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EXECUTIVE SUMMARY

The Mogollon Rim, a mountain range located north through east of Phoenix, produces most of
the runoff originating in Arizona. The mountains act as a barrier, forcing moving air to rise and
descend in conformance with the terrain. The ascending air cools and, if moisture is present,
clouds form, some eventually producing precipitation. This process, known as the orographic
precipitation process, is generally well understood and occurs to some degree in all winter
storms crossing the Mogollon Rim. Reclamation (Bureau of Reclamation) and the ADWR
(Arizona Department of Water Resources) have collaborated on field and modeling studies of
seeding material targeting and orographic precipitation processes. This report describes the
results of the modeling studies.

In the past several decades, many research studies have been performed on the augmentation
of precipitation from orographic clouds (e.g., Grant and Mielke, 1967; Mielke et al., 1971; Elliott
et al., 1978; Super and Heimbach, 1983; Reynolds and Dennis, 1986) similar to those that occur
in Arizona. Recognition that Mogollon Rim winter clouds may be seedable to produce additional
precipitation led to the initiation of the ASAP (Arizona Snowpack Augmentation Program)
involving cooperative research studies between the ADWR and Reclamation. The research is
aimed at assessing winter cloud seeding potential on the Mogollon Rim and developing a cloud
seeding technology that can lead to additional precipitation and runoff.

The initial effort under ASAP was a preliminary cloud seeding feasibility study (Bureau of
Reclamation, 1987) using existing data. Recommendations in that study led to the conduct of
field experiments on Mogollon Rim clouds during early 1987 and 1988 (Super et al., 1989). The
results of the field experiments were encouraging, suggesting that cloud seeding on Mogollon
Rim may be feasible. A 5-year plan was subsequently developed (Super et al., 1991) that called
for the conduct of additional field experiments to test and refine conceptual models of cloud
physical processes and determine the feasibility of a follow up randomized seeding program.
The latter would estimate seeding effects on watershed precipitation and runoff expected over
long periods, such as several winters.

The Arizona field experiments produced valuable insight into future experimentation needs.
Analyses of field data suggested that numerical models could be useful in the planning,
conduct, and evaluation of future Arizona cloud seeding experiments. Successful modeling
studies have been conducted recently for other geographical locations with Reclamation
assistance. Two such programs include the SCPP (Sierra Cooperative Pilot Project) (Reynolds
and Dennis, 1986; Rauber et al., 1988) conducted in the Sierra Nevada, and a Moroccan cloud
seeding project (Matthews et al., 1989) performed in the Atlas Mountains of Morocco.
Consequently, a cooperative modeling effort was pursued as part of the ASAP.

A targeting model would be useful to future seeding experiments if it could yield, for given
cloud conditions, proper ground seeding dispersal points and aircraft seeding tracks that would
target additional precipitation for desired watershed areas. An orographic precipitation model
that could accurately estimate daily precipitation at grid points of a fine mesh grid also could
improve future seeding programs. Consequently, a targeting model and an orographic
precipitation model were selected for adaptation to the Mogollon Rim. Preference was given to
models that required minimal inputs and were fast running on microcomputers. Such
operational models can be employed on a real-time basis in the field.
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Airflow and Microphysics Targeting Model Study

The model selected for adaptation to Arizona was the SCPP model (Rauber et al., 1988). The
adapted model is called the AAIM (Arizona Airflow and Microphysics) model. It has been
adapted to the Mogollon Rim and performs well for operational applications of targeting
seeding material to produce precipitation in the desired "target area." AAIM model adaptation
and validation were based on data collected in the 1987 ASAP. The model is a fast objective
diagnostic tool that is useful for daily decision making in field programs. The AAIM model was
adapted to simulate the effect of lifting over a simplified barrier with a ridge orientation of
315 to 135°, which is perpendicular to the 225° winds that are typical of many significant
precipitation events. It diagnosed the airflow and thermodynamic conditions based on data
observed in soundings from rawinsondes or aircraft systems during 1987 field operations.

Model diagnoses of airflow and ice crystal trajectories appear to match observed airflow
patterns and range of likely crystal trajectories. The model plume top was generally within
200-500 m of that observed and model plume width was within 3 km of the observed width.
Plume positions downwind of SF 6 (sulfur hexafluoride) tracer release points generally matched
the aircraft observed plume patterns and were within 2-5 km of the observed position at HJK
(Happy Jack). However, results show that the model is sensitive to sounding variations that
often occur within 3- to 6-h periods and within distances of 100 to 200 km. These variations
produced significant changes in model predictions of plume and ice crystal trajectories. This
variability suggests that rawinsondes observed at 3- to 6-h intervals during field operations and
observed at a two sites, one upwind of the barrier and the other along the Rim, will improve
model performance.

Case study results suggest that ground-based seeding may be effective in about a quarter of the
precipitation events. Two types of storms appear to have potential for ground-based seeding:
cold mid-winter storms with surface freezing temperatures over the Mogollon Rim, and late
winter unstable convective systems with deeper vertical transport of seeding nuclei.
Temperatures over the Rim at this low latitude are often too warm for ground-based seeding;
therefore, airborne seeding will likely be required for most conditions. Model tests of airborne
seeding suggest that the AAIM model will be a useful tool for positioning the seeding and cloud
physics aircraft. The limited sample of cases studied in 1987 precluded broad generalizations
regarding suitable seeding generator sites and flight tracks; still, they provided a useful model
adaptation test.

Comparisons with coarse resolution simulations from the more sophisticated,
three-dimensional Clark (1977) model show that the AAIM model did not capture
three-dimensional, time-dependent features of flow over the Mogollon Rim; but it did capture
the essence of the targeting information. More accurate and detailed results from the Clark
model provide better theoretical information and guidance; but this model has not been proven
as an economical operational real-time tool for weather modification field projects. Current
studies by Gall and Bruintjes will evaluate the operational application of the Clark model and
help determine the role of the AAIM model in future field proj ects. At this time, we recommend
the AAIM model as an operational tool for real-time decision making.
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Additional studies and field tests of the model are recommended to evaluate model performance
and to improve our understanding of the physical processes controlling transport and diffusion
of seeding materials. Cloud physics experiments are recommended to better understand the
precipitation processes and improve the modeled simulations ofthese complex processes. These
projects should involve comparisons with the high resolution Clark model simulations and its
coarser resolution operational version. During the initial field tests of the operational version of
the Clark model, parallel runs with the AAIM model are recommended as a backup to provide
timely information.

Orographic Precipitation Model Study

The orographic precipitation model selected for adaptation was a model developed by Rhea
(1978). This grid point model attempts to simulate only the most important physical processes
involved in orographic precipitation. The two-dimensional, steady-state, multilayer model
accounts for moisture flow from any direction by employing 36 grid arrays of topography, one
for each 10° of the compass, at a grid point spacing selected as 10 km for Arizona. The model
computes effects of terrain rate-of-rise, "shadowing" by upstream barriers, and vertical
displacement of the individual air layers resulting from interaction with the underlying
topography. Enhanced rise of air layers over the highest terrain is employed to simulate effects
of convection, the only model feature aimed at this process. A simple formulation based on the
temperature of a high-altitude moist layer is used to calculate the precipitation efficiency.

The model requires only a limited number of inputs. It needs only twice daily rawinsonde data
at the upwind border of the model domain, consisting of estimates of the pressure height,
temperature, relative humidity, and the wind direction and speed. For each geographical
region, the model must be given the positions of precipitation gauges or other locations of
interest and descriptions of watersheds for which computations are desired. Outputs produced
in each model run are precipitation estimates at each grid point and other positions denoted in
inputs, and volume precipitation (precipitation integrated over all area contained in each
watershed) for each designated watershed. Point and volume precipitation can be integrated in
successive runs over selected time periods such as months or seasons.

The adaptation process for the orographic precipitation model employed rawinsonde data for
the 10 winters of 1978-88, from Desert Rock in southern Nevada and Winslow and Tucson in
Arizona. Ground truth was obtained from daily precipitation data from 11 gauges distributed
along higher elevations of the Mogollon Rim. The model computed daily estimates of the
precipitation for each gauge location and also the mean value for the 11 gauges. The model
generated means were then compared with the corresponding ll-gauge mean values.
Precipitation differences of model and gauge estimates and correlation values from data pairs
assisted in adjusting model parameters.

Using preferred model parameters, the correlation obtained of model estimated precipitation
versus respective gauge means, for 1683 days ofthe 10 winters, was 0.75. When monthly sums
rather than daily totals were employed, the correlation improved to 0.92, indicative of reduced
noise by integration in time. The lO-winter sum of daily ll-gauge means was 3326.2 mm
(130.95 in) versus 3369.3 mm (132.65 in) estimated by the model, a 1.3 percent overestimate.

Application of correlation analysis to monthly volume precipitation for the Verde River
watershed and stream gauge measurements from the Verde River below Tangle Creek, above
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Horseshoe Dam, yielded a correlation of 0.66. The similar analysis for the monthly sums of the
two gauges, Salt River near Roosevelt and Tonto Creek above Gun Creek, and corresponding
model estimates, produced a correlation of 0.56. The analyses were also performed with stream
gauge totals from the seasonal runoff period of November through June, and corresponding
model volume precipitation obtained by integration over November through April. The
correlation obtained for the Verde watershed was 0.84, and for the Salt-Tonto watersheds the
value was 0.97. The sample size was 10 seasons in the seasonal analysis and 60 months in the
monthly analysis.

Model runs and precipitation data were employed to study features of winter storms of
importance to cloud seeding feasibility and application. On the average, precipitation was
recorded by at least 1 of the 11 Mogollon Rim precipitation gauges about 85 days per winter
(here November through April). Modeling showed that about 88 percent of Mogollon Rim
winter precipitation occurred with moist southwest steering-level winds (taken here as the
700-mb level, near 3000 m or 10,000 ft).

Additional results indicated that nearly all precipitation occurred with 500-mb (near 5500 m or
18,000 ft) temperatures within the cloud seeding window of less than or equal to -10°C and
equal to or greater than -27 °C, suggested in some studies (e.g., Grant and Elliott, 1974) to lead
to positive seeding results. However, temperatures at the 750-mb level (near 2500 m or 8200 ft)
during storms were rather warm, frequently exceeding -6°C and sometimes above freezing.
Warm temperatures at this level can present a formidable problem to cloud seeding by
ground-based generators because temperatures above -6 °C substantially decrease the
formation of ice crystals from seeding with commonly available agents. If clouds contain
supercooled liquid water, a necessity for successful cloud seeding, it is often concentrated in the
first kilometer above the barrier crest (in the vicinity of the 750- to 700-mb zone over the
Mogollon Rim, where diffusion can deliver the ground-based generator produced seeding agent).
Comparison of 750-mb temperatures from regional soundings employed in the model, with local
soundings collected by Super et al. (1989) near Camp Verde located just west of the Mogollon
Rim crest, show the regional sounding temperatures exceeded the corresponding local sounding
values by a couple degrees, considered insufficient to materially allay concern for difficulties
with ground-based seeding in some, and perhaps many, Arizona storms.

Wind speeds at 700 mb, important for targeting the seeding agent in winter storms, were also
analyzed. Though this level is sometimes above the layer of most interest for transport of the
seeding agent, it serves as an index of wind speeds for the transporting layers. Many productive
precipitation episodes occurred with higher wind speeds. About as many precipitation days
(days with at least one gauge recording some precipitation) occurred with winds exceeding
15 m S_l as with winds ofless than 5 m S-l. However, weak wind cases accounted for only about
12 percent of strong-wind precipitation amounts. These analyses suggested the need for further
study on whether weak wind cases can be modified by cloud seeding to obtain a higher
precipitation efficiency.

In summary, the adapted orographic precipitation model will produce useful estimates of daily
precipitation at grid points spaced at 5 or 10 km over the Mogollon Rim and develop volume
precipitation for the Salt-Verde watersheds. The model should be useful in planning future
cloud seeding experiments, developing seeding suspension criteria, constructing daily weather
forecasts necessary for seeding operations, and designing and performing the evaluation of
cloud seeding effects on precipitation and streamflow. Additionally, model generated grid point
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precipitation can be employed as input to a physical hydrologic model that estimates daily
runoff.
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1. INTRODUCTION

1.1 Clouds and Cloud Seeding in Arizona

Although Arizona depends heavily on ground water and water from upstream States that are
pumped from the Colorado River, runoff originating within the State is still an important
component of its total water supply. Most of the runoff that originates within Arizona comes
from the mountainous northern half, in particular, from the Mogollon Rim.

The Mogollon Rim is a range of mountains located to the north through east of Phoenix. A
computer-generated view of Arizona's terrain from a vantage point above the southwestern
area ofthe State clearly shows the Rim (fig. 1.1). Summit elevations generally run 2000 to 2500
m (6560 to 8200 ft), although a few peaks exceed 3000 m (9840 ft). San Francisco Mountain
north of Flagstaff, and the White Mountains east-northeast of Phoenix, are the two most
prominent high elevation areas of the Rim.

~

~

~ ~<;Q

~ S:.

~

"6'
'"

Figure 1,1. - A computer-generated view of Arizona's terrain from a vantage point above the
southeastern area of the State shows the MogollonRim. .
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Winter storms force air currents up and over the Mogollon Rim. Some moisture condenses ITom
the ascending air to form clouds and, sometimes, snow or rain. This rain or snow is called
orographic precipitation because of the role orography plays in producing it. The orographic
precipitation process is fairly well understood, as shown schematically on figure 1.2.
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Figure 1.2. - Schematic of the orographic precipitationprocess.

The character of winter storms impacting the Mogollon Rim suggests some potential for
precipitation augmentation by the application of weather modification technology. Recognition
of this possibility has led to inquiry of the status of the technology and the feasibility for
application in Arizona.

The ADWR (Arizona Department of Water Resources) and Reclamation (Bureau of
Reclamation) began cooperative studies in 1985 in a research program known as the ASAP
(Arizona Snowpack Augmentation Program). The main purposes of the research were to assess
the potential for winter precipitation augmentation on the higher elevations of the Mogollon
Rim and develop a precipitation management technology capable of enhancing the winter
precipitation that in turn could be expected to increase streamflow and ground water recharge.

The initial effort under ASAP was the performance of a feasibility study (Reclamation, 1987)
that determined cloud data collection was warranted. Consequently, Reclamation's WAG
(Water Augmentation Group) conducted field programs on the Rim in 1987 and 1988 (Super et
al., 1989). The 1987 program was based at HJK (Happy Jack). Data were collected using a
meteorological C-band radar, microwave radiometer, acoustic sounder, aspirated 2D-C probe,
and conventional surface instrumentation. An instrumented aircraft collected cloud physics
data and tracked plumes of a gas tracer released to simulate seeding. The 1988 program was
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based at Hannigan Meadow in the White Mountains, not far from the New Mexico border. It
used a smaller set of instrumentation, of which the most important components were the
acoustic sounder, the microwave radiometer, and the aspirated 2D-C probe.

Field data analyses were aimed at determining winter cloud characteristics, including
supercooled liquid water distribution and precipitation production. Specific analyses, including
transport and diffusion studies, dealt with assessing the feasibility of cloud seeding with
ground-based AgI (silver iodide) generators.

Under a follow-on agreement, Reclamation prepared a detailed plan for a possible, additional
5-year research program. The suggested program would include physical experiments to test
and refine hypothesized physical processes that follow cloud seeding, and determine the
feasibility of a follow up randomized program (Super et al., 1991) that would quantify effects
from seeding for long periods, such as several winters.

Results of the 1987 and 1988 Arizona experiments and modeling studies in the SCPP (Rauber
et al., 1988) and a cloud seeding project in Morocco (Matthews et al., 1989) suggested that
future Arizona experiments could be improved by using numerical models. This report covers
the adaptation, testing, and some applications to the Mogollon Rim, of a seeding agent
targeting model and an orographic precipitation model. Both are operational grid point models
that are easily run on microcomputers.

1.2 Use of Numerical Models in Weather Modification Projects

The models that guided the first weather modification projects were purely conceptual. For
example, cloud seeders hypothesized that the precipitation efficiency of supercooled clouds
would be enhanced by the addition of artificial freezing nuclei to promote formation of ice
crystals. Targeting of the seeding agent was hampered by lack of knowledge. Projects were
evaluated principally by the comparison of precipitation observations from seeded areas with
observations at nearby unseeded control areas and by randomized experiments.

Numerical models were introduced into weather modification experiments in the 1960s. They
have been used to assess seeding opportunities, provide estimates, and predict potential
seeding effects in real time during seeding experiments. Originally, because oflimitations ofthe
computers used, most ofthe modeling had to be done well before field experimentation, to aid in
project design and selection of days for seeding trials, or after the experimentation, to aid in
evaluation of results. The availability of powerful, portable computers and communications
systems in recent years has made it possible to introduce numerical models into the decision
making process during the actual conduct of cloud seeding. To obtain maximum benefit for
money spent, any future experiments in Arizona should have such tools available.

Future field experiments may be designed to study precipitation in specific watersheds. Cloud
seeding for each watershed may be done by aircraft and/or ground-based seeding generators.
Proper selection of the seeding generator locations and/or the flight paths for the seeding
aircraft is of primary concern to the success of operations.

A targeting model can assist in the design of field programs by determining seeding generator
sites and potential flight tracks that conform to principal storm patterns and conditions. During
operations, a targeting model can provide real-time information for decision making, including
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selecting aircraft seeding tracks and ground-based generators that are appropriate for
operation under existing wind and stability conditions.

Cloud seeding projects also need models that predict the natural precipitation. Predictions for
the complex terrain of the Mogollon Rim would be useful for planning the conduct of daily
operations and determining the cloud treatment effects on precipitation. A properly adapted
orographic precipitation model can develop a fully objective estimate of the natural
precipitation that can then be used as a covariate in the evaluation process. Additionally, the
model can be used to help in the development of cloud seeding suspension criteria.

Chapter two explains the results of the adaptation, testing, and application of the targeting
model to the Mogollon Rim. Similarly, for the orographic precipitation model, these processes
are discussed in chapter three. User's Guides for each model are provided in two appendixes.
Appendix A is a user's guide for the targeting model. Appendix B is a user's guide for the
precipitation model.

2. ARIZONA AIRFLOW AND MICROPHYSICS MODEL

2.1 Model Development

2.1.1 History and Adaptation to Arizona. - The targeting model selected for the ADWR
has been used extensively in other research programs in California and Morocco. It grew out of
an "area-of-effect" model developed by Elliott (1971) to guide operational cloud seeding projects.
The area-of-effect model evolved into the "Guide Model," that was used to predict the
area-of-effect in orographic seeding experiments in the late 1970s.

The Guide Model was a two-dimensional, steady-state model representing a vertical plane
cutting across a mountain range or ridge, which was assumed to be uniform along its length.
An important feature of the Guide Model was the assumption that airflow across the barrier
followed fixed flow channels, which were designed to mimic observed cross-barrier flows. The
computer program used different flow channels for unstable-neutral or stable conditions as
appropriate. Seeding nuclei from ground generators were dispersed as a plume drifting with
the low-level flow until entrained into clouds. Growth of ice particles by diffusion and accretion
was simulated as the plume rose through saturated layers.

The SCPP, which was operated over and near the American River Basin of north em California,
developed the Guide Model into a quasi-three-dimensional diagnostic targeting model that
provided aircraft seeding tracks required to direct seeding effects to a specified point. on the
ground (Rauber et al., 1988). Huggins et al. (1985) provided more detailed descriptions of the
design of flow channels used in the SCPP model. The SCPP model determined the best seeding
flight track upwind of a predetermined ground target. The process involved:

(1) manual analysis of soundings to find the appropriate flight level for the release of the
seeding material used in each case;

(2) an estimation of the liquid water content of the cloud system from radiometer,
soundings, or other aircraft data; and

(3) execution of the targeting model.
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The model computed the SLCP (seeding line centerpoint), which the operations director relayed
to pilots for their initial flight plan. During the flight to the SLCP, a sounding was taken and
relayed to the ground to reinitialize the model with current information. Results were then
used to determine the first pass flight track along the revised seedline. If conditions were
appropriate, seeding was conducted, if not, a revised SLCP for another flight level was
computed. The aircraft checked this site and, if criteria were met, seeding began. The Atlas
version of the SCPP model was used in a similar manner in the Morocco Winter Snowpack
Augmentation Project. Matthews et al. (1989) describe its application to the High Atlas
Mountains of Morocco.

The AAIM (Arizona Airflow and Microphysics) model was adapted from a generic version ofthe
SCPP (Sierra Cooperative Pilot Project) targeting model modified by Dr. Terry DesWer and
described by Rauber et al. (1988). The AAIM model was adapted to simulate conditions along
the Mogollon Rim in central Arizona. The adaptation of the SCPP model to produce the AAIM
model required four basic modifications to the program. First, the local terrain cross section for
the Mogollon Rim was added to the model. This addition required selection of the upwind
boundary and terrain elevations typical ofthe transect through the ALT (Allen Lake Tank) and
HJK central Mogollon Rim region. Figure 2.1 shows the region from Phoenix to Flagstaff with
the AAIM model 2250 grid overlay. ALT is located 7.4 km north ofHJK falling within the same
grid box in the coarse 10 km resolution of the model. The ALT location is plotted in cross
sections for purposes of model presentations and future model applications during operations
from the ALT area. The 2250 grid orientation is nearly perpendicular to the NW-SE axis of the
mean barrier crestline. Interestingly, Super et al. (1989) found that the prevailing flow during
most heavy precipitation events was from the southwest. This grid orientation provides
maximum lifting effects under these conditions. The local terrain is somewhat homogeneous,
permitting the assumption of a uniform terrain slope along the length of the crest (y-axis). Line
AB shows the location of the transect used for the model terrain.

The second adaptation step was the vertical adjustment of the midflow channel height to the
Arizona terrain for stable conditions. The midflow channel was nearly parallel to the terrain at
a level -350mb above the ground shown by line 7 on figure 2.2. At the left boundary of the
domain, the midflow channel was located at -550-mb pressure level. Midpoints of each flow
channel are plotted with flow channels numbered from the bottom (1) to top channel (12) to the
right of each channel. This figure shows the vertical structure of the model domain with surface
terrain for Arizona; flow channels and top of the domain are indicated in pressure and height
coordinates for stable cases. The maximum lifting along this channel was assumed to be 60 km
upwind of the Rim over the first major ridge southwest of HJK at the wave crest. Theoretical
studies show that the primary mountain wave propagates upstream of the crest (Smith, 1979).
Aircraft measurements in SCPP showed the airflow crest at 40 km upstream of the Sierra
crest. Results from the Clark model (1977) simulations for Arizona show that this wave crest
occurs between the crest of the Mogollon Rim and 80 km upstream of the crest and varies with
the stability and intensity of flow conditions.
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Figure 2.1. - The Mogollon Rim region showing the three-dimensional topography
used in the Clark model (a) and a contour map of the area from Phoenix (PHX)
to Flagstaff (FLG) showing the AAIM model's 2250 grid overlay (b). Key points
used in the model simulations are identified by bold letters on the map; numbers
indicate locations of simulated seeding generators. Line AS shows the AAIM
model cross section through Happy Jack (HJK). Three-dimensional topography
from the Clark model illustrates the limrtations of simplifying assumptions used
in the two-dimensional AAIM model, which performs remarkably well in this
complex terrain.
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Figure 2.2. - Schematic of the AAIM model vertical cross section along line AS
shown in figure 2.1. Heights of the midpoint of channels for stable conditions are
labeled from 1 to 12 for the surface to top channels, respectively. Arrows show
the airflow through the channels.

The third adaptation step was the adjustment of the midflow channel for neutral-unstable
conditions. Figures 2.3 and 2.4 show the difference in the stable and unstable flow channels.
Stable flow channels represent the simple stratiform cloud conditions, whereas neutral-
unstable channels attempt to represent more complex convective vertical motion fields that
produce deeper cloud development. The scientist who runs the model must determine the type
of stability for each case from local soundings, and then select the appropriate stability option.

The fourth step required locating specific field sites within the AAIM model grid using model
coordinates. The seeding generator sites, sounding locations, VORfDME aircraft navigation aid
site, and landmarks for the Arizona Program were located in the model coordinates. These
observations used a different archival format than previous data sets, hence the model
initialization procedure was revised for Arizona.

2.1.2 Graphics Processor Program. - A special graphics processor was developed to
visualize the AAIM model results in a manner readily useful to the project scientists during
operations. These graphics show horizontal locations of plumes from ground seeding
generators; vertical cross sections of plumes and ice crystal fallout points; aircraft seedline
locations and ice crystal fallout points from aircraft seeding; vertical cross sections of flow
channel height, temperatures, winds, and mixing ratios; and vertical cross sections of modeled
airflow, mixing ratio, potential temperature, equivalent potential temperature, and wind
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Figure 2.3. - Vertical cross section through the Mogollon Rim at Allen Lake
Tank (ALT) along the 2250 southwest flow axis on March 15, 1987, showing
the stable flow channel structure (a) and vertical motion field (b) contours
intervals are 0.7 m s". Arrows show airflow through the flow channels.
Numbers show the flow channel from 1 in the lowest 50 mb agl to 12 at the
top of the flow channel domain. The midflow channel is shown by level 7.
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components perpendicular and parallel to the barrier. Plots from this processor are used
throughout this chapter to illustrate model features and describe various model simulations.
Further information regarding the program is described in Appendix A

2.1.3 Model Physics. - The AAIM model provides a coarse resolution analysis of kinematic
structure based on observed winds and theoretical plume transport and diffusion, using the
Pasquill-Gifford model's (Turner, 1969) neutral stability curves. The domain is extended from
the vertical slice perpendicular to the mountain barrier of interest into a quasi-three-
dimensional domain. The x-axis is transverse to the barrier and the y-axis is parallel to the
barrier. The terrain profile along the x-axis is assumed to be invariant along the y-axis. The
domain is divided into 17 10-km grid spaces along the x- and y-axes, for a total of 289 grid
points. Modeled wind and temperature structure are also assumed to be homogeneous along
the y-axis. In regions with a simple barrier these assumptions may be applied. Vertical
integration is performed at 12 levels above the surface along flow channels described in
section 2.1.4. Results are then interpolated to a fixed 200-m vertical grid. Microphysical
computations are based on parameterizations for different types of ice crystals and growth
processes described in section 2.1.5. The simulation of ground and airborne seeding is described
in section 2.1.6.

Computations of airflow and ice crystal nucleation and growth are performed in a series of
subroutines within the model (fig. 2.5). The model is initialized with an observed sounding of
temperature, dewpoint, and wind direction and speed as functions of height from the surface to
the 300-mb level (about 9200 m m.s.I.). The model may use one or two soundings to represent
conditions over the barrier. Results are generally better when two soundings are used to adjust
the flow as described in section 2.1.4. Sounding data are interpolated to uniform pressure
i~tervals and used to define flow-channel characteristics of temperature, relative humidity, and
winds over the barrier. The scientist selects the type of seeding method used in the simulation:
airborne or ground-based. Then the model computes the appropriate dispersion rate of seeding
material, the point where nucleation begins, and the growth and fallout trajectory of an ice
crystal. Finally, a summary tabulation is provided with data files for graphical plots to help
interpret the results. The following sections describe the kinematic and microphysical structure
of the model. A more detailed flowchart ofthe model is provided in the User's Guide (app. A).

2.1.4 Kinematic Structure. - The surface pressure in the AAIM model is near 900 mb at the
southwestern inflow boundary near Phoenix. The model calculates the component of the wind
perpendicular to the axis ofthe barrier in a domain extending from the surface to 600 mb above
the ground, i.e., to 300 mb. The airflow at the upper boundary of the model domain (300 mb) is
assumed to be horizontal. The barrier-perpendicular u-component is determined by assuming
conservation of mass flux throughout the domain. The midpoint ofthe domain is defined at 350
mb above the ground, that is, at the 550-mb level at the upwind boundary. The area below the
midpoint is divided into seven channels with 50-mb depth at the inflow location. The
u-component of each channel is determined by assuming mass flux conservation, such that

UiJ = Ui,l(dpi,l) (dpiJr1

where, ui,l = u-component inflow channel i at inflow boundary, Uij = u-component inflow
channel i at downwind point), dPi 1 = depth of flow channel i at inflow boundary (50 mb), and
dPij= depth of flow channel i at do~wind point}. Channels with low-level winds, i.e. less than
2.5 m S-l, are considered to be within the "dead layer" of blocked flow; no flow normal to the
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Figure 2.5. - Schematic chart showing the flow of computations in the AAIM model.

bamer is computed for these channels. When this condition occurs, the vertical integration of
the mass flux begins at the top of the blocked layer instead of the surface. The profile of the
terrain elevation is then adjusted to account for the dead layer. If no downwind observation
exists, the region downwind ofthe crest is simulated by assuming a midchannel profile parallel
to the terrain. Winds are then computed by the methods described above. Figure 2.4 shows the
vertical cross section of flow channel heights through the Mogollon Rim at HJK along the
prevailing 2250 southwest flow axis. Note the gravity wave effect of the ridge southwest of the
Verde River Valley shown by the wave 10 km southwest ofCVR.
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Above the midflow channel (from 550 to 300 mb), winds are estimated by assuming mass
conservation between the midflow channel and the 300-mb pressure surface, which is assumed
to be horizontal. This assumption artificially accelerates the winds in the upper channels over
the crest; however, these calculations have little effect on the trajectory calculations at 800- to
550-mb levels. Wind components above the midflow channel are estimated by dividing this
region into five channels of equal 50-mb pressure depth, and then computing the wind
components in a manner similar to that below the midflow channel. The v-component of the
wind is taken from the upwind sounding, or from two soundings if available, and is assumed
not to vary withy.

Vertical motion is computed based on the slope of the terrain and flow channels and the
u-component ofthe wind. Vertical motion, w, is defined as

w = u(dh/dx)

where dh/dx = slope of the flow channel between grid points

The slope of the terrain to the lee of the crest produces downward flow that parallels the
terrain. To the lee of the primary gravity wave upwind of the barrier, similar downward motion
generally occurs at the midflow channel level. Lifting associated with the barrier is generally
0.2 to 1.5 m S-l within 20 km of the ridgeline.

Figure 2.3a shows an example of the flow channels under stable conditions and the resulting
vertical motion field (fig. 2.4b) for a representative CMZ (composite sounding) on March 15,
1987, at 1800 UTC. Here the channels parallel the surface terrain, forming a standing wave
pattern. The mid-point ofthe first channel, marked by "1" on figure 2.3a, represents the flow in
the lowest 50-mb layer. In this case the bottom of the first channel is located at 900 mb and the
channel mid-point is at 875 mb. The mid-point ofthe top channel (12) is located at 325 mb and
the model top is at 300 mb. The channels below midflow channel (7) are compressed, resulting
in an acceleration of flow over the barrier.

Unstable and neutral conditions produce amplified waves with deeper regions of lifting and
increased intensity of vertical motion fields. A sensitivity analysis of the model using the
March 15, 1987, composite sounding shows the flow channels for the unstable conditions and
the resulting vertical motion field on figure 2.4. Vertical motion is amplified by -0.7 m s-l in the
lee of ridges and +0.2 to 0.5 m S-l over the ridges, producing a more distinct wave pattern
(fig. 2.4b) than in the stable case. The resulting effects on plume trajectories are discussed in
section 2.2.1. In this design, the unstable midflow channel (labeled 7) was 0.2 to 1.1 km higher
than the stable midflow channel, which effectively increased the upward momentum transfer
and reduced the acceleration created by the restricted flow over the crest. Here the maximum
value of the u-component over the crest was 9 m s-11ess than in the stable case. These changes
in the structure of flow over the barrier are generally consistent with more complex Clark
model simulations. However, they neither evolve with time, nor show the complex,
three-dimensional phase structure predicted by the Clark model for this case as shown in
section 2.2.2 and discussed in other theoretical work by Smith (1979).

2.1.5 Microphysical Structure. - Seeding is conducted under a variety of cloud tempera-
tures and supersaturations; therefore, a critical feature of targeting is proper determination of
crystal fall velocity as a function of particle habit and size. The model uses parameterized
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microphysical processes to compute particle growth (Rauber et al., 1988). These computations
provide a realistic empirical framework that describes the particle shape, mass, and degree of
riming, which determine fall velocities as functions of time. Fall velocities of particles are
computed using empirical relationships for various types of ice particles, densities, and mass.
Ice crystal growth rates are determined from empirical relationships that are dependent on
temperature and supersaturation as described by Hallett and Mason (1958), Kobayashi (1961),
Magono and Lee (1966), and Ryan et al. (1976). The AAIM model uses a parameterized routine
developed for SCPP, which computes the linear growth rates for basal (c) and planar (a) crystal
axes as specified by measurements of Ryan et al. (1976). CLW (cloud liquid water) production
and riming processes are important factors in crystal mass growth and subsequent fallout.
Observational relationships are used to estimate the onset time of riming under various liquid
water content conditions. These relationships account for the onset of riming on different types
of crystals as a function of liquid water content and determine the time required for a particle
to become heavily rimed. Several studies have examined the riming process in the Sierra
Nevada (Reinking 1974, 1979; Rodi et al. 1985; Prasad 1986). Results from their studies and
those of Heymsfield (1982) and Heymsfield and Pflaum (1985) were used to estimate the onset
time of riming under various liquid water content conditions. Rodi et al. (1985) developed a
relationship that is used in the SCPP and AAIM models today. Their method accounts for the
onset of riming on different types of crystals as a function of liquid water content and
determines the time required for a particle to become heavily rimed. Rauber et al. (1988) used
direct measurements of Brown (1970), Davis (1974), and Locatelli and Hobbs (1974) to develop
a set of parameterizations for the particle fall velocity used in the SCPP model targeting
calculations. Elliott et al. (1978) described this plume model in greater detail as applied to the
SCPP. Two limitations of the model's microphysical design are its failure to describe ice crystal
concentrations and explicitly compute the CLW. CLW is specified by the user when the model is
executed. These limitations are discussed in section 2.2.5, model limitations.

Fall velocity of ice crystals can then be determined as a function of the crystal habit, axis size,
and degree of riming. Table 2.1 shows the fall velocity equations used in the model and the
references for each relationship. Table 2.2 shows the temperature and particle axis dimension
criteria used to select the appropriate fall velocity equation for the four different ice crystal
types simulated in the model.
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Temperature (OC) Axis Crystal type

~.13 a-axis ~c-axis dendrite

>-13 a-axis ~c-axis plate

<-6 c-axis > a-axis column

~-6 c-axis > a-axis needle

Table 2.1. - Fall velocity (Vt m s.l) equations as a function of crystal major axis (centimeters).

Type Equation Reference

1. Dendrite, unrimed
Dendrite, rimed

Vt = 0.6197ao.217

Vt = 1.32a°.330
Brown (1970)
Locatelli and Hobbs (1974)

2. Plate, unrimed
Graupel

Vt = 2.96a°.824

Vt = 3.34a°.460

Davis (1974)

Locatelli and Hobbs (1974)

3. Column unrimed (e<0.09 em)

Column unrimed (e>0.090.09 em)

Column rimed

Column rimed (e>0.2 em)

Vt = 24.3c1.309

Vt =3.99c°.56

Vt =3.99c°.56

Vt= 1.62

Davis (1974)

Locatelli and Hobbs (1974)

Locatelli and Hobbs (1974)

Locatelli and Hobbs (1974)

4. Needles unrimed (O<e<O.l em)
Needles unrimed (0.l<e<0.2 em)

Needles unrimed (0.2<e<0.35 em)

Needles unrimed (e>0.35 em)

Needles (rimed or aggregated)

Vt=5e
Vt = 2.1e + 0.29

Vt = 1.2e + 0.47
Vt = 0.89
Vt = 1.5Vt (unrimed)

Brown (1970), Nakaya (1954)
Brown (1970), Nakaya (1954)

Brown (1970), Nakaya (1954)

Brown (1970), Nakaya (1954)

Brown (1970), Nakaya (1954)

Table 2.2. - Temperature and size criteria
used to determine crystal type.

Four particle growth stages from nucleation to crystal fallout are parameterized to simulate the
evolution of a precipitation particle. Diffusional growth along the c- or a-axes is simulated from
nucleation to 300 s using a 60-s time-step. No riming is permitted. A 60-s time step is sufficient
to resolve the fall velocity and effect of horizontal wind changes along the fallout trajectory. The
fall velocity after 300 s is either that for a plate (a-axis ~ c-axis) or a needle (c-axis > a-axis). At
this time the crystal habit is established and this habit is retained for the remainder of the
trajectory. Diffusional growth continues until the onset of riming, which is a function of liquid
water content specified in the initial conditions. The third stage of growth extends from the
onset of riming to heavy rime coverage. Diffusional growth continues; but, in addition, a smooth
transition from fall velocity for unrimed to that of rimed particles is calculated as

Vt =AVtr + (I-A) Vtu

where
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A = (t - to) /(tr - to)

where: t =CUITent time

to = time of onset of riming

tr = time when heavy rime coverage developed

Vtr =fall velocity of the rimed particle

Vtu = fall velocity of the unrimed particle

The final growth stage extends from the heavy rime coverage to impact with the ground.
Diffusional growth along the m~or axis continues as the particle falls as a rimed crystal.
Figure 2.6 shows a composite of terminal velocity functions for the four crystal types used in the
model.

Figure 2.6. - Composite of terminal velocity functions for the four crystal types used in the model. These
significant changes in terminal velocity for different types of the crystals control ice crystal trajectories
(from Rauber at aI., 1988).

2.1.6 Simulation of Seeding Techniques. - Conditions at the time of seeding, i.e., airflow,
stability, temperature, cloud-base height, and the local terrain orientation to the wind,
determine the methodology used for seeding. Proper selection of the optimum seeding
technique, location, and time are critical to the success of the seeding experiments. Controlling
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factors vary during a given day because of rapidly changing conditions within a precipitation
event. Thus, the need for interactive decision making using automated assimilation of
observations and model results.

Both ground and aircraft seeding are simulated. Three types of seeding are modeled to simulate
the effect of dry ice (CO2), droppable pyrotechnics (AgI) , or airborne or ground acetone
generators (AgI). Ground-based seeding is simulated using point source plumes from assumed
generator sites. Generators are assumed at the 1987 SF 6 sites and three additional test sites
along the Mingus Mountain ridge west of the Verde Valley. Plume transport and diffusion are
simulated using the Pasquill-Gifford model for neutral stability (Turner, 1969). This model
assumes a gaussian distribution of nuclei across a three-dimensional plume. This distribution
is empirically described as a function of turbulence and mean horizontal wind speed. The
horizontal width of the plume is calculated at the altitude of the two-standard deviations
(sigma) concentration line. The actual plume would likely be narrower at the seeding level. The
top height ofthe plume is assumed to be the surface at which the concentration is two standard
deviations (2-sigma) lower than that on the centerline, accounting for horizontal displacement
caused by wind shear. Dennis (1980) describes the engineering considerations for ground-based
seeding generators and application of the gaussian plume models to ground seeding
simulations.

Computations of CO2 and pyrotechnic seeding effects on crystal fallout include the effects of
vertical dispersion of seeding material, vertical wind shear within that depth, variations in
saturation vapor pressure, and changes in liquid water content as crystals fall along their
trajectories. Variations in the AgI activation rates are not considered. Variations in the particle
fall velocities caused by different growth rates are accounted for by a series of five particles with
different fall velocities determined by the following parameterization

Vtn = D.l(n + 6)Vt, n = 1, 2, 3, 4, 5

where: Vtn = fall velocity of particle n

Vt = standard terminal velocity calculated from the equations in table 2.1

To estimate the nucleation effects through the depth of a seeding curtain of CO2 or AgI,
calculations for six depths are simulated from top to bottom of the curtain that would range
from 200 to 1200 m deep. Rauber et al. (1988) found that 20-gm AgI flares fell consistently
about 1000 m, while CO2 pellets generally fell from 600 to 1000 m below the aircraft before
subliming completely. These depths are labeled 1 from the top to 6 at the bottom of the curtain
as shown on figure 2.7. Trajectories are typically computed from the center and end points of
the seeding line. The end points are based on a 20 percent error in wind direction. As the
trajectories of particles become longer with increased wind speed, the length of the seedline is
proportionally increased according to table 2.3. Maximum seedline length is 37 km (20 n mi),
equivalent to about 10 min of flight time while flying at 120 knots. The seedline length must be
determined to maximize the effects of seeding over a target of specific size, and is a function of
target surface area and aircraft performance.
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Figure 2.7. - Example of crystal trajectories from an aircraft seedline. Crystals were
labeled 1 from the top to 6 at the bottom of the curtain at the center and endpoints of
the seedline. The seedline is along the line marked by Q. Five different release times
are shown for each set of crystals to block the area in which seeding is likely to have
an effect (from Rauber et al. 1988).

Table 2.3. - Seedline length versus trajectory
length (1) used in SCPP fIxed target

experiments.

Trajectory length (T) Seeding line length

(Ian) [Ian (n mi)]

T< 10
30 > T:2:10

45>T:2:30
T:2:45

10 (5)
19 (10)
28 (15)

37 (20)

Acetone seeding generators may be used when aircraft fly in or near the supercooled region of
the cloud and vertical mixing within the cloud is expected to disperse the seeding material
throughout the supercooled region of liquid water. Targeting computations of the narrow
continuous plume of AgI from the acetone generatOr differed from the curtain calculations for
particle fall velocity. The crystal growth was initiated at the flight altitude 5 min after release
of nuclei to account for laboratory measurements of nucleation rates by Demott et al. (1983).
Five groups of crystals were simulated to describe the range of fallout points downwind of the
seedline. These groups represented parcels at 0, 5, 10, 15, and 20 min downwind of the line.
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Deshler and Reynolds (1987) found that this procedure appeared adequate for the Sierra
Nevada.

2.2 Evaluation of Model Performance

The following sections present an evaluation of the AAIM model predictions of airflow and ice
crystal trajectories. Model sensitivity to stability parameterizations and representative
soundings is presented in section 2.2.1. Section 2.2.2 examines the validity of diagnosed airflow,
based on modeled plume trajectories and aircraft observations of tracer gas released at five
sites on 6 days in 1987. Further verification was documented in comparisons with the coarse
resolution (dx = dy = 4 km, and dz = 0.5 km) Clark model analyses of 3 intensive case study
days. Section 2.2.3 gives case study analyses of the microphysical properties of 5 days where
clouds developed and aircraft data were available for verification of model predictions. One well
documented heavy snowstorm which grounded the aircraft is also analyzed. Results are then
summarized in section 2.2.4, which provides a composite evaluation of model performance for
all model runs using the existing aircraft observations for verification.

Data used in the model evaluation were obtained from the ASAP 1987 field project. The project
headquarters and base of aircraft operations were located at the Prescott airport. The highly
instrumented Beechcraft King Air 200T turboprop, owned and operated by the University of
Wyoming, flew microphysics and transport and diffusion missions as described by Super et al.
(1989). Soundings were routinely observed during the ascent from Prescott to the target area
and on descent upon return. Special aircraft soundings were made as conditions warranted at
six locations over the Rim. Table 2.4 shows the locations and map symbols used for field
facilities, soundings, SF 6 release points used in the 1987 experiment, and potential seeding
generator sites and ground facilities at ALT and Mormon Lake planned for future field
experiments. Sites AI-A4 and B4 were used to evaluate the model predictions of plume location
and depth.
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Facility type Site name Symbol Location
Latitude Longitude Elevation

(°) (') (°) (') (m m.s.l.)

Intense ground observations Happy Jack HJK 34 44.78 III 24.50 2286
Future field observations Allen Lake Tank ALT 34 49.45 III 26.40 2270
Future radar site Mormon Lake ML 34 54.05 III 26.43 2213

Prescott Airport VOR Prescott PRE 34 42. 112 28.5 1534

SF6 release site Cherry Road Al 34 34.25 112 4.27 1524

SF6release site Yavapi Road A2 34 29.10 III 36.98 1844

SF6 release site Forest Road A3 34 21.87 112 23.02 1650

SF6 release site Mingus Mountain A4 34 42.52 112 8.85 2142

Western line of generators Squaw Peak B1 34 28. 111 54.5 1524
Western (future option) Tule Mesa B2 34 22. 111 50. 1989
Western (future option) S. Tule Mesa B3 34 20.5 III 47.5 1951
Western (future option) Payson Airport B4 34 15.40 111 20.33 1572

Aircraft sounding Prescott Ascent PRA (exact locations vary
with aircraft flight
tracks)

PRZ (Prescott composite
aircraft soundings)

Aircraft sounding Prescott Descent PRD
Aircraft sounding Happy Jack West HJW
Aircraft sounding Happy Jack HJK
Aircraft sounding Happy Jack East HJE
Aircraft sounding Payson PAY
Aircraft sounding Payson West PAW
Aircraft sounding Camp Verde CVA
Rawinsonde site Camp Verde CVR 34 0.5 111 46. 1027
Rawinsonde site Winslow INV 35 2. 110 43.5 1505
Rawinsonde site Tucson TUS 32 10. 110 54. 862
Composite soundings Clark modeP CMZ 34 0.5 111 46. 1027

1Soundings compo sited from all available information on case study days by Bruintjes et al. (1991).

Table 2.4. - Locations of field facilities, soundings, SF6 sites, and seeding generator test sites.

2.2.1 Model Sensitivity Analyses. - This section presents examples of model sensitivity to
different stability criteria and initial synoptic scale soundings. The following section 2.2.2
provides additional examples. Figure 2.8 shows the different trajectories for plumes under
stable and unstable-neutral conditions simulated using the composite sounding for March 15,
1987. Note the unstable plume cross sections for generators A2 and A4 and the resulting crystal
trajectories that fell out 5 and 10 km earlier than in the stable simulation. This example shows
the effect of stable and unstable-neutral conditions on model calculations of crystal trajectories.
Stability affects the flow channel heights over a barrier and their separation, thereby
controlling the height of nucleation and the wind speed and direction that carries the crystals.
In addition, the relatively compressed stable flow channels accelerate the low-level flow over
the crest more than the less compressed unstable channels as shown on figures 2.9a,b. Flow
channels for this case were shown on figures 2.4a and 2.5a.
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Figure 2.8. - Vertical cross section of plume trajectories for stable (a)
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An analysis of model sensitivity to soundings on March 15, 1987, showed subtle differences in
the modeled airflow and important temperature effects on the modeled ice crystal evolution.
Simultaneous synoptic-scale National Weather Service soundings at TUS (Tucson) and INW
(Winslow), Arizona, were used to initialize the model using stable flow channels. When TUS
was used alone, the results were slightly different from those with INW used as a downwind
sounding at 1200 UTC in the case with a broad uniform southwesterly flow. Figure 2.10 shows
the subtle differences in plume track. Numbers along the plume edge indicate the plume
location at 1-h intervals. The bold plume boundaries indicate the plume from a test SF 6 release
site. The warmer temperatures at TUS prevented simulation of nucleation and crystal growth
and resulted in a slightly deeper midflow channel height with a model top flow channel that
was 0.7 km higher than the channel predicted from the CMZ sounding (see figs. 2.8 and 2.17).
The warm TUS and INW soundings did not represent the cooler Mogollon Rim conditions
observed by aircraft and CVR soundings. Plume trajectories were deeper than the stable CMZ
simulation and closely resembled the stable CMZ analysis. The maximum u-component here
also matched the stable maximum over the crest; however, the TUS case veered more with
height, producing a 20° eastward shift in the plume track. These examples show the
importance of using the most representative sounding for the region simulated. Natural
variations in winds, temperatures, and stability produced important differences in model
results. Model sensitivity to these variables using local soundings is clearly demonstrated by
the case studies in section 2.2.2.

2.2.2 Verification of Airflow Simulations. - Special atmospheric dispersion and airflow
studies were conducted on six days in Arizona during the 1987 field experiment. These studies
were designed to estimate the potential for seeding with ground-released ice nucleation agents
through tracer transport and diffusion studies (Super et al. 1989). An instrumented aircraft
made downwind measurements of SF 6 tracer gas. All observational comments in this section
are based on the final report by Super et al. (1989). Table 2.5 shows the location and times of
SF 6 releases from the ground. Observational data sets were not complete because of the
limitations of soundings, aircraft observations, and surface networks, which did not
continuously monitor all areas of the Rim during periods of interest.
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Table 2.5. - 1987 SF6 observation times, release locations,
and mean surface winds.

Date Time Site Direction Speed
(°) (m S.l)

February 3 1840-2250 A2 190 10
February 15, 16 2238-0115 A2 180 5
March 2 1754-1918 A3 190 2
March 5 2100-2322 B4 180 2
March 9 2245-0110 A4 190 5
March 15, 16 2145-2340 A2 210 5

Table 2.6 shows a summary of the observed plume top height and plume width as it passed
over HJK and model predictions at HJK. The distance from the edge of the plume (defined by
the model for the two sigma concentration line) to HJK is indicated in the dx and dy columns. A
negative dx indicates that the plume was west of HJK while a negative dy shows that the
model prediction was to the south. The model performed well when compared with the analyses
from the aircraft data performed by Super et al. (1989).
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Observed Plume Model Location of plume
Date Station Time top maximum top Plume edge from HJK

(UTe) height width height width Distance Distance
(km m.s.l.) (km) (km) (km) dx (km) dy (km)

Primary ICS used in Clark Model Comparisons

February 3 CVR 1200 3.2 9.5 2.98 7 0 0
CVR 2000 3.10 10 0 0
CMZ 1800 2.93 7 0 0

February 15 CVR 18 2.95 12 3.3 9 -12 -13
CMZ 18 3.02 7 -6 -15
CVR 21 2.91 10 -2 -7

February 16 CVR 00 2.5 10 -2 -10
CVR HJW 00 3.32 8 2 0

March 15 CVR 12 3.4 11 2.9 10 0 0
CVR HJK 15 3.2 7 18 0
CMZ 18 2.94 8 0 0
CMZ 21 3.01 8 0 0
CVR HJK 22 3.2 8 0 -2

March 16 CVR OOSl 2.92 8 0 -2
CVR 00n2 3.03 8 0 -1

Other SF 6 Cases

March 2 CVR 18 3.1 12 2.44 5 0 -38
PRZ 18 2.63 6 0 -18

March 5 CVR 12 2.8 12 2.8 12 0 0
CVR 18 2.34 13 0 0

March 6 CVR 00 2.83 13 0 0
CVR 06 2.88 13 0 0

March 9 CVR 12 4.2 11 2.82 13 -35 0
CVR 18 2.72 6 -35 8

March 10 CVR 00 3.37 7 -2 35

1s - stable simulation
2n - unstable-neutral simulation

Table 2.6. - Comparison between the AAIM model and observed plume properties.

Comparisons of observed and model predicted plume height and location shown in table 2.6
indicate the large sensitivity of the model to initial soundings. All soundings used in the
comparisons were observed within 12 h of the plume release and within 60 km of the release
point. Large temporal and spatial mesoscale (local) variations in wind direction, speed, and
stability produced significant differences in many model predictions within this small time and
space domain. The plume top height predicted by the model was within 200 m of that observed
in four of the six cases. It was underpredicted by 500 to 600 m in the other two cases. Given the
resolution of the aircraft data and limitations of the model, these results were considered good.

The targeting of the plume over HJK was more difficult to evaluate. In four of the six cases the
modeled plume passed over or within 2 kIn of HJK as observed; but in the other two it passed
-18 to 38 km to the south and 35 km to the west respectively; in these cases the aircraft
terminated observations before reaching HJK. The model performed satisfactorily with most
soundings. The following detailed case studies compare model results with field observations.

25



Results from Clark model simulations by Bruintjes et al. (1993) were used to assess the AAIM
model performance for three case studies. The Clark model provides a theoretical basis for
comparison with the observed data and the MIM model simulations. Its three-dimensional,
time-dependent simulation of airflow and cloud and precipitation evolution permits an
independent check of expected flow and cloud properties over the entire area with a resolution
of about 2 km horizontally and 200 m vertically. Three days with the most complete sets of field
data were selected for intensive case study comparisons with the Clark model. Analyses were
designed to make comparisons between the MIM and Clark model results and verification
data observed by aircraft. Bruintjes et al. (1993) ran the Clark model on a composite sounding,
designated as CMZ, which was believed to represent conditions over the analysis domain at the
time of the tracer release and subsequent observations. Identical soundings were used to
initialize the MIM model. In addition, CVR rawinsonde and aircraft soundings (CVA, PRA,
PRD, PAY, HJK, HJW, HJE) were used to simulate actual conditions from the operational
data-stream. These unadjusted data tested the AAIM model's ability to perform under
conditions of field operations.

2.2.2.1 February 3, 1987: Yavapai Road. - Steady light southwesterly winds carried the
plume from the release site on Yavapai Road (A2) toward HJK under neutral stability
conditions. Aircraft observations from 1944 to 2346 UTC detected a well defined plume that
passed just northwest of HJK. Analyses of the ascending and descending aircraft passes show
the plume structure northwest and over HJK on figure 2.11 from Super et al. (1989). Their
analysis was the primary model verification data set for predictions of plume trajectories and
depth. Figure 2.11 shows the edge of the plume as defined by detailed analysis of SF6
concentrations observed along the flight tracks within the dashed areas. Figure 2.11a shows the
horizontal structure of the plume with SF6 concentrations given in pIt (parts per trillion). The
vertical extent of the plume and aircraft sampling points are shown on figure 2.11b. Note that
Super adjusted the plume analysis to account for the eastward drift of the plume with time
during the flight. Similar analyses were performed for all tracer cases discussed in this report.
The reader is referred to Super et al. (1989) for detailed discussions of this case and others.

Figure 2.12 shows the plume trajectories analyzed by the model for February 3, 1987, using the
sounding from CVR observed at 2000 UTC. The figure shows the locations of SF 6 release points
used in the tracer studies in model coordinates. Five sites were used for different tracer case
studies in 1987. Three additional sites B1-B3 were tested to examine model sensitivity for
future seeding generator locations along the Mingus Mountain ridge. In the plume trajectory
figures, plume top heights are marked by numbers 1 to 8 with the numbers plotted at 30-min
intervals of plume transport. The numbers 1 to 8 correspond to the seeding generator locations
from A1(1) to B4(8), respectively. Horizontal plume positions are marked by numbers from 1 to
3 on the left edge of the plume every 30 min. Plumes from eight generator sites were examined
in each case to determine the area covered and differences in plume trajectories diagnosed by
the model. Table 2.4 lists the geographic locations and elevations of the eight sites, which are
plotted on a map on figure 2.1.

Model predictions from three local soundings all indicated that the plume from A2 passed over
HJK and its top was within 250 m of that observed by aircraft. The predicted plume width at
HJK was 7 to 10 km for the three soundings in comparison with the observed width of 5 to 7 km
for the 3 pIt concentration. The model analysis of the CVR sounding at 2000 UTC produced a
plume that passed directly over HJK with its top at 3.2 km as seen on figure 2.12b.
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The AAIM model analysis using the Clark model composite sounding, CMZ for 1800 UTC
February 3, 1987, produced results similar to those from the local soundings (fig. 2.13). The
Clark model plume top reached 2.7 km m.s.I. depth and a width of20 km over HJK after 50 to
60 min of simulated transport and diffusion. ill contrast, the AAIM model plume reached HJK
after only 40 to 50 min of transport time, and was only 7 km wide. This transport time is
consistent with that required for a plume to move with the mean winds from the surface to
2700 m m.s.I.' which were from 195 to 2100 at 7 to 11 m S-l at 1800 UTC. ill this simulation the
AAIM model plume passed just to the south of HJK, whereas the Clark model plume passed
directly over HJK (marked by the X) as shown on figure 2.14. The broad Clark model plume
plotted on figure 2.14 shows the effect of grid point dispersal. This dispersal effectively changes
the point source to a grid box of 2 by 2 km dimensions. Winds at the surface and 4 km m.s.I.
show a uniform flow field that accelerates over the Rim. Vertical motion on figure 2.14d shows
internal gravity waves and local orographic lift on the slope upwind ofHJK.

2.2.2.2 February 15,1987: Yavapai Road. - On February 15,1987, the release ofSF6 from
this site starting at 2238 UTC was measured during a stratified storm with low cloud water
concentrations and no precipitation. This plume passed just to the north of HJK, reached a
height of 2.95 km m.s.I., and was 9 km wide at HJK as observed near 2300 UTC. The model
indicated a range of conditions and plume tracks based on soundings observed from 1200 UTC
February 15 to 0000 UTC February 16, 1987. These variations were consistent with
rawinsonde and aircraft wind data. The best plume track was predicted by the CVR and HJW
soundings observed at 0000 UTC February 16,1987. This plume passed just north ofHJK and
reached 3.3 km m.s.I. and a width of 8 km at HJK. Here the aircraft sounding west of HJK
contributed information that significantly improved the model simulation. Without the HJW
sounding, predictions from the CVR 0000 UTC sounding produced a strong veering of the flow
with height that resulted in a plume position 10 km southwest ofHJK.

In the simulation of the CMZ sounding for 1800 UTC, the model also predicted a plume 15 km
south of HJK with a top height of 3 km. However, using this same sounding, the Clark model
simulated a plume track that drifted over HJK with a core at the 2 km m.s.I. level located
southwest ofHJK.

2.2.2.3 March 15, 1987: Yavapai Road. - On March 15, 1987, from 2145 to 2340 UTC, SF6
was released into a storm that produced snow. This complex case occurred during a frontal
passage with instability showers and convective bands whose radar echoes reached 5 to
8 km m.s.I. This case demonstrates the model's ability to simulate crystal fallout trajectories
and seeding plume locations during evolving storm conditions. Two flights examined the cloud
structure and airflow on March 15, 1987. The first flight studied two prefrontal convective
bands from 1417 to 1745 UTC. Liquid water measured by the radiometer reached 0.2 to 0.4 mm
during the first flight. This flight observed a variety of ice crystals ranging from a few columns
to aggregates of dendrites and graupel particles. Aircraft observations at 4.4 km m.s.I. (-14 °C)
showed dendritic crystals and irregulars with most exceeding 1000 /.lm; the mean IPC (ice
particle concentration) was 8 L-1 at 1600 UTC. Snowfall of 3 to 5 mm occurred in 3 h. Snowfall
rates estimated by aircraft observations varied from 1 to 4 mm h-1 in these convective bands.

The second flight examined cloud characteristics and tracked the SF 6 plume during a lull in the
storm. Southwesterly flow continued from 1200 to 0000 UTC and transported the plume from
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A2 to HJK by 2310 UTC. The maximum plume width of 10 km occUlTedat a point 20 km
downwind of A2; yet, over HJK the width was only 4 km at aircraft flight levels. Aircraft
observations showed the plume top height increasing from 3 to 3.4 km m.s.I. over the Rim. The
SF6 was detected around 2200 UTC in regions of snow at temperatures below 0 °c. Deep
convective clouds were observed with echo tops of 8 km m.s.I. (-45°C). Rapid changes in
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mesoscale convective bands occUITed during this period after a frontal passage at 2000 UTC.
Supercooled liquid water was observed with radiometer values peaking at 0.25 mm and aircraft
JW (Johnson-Williams) measurements at 0.1 to 0.2 g m-3. !PC reached 20 to 40 L.1 suggesting
complex microphysical conditions with deep sources of natural ice crystals in convective bands;
however, a large hole in the deep cloud deck was associated with shallow clouds with little or no
ice or SLW. Simulation of these rapidly changing convective conditions is well beyond the
capabilities ofthe simple AAIM model, yet it performed reasonably well in this case.

Seven model analyses were made using different soundings observed for this case. Model
analysis of the 1200 UTC sounding produced a plume that passed directly over HJK and
reached 2.9 km. The crystal fallout point from site A2 was on the lee side of the barrier. Winds
were somewhat strong with a u-component over the barrier of 20 m S.l at 3.5 km. Results were
remarkably consistent for all model runs from the 1200 to 0000 UTC soundings as seen in table
2.6. Figure 2.15 shows the plume trajectory from the upwind CVR sounding at 2200 UTC using
the aircraft HJK 2200 UTC downwind sounding. The ice crystal trajectory shown by the dashed
line marked 2 resulted in a nearly perfect fallout on the RJK!ALT crest 2 km south of HJK
shown on figure 2.15a. In this simulation the model developed a column ice crystal with a c-axis
that reached 914 Ilffi and an a-axis of 153 11m. The fallout altitude was 2364 m, yet the fall
velocity reached 1.0 m S-l. Aircraft observations at 2200 UTC indicated winds from 210° at
-20 m S.l from 2-3.4 km; these winds increased to 30 m S.l at 5 km m.s.I., where the maximum
u-component reached 28 m S-l over the crest. The wavelike flow was shown in the u-component
of the wind and the vertical motion fields. Vertical motion reached a maximum of 1.1 m S.l at
4.5 km m.s.I. over the crest with sharp sinking motion of -2.4 m s-l upwind over the Verde River
Valley.

Figure 2.16 shows the plume predicted from the CVR 0000 sounding on March 16, 1987.
Numbers along the plume edge show the position of the plume every hour indicating a
transport time from A2 to HJK of about 1.5 h. Results from this sounding were comparable to
the CVR-HJK analysis, but the northern edge of this plume passed over HJK. Rapid crystal
growth produced a needle with c-axis dimensions of 1210 11mand a-axis of2241lffi, having a fall
velocity of 0.5 m S-l. This crystal fell short of the crest by 10 km in comparison to the nearly
exact targeting from the CVR-HJK sounding run shown on figure 2.15. In the latter case the
nucleation occurred at a higher altitude, placing the particle in a faster flow that carried the
crystal to the crest. The winds in this example were similar to those for the 2200 UTC case but
were weaker over the crest. This case shows the sensitivity of the model to different soundings
and the important roles that the dynamics and thermodynamics play.

Two soundings used in the Clark model analyses of this case, one from the 1800 UTC
soundings, the other from 2100 UTC data (see fig. 2.17), were examined in the AAIM model.
Both soundings produced stronger AAIM model winds than those observed. The plume from the
1800 UTC simulation passed directly over HJK after 30 min, whereas the latter case passed 2
km to the south after 20 min in close agreement with aircraft observations. The CMZ 1800 UTC
sounding had slightly stronger winds that were 10 to 15° more southwesterly than the 2100
UTC soundings from CVR and HJK. Thus, a larger u-component of the wind at 1800 UTC
produced stronger lifting and a 7-m S.l increase in maximum flow over the crest. Interestingly,

the crystal fallout trajectories for the CVR 0000 UTe and CMZ 2100 UTC simulations showed
a 20-km shift downwind for crystals from A4, but only a 5-km shift for A2 crystals, again
illustrating the model sensitivity to subtle changes in airflow. Figures 2.16a and 2.17a show a
small downwind shift in the fallout point for A2 crystals. The crystals from A2 were nearly
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identical columns, which upon impact with the ground, had c-axis dimensions of 980 and
979 f.UIland a-axes of 173 and 153 /.lID,respectively. Both crystals had terminal velocities of
1.09 m s-l. Thus the increased u-component of the flow for the CMZ simulation carried the
crystal farther than the CVR sounding. Slightly larger, nearly identical 1200-f.UIlcolumns with
terminal velocities of 1.21 m s-l developed in the A4 plume for the two soundings, but these
crystals grew for 25 min in comparison to the 17 min available for the A2 crystals in both
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Figure 2.17. - Same as Figure 2.16 except the composite Clark model sounding at 2100 UTC, March 15, 1987, in
post frontalconditions using stable flowchannels.

simulations. In spite ofthe same 25-min growth times, the two A4 crystals fell out 20 km apart.
The A4 generator site was more sensitive to flow accelerations than the A2 site because its
higher elevation placed the nuclei in a different flow channel with higher winds. These
examples show the AAIM model sensitivity to initial soundings and their effect on ice crystal
targeting.
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Clark model simulations predicted a plume that passed over HJK and reached a top of 3 km
m.s.l. (fig. 2.18). Airflow vectors in the surface layer are shown on figure 2.18a with
corresponding plume concentrations at the surface (fig. 2.18b) shows the 20-km-wide plume
over HJK The vertical motion field here had a distinct standing wave pattern with a region of
maximum lifting 30 km upwind of the crest at 5-7 km m.s.l. shown on figure 2.18d. This
pattern corresponded to a distinctly different flow channel structure from the February 3 and
15, 1987, cases. The flow field produced a potential temperature field that reflects the wave
pattern as shown on figure 2.18c. This pattern resembles the AAIM model flow channel
structure. In this case both models predicted similar plume characteristics; however, the Clark
model's time dependent solution provided more detailed information regarding the evolution
and development of clouds and precipitation than the AAIM model. Such information is useful
for research and development purposes, but may not be necessary for field operations.

2.2.2.4 March 2, 1987: Forest Road. - Very light winds prevailed on March 2, 1987. The
model indicated a dead layer from the surface to 3.5 km with west-northwesterly flow of2-10 m
S-labove 3.5 km at CVR. Significant spatial variations were observed in the aircraft soundings.
The plume moved slowly northwestward from the Forest Road SF6release point marked by A3
in model plots. The aircraft tracked it to the edge of the Rim about 12 km downwind, about
one-third of the way to HJK The aircraft sounding (PRZ) on climb out from Prescott at 1800
UTC indicated light 2 m S-lwinds from 1900 that were more representative than the CVR 1800
UTC sounding. The model simulation using the PRZ sounding produced short plumes from A2
and from Forest Road (A3) that did not reach RJK (fig. 2.19b-d). Observations indicated a rapid
vertical rise of the plume characteristic of mesoscale orographic convective conditions. The
AAIM model is not designed to simulate convective plumes. Its plume top heights reached only
2.4 to 2.6 km in contrast to the observed 3.1-km plume top height. Pilots observed local solar
heating effects along the Rim. This heating likely accentuated the vertical fluxes beyond those
typical of stable conditions that the model simulates well.

Model predictions from another Prescott-CVR composite sounding at 1800 also showed the
plume passing slowly south of HJK and turning to the east 25 km downwind of A3 after 150
min of transport. Aircraft observations were not available to verify this plume location.
However, this case demonstrates the model's limitations in convective conditions with light and
variable winds.

2.2.2.5 March 5, 1987: Payson. - This case produced the best model simulation of observed
conditions. Light southerly winds prevailed below 2100 m. Above this level, wind speed
increased to 10-20 m s-l, which carried the plume directly over HJK from 2149 to 2322 UTC as
shown on figure 2.20. Observed plume top heights of 2.8 km matched the model's analysis.
Modeled plume width reached 12 km at HJK, which matched that observed ~y aircraft. Note
that Payson (B4, generator number 8) was 50 km directly upwind of the target in this southerly
flow. The plume rose from the surface through the dead layer at 2200 m and then was carried
with the wind to HJK Observed aircraft winds upwind of the barrier were within 3 m S-l of
model predicted winds at 2400- and 3000-m heights. At 4200 m the model tended to
underpredict the upwind speed by 6 m s-l. Simulations of stable conditions for the 1200, 1800,
and 0000 UTC soundings indicated little change in wind speed and direction below 700 mb; but
aloft wind speed increased. The plume top remained about the same for all soundings. The
model predicted similar results for the CVR soundings at 1800, 0000, and 0600 UTC indicating
a uniform structure of the plumes and vertical trajectories, that suggested a steady-state flow
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created a dead layer of 3000 to 4600 m. Observed and modeled plume trajectories from Mingus
Mountain (A4) passed 35 km west ofHJK, missing it completely. HJK is 65 km southeast of A4,
the aircraft followed the plume 40 km southeast of Mingus Mountain, but the plume did not
reach HJK. At 0000 UTC on March 10, winds became more westerly resulting in a modeled
plume that moved toward HJK, but ended 30 km northwest of HJK. This point was in close
agreement with the aircraft observations of the plume 25 km northwest of HJK around 0000
UTC. Predicted plume top heights from the 1200 and 1900 UTC soundings reached only 2.7 to
2.8 km, well below the observed top of 3.5 km. Yet, the modeled plume reached 3.4 km under
unstable-neutral conditions using the 0000 UTC sounding. Note that this sounding was the
most representative of conditions during the flight from 2307 to 0236 UTC, further
demonstrating model sensitivity to soundings and the need for frequent observations to capture
the most representative initial conditions.

2.2.3 Evaluation of Microphysical Characteristics. - This section provides an assessment
of the model predictions of microphysical characteristics and the resulting trajectories of ice
crystals nucleated by seeding with ground and aircraft systems. The reader should recall that
this model follows only one type of crystal and predicts trajectories from an initial set of levels
or times depending on the seeding method. It simply describes the path of one crystal with no
interaction with other particles. Therefore, the model cannot predict a series of different
crystals that originate from different levels in a given simulation. The scientist operating the
model has the flexibility to make different simulations that he feels best represent a variety of
observed conditions. The observations described in this section were abstracted from the
detailed descriptions by Super et al. (1989). Aircraft safety restrictions to flights in clouds near
111Ountainousterrain precluded transport and diffusion studies in cases with microphysical
observations. Therefore, the Clark model simulations of airflow will be helpful in evaluating the
AAIM model.

2.2.3.1 January 28, 1987. - This case provided an example of a simple orographic cloud,
which developed under strong southwesterly winds of 20-30 m S-l above 500 mb, which backed
with height. This instance was the first cloud physics case of the 1987 field season, and was
used to develop the original Clark model adaptations to the Arizona terrain reported by Hall et
al. (1990). No precipitation was reported at the ground; still, supercooled liquid water persisted
for several periods of 1 to 3 h and radar echo top heights were 6 to 9.5 km m.s.l. until 1700
UTC. Aircraft observations indicated regions of SLW in excess of 0.1 g m-3 near cloud top at 5.1
km (-13°C) with ice observed near cloud base in snow showers. Ice crystals were generally
small (0.1 to 0.2 mm diameter), but occasionally 1-mm graupel and heavily rimed dendrites
were observed. In this case Super et al. (1989) suggested that "seeding at higher levels would
have produced larger particles, perhaps graupel-like pellets with high fall velocities."

AAIM model analyses of soundings confirmed the need for aircraft seeding. Only one seeding
generator (A4) produced a plume that reached the -6°C level and initiated crystal growth. This
crystal grew to 1 mm and had a fall velocity of 1.1 m S-l,which carried it to the ground 20 km
on the lee ofthe crest after rising to 4.1km m.s.l. (-6.3 °C).Wind data from the 1200UTC CVR
sounding were missing; therefore, the CVR 0000 UTC sounding was combined with the HJW
1600 UTC data in these simulations. Figure 2.21 shows the plume and crystal trajectory for the
model simulation using the CVR January 29 0000 UTC and the HJW 1600 UTC soundings.
This simulation resulted in deep vertical transport of the plumes as shown on figure 2.21a. The
crystal growth in this simulation required 20 min from nucleation to reach I-mm size at 3.6 km
m.s.l. (-3.8 °C) and then 15 min to fall to -2.2 km m.s.l. In all vertical cross sections, the crystals
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from generators A2 and A4 are marked by numbers 2 and 4, respectively. The nucleation
temperature of -6°C for the A4 plume was at 4.3 km m.s.!. Strong westerly winds of 15 to 20 m
S-l at 3.5 to 4.2 km m.s.!. produced 0.3 to 0.6 m s-11ifting ahead ofthe crest. Lifting increased to
1.1 m s-l at 6.5 km m.s.!. above the crest at HJK, where the model u-component of the wind
reached 29 m S-l, which closely matched the aircraft wind observations of27 m S-l at cloud top
and vertical motion of 1 m S-l. Plume positions every hour are shown by the numbers marked
on the north edge ofthe plume (see fig. 2.21b).

Simulations of three-dimensional airflow and cloud development in the Clark model showed a
distinct orographic wave with strong 3 m s-11ifting at the base ofthe ridge in the cloud ahead of
the crest and sinking over the crest and lee side that reached 1.5 m S-l in contrast to 1 m S-l
observed by aircraft and predicted by the AAIM model (see Hall et al., 1990, for details).
Figure 2.22 shows the horizontal cloud distribution and cloud ice distribution in the airflow
across the barrier along three north-south cross sections (lines AB, CD, and EF) at 80, 160, and
240 km east of the origin respectively. HJK is 150 km north and 150 km east of the origin
(marked x). The Clark model results added credibility to the AAIM model's diagnosis of a
seedline 80 km upwind of the target; however, the vertical motion field in the AAIM model was
weaker than that in the Clark model simulations.

AAIM model simulations of aircraft seeding at the -14°C level using droppable flares from 5486
and 6096 m (18,000 and 20,000 ft) m.s.!. produced similar millimeter-size rimed plate crystals
and fallout patterns. The strong winds required a seedline 80 km upwind of the target at a
point 25 km northwest of Mingus Mountain (A4). Crystal growth and fallout for the aircraft
seeding example required 75 min and occurred 80 km downwind of the Q-point shown by the
stippled area on figure 2.23. Aircraft observations showed that the upwind edge of the cloud
system matched the cloud outline in the Clark model simulation where a cloud extended 80 km
northwest of HJK along the Rim (fig. 2.22a). This model's three-dimensional terrain retained
the northwestward orientation of the Rim, the Verde River Valley, and the Mingus Mountain
ridge west of the Rim, by realistically simulating lifting and resulting clouds. These model
results suggest that aircraft seeding at the -14°C level using droppable flares might have been
a realistic seeding scenario for operations on this day. Further study of this scenario in the
Clark model simulations is needed to evaluate this approach.

This aircraft simulation shows the type of information that the AAIM model provides
operations directors and aircraft pilots regarding the positioning of seeding and cloud physics
aircraft. The model showed a seeding line 20 n mi long located 80 km northwest of HJK with a
right end 12.1 n mi from the Prescott VOR along a heading of 083°. The corresponding left end
ofthe seeding line was located 21.7 n mi from the VOR on a heading of 017°. Figure 2.23 shows
the seedline marked by the bold Q at its centerpoint. This seedline Q-point was on a 039°
magnetic heading 14.4 n mi from the VOR. The initial cloud physics aircraft position was at
5796 m (19,000 ft) m.s.!. The model tabulation ofthis information is found in the "Airflout.dat"
data file for the aircraft seeding simulation described in Appendix AI, section 3.2. This table
transforms information from model coordinates to positions using terms that the pilot can
readily interpret to navigate his aircraft to the appropriate location for efficient seeding or cloud
physics data collection. The VOR is about 7 km northwest of the Prescott Airport. This VOR
provides navigation information for the pilots flying over this portion of the Mogollon Rim. In
this test the seeder aircraft height was selected at 6096 m (20,000 ft) m.s.!. and the resulting
research aircraft altitude 300 m below at 5796 m m.s.l. The seeding line end points and the
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Figure 2.22. - Horizontal cloud distribution (a) and vertical cloud ice cross sections from Clark model simulations showing
airflow across the barrier in different north-south cross sections along lines AS, CD, and EF at 80 (b), 160( c) and
240 (d) km east of the origin respectively. Happy Jack is 150 km north and 150 km east of the origin.

location of the aircraft Q-point were computed Model tabulations also indicate the particle
type, fall time and size of the a- and c-axes, and degree of riming and shear vector.

2.2.3.2 January 30-31, 1987. - This case provided a test of the model under changing storm
conditions as a trough oflow pressure moved from southern California through central Arizona,
producing periods of heavy precipitation on the Mogollon Rim on January 30-31, 1987. This
storm produced 24 h of nearly continuous SLW over HJK beginning at 2200 UTC January 30.
The radiometer observed CLW that ranged from 0.2 to peak values of 0.7 mm of integrated
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Experiment Seeding Stability Flight level Crystal Type MaxVt Growth Fallout
Fallout Method (ft m.s.I.) and length (m S.l) time point

Identification Nucleation (JlIll) (min) (kIn)
(fig. 2.24) T (OC)

a CO2 curtain U 16000-9.4 1383 rP 1.3 57 65
b AgI flares U 20000-18.5 2887 rD 0.88 93 100

AgI wingtip U 16000-12.5* 614 rC 0.84 65 108
c CO2 curtain S 16000-9.4 889 rC 1.03 44 85
d AgI flares S 20000-18.5 1807 rD 0.75 77 99

* The temperature at the nucleation level is at the flight level for wing tip flares, however, CO2 and Pyrotechnic
flare nucleation temperatures are reported for a level 300 m below the aircraft flight level.
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Figure 2.23. - Aircraft seeding seedline q-point (Q) and crystal fallout zone. Lines
indicate the area of crystal fallout from five different release times.

water. Two aircraft flights observed convective clouds with mesoscale bands and thunderstorms
during the flights. The first flight on January 31, from 0015 to 0330 UTC, observed rapidly
changing conditions in the early part of the storm. SLW was spotty ranging from 0.05 to
0.15 g m-3. Many ice crystals were encountered with dendritic forms common, and aggregates of
dendrites often reached several millimeters in size. Graupel-like particles were predominant in
the wetter portions of the cloud at 4.29 km m.s.I. to the north of HJK. Precipitation was light
during the early part of the storm even though CLW was abundant during the frontal passage.
This light precipitation suggested that the system was inefficient in converting liquid water to
precipitation during this period.

Table 2.7. - Aircraft seeding sensitivity analysis on January 31, 1987.

Heavy snowfall of3 to 5 mm h-l occurred from 1000 to 1300 UTC January 31. The second flight
found heavy icing over HJK in regions of SLW that averaged 0.5 g m-3 and peaked at 0.7 g m-3.
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Most ice crystals were needles and columns with occasional graupel-like particles with
-0.5-mm diameters at the lowest permissible flight level, -3.0 km m.s.I. Cloud top height
dropped to 3.85 km at 1655 UTC over HJK. Three decent/ascent passes over HJK from
1718-1757 UTC detected a region of column and needle growth, possibly by the Hallett-Mossop
mechanism in the -5°C temperature levels near 3 km m.s.L Markedly higher !PC was
encountered below 3.0 km over HJK with SLW values ranging from 0.08 to 0.13 g m-3. But 20
to 26 km north of HJK, the highest values of SLW (0.6 to 0.7 g m-3) were observed at 2.97 km
indicating large spatial variations and suggesting a local low-level orographic ally induced SLW
production zone. This case will be interesting for three-dimensional Clark model simulations by
Bruintjes et al. (1993) who have generally found a SLW maximum to the north ofHJK.

Soundings from CVR at 1200 UTC January 30 and 0000 UTC January 31 did not produce ice
crystals from ground-based generators in the AAIM model simulations because of warm
temperatures (10 to 17°C) at the surface ahead of the front. Yet the AAIM model predicted a
large 1-km increase in plume depth between 1200 and 0000 UTC soundings that showed the
importance of the well mixed afternoon sounding and the effect of stronger flow at ridgetop. The
modeled deep plumes passed to the west and north of HJK in the weak south-southeasterly
flow to 3.6 km; however, above this level the wind increased to 20 to 30 m S-l from the
south-southwest.

Aircraft seeding simulations using the 1200 UTC January 30, 1987, CVR sounding in this
stronger flow showed that seeding with CO2 and droppable AgI flare curtains from 4.877 km
(16,000 ft at -12.5 °C) m.s.I. would produce rimed needles that grew to 1 mm and fell into the
target after 81 min. Wingtip AgI-acetone seeding at the same altitude produced unrimed
columns with 0.9-mm axis lengths that fell out after 62 min. These crystal types were the same
as those observed by aircraft at 3.2-3.0 km m.s.I. (-7°C), but the observed crystals were much
smaller.

A sensitivity analysis of seeding techniques here clearly showed the importance of selecting the
appropriate flight level and seeding technique to target crystal fallout along the Rim in
measurement or watershed areas of interest. The 0000 UTC sounding from CVR on January
31, 1987, provided initial conditions for five simulations of seeding at temperature levels of -9,
-12, and -18°C. Here the distance from the seedline to the target ranged from 65 to 108 km
depending on the type of crystals produced and the seeding altitude. Table 2.7 shows the results
of this experiment.

Three types of seeding simulated in the model produced significantly different ice crystals and
growth characteristics. Fallout points ranged from exactly on target for the unstable CO2
curtain shown on figure 2.24a, to a complete overshoot of the target in the stable CO2 seeding
example (see fig. 2.24c). Targeting was set for the ALT-ML sites in these simulations. Note the
significant differences in the maximum crystal terminal velocities that ranged from 0.75 m s-l
for rD (rimed dendrites) to 1.3 m s-l for large rP (rimed plates) listed in table 2.7. Here the
combination of different temperatures and winds at the effective seeding altitudes produced
different crystal growth rates and resulting fall velocities, which determined the trajectory
experienced by the particles. The heaviest, largest crystals with small cross sectional area,
rimed plates, fell the fastest and were more precisely targeted on ML as shown on figure 2.24a.
Large rD (rimed dendrites) grew to 2.9 mm, but their large cross-sectional area produced a
smaller terminal velocity that spread the fallout footprint farther downwind, yet still permitted
accurate targeting (fig. 2.24b). In contrast, the smaller lighter rC (rimed columns) fell
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downwind of the target (fig. 2.24c). The model was unable to accurately target these crystals.
Targeting of crystals was sensitive to the stability criteria, which is clearly shown by the
comparisons of figures 2.24a and c, and figures 2.24b and d. The stable flow channels
accelerated the crystals past the target, resulting in an increased overshooting of the target.

The sensitivity analysis for this case shows how the model may be used to determine the best
seeding procedures on a particular day and illustrates the importance of selecting the most
effective seeding altitude and method. In this case the user would select a lower seeding
altitude to improve the targeting by wing tip acetone seeding generators, if dry ice or droppable
AgI flares were not options. The specific strategy for seeding depends on local conditions such
as cloud location, its depth and liquid water content, temperature at flight levels, wind
component normal to the target, stability, and air traffic control restrictions. Therefore, the
field scientist and project director must make the appropriate decisions for actual aircraft
operations, the model simply serves as an objective tool for his decisionmaking process. All
numerical models are subject to the limitations of their physical and numerical design and
initial conditions. Each model provides an objective framework to evaluate the existing
conditions and help the flight scientist and operations director in their decisionmaking process.
However, to the extent that the model's results are consistent with observations and the
scientist's sense of conditions at a given time, the model will provide useful information. A
model cannot be used as a final definitive decision maker given today's technology; yet, it may
provide valuable assistance.

2.2.3.3. February 24-26, 1987. - This case illustrates model performance in a well-
documented, complex snowstorm. During this period, heavy snowfall grounded aircraft
operations and limited data collection to automated surface observations from radar,
radiometer and weather stations. This storm had well defined mesoscale convective bands,
strong orographic lifting, and periods of efficient natural precipitation between inefficient
periods of high SLW production. The storm had the highest CLW production of 41.9 x 107 g/m
of crosswind distance, lasting 80 h with precipitation during 69 percent of this period. This case
produced the equivalent of35 percent of the 1987 field season's total water flux. It is interesting
because it shows the evolution of airflow during an intense precipitation event and shows the
model sensitivity to mesoscale changes observed by soundings made at 6-h intervals during this
storm. Nearly saturated conditions prevailed from the surface to 500 mb (18,000 ft m.s.I.)
throughout this storm. A series of nine soundings from CVR provided excellent information on
the temporal evolution of the storm. Surface temperatures at CVR were near 0 °C throughout
the storm with -6°C nucleation levels for all generators between 1803- to 2343-m (5900- to
7700-ft) m.s.I. altitudes. Only 6 of the 80 plumes simulated remained too warm for nucleation; 3
of these occurred in the warmer daytime periods after the storm.

All eight seeding generators simulated in this storm produced plumes that reached the
nucleation temperatures (-6°C) and resulted in needles or columns. Figure 2.25 shows plumes
and ice crystal trajectories for two soundings that characterize this storm. Rapid nucleation
occurred early in the plume rise producing crystals that grew and always fell out before
reaching the crest. The interaction between orographically-induced sinking motion over the
Verde Valley to the lee ofthe Mingus Mountain ridge, weak, low-level flow, and the evolution of
different crystal growth rates led to the variety of crystal trajectories.

The first period of the storm, from 1530 to 0030 UTC on February 23, was convective with
strong southwesterly winds above 700 mb ahead of the storm. This period was characterized by
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stratocumulus clouds with no snow and only moderate CLW observed by the radiometer. As
convection increased from 0030 to 1200 UTC on February 24, 1987, precipitation became
moderate to heavy, yet radiometer measurements of CLW still indicated moderate to large
amounts of CLW. Super et al. (1987) suggested that this period could have been a good
candidate for seeding. Then from 1200 to 0000 UTe February 24, heavy snowfall occurred,
removing most but not all of the CLW. But radiometer observations suggest that the production
ofCLW was so large that the natural processes could not efficiently consume all of it. Therefore,
potential may have existed for ground-based seeding. In the simulation using the February 24,
1987, 1900 UTC sounding, rapid growth of the crystals initiated by the A4 plume resulted in
fall velocities of 1.3 m S-l. These crystals fell on the upper slopes ofthe Verde Valley. They were
carried farther up the barrier toward the crest than later in the storm. Here the crystals
initiated from A2 and A4 fell to the ground at nearly the same point. Both crystals were
millimeter size columns with terminal velocities of 1.2 and 1.3 m S-l respectively. Different
u-components and vertical motions along each trajectory resulted in the same fallout point
relative to the crest. The A4 fallout point was about 60 km north of that for A2. This case shows
the complex nature of winter storms and suggests the need for three-dimensional analyses of
the airflow and precipitation development. It would be an interesting case for further analysis
by the Clark model using a four-dimensional data assimilation initialization to capture the
storm's mesoscale structure.

Strong gravity-wave motion produced sinking of 3 m S-l over the Verde Valley in the AAIM
model simulations using the 1200 and 1800 UTC CVR soundings on February 25. This sinking,
combined with a crystal fall velocity of 0.4 m S-l in southwesterly winds of5-7 m s-1, produced a
very short downward trajectory for A4 shown on figures 2.25a-c. In contrast the crystal from A2
had more time to grow, reaching a millimeter-size column with a fall velocity of 1.1 m S-l. From
0720 UTC on February 25, to 1530, the largest amounts ofCLW developed during the period of
the highest winds as flow backed from southwest to south as shown on figures 2.25b,d. This
flow was related to synoptic subsidence and clearing aloft that removed the upper-level clouds
and allowed for more efficient CLW production. The model predicted significant seeded crystal
growth and fallout on the lower elevations of the Rim during this period.

The selected generator sites appeared to provide coverage of the Rim throughout this storm
until the cold frontal passage and return to westerly flow at 2300 UTC on February 26. These
results support the concept of ground seeding of cold storms to increase precipitation in the
Verde watershed. They show that at least 6-h interval soundings are often required to
adequately describe mesosynoptic changes.

2.2.3.4 March 7, 1987. - Convective conditions prevailed in a southerly flow as a moist pulse
of unstable air passed over the region producing thunderstorms and graupel at HJK. Moderate
amounts of CLW were observed by the radiometer during periods of graupel, wet snow and
some rain. A tall cumulonimbus system moved over HJK from 1600 to 1800 UTC. Model
simulations of this case did not produce ice crystals from ground seeding because the ground
seeding plume minimum temperatures remained above -2°C. Simulation of aircraft seeding at
4.267 km (14,000 ft) m.s.I. (-9.2 °C) using AgI flares produced a millimeter-sized unrimed
column that grew for 46 min and fell out 24 km downwind of the seedline. This case shows the
limitations ofthe model under conditions of deep convective activity. The model is not designed
to simulate convective conditions and fails to develop deep convective plumes from the surface.
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2.2.4 Verification Summary. - The previous two sections focused on specific case studies of
model performance examining airflow and microphysical structure. This section provides a
general overview ofthe model performance comparing 43 simulations of plumes predicted for 8
ground-based seeding generator sites. These simulations used sounding data from 6 days when
SF 6 was tracked by aircraft. In addition, a series of 20 simulations was examined to verify
modeled ice crystal development. In these simulations model plumes reached -6°C temperature
levels and produced ice crystals. Comparisons between modeled and aircraft observed winds
and plume properties show the ability of the model to perform well under a variety of conditions
without adjusting the observed soundings used to initialize the model. Model simulations were
based on soundings observed generally within 6 h of the aircraft flights; however, several
soundings were observed as much as 12 h before the flights.

2.2.4.1 Modeled Wind Speed and Direction. - Airflow is the most important variable in
model simulations because it determines the trajectory ofthe seeding plume, crystal nucleation,
and fallout locations. Two-dimensional models are limited in their ability to represent
three-dimensional airflow over complex terrain. Therefore, it is gratifying that the results from
the AAIM model have a remarkable resemblance to reality. Figure 2.26 shows comparisons of
modeled airflow over the upwind area above the Verde Valley and the crest of the Mogollon
Rim. Data from the model at grid points were compared with aircraft observations at three
corresponding altitudes: 2.4, 3.0, and 4.2 km m.s.!. These altitudes represent the low-level flow
across the barrier within flow channels affecting plume transport (2.4 and 3.0 km), and the
mid-channel flow (4.2 km m.s.!.).

Modeled wind directions were generally within 30° of that observed both upwind and downwind
ofthe crest shown by bold lines on figure 2.26a-b. Modeled wind speed upwind of the crest was
generally within 3 m s-l of that observed with a nearly uniform distribution above and below
the observed speeds (fig. 2.26c-d). Over the crest, modeled winds increased because of the mass
continuity requirements that were more restrictive in this two-dimensional model than in true
three-dimensional flow. Observations also showed an increase in speed over the crest, but it
was not as large as that modeled.

2.2.4.2 Plume Trajectory and Depth. - Comparisons between the analyses by Super et al.
(1989) and model predictions of plume structure were encouraging. Five different SF 6 tracer
release points were examined as discussed in section 2.2.2. Model predicted plume depth and
width as defined at the 2-sigma level concentration line was compared with the observed
plume's SF 6 concentration pattern as defined by the 3-p/t (parts per trillion) isoline at HJK. The
modeled maximum plume top height was generally within 0.5 km of that observed and the
plume width was within 3 km of the mean 7.6-km observed width as shown on figure 2.27.
Table 2.6 compares the observed values with modeled estimates. The modeled plume width was
within 1 km of the observed width at HJK in 15 of24 simulations that used soundings observed
during the six SF 6 tracer experiments. In the model simulation test, the mean observed plume
width was 7.1 km in contrast to 7.8 km predicted by the model at HJK. In six simulations, the
modeled plume top was within 200 m of that reported by the aircraft. This height was within
the error of aircraft measurements. Only six cases were examined in the field study and those
occurred on generally clear stable days that did not represent most storm conditions; therefore,
it is difficult to generalize these results to actual storms. Analysis ofthe maximum plume depth
correlated well with the observed depth when unrepresentative points were excluded. The
distribution of dead layer top heights and temperatures shows that most stable layers were
below 2 km m.s.l. and were relatively warm from 5 to 15°C in this sample (see fig. 2.27).
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The model predicted a range of maximum seeding plume top heights for eight generator sites in
each simulation. Figure 2.28 shows results from 35 simulations that used soundings observed
on 17 days from January 28 to March 16, 1987. The range of plume top heights represented
effects of different elevations and locations of the test generator sites and the SF6 release
points. This envelope showed the potential for successful seeding by selected generators whose
plumes reached nucleation temperature levels. Deeper plume penetration to colder
temperature levels generally suggests better potential for seeding more storms than the
shallow plumes. Sites with consistently shallow plumes were less likely to be useful generator
sites. Figure 2.28a shows the maximum plume top heights for each generator in a time series
plotted by JD (Julian Day). This sample represents 10 separate events, 5 of which had
precipitation. The plots by JD have over plots of results from several soundings on the same
day. Thus, these plots indicate the daily range of results. This time series shows the temporal
distribution and duration of each storm event examined from January through March.
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Sites 1 and 5 (generators Al and Bl) consistently had the lowest plume top height, whereas 2,
4, 6, and 8 were consistently the highest. These patterns were reflected in the plume
temperature analysis that clearly showed the limitations of ground-based seeding in Arizona.
The limited sample of 17 JDs included only 5 precipitation events. Only one storm had an
initial plume temperature of -6°C on JD 55-57 (February 24-26, 1987). Only three other storms
were cold enough for the minimum plume temperatures to reach -6°C, as seen on figure 2.28b.
On 11 of the 17 days studied all of the generators were too warm, while all the generators were
effective on 5 days (JD 55,56,57,74,75). Thus, the model indicated that only about 30 percent of
the days studied had potential for ground-based seeding. This limited sample of cases precludes
generalizations for all Arizona storms; furthermore, the model's limited ability to simulate
convective transport excludes evaluation of these cases, which are likely to be important
precipitation systems in Arizona.

Model predictions of ice crystal characteristics were consistent with the indications from
plumes examined in case studies. Seventeen model analyses of different soundings on 5 days
when clouds and precipitation occurred showed that generators at A2, A4, B2, B3, and B4
developed the deepest plumes and produced the largest ice crystals. Generator sites A3 and Bl
produced the crystals that fell along the Mogollon Rim most often. These crystals rose to higher
maximum plume heights and were colder than those from other sites. These crystals also
remained below freezing at their fallout point indicating somewhat colder conditions than the
warmer transport and diffusion study cases.

Generators A2, A4, B2, and B4 produced the largest and most efficient precipitators, i.e.
crystals with the highest terminal velocities. Nucleation started when the plume temperature
reached -6 to -7°C. This nucleation produced either needle or column crystal types whose
terminal velocities ranged from 0.3 to 1.1 and 0.7 to 1.3 m S-1 respectively over the range of
sizes predicted in these cases. Sites A2, B2, and B4 produced the most large crystals in the
1000- to 1200-f.l1Ilsize range. Generator A3 produced the highest number of small crystals that
were less than 500 j.UIl. Interestingly, these smaller crystals overshot the crest most often;
however, most generators produced crystals that fell out upwind and along the barrier crest.

2.2.5 Model Capabilities and Limitations. - The AAIM model produces plume trajectories
and ice crystal fallout patterns that resemble observed conditions. The model simulates well the
general properties of plume position and height downwind of tracer release points. It executes
using operational sounding data with no modifications or adjustments to smooth observed
initial conditions. The model assumes steady-state, non-transient atmospheric conditions and a
simple uniform barrier in the y-direction normal to the 225° airflow. It is adapted to the
Mogollon Rim of Arizona so that it may be used to position seeding aircraft and cloud physics
aircraft flight tracks with respect to the Prescott VOR. These flight tracks and Q-points provide
objective information that the operations director and pilots may use to guide experiments. The
primary advantage of this model is its simplicity and robust character. It operates in real time
on a microcomputer with limited requirements for resources. Model output is designed to
provide information to solve practical operational questions under field conditions.

The AAIM model is limited by its assumptions of steady-state, two-dimensional, empirical
solutions for atmospheric transport and simple ice crystal growth and fallout processes that
often change rapidly in time and space. These processes are inherently three-dimensional, and
often require complex non-linear numerical solutions to obtain detailed information. The
greatest limitations are imposed by simplifying the complex three-dimensional terrain into an
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x-z plane and assuming a simple uniform ridge throughout the y-domain. This simplification
limits the model's ability to simulate divergence and eddy motion induced by three-dimensional
variations in the terrain that are important to the dynamic evolution of flow as demonstrated
by the Clark model analyses described in sections 2.2.2 and 2.2.3. The three-dimensional,
non-hydrostatic flow simulations clearly show horizontal and vertical variations in the wind
fields that produce changes in the temperature and moisture fields, which evolve with time.
The three-dimensional model also predicts the mesoscale structure of clouds and precipitation
that varies in time and space, depending upon the airflow and thermodynamic conditions and
topography.

The simple flow channel structure that was empirically derived from literature and field
experiments produces a steady-state flow over the terrain that does not change from case to
case. In reality, the structure of the flow channels changes with time and varies with the
dynamic and thermodynamic conditions. Clark model simulations explicitly solve the primitive
equations in terrain following sigma-coordinates. These solutions show spatial variations in the
wave-like structure of the potential temperature fields within a simulation and between
different cases. These variations produce different vertical motion fields resulting in significant
changes in cloud and precipitation patterns over the Rim. Although these fields are tied to the
terrain, their temporal and spatial patterns differ under various initial conditions. These flow
fields also respond directly to buoyant forces that are not explicitly computed in the AAlM
model.

The microphysical parameterizations in the AAlM model are limited to simple growth
equations assuming saturated conditions throughout the crystal trajectory with no interaction
with other particles or parcels of air in the crystal's environment. The model does not explicitly
compute saturation at each point in the trajectory. This limitation may be a major constraint
when nonhomogeneous conditions exist within a cloud or between cloud layers, which are often
observed. Also, this simple approach neglects the effects of competition between particles for
available water; therefore, it may overestimate the growth rates. However, a compensating
error caused by lack of a pressure correction for the diffusivity of water vapor produces an
underestimate of particle growth rate. Other limitations of the simple approach include
dependence of fall velocity on density and Reynolds number, and the exclusion of aggregation
and ice multiplication processes. Although aggregation may not be a problem in the Sierra
Nevada (Martner 1986; Deshler and Reynolds 1987), Super et al. (1989) found indications that
aggregation may be important in the more convective precipitation of Arizona.

The AAlM model was designed for somewhat stable orographic storms that may have neutral
to slightly unstable conditions. The model does not explicitly simulate convective processes.
Buoyant effects are not simulated; therefore, the model does not compute convective dynamics
that may transport seeding nuclei into clouds and carry them within clouds to effective
nucleation temperature levels. The empirically derived flow channels are fixed to the terrain
and do not explicitly vary with different amounts of buoyancy. More explicit calculations are
needed to improve this important aspect of the modeled airflow.

One limiting factor of complex three-dimensional, time-dependent models that solve the
equations of motion and include time-dependent microphysics is their inherently high
sensitivity to numerical instabilities. These instabilities are often introduced by mesoscale
eddies and real phenomena observed in the unfiltered data. It may be difficult to alter such
data in real time to produce stable numerical solutions of value to the operational decision
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makers who need model results within minutes of sounding observations. To the extent that
numerical instabilities do not affect the operation of the Clark model, it may become a much
more powerful replacement for the AAIM model. Current research by Gall and Bruintjes and
Clark and Hall will demonstrate the feasibility of the Clark model for operational simulations.
Still, the simple, robust AAIM model will likely playa role in operations as a backup model and
for onboard aircraft decision making. AB more sophisticated models are developed and proven
in the 1990s, this role may diminish.

2.3 Summary and Recommendations

The AAIM model has been adapted to the Mogollon Rim and performs well for operational
applications. The model is a fast, objective, diagnostic tool that is useful for field program
analyses during the daily decision making process. Model diagnoses of airflow and ice crystal
trajectories appear to match observed airflow patterns and range of likely crystal trajectories.
Modeled plume top height was generally within 200-500 m of that observed and plume width
was within 3 km of the observed width. Plume positions downwind of SF 6 tracer release points
generally matched the aircraft observed plume patterns and were within 2-5 km of the
observed position at Happy Jack. But, results indicate that the model is sensitive to sounding
variations that often occur within 3- to 6-h periods and within distances of 100 to 200 km.
These variations produced significant changes in model predictions of plume and ice crystal
trajectories, which suggest that rawinsondes are needed at 3- to 6-h intervals during field
operations and should be taken at a site upwind of the barrier and along the Rim.

Case study results suggest that ground-based seeding may be effective in about 25 percent of
the precipitation events. Two types of storms appear to have potential for ground seeding: cold
mid-winter storms with surface freezing temperatures over the Mogollon Rim, and late winter,
unstable convective systems with deeper vertical transport of seeding nuclei. Temperatures
over the Rim are often too warm for ground-based seeding; therefore, airborne seeding will
likely be required for most conditions. Model tests of airborne seeding suggest that the AAIM
model will be a useful tool for positioning the seeding and cloud physics aircraft. The limited
sample of cases studied in 1987 precluded broad generalizations regarding suitable seeding
generator sites and aircraft flight tracks; still, they provided a useful model adaptation test.

Comparisons with coarse resolution simulations from the three-dimensional Clark model
indicated that the AAIM model did not capture three-dimensional, time-dependent features of
flow over the Mogollon Rim. More accurate and detailed results from the Clark model provide
better theoretical information and guidance, but this model has not been proven as an
economical operational real-time tool. Current studies by Gall and Bruintjes will evaluate the
operational application of the Clark model. Results from their studies will determine the role of
the AAIM model in future field projects. At this time the AAIM model is recommended as an
operational tool for real-time decisionmaking.

Additional studies and field tests of the model are suggested to improve the model. These
projects should involve comparisons with the high resolution Clark model research simulations
and its coarse resolution operational version. During the initial field tests of the operational
version of the Clark model, parallel runs with the AAIM model are recommended as a backup
to provide timely information. A simple method to select the most appropriate flow channel
structure for specific stability and wind conditions is needed to define more accurately the flow
over barriers. A series of typical flow channels that are defined by the Clark model should be
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developed to initialize the AAIM model under different conditions of stability and flow. These
conditions should then be evaluated under a variety of conditions to verify model predictions.

Analyses of 5 days where precipitation occurred suggest that precipitation events are colder
than the tracer study cases and that ground-based seeding may be suitable. More cases from
different seasons must be examined to develop a climatology of seeding opportunities from
which we may generalize frequency of ground-based seeding potential. In this limited 1987
sample, it appears that the storm structure evolves toward colder temperatures as cold
advection behind cold fronts and within storms cools the atmosphere. These cold, unstable
conditions favor ground-based seeding techniques. Super (1991) has found that unstable
conditions in Utah permit transport of AgI from the valley floor into clouds along the Wasatch
Plateau. Further study of this type of evolution is needed in Arizona. Further study of a larger
sample of soundings such as those examined by Medina in section 3 of this report is needed to
evaluate ground-based seeding feasibility.

The model should be tested onboard aircraft using a laptop computer to assist the flight
scientist in real-time decisions during seeding experiments. Future field programs may use the
simple model as an objective tool for quick assessments of conditions in flight, which may later
be updated with more complete information from the three-dimensional models on the ground.

3. OROGRAPHIC PRECIPITATION MODEL

3.1 Introduction

The orographic precipitation process (fig. 1.2) has been observed in most mountainous areas of
the world. Societal water needs and recognition of the simplicity of the most important aspects
of this precipitation process have led scientists to develop mathematical models that simulate
its occurrence over mountain barriers.

Some highly complex models are currently available that attempt to simulate intricate cloud
processes in orographic clouds. These models generally require considerable computer resources
and thus are used primarily for research purposes. Less complex models, known as orographic
precipitation models, are also available. These models attempt to simulate only the most
important physical processes that account for most of mountain winter precipitation. These
simpler models generally require only routinely collected upper air sounding data as input. The
simpler model, which is more amenable for production runs and application in the field, is the
focus ofthis study.

An orographic precipitation model (hereafter denoted as a ''precipitation model" or simply, "the
model") employed with good success in Colorado (Rhea, 1978; Armstrong and Williams, 1981;
Medina, 1981) is that developed by Rhea (1978) during the late 1970s. The model showed
promise as a tool for daily operational use in the development of quantitative precipitation
forecasts and in the development of a fully objective statistical covariate useful in the
evaluation of cloud seeding effects on precipitation.

Arizona's future water resource needs suggested that a precipitation model adapted to the
Mogollon Rim could add a useful tool for water resource studies. Rhea's model seemed well
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suited for adaptation and application to the Mogollon Rim. Work on adaptation was initiated in
1990 and completed during early 1991.

Rhea's model, like other simple precipitation models, attempts to simulate only the most
important physical processes that determine most mountain winter precipitation. Advantages
of a simple model include ease of performing many iterative runs on relatively inexpensive
microcomputers or work stations, and operational applicability of the model for
hydrometeorological purposes. Additionally, the requirement of only routinely collected upper
air sounding data as the primary input means that for many mountainous areas, availability of
historical data enables the study of many winter storms.

Section 3.2 provides a brief description of the model and some of its important features,
including inputs and outputs. Section 3.3 discusses adaptation of the model to the Mogollon
Rim. Section 3.4 covers application of the model with historical soundings as input. The latter
section includes the results of model runs for the study of winter storm climatology and
comparisons with streamflow measurements. Section 3.5 provides a brief summary of the
model adaptation and application results. Some figures and results are given in English units
compatible with model requirements, operation, and output.

3.2 Model Description

Rhea describes his model in detail in his Ph.D. dissertation (1978). Interested parties should
consult his publication for intricate technical details of the model. An abbreviated description of
the most important features of the model is given here.

The two-dimensional, steady-state, and multilayer model accounts for moisture flow from any
direction and terrain effects such as rate-of-rise and "shadowing" by upstream barriers. The
model requires a topographic grid unique to each wind direction. Thus, 36 separate grid arrays
of topography are employed, one for each 10° interval ofthe compass, at a selected grid spacing
that for Arizona was set at 10 km. For each routine sounding period of the national sounding
network, 0000 and 1200 UTC, the wind direction over a particular ground location and a
selected pressure level is employed to determine the elevation grid array to be used for a model
run.

An accounting of condensate formation or evaporation is maintained by the model as air layers
experience vertical displacements in interaction with the underlying topography. Because the
model is multilayer, condensate falling into a subsaturated layer will partially or totally
evaporate. Eventually, condensate developed at higher layers reaches the ground as
precipitation.

Simple formulations are included in the model to account for blocking at low layers. Under
weak wind conditions and/or stable air near the upwind mountain surface, a blocked layer
frequently develops over which the ambient flow must rise to move downstream. The model
also estimates streamline vertical displacement as the air layers rise and fall over the
undulating terrain. Enhanced streamline displacement over the highest terrain is used to
simulate effects of convection, which is the only attempt in the model to simulate such effects.

The precipitation model can be configured to use inputs of vertical motion estimates that may
lead to improved forecasts for some locations. When atmospheric sounding data are available
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for three or more locations, the model can be configured to estimate divergence and thus
compensate to some degree for the large-scale vertical motion. Forcing from this motion can
lead to additional precipitation. The effect is to enhance the lifting of the moist layers and,
consequently, the production of additional condensate. For some locations, estimates of the
large-scale vertical motion may be obtained from sources such as the NGM (nested grid model)
numerical model employed by the National Weather Service (and thus are not computed by the
precipitation model).

The model employs a spatially constant precipitation efficiency. The particular relationship
employed is given by,

E = -kT c'

where:

E = efficiency
k = a positive constant

Tc = temperature in degrees Celsius of the highest layer with relative humidity equal to or
greater than 65 percent (60% in Arizona) which is also not underlain by any lower layer
with mean relative humidity less than 50 percent (45% in Arizona)

This formulation was found to give satisfactory results in simulations of Colorado storms
provided E was not allowed to exceed 25 percent or, of course, become negative when Tc >0 DC.

Inputs to the model are given on figure 3.1. Soundings are required that contain estimates of
the vertical profiles of wind, temperature, and humidity at the upwind edges of the
geographical area of interest. The soundings are interpolated to 50-mb points up to 300 mb. The
model also requires the coordinates of gauges or other point locations of interest, in the model
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Figure 3.1. - Precipitation model inputs and outputs.
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coordinate system, for estimation of precipitation at those sites. An interpolation scheme using
surrounding grid point values is employed to produce desired point estimates.

An additional input to the model is the descriptions of watersheds of interest, coded according
to the model coordinate system. Each watershed description consists of grid point coordinates
for each point involved and respective point weights that represent the fractional area
surrounding each grid point that is contained within the watershed. The model employs the
watershed descriptions for integration of estimated precipitation over a selected time period.
The resulting volume precipitation estimates can then be employed with streamflow
measurements, in regression analysis, to objectively forecast monthly or seasonal streamflow
(e.g., Medina, 1981).

Volume precipitation is an output of the model. Others, listed on figure 3.1, include estimates of
precipitation for gauge and other specified locations usually not grid points (but could be), and
estimates for each grid point of the model domain.

The model attacks the estimation of precipitation from a water budget point of view. Given in
the following is the basic precipitation formula for the model (Rhea, 1978):

E
J

t

J
P2dq

R=- ~wdpdt
Pu$ 0 P dz

1

(1)

where:

R = Precipitation amount (cm)
E =Precipitation efficiency (dimensionless)
w =Vertical motion (cm s-l)

Pw =Density of water (1 g cm-3)
g =Gravitational acceleration (cm s-2)

dzs - Specific humidity chang with height (cm-l)

[2 =
P2

r = Duration ofthe process(es)
t

Figure 3.2 shows a representation of the two-dimensional flow across a barrier as given by
Rhea (1978). The schematic contains two streamlines, N1 and N2, many of which usually exist
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Figure 3.2. - Symbolic two-dimensional flow across a barrier (from Rhea, 1978).
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in each model run. Definition of the variables on figure 3.2 are given below, following equation
(2). These variables are employed in the computation of the precipitation rate.

The equation (Rhea, 1978) employed by the model for computation of a mean precipitation rate:

-
rJ,I + 1

between grid points I and I + 1 that are separated by distance, Ax, is

- EVzMJ
( rI, J + l)Z =

Pu$M:
(QI + AC1, 1+ l)Z (2)

where:

l
V
MJ

QI
ACI,I+l

= Computational layer in question
= Horizontal wind speed in x direction at grid upwind edge
= Pressure thickness of the inflowing layer at upwind edge
= Cloud water mixing ratio ofliquid or solid at point I

= Additional condensation (or evaporation) caused by vertical displacement between
points I and I + 1.

= Precipitation efficiency
= Density of water
= Acceleration due to gravity

E
Pw
g

The equation for precipitation rate is applied in a coordinate framework that follows the air
parcels. The precipitation efficiency, E, is spatially constant and a linear function of the
temperature of the highest cloudy layer expected to produce precipitation. Wind speeds are
determined, level by level, as components in the direction determined for selection of the
elevation grid applicable to the model run.

3.3 Model Adaptation to the Mogollon Rim

A previously indicated, the model requires access to 36 topographic grids. The grid spacing for
Arizona was set at 10 km. Figure 3.3 shows a contoured presentation of the lO-km model
topography that corresponds to a map orientation view of the terrain. This presentation
illustrates the model domain and is frequently denoted as the "2700 grid." Individual elevation
values of the 2700 grid were obtained by averaging archived 30-arc-second point values
(elevations about every 0.8 km). Elevation values for each rotated profile, for example, the 3000
profile, were obtained by overlaying the 2700 profile with an appropriately oriented (grid lines
oriented parallel to the 3000 radial) lO-km grid and interpolating with inverse distance-squared
weighing.

The model domain shown on figure 3.3 extends eastward into New Mexico and southward to,
approximately, the ArizonalMexico border. The northern border is located about 80 km north of
Winslow and the western border is nearly 90 km west of Phoenix. The model domain extends
500 km in the north/south direction and 470 km in the east/west direction. Consequently, the
2700 grid contains 51 rows and 48 columns.
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Figure 3.3. - Model topography for the Mogollon Rim area of Arizona using
1Q-km grid spacing (contours in ft because the model is mixed mode).

From an orographic precipitation production point of view, prominent protruding terrain
substantially impacts the precipitation amount and deposition location. The Arizona study area
is most distinguished by the Mogollon Rim, which is relatively flat compared to the Rocky
Mountains, with the exception oftwo prominent peaks that extend above 3050 m (- 10,000 ft).
Slender peaks may be noticeably underemphasized in gridded terrain at a lO-km resolution.
Study of figures 1.1 and 3.3 indicates that the model terrain erroneously has the elevation of
the Humphreys Peak (San Francisco Mountain) vicinity less than that of Mount Baldy (White
Mountains).

Figure 3.3 shows that several other prominent peaks are evident to the south of the Mogollon
Rim including the Santa Catalina Mountains northeast of Tucson and farther southeast, the
Chiricahua Mountains. The terrain in the southwestern part of the model domain is generally
flatter and lower in elevation at 400 to 800 m (- 1300 to 2600 ft) than terrain in the northeast.
This elevation difference means that air layers moving from the southwest would be rising as
they approach the Mogollon Rim. This lifting is responsible for condensation of air layer
moisture and the formation of clouds and, eventually, precipitation.

The use of 5-km terrain resolution versus that at 10 km will improve simulation of precipitation
in deep valleys surrounded by much higher terrain, but will likely overstate precipitation over
the highest peaks (Rhea, 1978). Additionally, computer run time is approximately quadrupled
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with the 5-km teITain. The questionable gain in precipitation accuracy for the Mogollon Rim,
with 5-km teITain resolution, led to the selection of the 10-km resolution.

The model input requirement of sounding data was satisfied from the archives for the national
network. Regularly scheduled daily 0000 and 1200 UTC soundings were obtained and
interpolated for use by the model. The available sounding stations considered most applicable
to the Mogollon Rim and possessing good quality data for a number of winters were DRA
(Desert Rock), INW (Winslow), and TUS (Tucson). Soundings of each station were obtained for
10 winters of 1978-88. The winter term was selected as November through April.

For best results, the model should have representative sounding information at the upwind
border of the model domain. Consequently, interpolation in space of the sounding data can
noticeably affect the performance of the model. Rhea (1978) interpolated from available
national network sounding data to 10 border positions, distributed around the perimeter of the
model domain, plus the center of the domain. He selected border points such that they
represented important moisture sources. Each grid line was then assigned to a particular
border-point sounding. FOT:the Arizona modeling, a similar procedure was applied, including
the determination of 10 border soundings from the DRA, INW, and TUB data. A series of
weights, based on inverse distance squared to real sounding locations, and assignments based
on considerations of typical winter storm conditions, were employed to determine the border
soundings. Assignment of each grid line to a border sounding was based on distance to border
points and typical winter weather conditions.

For each model run, the selection of one of the 36 teITain grids is required. The average of
Tucson and Winslow 700-mb wind directions was chosen to represent the flow over the
Mogollon Rim during winter storms. This criterion was applied in all model runs.

The vertical displacement of the air layers as they cross the underlying teITain is estimated by
the model according to airmass stability and teITain rise or fall. Model runs were made to study
the sensitivity of, and determine appropriate values for, parameters affecting air-layer
displacements. Model estimates of precipitation for selected sites on the Mogollon Rim were
observed over a range of parameter values inserted into the model. The final parameter values
selected were those that provided the better estimates of precipitation.

The large-scale vertical motion provides lift to air layers in addition to lift resulting from
crossing over higher teITain. The model can estimate (a divergence computation) the large-scale
vertical motion provided that at least three soundings are available for each observational time.
Estimates were developed using the DRA, INW, and TUB soundings. However, estimation of
precipitation deteriorated by inclusion of this feature. Consequently, it was eliminated in all
production runs made with the model.

Model efficiency (E) was determined according to Rhea's procedure (1978). Attempts to improve
model performance by altering his formulation were not productive.

The model uses thresholds for a number of other parameters such as the average relative
humidity for key layers that indicate whether a sounding is "dry" or "wet" and, consequently,
whether a complete model run should be performed. Analysis on the sensitivity of these
parameters was performed to improve model performance.
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For model fitting and verification studies, 13 gauges from the study area were selected that
routinely report daily precipitation. Table 3.1 and figure 3.3 identify the gauges, their
elevations, and locations (in the model coordinate system). The first 11 gauges listed in the
table are positioned along the Mogollon Rim from north of Flagstaff to the White Mountains.
The remaining gauges are located at Mt. Lemmon in the Catalina Mountains northeast of
Tucson and the Chiricahua National Monument (hereafter Chiricahua NM) in the Chiricahua
Mountains southeast of Tucson. Gauges preferred were those located at higher elevations and
having historical records of adequate length and quality for comparison with model estimates.

Table 3.1. - Precipitation gauges employed in model adaptation and verification.

Gauge name Elevation
(ft)

Location coordinates
(x, y)

001 Fort Valley
002 Flagstaff
003 Happy Jack RS
004 Blue Ridge RS
005 Chevelon RS
006 Heber RS
007 Show Low City
008 Pine Top Fish Hat
009 Hawley Lake
010 Greer
011 Alpine
012 Mt. Lemmon
013 Chiricahua NM

7347
7006
7480
6810
7006
6590
6400
8180
8180
8490
8050
7794
5300

13.30, 45.40
14.00, 44.20
16.25, 39.80
18.95, 38.20
20.75,37.40
24.10,36.00
29.20,34.30
29.90, 32.80
31.50,31.40
34.10,31.80
37.00,29.90
22.20, 14.20
35.55, 9.50

The model is generally unable to estimate point precipitation with high accuracy for a number
of reasons that lead to highly variable precipitation records, and because of model shortcomings
that include using a relatively coarse resolution such as 5- or 10-km grid spacing (Rhea, 1978).
Modeling difficulties may include noticeable amounts of convective precipitation and the
frequent occurrence of minor precipitation events, both of which the model is unable to properly
simulate. The steady-state feature of the model also leads to errors, as most precipitation occurs
in highly variable patterns in time and space. As a consequence of these various problems,
model performance for point estimates varies substantially. However, should a special
requirement arise for estimates at some particular point of the model domain, the model can
sometimes be configured for better results at that point, but often at the expense of estimates at
other locations.

As a consequence of difficulties in accurately estimating point precipitation, it was believed that
model adaptation and application could be better accomplished by modeling to estimate the
mean of Mogollon Rim gauge measurements, in particular, the mean of point estimates for the
first 11 gauge locations given in table 3.1. Consequently, the mean of the nonmissing 11-gauge
values was determined for each day. The model was configured to develop daily means from the
ll-point model estimates for each day. (Actually, the model computes the precipitation for a
12-h period, from each input sounding. A separate computer code must be usd to add the 12-h
totals for the daily amount.) Because the primary interest was modeling for a watershed, the
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mean values provided a less noisy data set with which to adapt and calibrate the model for
better simulation on the watershed scale.

3.4 Model Application to the Mogollon Rim

3.4.1 Model Performance.

3.4.1.1 Input Data. - The principal focus of the modeling was the Mogollon Rim and more
specifically, the Salt River and Verde River watersheds. These watersheds drain
southwestward into the Gila River. Both benefit from moisture flow with a westerly or
southerly wind component and to a lesser extent with northwesterly flow. The Little Colorado
River watershed is located immediately east of the rim summit, adjacent to the Salt-Verde
watersheds (figs. 1.1 and 3.3). From winter storms with southwesterly winds, the western
portion of the Little Colorado is subject to shadowing and, thus, receives less precipitation than
windward exposed areas of the rim. The eastern region of the Little Colorado gradually
increases in elevation and experiences significant orographic precipitation with moist
northwesterly flow, whereas much of the Mogollon Rim parallels such flow and, consequently,
is not favored for notable amounts except for higher areas of the San Francisco and White
Mountains. No modeling was performed explicitly for the Little Colorado watershed

Inputs required by the model included a computer file containing a description of the Salt and
Verde watersheds. Likewise, a separate computer file was developed containing location
information for each ofthe selected 13 precipitation gauges (table 3.1).

The principal inputs to the model are the soundings that specify the temperature, moisture,
and wind profiles for each model run. Each sounding must be preprocessed for preparation for
the model. The model requires estimates, at 50-mb increments, of the pressure, pressure
height, temperature, relative humidity, and wind direction and speed. Specialized computer
software not included in the model computer code was employed for developing the 50-mb
interpolated estimates. Given in table 3.2 is a sample of a model-ready sounding from DRA.
Because information above the 300-mb level is of no consequence to modeling results, that level
was selected as the cutoff in each sounding. The highest pressure cutoff selected for DRA and
TUS was 900 mb (or the surface pressure if lower) and for INW the cutoff was 850 mb (or the
surface pressure if lower).
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Table 3.2. - Sample sounding in model ready status.

8412120 DRA72387 33

895.0 1007.0 10.6 0.619 240.0 5.0
850.0 1433.0 6.3 .718 231.0 6.0
800.0 1926.0 1.8 .937 221.0 6.0
750.0 2443.0 -2.7 .940 236.0 7.0
700.0 2988.0 -4.1 .449 262.0 8.0
650.0 3570.7 -6.3 .325 272.0 8.0
600.0 4192.8 -9.7 .272 273.0 11.0
550.0 4860.5 -12.1 .559 320.0 13.0
500.0 5583.0 -15.2 .399 343.0 24.0
450.0 6371.3 -20.6 .340 350.0 23.0
400.0 7232.0 -27.3 .499 1.0 32.0
350.0 8182.9 -33.0 .748 2.0 42.0
300.0 9253.0 -40.4 .120 4.0 54.0

Gauge Model Correlation Correlation
precipitation precipitation Cases with Cases without

sum (mm) sum (rom) 0-0 pairs 0-0 pairs

3326.2 3369.3 1,683 (days) 0.75 840 0.72

60 (months) 0.92 60 0.92

A model run for each sounding time was performed only if all three soundings were available.
Additionally, if a model run failed for one sounding period, then that day (two sounding periods)
was assigned a missing designator. Because the historical data set consisted of nearly 1800
days, it was felt that an occasional missing day would not noticeably impact precipitation
comparisons. However, missing wet days may contribute to streamflows and, therefore, model
comparisons with those values could be affected.

3.4.1.2 Model Estimates of Daily and Monthly Precipitation. - Comparisons of modeled
versus gauge precipitation were made with the daily 11-gauge means. Potentially, 1812 data
pairs could have been used for comparisons. Without stratification of the data as to, for
example, wind direction, 1683 nonmissing pairs existed, as indicated in table 3.3. Thus,
129 days, or 7.1 percent, were determined as missing because of soundings problems. With 0-0
cases (model estimate and the respective gauge mean both zero) eliminated, the sample size
was reduced to 840 pairs. This figure suggests that, on the average, some 84 precipitation days
(days with non-zero precipitation in at least one of the 11 gauges) occurred per winter of the
lO-winter data set. Gauge data indicated the number was 86 precipitation days per winter.
Model runs indicated that the model generally underestimated the frequency of precipitation
days. This discrepancy is believed to be caused primarily by model inability to correctly
estimate precipitation from weak weather systems that produce little precipitation.

Table 3.3. - Comparison of model estimates of daily and monthly precipitation with respective
Mogollon Rim ll-gauge means over 10 winters.
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A simple basis of comparison of the model estimates versus con-esponding gauge values was
required. Based on previous experiences with applications of the model to other mountainous
areas, the Pearson con-elation was determined adequate for this purpose.

As indicated in table 3.3, the model estimated 3369.3 mm of precipitation during 1683
nonmissing days. Gauge precipitation for those days was 3326.2 mm, indicating the model
overestimated the measured 10-winter total by 1.3 percent. The con-elation of measured versus
modeled precipitation was 0.75. With 0-0 cases eliminated, the con-elation was 0.72. These
values are considered respectable, given that daily precipitation measurements were employed
over the full 6-month period of November through April. When the winter period was reduced
to 5 months by excluding April, the con-elation increased slightly to 0.77 with 0-0 cases
included. As will be shown later, the model performance on April soundings is poor in
comparison to the other winter months. Precipitation during April is generally more convective
in nature, thus negatively affecting the performance of the precipitation model.

Of interest also was whether integration in time that yielded monthly sums for gauge and
model values would lead to higher con-elations. With monthly totals, the sample size decreased
to 60 months (table 3.3). The con-elation increased to 0.92 (the same with 0-0 cases included
and excluded) from 0.75 obtained with daily values. Clearly, the explained variance (r2) was
noticeably improved by the integration over time (0.85 vs. 0.56).

The con-elation values given in table 3.3 consider all nonmissing precipitation over the entire
10-winter period. Also of interest is the model's performance in each of the 10 winters and in
each month of winter. Noticeably lower or higher performance for some year or, for example, all
Januarys of the data, may be associated with certain weather regimes.

Table 3.4 and figure 3.4 give the results of comparison of model estimates with ll-gauge means
for each of the 10 winters. The number of days modeled per winter varied from a low of 145
days for 1987-88 to 181 days for each of 1981-82 and 1983-84. Measured precipitation for days
modeled of each winter ranged from a low of 174.2 mm during 1983-84 to a high of 535 mm in
1978-79, an amount more than 3 times the low value. With 0-0 cases included, con-elation
values of modeled versus gauge precipitation ranged from 0.43 to a high of 0.91, with a mean
value of 0.70 and a median value of 0.765. Figure 3.4 indicates that lower con-elation values
were generally associated with lower precipitation values.
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Gauge Model Correlation Correlation
Winter precipitation precipitation Cases with Cases without

sum (mm) sum (mm) 0-0 pairs 0-0 pairs

1978-79 535.0 634.2 173 0.91 98 0.90
1979-80 455.1 425.2 174 0.68 80 0.61
1980-81 195.8 194.1 180 0.76 71 0.69
1981-82 331.3 285.0 181 0.69 81 0.63
1982-83 457.4 497.1 180 0.71 109 0.67
1983-84 174.2 187.4 181 0.50 81 0.43
1984-85 367.5 379.2 157 0.77 95 0.74
1985-86 236.5 232.9 152 0.43 77 0.34
1986-87 292.0 240.0 160 0.77 81 0.75
1987-88 281.5 294.1 145 0.82 67 0.82
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Figure 3.4. - Model precipitation estimates versus 11-gauge

means for each of 10 winters.

Table 3.4. - Comparison of model estimates with Mogollon Rim
II-gauge mean precipitation for each of 10 winters.

Study of the model performance for individual days of the seasons (indicated in table 3.4) with
lower correlations, suggested difficulties in modeling low precipitation events. This difficulty is
not surprising considering that the model is initialized only once per 12 h and that initial
conditions are taken to apply for 12 h because the model is steady state. In many storms the
horizontal moisture profile is quite inhomogeneous. The moisture may flow across the Mogollon
Rim in bands spaced at unequal distances. Sounding measurements can easily misrepresent
the mean moisture profile that is desired for the steady state model.

Because the model was developed to estimate orographic precipitation, performance was
expected to deteriorate somewhat with storms generating noticeable convection. The latter
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would lead to more highly variable precipitation in space and, consequently, lower correlations

in comparison studies. On the Mogollon Rim, convective storms generally become much more

evident in April and so the model performance was anticipated to drop for April days.

Performance by the model for each of the 6 months of the winter is indicated in table 3.5 and

figure 3.5. Like months were analyzed together (e.g.,all Januarys) and the time unit for each

sample pair of the data set was a day. Gauge and model values were developed for each day in

the usual manner.

Table 3.5 shows that, generally, the measured monthly precipitation varied about 100 mm

during the winter with the exception of April when it dropped by nearly one-half, indicative of a

significantly dryer period. With 0-0 cases included, comparisons indicated the highest

correlation, 0.85, was obtained for December and the lowest value, 0.37, occurred with April

data. Examination of the gauge daily data for April indicated a substantial increase over other

winter months ofthe number oflight precipitation events.

Figure 3.5. - Model precipitation estimates versus 11-gauge means

foreach winter month.
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Gauge Model Correlation Correlation
Month precipitation precipitation Cases with Cases without

sum (mm) (mm) 0-0 pairs 0-0 pairs

November 655.6 616.0 282 0.79 126 0.77
December 585.0 646.2 289 0.85 135 0.84
January 635.9 668.8 294 0.70 157 0.65
February 549.6 580.6 257 0.75 134 0.71
March 607.3 623.3 276 0.70 153 0.64
April 292.8 234.4 285 0.37 135 0.30

Table 3.5. - Comparison of model results with Mogollon Rim ll-gauge mean precipitation
for each month of November through April.

3.4.1.3 Point Precipitation Estimation. - Precipitation estimates were developed by the
model for each of the 13 gauge locations listed in table 3.1. Of these, nine gauges were selected
for comparison studies to examine how well the model estimated point precipitation at locations
of relatively higher terrain over different areas of the model domain. The nine gauges employed
are listed below and their locations are shown on figure 3.3. The seven gauges, (a) through (g),
were distributed along the Mogollon Rim and believed to produce the better data for that area.
Gauges (h) and (i) were positioned just northeast of Tucson and well southeast of Tucson,
respectively.

a. Flagstaff
b. Happy Jack Ranger Station
c. Blue Ridge Ranger Station
d. Heber Ranger Station
e. Pine Top Fish Hatchery
f. Hawley Lake
g. Greer
h. Mt. Lemmon
i. Chiricahua National Monument.

Correlations were developed of gauge measurements versus model estimates, with daily and,
separately, with montWy sums. Given in table 3.6 are comparison results for the nine gauges.
Study of the precipitation totals reveals the model performance extremes of an underestimate
of 47 percent and an overestimate of 54 percent. Individual underestimated or overestimated
percentage values for the nine gauges (a) through (i) were -33, -17, -39, -47, 3,19,54, -25, and
-20, respectively. Generally, the model underestimated precipitation at northern gauges of the
Mogollon Rim and overestimated it in the White Mountains located in the southeastern part of
the rim. The model also underestimated precipitation at the two southern located gauges.
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Table 3.6. - Comparison of model estimates with individual gauge precipitation with daily sums and monthly sums
of the 10-winter data set.

Gauge Model Correlation Correlation
Gauge precipitation precipitation Cases with Cases without

sum (mm) sum (mm) 0-0 pairs 0-0 pairs

Flagstaff
(daily sums) 3722.6 2503.2 1812 0.59 604 0.52
(monthly) 3722.6 2503.2 60 0.81 59 0.81

Happy Jack RS
(daily sums) 4462.8 3701.5 1683 0.49 840 0.37
(monthly) 4462.8 3701.5 60 0.80 59 0.80

Blue Ridge RS
(daily sums) 3053.6 1848.1 1726 0.53 432 0.40
(monthly) 3053.6 1848.1 60 0.75 58 0.74

Heber RS
(daily sums) 2264.7 1208.3 1672 0.63 404 0.52
(monthly) 2264.7 1208.3 60 0.81 59 0.81

Pine Top FH
(daily sums) 3382.8 3492.8 1610 0.60 461 0.50
(monthly) 3382.8 3492.8 59 0.89 58 0.89

Hawley Lake
(daily sums) 5573.0 6658.4 1735 0.54 609 0.43
(monthly) 5573.0 6658.4 58 0.85 58 0.85

Greer
(daily sums) 2565.6 3961.6 1668 0.66 569 0.55
(monthly) 2565.6 3961.6 57 0.80 57 0.80

Mt. Lemmon
(daily sums) 958.3 715.8 543 0.32 92 0.13
(monthly) 958.3 715.8 20 0.39 20 0.39

Chiricahua NM
(daily sums) 2256.3 1800.6 1613 0.45 385 0.28
(monthly) 2256.3 1800.6 58 0.63 57 0.62

Study of gauge locations (fig. 3.3) and modeling results in table 3.6 suggested that comparison
results depended noticeably on gauge position with respect to mountain crest~. Under
northwesterly flow the moist air is forced, by the two-dimensional feature of the model, to
nearly parallel the Mogollon Rim. This flow may lead to a weak cross-barrier component and,
consequently, little precipitation developed by the model. In reality, the three-dimensional flow
often tends to turn somewhat perpendicular to the barrier and thus becomes more favorable to
orographic precipitation. Additionally, the gauges Blue Ridge RS and Heber RS, are located
downwind of the rim crest under winds with westerly components, thus leading to greater
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variability in model estimates as a result of shadow effects. The gauges Hawley Lake and Greer
are favorably located for orographic precipitation under northwesterly winds.

Figure 3.6 shows a sample of model precipitation for January 1979, with only northwesterly
flow cases modeled. The precipitation over the White Mountains and vicinity is overestimated;
over the central and northwestern part of the Mogollon Rim, precipitation is underestimated.

.4 7 10 13 16 19 21 25 28 31 3.4 37 .40 .43 .46
r

37 O~O~
""

'Os --J

.49

.43

.49

.46

.43

.40 .40

37

3.4 3.4

31
3:
028
a::

C 25
a::

"
22

31

28

I!IPhoenix 25

21

19 19

16 ~
0 0

IITucson

0 16

13 13

10 ~
7~ ~
: L_LLLLLU LLLLLLLLLLLL

1 .4 7 10 13 16 19 21 25 28 31 3.4 37 .40 .43 .46
GRID COLUMN

Figure 3.6. - Model precipitation for January 1979 produced
with northwesterly winds. The grid spacing is 10 km.
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Correlation values of gauge versus modeled precipitation, for each of the nine gauges, are given
in table 3.6. With 0-0 cases included, correlations for daily amounts range from 0.32 for Mt.
Lemmon to a high of 0.66 at Greer. The average correlation for the nine gauges was 0.53. For
the seven gauges located on the Mogollon Rim, the average correlation was 0.58. Values were a
bit lower for the northern three gauges of the rim with a mean correlation value of 0.54 versus
0.60 for the three gauges in the White Mountains.

The precipitation record for Mt. Lemmon contained considerable missing information to the
extent that data for only 20 of 60 months were analyzed. Correlations of gauge versus modeled
daily precipitation were 0.32 and 0.13 with and without 0-0 cases, respectively. For the
Chiricahua NM gauge, the data set consisted of precipitation for 58 of 60 months. Correlation
values with and without the 0-0 cases were 0.45 and 0.28, respectively.

When monthly precipitation sums were employed rather than daily totals, table 3.6 shows that
correlation values improved noticeably, indicating that integration over time reduced data
noise substantially. The overall range of correlation values was 0.39 to 0.89. The average
correlation for the nine gauges was 0.75. Elimination of the two southern gauges improved the
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average correlation to 0.82. Least improvement in the correlation from daily to monthly totals
occurred in data for the two southern gauges.

Model performance for the two southern locations was expected to be inferior to performance for
gauges on the Mogollon Rim. This inferior performance was caused primarily by model tuning
for the Mogollon Rim, a gradual progression with decreasing latitude of conditions unfavorable
to orographic precipitation, and a less favorable orography at southern gauge locations.

In general, correlation values determined in this study with daily precipitation for individual
gauges were somewhat lower than those obtained in other geographical areas (EI Majdoub,
1989; Rhea, personal communication), although those studies employed shorter data sets.
Correlations of about 0.75 were obtained for two gauges by EI Majdoub in modeling 40 days for
the Atlas Mountains of Morocco. The availability of favorably located local soundings likely
enhanced results in Morocco. Similar values were obtained by Rhea with small data sets from
the American-Feather watersheds in California.

In summary, integration in time improved correlation values noticeably, particularly for the
seven gauges analyzed individually from the Mogollon Rim. Integration over space obtained
through computation ofthe ll-gauge means also improved results. When both integration over
time and space were applied to data for the Mogollon Rim gauges, a correlation of 0.92 was
obtained, employing ll-gauge daily means summed monthly versus like model estimates. The
0.92 correlation is noticeably higher than the 0.75 obtained with daily data. Unfortunately,
results are not currently available of application of the model on a daily basis in other
geographical areas over a comparable length period of at least 10 winters. Applications of the
model in other watersheds of the western U. S. are now commencing and should furnish new
results for comparisons.

3.4.2 Model Runs for Winter Storm Climatology Study. -
3.4.2.1 Temperature Character at 750-mb and 500-mb Levels. - Temperatures in the
cloud layer from the height ofthe barrier crest [typically near 2.25 km m.s.!. (mean sea level) on
the Mogollon Rim] to about 700 m a.g.!. (above ground level) are important to the efficacy of
cloud treatment by ground-based seeding applications of a glaciogenic agent such as silver
iodide (e.g., Super et al., 1989) . Super et al. (1989) found that this layer contained the highest
concentrations of cloud liquid water, which is essential to successful cloud seeding. Tracer
plumes released from the ground often reached 700 m a.g.!. before passing the barrier crest. An
important precondition for proper application of the treatment agent is sufficiently cold
temperatures, at least -6°C, in the desired cloud zone where the supercooled liquid water is
located and the treatment agent is able to reach and disperse. Temperatures as low as -6°C or
lower are required for silver iodide nuclei to initiate ice crystals in desired numbers. In Arizona
winter storms, the desired moist level is often near 750 mb. Because cloud seeding experiments
are being contemplated in Arizona, a study was performed with the model of 750-mb
temperatures that accompany winter storms. The results, which may be useful to determining
the feasibility of ground seeding applications for the Mogollon Rim, are given in table 3.7.
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Table 3.7. - Model estimates with corresponding Mogollon Rim ll-gauge mean precipitation for 750-mb and
500-mb temperature stratifications, using the mean ofDRA and TUS temperatures.

Temperature Gauge Model Correlation Correlation
interval precipitation precipitation Cases with Cases without

(OC) sum (mm) sum (mm) 0-0 pairs 0-0 pairs

T750> 0 3030.7 3152.4 1622 0.75 784 0.72
T750> -6 3319.7 3363.7 1679 0.75 836 0.72
-10;::: T500

;::: -27 3057.0 2893.6 1596 0.74 787 0.71
T500< -27 107.5 73.9 14 0.93 14 0.93
All cases 3326.2 3369.3 1683 0.75 840 0.72

Additional results of temperature studies are given in table 3.7. Some cloud seeding studies
(e.g., Mielke, et al., 1971; Grant and Elliott, 1974) have suggested that certain temperatures at
the 500-mb level (about 5600 to 5700 m during Arizona storms) favor positive results from
seeding winter clouds with those temperatures. Those studies also suggested that if 500-mb
temperatures are lower than about -27°C, positive seeding results are much less likely.
Consequently, the model was also applied to examine 500-mb temperatures during winter
storms that produced precipitation on the Mogollon Rim.

Table 3.7 gives comparison results of model runs for several upper air temperature
stratifications. Because each sounding of the full10-winter data set was interpolated to 50-mb
illcrements, necessary temperatures were readily available. Stratification was performed
according to the mean of DRA and TUS temperatures at the 750-mb level and, separately, at
the 500-mb level (temperatures at the 750-mb level at INW are likely to be noticeably distorted
because of the effects of flow over the Mogollon Rim).

In particular, results are included in table 3.7 for days when the 750-mb temperature exceeded
0 °C and when it exceeded -6°C. Other stratifications included are 500-mb temperatures ( -27
°C and -10°C), and 500-mb temperatures less than -27°C. Results are also given, for
comparison purposes, for the pooled data set consisting of all cases, regardless oftemperature.

In 1683 modeled days, 1679 cases had 750-mb temperatures exceeding -6°C, and so virtually
all gauge precipitation occurred with temperatures warmer than desirable at this level for
ground-based seeding applications. However, of 3326.2 mm total precipitation, only 107.5 mm
(in 14 days) occurred with 500-mb temperatures less than -27°C. When 500-mb temperatures
exceeded -10°C, 161.7 mm (4.9 percent ofthe total measured on modeled days) of precipitation
occurred. These warm cases likely involved some convective clouds. In summary, neither
500-mb temperature extremes appear to often accompany winter storms. However, warm
temperatures at 750 mb were common and will likely influence future cloud treatment
methodology.

Though the results in table 3.7 indicate frequent warm temperatures at 750 mb, thus
negatively affecting ground-based seeding with silver iodide, the actual temperatures in the
vicinity of the Mogollon Rim are probably one or 2° colder than the results obtained in this
study. These differences were observed in comparisons of temperatures from soundings taken
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Wind direction Gauge Model Correlation
interval precipitation precipitation Cases with

(°) sum (mm) (mm) 0-0 pairs

[10,90] 7.8 6.1 91 0.34
[100,180] 91.1 107.4 49 0.40
[190,270] 2299.2 2428.0 627 0.77
[280,360] 207.5 121.2 322 0.44
[10,360] 3326.2 3369.3 1683 0.75

at Camp Verde with those from TUS, INW, and DRA soundings. Consequently, temperature
limitations on ground-based seeding are not quite as bleak as the results in table 3.7 suggest.

Table 3.7 shows that correlation values for modeled versus measured precipitation differed
little with different temperature stratifications. The high correlation of 0.93 for 14 cases with
500-mb temperatures less than -27°C is likely an aberration (rather high correlation) caused
by the small sample size. However, it would not be surprising that the model would perform
well in cold cases because clouds on such days may be largely orographic in character.

3.4.2.2 Wind Direction Studies. - Super et al. (1989) found that during January through
March of 1987 and 1988, southwesterly moist flow contributed most precipitation that occurred
on the Mogollon Rim. It was determined to run the model with soundings for 10 winters to
study this phenomenon on a much larger data set. Model runs were made for daily cases
stratified according to four 700-mb wind direction classes corresponding to the four quadrants
of the compass. The model determined the key wind direction, for each sounding period, by
taking the mean of the 700-mb values at INW and TUS. The 700-mb winds were selected
because they frequently indicate cloud movement.

Table 3.8 contains the results of model runs with stratification by wind direction. These results
indicate that 88 percent of the Mogollon Rim gauge precipitation (of days accepted for model
runs) occurred with a 700-mb wind direction from the southwest quadrant, that is, winds of 190
to 270°, inclusive. Storms with winds from the northwest quadrant contributed 8 percent of the
precipitation. The southeast and northeast quadrants contributed 3.5 and 0.3 percent,
respectively. Northeast quadrant storms contributed essentially no precipitation. Precipitation
given in the table for the four quadrants does not total to the amount measured for all cases
because of the rejection of cases (594 days designed as missing, during which about 22 percent
of the precipitation occurred) when the two soundings for a day had 700-mb wind directions
from different quadrants.

Table 3.8. - Model estimates with corresponding Mogollon Rim II-gauge mean precipitation stratified according to
the mean of 700-mb winds for INW and TUS.

Cases
Correlation

without
0-0 pairs

8
31

399
125
840

0.06
0.31
0.74
0.29
0.72

Sample sizes given in table 3.8 with 0-0 cases eliminated indicate that relatively few
precipitation events occur with 700-mb winds with an easterly component. The total
precipitation from easterly cases was about one-half the amount for northwesterly flow cases.
These results suggest that moist southwest flow leads to most winter precipitation on the
Mogollon Rim.
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Division of the gauge precipitation given in table 3.8, in each category, by the number of cases
remaining after 0-0 cases are eliminated, produces an estimate of the mean precipitation per
day. For southwest flow cases, this quantity was 5.8 mm/day; for northwest flow cases,
1.7 mm/day; for northeast flow cases, 1.0 mm/day; and for southeast flow cases, 2.9 mmlday.
Clearly, the southwest flow cases are far more productive in producing precipitation than flow
cases from the other quadrants.

3.4.2.3 Wind Speed Studies. - The model was employed to study steering level wind speeds
that accompany storm days on the Mogollon Rim. Wind speeds affect where precipitation is
deposited. High wind speeds potentially can transport some cloud particles (both water and ice)
over the barrier summit where they may fall as precipitation or evaporate. The fallout of
additional ice crystals by seeding in clouds with strong winds may not occur at desired locations
unless winds have been factored into the treatment process. On the other hand, weak winds
may lead to minor amounts of cloud liquid water flux, generally an undesirable cloud seeding
condition. More information is required on the distribution of cloud liquid water and winds, in
space and time, in the vicinity of the Mogollon Rim, to better determine favorable and
unfavorable wind speed conditions to precipitation and cloud seeding feasibility.

The key winds selected were the 700-mb level winds. Model runs were stratified according to
the mean, designated as U7oo,ofINW and TUS 700-mb wind speed components in the direction
selected as representative of the 700-mb flow direction. Three stratums of the 700-mb wind
speed were selected for analysis: (a) U700<5 mis, (b) U700>15 mis, and (c) 15 2U7oo 25 mls. The
selection of these intervals for Arizona was aimed at studying what are generally considered
weak, strong, and moderate winds, respectively, for winter storms on the Mogollon Rim.

In the wind speed analysis, the goal was to study the relationship of wind speeds to
precipitation amounts and occurrences. Given in table 3.9 are the results of model runs
stratified by the three selected wind speed intervals. Study of the sum of daily ll-gauge mean
precipitation over the three speed categories indicates that 59 percent of the precipitation
included in the three intervals occurred at speeds of 5 to 15 mis, inclusive. Thirty-six percent of
the precipitation occurred with the highest wind speeds, and only four percent occurred with
the lowest wind speeds. The mean precipitation amount was 12.8 mm/day for the higher speed
stratification, 3.0 mmlday for the intermediate speed interval, and 1.1 mmlday for the lowest
speed stratification. These results indicate that the more productive precipitation episodes
occured with higher 700-mb wind speeds, suggesting that those storms are efficient producers
of precipitation and that blow-over (over the crest) of the precipitation does not substantially
decrease amounts near the crest. However, there were relatively few days with precipitation
(denoted by the model or gauges with 0-0 cases eliminated) under high wind speed conditions.
For the 254 cases with the weakest winds, the correlation of model estimates versus gauge
values was 0.39, which is a relatively poor value.
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Wind Gauge Model
interval precipitation precipitation

(m/s) sum (mm) sum (mm)

U7oo<5 82.2 (4%) 50.3

U700>15 706.0 (36%) 683.8

15~U7oo~5 1151.1 (59%) 992.6

Table 3.9. - Model estimates with corresponding Mogollon Rim 11-gauge mean precipitation for some 700-mb wind
speed stratifications, using the mean wind for INW and TUS.

Cases
Correlation

with
0-0 pairs

Cases
Correlation

without
0-0 pairs

254
68

746

0.39
0.75
0.62

73
55

384

0.21
0.73
0.57

Gauge precipitation in table 3.9 does not total to 3326.2 mm, which was obtained for all days of
the 10 winters for which 3 soundings were available. The discrepancy was caused by sounding
periods applying to different stratifications.

A problem worthy of further study is the determination of cloud seeding feasibility of cases with
ample moisture but weak winds. This study suggests that about as many wet cases (days with
measurable precipitation at Mogollon Rim gauges) occur with weak winds as with strong
winds, but little natural precipitation occurs on weak wind days. The weak winds lead to
relatively low moisture flux over the barrier and, therefore, less fuel for precipitation. However,
perhaps early seeding or some other seeding strategy of weak wind cases could increase their
precipitation efficiency.

3.4.3 Precipitation Volume Comparisons With Streamflow. - The model integrates
precipitation for specified watersheds and over desired time periods, such as monthly.
Estimates of volume precipitation can then be employed as an independent variable in
regression analysis, with selected streamflow measurements as the dependent variable.
Regression equations may be useful in obtaining early estimates of seasonal runoff. Other
independent variables can be included in multiple regression analysis to, perhaps, further
improve runoff forecasting capability.

In this application, streamflow data were obtained from the three stream gauges listed below:

Gauge Record

Salt R. near Roosevelt
(Station 09498500)

November through June of water
years, 1979-88, inclusive

Tonto Cr. above Gun Cr.
(Station 09499000)

As above

Verde R. below Tangle Cr.,
above Horseshoe Dam
(Station 09508500)

As above

Gauges were selected such that the high elevation areas of the Salt-Verde watersheds were
covered, yet confounding by upstream diversions, reservoirs, and return flows did not
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Verde R (monthly) 60 0.66

Salt R (monthly) 60 0.56

Verde R (seasonal) 10 0.84

Salt R (seasonal) 10 0.97

appreciably influence results. Salt River and Tonto Creek flows measured at the gauging
stations indicated above were combined to represent more encompassing Salt River flows.

Separate monthly and seasonal analyses were perlormed. Gauge seasonal sums consisted of
November through June flows. Because river hydrographs indicated that spring runoff persists
into June. Model seasonal volume precipitation was generated by integration over the period
November through April.

Linear regression analysis was perlormed on monthly data and, separately, on seasonal data.
Sample sizes were 60 cases (months) in the monthly analysis and 10 cases (winters) in the
seasonal analysis. Given in table 3.10 are correlation values resulting in each analysis.
Scatterplots with regression lines are given on figures 3.7 and 3.8. The regression equations
developed are defined in table 3.11.

Table 3.10. - Comparison of Salt River and
Verde River flows with model volume

precipitation estimates.

Watershed (time unit) Cases Correlation

Table 3.11. - Regression equations for seasonal streamflow in the Salt and Verde watersheds.

Verde River watershed regression:

1\

Y = 0.397x - 21.051,
1\

Y = Gauge streamflow summed November through June
x =Model volume precipitation summed for November through April

Salt River watershed regression:

1\

Y = 0.480x - 354.008
1\

Y and x defined as above.
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Figure 3.7. - Scatterplot of observed seasonal streamflow vs.
model volume precipitation for the Verde River watershed.

Salt River Watershed
6000

.........

'"~ 5000

x
0+-
j 4000
Q)
!....
0
C

'--' 3000

--0
C
:J 2000
!....

y = 0.48x - 354.0
r = 0.97

"UQ)

c: 1000Q)
fI)

..Q
0

. ...
o~"""'" I'" ,:"" I"" ""'1"""'" I"""" 'I"""'" 1

a 1000 2000 3000 4000 5000 6000
Model volume precipitation

(acre-ft x 103)

Figure 3.8. - Scatterplot of observed seasonal streamflow vs.
model volume precipitation for the Salt River watershed.
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For Verde River data, the correlation was 0.66 with montWy flows and 0.84 with seasonal
flows. For Salt River data the respective correlation values were 0.56 (montWy) and 0.97
(seasonal). The correlations with monthly flows were noticeably higher than the 0.4 correlation
obtained with flows into Bin EI Ouidane Reservoir in the Atlas Mountains of Morocco
(Matthews et al., 1989). The higher values for Arizona suggest that a noticeable amount of the
winter precipitation that occurs on the Salt-Verde watersheds runs off within a few days to a
couple of weeks rather than remains in snowpack storage for extended periods.

The difference in correlation between the Verde River and Salt River watersheds in the
seasonal analysis is largely caused by the presence of one outlier in the Verde River data
(fig. 3.7). A correlation value as large as 0.97 for the Salt River seasonal flows would not likely
be obtained from a larger sample. These results suggest that a larger data set would lead to
correlations near 0.85. No noticeable skill difference is apparent in the model performance over
the two watersheds. Employing a sample size of 13 seasons, Rhea (1978) obtained correlations
from 0.62 to 0.91 in 20 Colorado mountain watersheds.

The variance explained (r2) in the monthly analysis (monthly time units) was 31 percent and
44 percent for the Salt and Verde watersheds, respectively. These values reflect a regression
model that is not adequate to forecast monthly streamflows. Other more capable models exist
for this purpose. A better approach would be to employ the daily grids of precipitation produced
by the precipitation model as input to a physical hydrologic model which produces daily
streamflow estimates through the use of more sophisticated and encompassing physics.

The seasonal analysis (seasonal time units) produced explained variances of 71 percent and
94 percent for the Salt and Verde watersheds, respectively. These results suggest useful
capability in forecasting seasonal flows by this type of a regression model. However, the
precipitation model requires November through April soundings to develop the seasonal volume
precipitation. To employ this type of regression for seasonal forecasting, say in early February
or March, one would need to assume some range of values for the volume precipitation not yet
experienced. By assuming selected percentages of the long-term mean volume precipitation for
the period of missing data, this forecasting system could supplement other forecasting
procedures now in use for the Salt and Verde watersheds.

3.5 Summary and Recommendations

An existing grid-point orographic precipitation model was adapted for application to the
Mogollon Rim of Arizona. The model is two-dimensional, steady-state, multilayer, and
fast-running on recent microcomputers or workstations. In the current configuration, the model
only requires interpolated soundings from DRA, INW, and TUS as input. The model produces
estimates of precipitation at each grid point of the 10-km model domain and other selected
locations that cUITently are specified as the sites of 13 gauges, 11 of which are distributed along
higher areas of the Mogollon Rim. The model also integrates precipitation over defined
watersheds and time periods.

The adapted model was applied to the Mogollon Rim with input consisting of twice-per-day
interpolated soundings for the 10 winters of 1978-88. A correlation of 0.75 was obtained for
model estimates of daily precipitation, defined as the mean of 11-point values that
corresponded to the 11 Mogollon Rim gauges, versus the corresponding gauge mean values,
each developed by taking the mean of the non-missing gauge values (up to 11 each day) each
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day. When monthly totals were employed the correlation increased to 0.92. Values for point
locations were lower, near 0.6, indicating that averaging model estimates over a watershed
improves results. Correlation of seasonal streamflow, obtained by summing gauge monthly
flows over November through June, with November through April model volume precipitation,
yielded 0.97 for the Salt River watershed and 0.84 for the Verde River watershed.

Correlation values obtained indicate the model has useful predictive capability for the
Salt-Verde watersheds. This capability exists for daily precipitation areal averages and,
particularly, for monthly totals for which the model seems capable of explaining nearly
85 percent of the variance. These results suggest that model daily grid-point estimates of
precipitation may be sufficiently accurate to be employed as input to physical hydrologic
models, providing them vital improved resolution of the precipitation in space. Although use of
the model in an areal sense over the two watersheds appears feasible, single point estimates
were noticeably less accurate and should be used with caution.

The model may be of use in forecasting seasonal streamflow. For example, probable seasonal
runoffs can be developed using model generated monthly volume precipitation for months with
soundings plus adjusted mean flows for the remaining months of a season. Model forecasts of
seasonal streamflow can also be employed in the evaluation of cloud seeding programs to
increase watershed streamflow.

The model can be useful in the study of winter storm climatology. Application of the model to
the Mogollon Rim confirmed that most precipitation, about 88 percent of the total, occurs from
storms bearing southwesterly steering winds. Though nearly one-third as many precipitation
days occur with northwesterly winds as with southwesterly winds, they produce only about
8 percent of the precipitation on the rim, perhaps indicative of inefficient cloud precipitation
processes (could also be caused by low CLW from inefficient lift of air layers because the flow is
somewhat parallel to the Mogollon Rim).

Moist layer temperatures playa vital role in the formation and growth of cloud ice particles and
in cloud precipitation efficiency. Consequently, the model was employed to examine the
temperatures at levels important to cloud seeding by ground-based application, and the 500-mb
level temperatures that have been of interest to some seeding programs. Model runs indicated
that precipitation events on the Mogollon Rim frequently occur with 750-mb (about 2.5 km
m.s.l.) temperatures exceeding -6°C, which may present special problems to ground-based
seeding applications. On the other hand, about 92 percent of the precipitation occurred at
500-mb temperatures estimated at -27°C to -10 °C, an interval considered by some scientists to
be favorable to cloud seeding.

Wind speed can also play an important role in precipitation production. As in the case of
temperatures, the model was employed to investigate wind speeds that accompanied
precipitation days on the Mogollon Rim. Model runs indicated that about 36 percent of rim
precipitation occurred with 700-mb winds exceeding 15 m/s and less than 5 percent occurred
with winds less than 5 rn/s. Cloud treatment when winds exceed 15 rn/s may sometimes present
formidable targeting problems. That little precipitation occurred with weak winds may mean
that, in some cases, clouds were relatively stable and producing precipitation with low
efficiency. Whether cloud seeding can be productive in such cases requires more field studies
and experimentation.
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Application of the model to the Mogollon Rim indicated useful skill in the estimation of daily
mean precipitation for 11 gauges located in higher elevations of the rim. With relatively minor
changes, the model can be configured to use a single sounding as input. In future cloud seeding
experiments that collect local sounding data, the model should be used to estimate precipitation
for the rim and results compared with gauge data. The model can be configured to develop
estimates for periods with less than 24 h and this feature may be useful in the development of
weather forecasts in the conduct of experiments. Additionally, it is recommended that any
evaluation plan for future cloud seeding experiments on the rim, consider the use of model
precipitation estimates as a fully objective covariate. Because the model seems capable of
routinely producing useful precipitation estimates for the rim, a future cloud seeding
experiment may benefit through a shorter experimental period, as a result of using the model
to lessen the precipitation variability and thus the number of cases necessary to detect an
anticipated change at a prescribed significance level.
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