--qg

5z 2700 OF

Figure 21 shows the surprisingly high correlation of AP * (233)700

to regression line slope. This implies the feasibility of refining this
study to include more realistic estimates of AP.

4.4,2 Duration Variability

Tabulated along with the original daily data was 700 mb
temperature-dewpoint spread (dewpoint depression) as a rough indication
of humidity. From forecasting experience in western Colorado it can
generally be safely stated that little if any precipitation will occur
(at altitudes below 11,000 ft, MSL at least) if the spread exceeds B°C.
This is a liberal estimate of delineating moist from dry air, and 5°C

is frequently better. However, using a dewpoint depression of >8°C as
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text for details.
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the definition of dry, non-precipitating conditions, a duration strati-
fying factor was applied to the original daily data comprising the

sample from which (Rt) (i.e., for the west-southwest, medium speed

3,2,k
data set) values were computed. The factor, t, was defined as 3/3 when
all three map times had dewpoint depressions of <8°C, 2/3 for 2 of the
mavs with this condition, 1/3 for 1 and O if all three maps exhibited
>8°C depressions. Values of t-factor were thus computed. Next the
regression equation for 1 = 3, j = 2 from Section 4.2.1 was invoked but
calculated values were first multiplied by the t-factor and then scatter-
plotted opposite observed values (Figure 22). It should be pointed out
that the five stations with measurable observed precipitation for t = 0O
are all located in the northwest part of the region and/or very near

the ridge crest. Results strongly suggest that further refinement of
this study to include variable duration could lead to reasonable quanti-

tative short-term predicters.

4.4,3 Non-Orographic Precipitation

As mentioned in Section 4.2,4, an estimated non-orographic
component (Rg +ac)i,j,k of precipitation was isolated inan early part
of the study. Through the vorticity and divergence theorems this com-
ponent should be directly proportional to values of é . (%%EO' AP where
& is the time rate of change in absolute vorticity. Vorticity charts
were available on micrefilm for study from 1961 and later. Unfortun-
ately they only overlap approximately half of the original study data.
However, values of maximum 12 hour vorticity change within the 24 hour
period of concern were calculated by Rangno (EG&G, 1970) and mean values

of Enax computed for each direction category. The resulting scatter

plot of £ ° G%%g)' AP vs. (Rq +‘§E) i,j,k in Figure 23 again implies
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the feasibility of refining the study to isolate and take into account
the non-orographic component to arrive at a useful estimate of total

precipitation.
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5.0 SUMMARY AND CONCLUSIONS

The primary objective of this study was to gain knowledge of the
terrain (ocrographic) effect on winter precipitation in a mountainous
region. It pursued this knowledge by systematically studying average
24 hour precipitation at given points in relation to the products of
wind-direction dependent terrain slope factors, wind speed, and the
local vertical lapse of saturation mixing ratio,(%%gi.

Standard linear multiple regression techniques were used to develop
regression equations for station precipitation, using a 12 winter sea-
son record for fifteen (15) NOAA climatological stations in south-
western Colorado, and area topographic maps to determine terrain fea-
tures (for independent variables). 700 mb wind directions, speeds,
temperatures and dewpoints for Grand Junction, Colorado were tabulated.
Wind direction and speed stratifications therefrom were applied to the
precipitation data set (which was comprised of days on which at least
one station received measurable precipitation). Estimates of (%%g)
were obtained for the 700 mb level using the Grand Junction 700 mb
temperature,

Two winter seasons (November-March, 1967-68 and 1968-69) of pre-
cipitation data were used to check the ability of the derived multiple
linear regression equations to specify both station total seasonal
precipitation and sub-total, within given speed and direction categor-
jes. The more general applicability of these equations was also
tested by selecting two points within 5 km of one of the original data
stations. Their terrain slopes and elevation factors were computed and
used as independent variables to obtain predicted values of test point

precipitation, which were then compared to nearby readings from the
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original data site. Applicability to more distant geographic areas was
tested similarly by selecting a station some 200 miles distant and
treating it in the same manner as the above two test points.

The bulk of the study ignored variations in (1) estimated mean
cloud depth, (2) duration (within the 24 hour period) and (3) nonoro-
graphic influences on precipitation. Brief attention to such varia-
tions was given in Section 4.4.

Conclusions that can be drawn from the study include:

(1) When viewed in relation to major terrain features and 700 mb
wind direction, the contour patterns of the dimensionless normalized
24 hour average precipitation ratios, (§£)i,k/(ﬁt)k’ plainly showed
the strong effects of upslope/downslope terrain patterns on this
relative precipitation. [NOTE: (it)i,k is the 12-season November -
March average 24 hour precipitation for point k occurring within a
30 degree sector of 700 mb 24 hour average wind direction (i=1,2...,12),
while (E£)k is overall 12-season November - March average 24 hour
precipitation for point k regardless of wind direction.]

(2) Multiple linear regression of the 12-season direction - and

speed - stratified average 24 hour precipitation [(Eg)i k] for the
»

J»
set of k stations to elevation and the set of terrain slope factors
yielded multiple correlation coefficients of 0.80 to 0.98 when the
regression analyses were performed holding direction, i, and speed, j,
constant [NOTE: Terrain slope was computed over eight distance scales
about each station for each wind direction (i) category, and these

values were then multiplied by 700 mb wind speed and local vertical

change in 700 mb mean saturation mixing ratio]. Highest single

correlation (r = 0.70 to 0.85) was generally noted with respect to

either the slopes computed over the distance 10 km downwind to 20 km
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upwind or 40 km downwind to 40 km upwind. Precipitation was also
frequently highly correlated to slope measured over the distance 10 km
upwind to 50 km upwind. Correlation to station elevation was generally
quite negligible.

(3) When first letting wind speed vary, and then permitting both
speed and direction to vary, resulting sets of multiple correlation
coefficients became progressively lower but still showed 0.68 for
speed and direction both variable with a sample size of 405 (15 preci-
pitation stations, each with averages for 27 combinations of i,
(direction) and j, (speed)).

{4) A rough attempt to next isolate an average non-orographic
component (by direction category), remove this component from the
sample precipitation data and then perform regression analysis for the
variable speed and direction total sample yielded only slightly higher
correlation (r = 0.71).

(5) Regression analyses for individual stations (thus allowing
free range of the 27 (i, j) joint stratifications) yielded r-values of
0.51 to 0.98. Stations with the lowest correlations were noted to be
topographically most complex or situated in complicated snow crystal
"spillover" regions.

(6) Reasonable ability to account for seasonal precipitation (or
at least the orographic portion) from the regression equation derived
for individual 1, j categories and also for individual stations was
found by testing the equation for two additional seasons. Correlation
between calculated and observed precipitation values for each season
and by each method ranged from 0.89 to 0.93. Substantial over or

under-prediction sometimes occurred, yet correlation remained high.
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This implies systematic variation in large scale influences affecting
the total precipitation.

(7) Qualitative applicability of the regression equations derived
for all stations by holding direction and speed constant was noted for
two test points, each 5 km from one of the original data stations
(Silverton). However, virtually no consistent applicability could be
seen for either test when using the Silverton regression equation and

the terrain factors of the test points.

(8) A test of the applicability of the general regression equation
to other geographic areas (using Steamboat Springs located 200 miles
north of the main study area) showed good overall correlation of calcu-
lated to observed values of precipitation. Observed values were
generally considerably higher than predicted., Exceptions to this
generalization are partially explicable on the basis of systematic dif-
ferences in non-orographic precipitation components between the two
areas for given wind directions.

(9) Brief tests exploring the feasibility of refining the study
toward a short-term predictor of orographic precipitation were all
very encouraging. These included briefly relating (1) inter-station
range in precipitation for a given speed and direction category to
estimated cloud depth, (2) estimated non-orographic precipitation com-
ponent to average maximum 12 hour vorticity change and (3) variations
in observed precipitation at a given station within a given speed and
direction category to variations in duration of moist air and the in-

homogeneous digtribution of moist air across the area of study.
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