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This study evaluates the ability of a high resolution (2-km horizontal
resolution) Weather Research and Forecast (WRF) model driven with North
American Mesoscale (NAM) output to simulate cloud liquid water (LW) over
the Uinta Mountains of Utah. Radiometer observations of LW (a critical
ingredient for effective cloud seeding), are compared with modeled cloud
conditions to better understand the ability of an operational WRF
configuration to provide insight into impending cloud seeding conditions. The
LW was measured on the southern and northern slopes of the Uinta range
during the winters of 2019 and 2022, respectively. The WRF model’s
performance in forecasting LW was assessed by comparing it with the observed
radiometer data. Results indicate that the model accurately predicted LW
during major storms but exhibited discrepancies in magnitude, overestimating
values on the southern slope and underestimating them on the northern slope.
Statistical analysis revealed a bias score of 0.83 for 2019 and 1.06 for 2022, with
a probability of detection of 0.74 and 0.70, respectively. This study
demonstrates the value of the WRF model for supporting cloud-seeding
operations while emphasizing the need for additional radiometer measurements
to evaluate LW forecasts under very limited data availability. Because Utah’s
complex terrain and varying mountain orientations create strong spatial
variability in LW, expanded observations are crucial for validating model output
and improving forecasts through better selection of cloud-microphysics and
boundary-layer schemes. While the findings provide useful guidance for
optimizing precipitation—enhancement strategies in Utah’s mountainous
regions, WRF performance must be further assessed using longer-term LW
datasets, as current forecasts show both positive and negative biases across the
Uinta Range.

1. Introduction

Glaciogenic cloud seeding, a weather modification technique aimed at
enhancing precipitation by seeding clouds with silver iodide (Agl), has
garnered significant attention as a potential tool to address water scarcity
and mitigate drought impacts in various regions worldwide (Pokharel et
al. 2017; Rauber and Blanchard 2007; National Research Council 2003).
This innovative approach holds promise for augmenting precipitation in
mountainous areas, where water resources are vital for ecosystems,
agriculture, and urban populations (Rauber and Blanchard 2007). Cloud
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seeding operations have a long history in Utah and across the Mountain
West region of the United States (Breed et al. 2014); however, the scientific

understanding of cloud seeding and meteorological intervention remains
limited (Rauber et al. 2019; DeFelice 2018)

The history of glaciogenic cloud seeding stretches back several decades, with
early experiments dating back to the mid-20th century (Cooper 1985). In the
United States, Utah has been at the forefront of cloud seeding research and
operational implementation, spearheading efforts to evaluate the effectiveness
of cloud seeding as a water management strategy (Griffith et al. 2022). The
state’s arid climate and reliance on mountain snowpack for water supply
make it an ideal testing ground for cloud seeding initiatives (Pokharel et al.
2021). Over the years, numerous cloud seeding projects have been conducted
in Utah, utilizing various seeding techniques and targeting specific weather
conditions to maximize precipitation enhancement (Pokharel et al. 2021).

Furthermore, there are widespread cloud seeding operations across the
Mountain West region of the United States, encompassing states such as
Colorado, Wyoming, Idaho, and Montana (Tessendorf et al. 2020; Friedrich
et al. 2021; Pokharel and Geerts 2016; Breed et al. 2014; French et al. 2018).
These initiatives, often conducted by water management agencies, research
institutions, and private entities, aim to bolster snowpack levels, enhance
water availability, and mitigate the impacts of drought on local communities
and ecosystems (Rauber et al. 2019). The Mountain West’s complex terrain
and diverse meteorological conditions present unique challenges and
opportunities for cloud seeding, prompting ongoing research and operational
efforts to optimize seeding techniques and assess their efficacy in different
geographic and climatic contexts (Rauber et al. 2019).

Glaciogenic cloud seeding, a technique designed to enhance precipitation
by introducing additional ice nuclei into clouds, demonstrates high efficacy
when abundant liquid water (LW) is present within clouds at temperatures
below approximately -5°C (Pokharel et al. 2017; Pokharel and Geerts 2016).
However, accurately measuring LW poses a significant challenge, particularly
when considering larger areas, as point measurements may fail to represent
the variability observed over complex terrain affected by wind, turbulence,
and cloud dynamics (Hobbs and Rangno 1979). Furthermore, weather
forecasting models encounter difficulties in simulating LW due to their
inability to accurately capture boundary layer turbulence over mountainous
regions, where air motion exhibits considerable variation (Kringlebotn et al.
2011). The selection of appropriate model schemes and boundary conditions
further complicates LW forecasting, as certain physics schemes excel in
temperature prediction while others perform better in forecasting
precipitation and cloud water content (Bannister et al. 2020). Therefore,
addressing these challenges in LW measurement and forecasting accuracy
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Figure 1. Land use and land cover map of Utah (a) and the Uinta Range (b), showing radiometer deployment
locations in 2019 and 2022. The inset photo (2019) was taken at the Roosevelt, UT site. The white and yellow boxes

in panel (b) denote the regions used to compute average liquid water path (LWP) from the WRF model for
comparison with radiometer observations from 2019 and 2022, respectively.

is crucial for optimizing the effectiveness of glaciogenic cloud seeding
operations, particularly in regions characterized by complex terrain and
dynamic meteorological conditions.

This study evaluates the presence of LW over the two sides (south and
north) of the Uinta Mountain Range based on radiometer observation and
compares the measurements with high resolution WRF model forecast data.
This is the first model verification work of LW over the mountains in Utah.
Continuous improvement of the model is essential, and observations play
a critical role in this process. Observational datasets are used not only to
evaluate model performance in forecasting LW, but also to identify systematic
biases and inform improvements to model physics and parameterizations.
Because accurate LW forecasts are crucial for cloud seeding operations and
a dense observational network is not feasible across all of Utah, the model
can be effectively utilized if the forecast accuracy meets the operational
requirements for cloud seeding.

2. Study Area, Data and Methods

This study focused on the Uinta Mountains, where a radiometer was
employed to measure cloud LW, crucial for glaciogenic cloud seeding. Both
the northern and southern sides of the Uinta range were targeted for cloud
seeding, with LW measurements obtained for both sides, as illustrated in

Figure 1.
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The Utah Division of Water Resources (DWR) installed a radiometer in
Roosevelt, Utah, to support operational cloud seeding activities over the
Uinta Range during the winter of 2019 (January—March). In the winter of
2022 (January—May), the instrument was relocated to the northern side of
the range, where it was operated at 20 degrees elevations targeting north
and south directions. The radiometer also collected vertically pointing
measurements to derive the vertical profiles of cloud LW. The data availability

period is shown in Figure 2.

This is a unique dataset that includes vertically integrated liquid water path
(LWP) observations from both the southern and northern sides of the
Uinta Mountains. As most storms approach from the south, with a smaller
number originating from the north, these observations provide valuable
insight into the frequency and magnitude of LWP on both sides of the range.
Although the measurements were not conducted simultaneously during the
same winter season, the dataset enables a useful comparison of cloud liquid
water characteristics across the two mountain flanks.

Radiometer data collected during both seasons underwent processing using
Radiometrics software to produce final version (level 2) datasets, forming the
foundation of analysis in this study. These datasets include measurements
of both LWP and liquid water content profiles, offering valuable insights
into cloud microphysical properties and their variations over the study area.
Additionally, LWP was calculated using the liquid water profile data from
the radiometer measurements to compare with existing LWP data derived
from the Radiometrics software. In addition to radiometer data, this study
integrates forecast data from the Weather Research and Forecasting (WRE;
Skamarock et al. 2008) model for the 2018/2019 and 2021/2022 winter
seasons. These forecast data, aligned with the area covered by radiometer
measurements, allow for a comprehensive analysis of cloud liquid water
dynamics and the performance of the WRF model in simulating these
phenomena. Although not directly related to the primary focus of this study,
radiometer and forecast data from the 2018/2019 winter season were also
utilized for comparative analysis to shape the final operational configuration
of model physics; primarily planetary boundary layer and cloud microphysics.
The results and analysis presented here further explore the ability of these
“optimized” model physics configuration to capture cloud conditions over
the added mountain ranges and the seasonally-unique large-scale synoptic
patterns of the 2021/22 season. This comparative approach facilitates the
evaluation of the WRF model’s performance in simulating cloud liquid water
content across different years, providing valuable insights into the model’s
reliability and predictive capabilities.

The WRF model is initialized by 12-km North American Mesoscale (NAM)
output with 3-hourly lateral boundary conditions provided over an 84-hour
(3.5 day) lead time. The model domain covers the entirety of Utah and
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into the surrounding states (see Figure 1) and initially (from 2019) operated
at a 3 km horizontal resolution with 38 vertical levels; however, shortly
after implementation in 2019 the model’s resolution was improved to 2 km
horizontal grid spacing and 40 vertical levels. Alongside the implementation
of the finer model resolution, the model’s physics options were optimized for
cloud conditions during a multi-physics comparison phase using radiometer
observations from the 2018/19 season. Many of the model physics options
were selected to maintain consistency with the NCEP parent model’s
configuration, as this minimizes confounding biases from parameterization
designs. However, the primary focus of these comparisons was on cloud
microphysics and boundary layer options, as these factor heavily into cloud
conditions and boundary layer stability, both of which are critically
important for cloud seeding decision-making. For this, we compared a
collection of modeled forecast conditions against observations, particularly
considering the LWP from radiometer measurements. Model physics
configuration skill was assessed by comparing the timing and magnitude of
the modeled vs observed presence of cloud liquid water to identify better
performing model physics in capturing the timing, duration, and magnitude
of cloud conditions. Based on the comparison, the Thompson graupel
scheme (Thompson et al. 2008) was chosen for subsequent analyses for
cloud microphysics, and MYNN 2.5 level TKE (Olson et al. 2019) for
boundary layer physics. The comparison and subsequent refinement of model
configurations led to improved WREF forecast performance, strengthening its
applicability for operational cloud seeding guidance.

The vertically integrated LWP from the WRF model was averaged within the
designated boxes for the two study periods from 2019 and 2022 as shown
in Figure 1b and compared with the radiometer-measured LWDP. Statistical
methods were employed to evaluate the WRF’s performance in predicting the

vertically integrated LWP during the two cloud seeding seasons. The methods
used for evaluating the WRF LWDP are detailed in Tables 1 and 2.

3. Results
3.1. Vertical Profile of LW

The liquid water profile was measured targeting the Uinta Range from the
southern side in 2019 and from northern side in 2022. Figure 2 shows the
February and March 2019 LW profiles measured from Roosevelt, Utah. The
radiometer is pointing north to measure the profile of LW over the Uinta
Mountains (Figure 1). Throughout February and March 2019, LW was
frequently observed, coinciding with above-normal precipitation measured
in Utah during that winter (result not shown). The majority of LW was
observed below 3 km above ground level (agl), although in certain cases (early
February in the upper panel and later March in the lower panel), LW was
observed at higher level.
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Table 1. Statistical and categorical indices for validation of WRF LWP forecast.

Variable Statistics Definition Equation P:C':(::t
Bias Score Measure of the overall forecast bias for continuous (A+B) 0
(BIAS) and probabilistic forecasts (A+0)
Probability
of Measures the fraction of observed LWP events A 1
Detection that were correctly predicted (A+0)
(POD)
. Accuracy Measures the fraction of forecasted events that A+D 1
Vertically (ACC) were correct (A+B+C+ D)
Integrated
liquid water False
path (LWP) Alarm Measures the fraction of observed no precipitation B 0
Ratio events that were correctly predicted (A+ B)
(FAR)
Threat Measures the fraction of observed and/or forecast A +1
Score (TS) events that were correctly predicted. (A+ B+ C’)
Heidke Measures the fraction of correct forecasts after (PC — E)
Skill Score eliminating those forecasts which would be correct A-B 1
(HSS) due purely to random chance (1-E)

Where, A, B, C, and D in Equations 1 - 5 are defined in Table 2. Further in Equation 6, PC is the proportion correct of forecast and E is the PC for correct
random forecast. All of the above equations are adopted from Jolliffe and Stephenson (2012).

Table 2. Contingency table to define observed LWP categorical scores for the evaluation of WRF forecast with radiometer observation.

Event Observed
YES NO
Event Forecast YES A B
NO C

Where, A = Hit, B = False Alarm, C = Miss, D = Correct Negatives

Four months of data were collected and analyzed from January to April 2022.
The radiometer, positioned on the northern side of the Uinta (Figure 1),
captured LW profiles from 2022. Figure 3 illustrates these profiles, indicating
less frequent LW observed during the 2022 winter season. This reduced LW
frequency is consistent with the anomalously low precipitation during the
winter of 2021-2022, which was one of the driest winters on record in Utah
(results not shown) and was characterized by less frequent storm activity.

Similarly to 2019, the northern side of the Uinta on 2022 primarily observed
LW at lower levels (up to 3 km agl), with some higher-level LW in April.
Storms with significant LW were sparse in January, with only two observed
around January 21 and 24. February saw a few storms, with LW low in
the first half but increasing in the second half. The radiometer experienced
downtime during March, and although LW was low in the first week and
towards the end of the month, some storms were observed. April witnessed
several storms, with LW observed around April 5 and in the middle of the
month, but a notable amount of LW was observed around April 23-24,
indicating a potentially favorable seeding window.
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Figure 2. Radiometer measured LW profile from Roosevelt, UT during the winter of 2019. The upper panel (a) shows
the measurement from 1 to 28 February and the lower panel (b) shows the measurement from 1 to 31 March 2019.

Further analysis of LW content and temperature profiles during selected
storm events revealed notable atmospheric features (Figure 4). Two cases
characterized by elevated LW values were analyzed to assess the corresponding
vertical temperature structures measured by the radiometer. In early March
(Figure 4a,b), elevated LW content was detected at higher altitudes,
accompanied by a pronounced temperature inversion below 1 km. A similar
pattern was observed on 24 March 2019 (Figure 4c,d), with high LW aloft
and a distinct inversion layer below 1 km. In both cases, the maximum
temperature occurred near 1 km, suggesting a stable layer below. Above
this level, the atmosphere became increasingly unstable, likely facilitating
convective development and the upward transport of moisture, resulting in
enhanced LW content up to 3 km.
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Figure 3. Radiometer measured LW profile from the Northern side of Uinta during the winter of 2022. The upper
left panel a) shows the measurements from 1 to 31 January, b) shows the measurements from 1 to 28 February, c)
shows the measurements from 1 to 31 March and d) shows the measurements from 1 to 30 April 2022.
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3.2. WRF and Observed Liquid Water Path (LWDP)

The WRF model has been employed to simulate cloud seeding operations
in Utah since 2018. It is initialized four times a day using North American
Mesoscale Modeling (NAM) forecast data. Both the radiometer and WRF
provide LW profiles, albeit with significantly different data frequencies. The
radiometer offers profile data at a 20 degree elevation angle targeting the
mountain. As it targets LW measurement over the Uinta range, we utilized
profile LW data to calculate the LWP. Despite the radiometer data providing
LWPD, it contains unrealistically high values and biases that are impossible to
eliminate. To validate the model data, realistic LWP data from observations
must be obtained, achieved by calculating LWP from scratch using LW
profile data through the Python programming language. The same technique
is applied for WRF model LWP calculation.

Radiometer data frequency fluctuates from 2 to 5 minutes, whereas the
WRF model provides broader spatial coverage but coarser data frequency.
Thus, both measurements and models have limitations, but model data can
be utilized if it aligns with observations. This section primarily focuses on
comparing WRF model forecasts with observations, concentrating on LWP.

To align data frequency, radiometer LWP is interpolated (averaged) to
3-hourly data for comparison with model data. The comparison of LWP
during February and March 2019 from observations and forecasts is depicted
in Figure 7. The model forecast accurately predicted LWP during major
storms in February (Figure Sa); however, during periods of low LWP (2-21
February), the model underestimated compared to observations. Additionally,
the model overpredicted in some instances, notably around the 19 February
storm where observed values were considerably smaller. Similarly, the WREF
model accurately captured major storms, predicting LWP at the correct times
in March (Figure S5b). Notably, the model predicted smaller LWP during the
earlier period (around 1-5 March, Figure Sb), but consistently overpredicted
LWP compared to observations for most days, consistent with February. It’s
important to note that measurements and model data are from the southern
slope of the Uinta range.

Further evaluation of WRF forecasts considered radiometer measurements
from January to April 2022. The radiometer, targeting the northern slope
of the mountains, was installed on January 20th, with data available from
January 21st and for entire months thereafter. However, the instrument
encountered some errors during measurements, resulting in gaps in
observational data as seen white area in Figure 3. LWP data from the
radiometer and WRF model forecast are depicted in Figure 6. In January
(Figure 6a), observed values were significantly larger than WRF forecasts,
although the model did predict LWDP, albeit smaller values. The WREF forecast
performed better in February (Figure 6b), with model values comparable to
the observed LWP for the first half of the month. However, observed values
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Figure 5. Three-hourly vertically integrated liquid water path (LWP) from radiometer measurements (dashed line) and
WRE forecast (blue line) for the month of February (a — upper panel) and March (b - lower panel) of 2019.

surpassed model data in the second half of February, with the model failing
to capture observed LWP after February 22nd. March (Figure 6¢) displayed a
similar trend to February’s latter half, with observed LWP values surpassing
WRF forecasts. In April (Figure 6d), the WRF model successfully captured
all storms, with observed and forecasted LWP values largely aligned, though
most radiometer values were larger than the forecast.

3.3. Statistical Analysis

The observed and forecasted LWP values were compared using standard
statistical metrics, as summarized in Table 1. Daily averaged values from
both observations and the Weather Research and Forecasting (WRF) model
were used for analysis, as these statistical tools are most effective for daily
datasets. An initial qualitative comparison categorized LWP detection under
four conditions: a) both radiometer and WRF forecast showed LWP (yes,
yes), b) neither WRF nor radiometer showed LWP (no, no), c) radiometer
measured LWP but WRF did not forecast (yes, no), and d) radiometer did
not measure LWP but WREF forecasted (no, yes) as given in Table 2.

The comparison for 2019 (Table 3) indicates that WRF predicted LWP on
most days, correctly forecasting 31 events and missing 11. There were also
four days when WREF falsely forecasted LWP in the absence of radiometer
detection. In contrast, the 2022 results show a higher frequency of missed
events by WRF when LWP was observed by the radiometer. It is important
to note that Radiometrics did not calibrate the neural network for the correct
location and elevation until February 10, 2022, which may have affected
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Figure 6. Three-hourly vertically integrated liquid water path (LWP) from radiometer measurements (dashed line) and

WREF forecast (blue line) from January to April 2022. a) show the model and observed LWP for January (for the
period from 21 to 31 January), b) for 1 to 28 February, ) for 1 to 31 March, and d) for 1 to 30 April 2022.
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column totals are included for each year.

Event Observed (with total samples)

Event Forecast | (with total samples)

Table 3. Contingency table showing the number of events in which observed LWP exceeds 0 and is correctly forecasted by the WRF model,
as well as cases of missed events and false alarms, for the periods 1 February—31 March 2019 and 11 February-30 April 2022. Row and

YES (42in 2019 and 54 in 2022) NO (28in 2019 and 36 in 2022)
A=31 B=4
Cc=11 D=24
A=42 B=19
C=12 D=17

Table 4. Statistical indices calculated from observed and WRF forecasted LWP from the data from 2019 and 2018. The data used in this
table are from February and March 2019 and 21 January to 30 April 2022.

Variable Statistical Indices

Bias Score (BIAS)
Probability of Detection (POD) 0.74 0.78
Accuracy (ACC) 0.79 0.66
False Alarm Ratio (FAR) 0.11 0.31
Threat Score (TS) 0.67 0.58
HSS 0.57 0.26

data quality prior to this date. Therefore, only data from February 11, 2022,
onward were considered for comparison with observed data, particularly for
the forecast verification results presented in the following section.

Further evaluation using additional statistical metrics is presented in Table
4. The WRF model exhibited a consistent bias score (0.8 in 2019 and 1.13
in 2022, ideal value is expected to be close to zero), and the probability
of detection was 0.7 (ideal = 1). In contrast, the false alarm ratio remained
low, at 0.1 in 2019 and 0.31 in 2022—close to the optimal value of zero in
2019 but higher in 2022. Moreover, the threat score (TS) and Heidke skill
score (HSS)—for which values closer to one indicate better performance—are
higher in 2019 than in 2022 (Table 4). This suggests that the model struggled
more to forecast LWP during northerly flow conditions (2019 radiometer
measurements) than during southerly flow conditions (2022 radiometer
measurements). Nevertheless, these results indicate that although the model
performs reasonably well in detecting the presence or absence of LWP, it has
limitations in accurately predicting LWP magnitudes.

4, Discussion

The WRF forecast shows good to fair agreement with radiometer-derived
LWP on both sides of the mountain range at the temporal scale. However,
liquid water can vary substantially over complex mountainous terrain, where
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boundary-layer turbulence plays a critical role in LWP development, as
previously observed over the mountains of Wyoming (Pokharel et al. 2014;
Pokharel and Geerts 2016).

Two contrasting synoptic conditions produced distinct LWP distributions on
the two sides of the mountain range, as shown in Figure 7. The southwesterly
flow during the 3 February 2019 case (Fig. 7a) transported abundant
moisture and generated much higher LWP, whereas the northerly flow on
16 February 2022 (Fig. 7b) resulted in very low LWP on the northern
side of the Uinta Mountains. However, the WRF forecasts were not fully
consistent during these events. The model overestimated LWP in 2019 and
underestimated LWP in 2022 relative to the radiometer observations (Figs.
5 and 6). Similar overestimation of LWP by WRF compared to radiometer
measurements was reported by Cossu et al. (2015) for Bern, Switzerland,
during the summer of 2012. These results indicate that the WRF model
continues to face challenges in accurately forecasting LWP magnitudes over
complex terrain (Kringlebotn Nygaard et al. 2011). Chen et al. (2015)
demonstrated that assimilating satellite-derived cloud products into the WRF
Data Assimilation (WRFDA) system significantly improves the forecasts of
LWP, as well as upper-level wind and temperature. Despite these limitations,
WRF remains highly valuable in regions with sparse observational coverage,
providing important guidance for icing forecasts and cloud-seeding
operations, particularly where in situ observations are limited. It should be
noted that this study is limited to data from only two winter seasons, and
the comparison of liquid water over the two sides of the mountain range
does not cover the same time periods. Longer-term and more consistent
LWDP observations, along with corresponding WREF model outputs across
multiple mountain regions, are therefore required to robustly validate and
further improve the WRF model using observational data as continuous
improvement of the model is essential, and observations play a critical role
in this process. Observational datasets are used not only to evaluate model
performance in forecasting LW, but also to identify systematic biases and
inform improvements to model physics and parameterizations. Because
accurate LW forecasts are crucial for cloud seeding operations and a dense
observational network is not feasible across all of Utah, the model can be
effectively utilized if the forecast accuracy meets the operational requirements
for cloud seeding.

S. Conclusion and Recommendation

The WRF model has demonstrated its ability to forecast LWP based on
radiometer measurements. This high-resolution operational forecast model
provides valuable guidance for the Uinta Range, particularly aiding in future
seeding operation planning, including the optimization of seeding generator
arrays.
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Figure 7. The left panel shows the WRF forecast of liquid water path (LWP) for (a) 06Z and (b) 09Z on 3 February
2019, based on the model run initialized at 12Z on 2 February 2019. The right panel shows the forecast of LWP for (c)
09Z and (d) 12Z on 16 February 2022, based on the model run initialized at 00Z on 16 February 2022. The high LWP
observed in 2022 is associated with a southwesterly atmospheric river transporting moisture from the Pacific Ocean,
whereas the low LWP in 2019 is linked to a cold air mass under northwesterly flow associated with a cutoff-low

synoptic situation (synoptic condition is not shown here).

While this study confirms the reliability of LWP forecasts, some discrepancies
in magnitude were observed. Specifically, the WRF model tended to predict
higher LWP values over the southern slope of the Uinta Mountains and
lower values over the northern slope compared to radiometer observations.
Expanding LWP measurements across different mountain ranges in Utah
would support improved model testing and validation of various
parameterization schemes. Furthermore, additional LWP observations would
contribute to more accurate cloud seeding decisions. Future WRF
simulations should be validated with increased observational data, particularly
radiometer-derived LWP and temperature data. Additionally, comparing
radiometer temperature profiles with observed soundings can aid in
evaluating inversions.

Cloud seeding operations in Utah’s mountainous regions have a long history,
and accurately identifying suitable clouds is critical for achieving positive
outcomes. Improvements to the seeding program can be made through
scientific studies utilizing both model and observational data. The WRF
model’s ability to forecast liquid water in orographic clouds underscores
its utility for seeding operations, emphasizing the importance of continued
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research and analysis in this field. Collaboration between the private sector
(e.g, NAWC), government (e.g. Utah Division of Water Resources) and

research groups (e.g. Utah State University) should persist for further
research-to-operation advancements.

Acknowledgment

This research is supported by the Utah Division of Water Resources and
Colorado River Lower Basin States.

Submitted: November 18, 2025 MDT. Accepted: November 30, 2025 MDT. Published: December 25, 2025 MDT.

This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0
International License (CCBY-4.0). View this license's legal deed at http://creativecommons.org/licenses/
by/4.0 and legal code at http://creativecommons.org/licenses/by/4.0/legalcode for more information.

The Journal of Weather Modification 16


http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0/legalcode

Evaluation of WRF Model Performance in Forecasting Supercooled Liquid Water Across the Uinta Mountains of Utah

REFERENCES

Bannister, R. N., H. G. Chipilski, and O. Martinez-Alvarado. 2020. “Techniques and Challenges in
the Assimilation of Atmospheric Water Observations for Numerical Weather Prediction towards
Convective Scales.” Quarterly Journal of the Royal Meteorological Society 146 (726): 1-48. https:/
/doi.org/l(). 1002/gj.3652.

Breed, D., R. Rasmussen, C. Weeks, B. Boe, and T. Deshler. 2014. “Evaluating Winter Orographic
Cloud Seeding: Design of the Wyoming Weather Modification Pilot Project (WWMPP).” Journal

of Applied Meteorology and Climarology 53 (2): 282-99. https://doi.org/10.1175/JAMC-
D-13-0128.1.

Chen, Y., H. Wang, J. Min, et al. 2015. “Variational Assimilation of Cloud Liquid/Ice Water Path
and Its Impact on NWP.” Journal of Applied Meteorology and Climatology 54 (8): 1809-25.
https://doi.org/10.1175/JAMC-D-14-0243.1.

Cooper, W. A. 1985. “A History of Weather Modification Experiments in Texas, 1891-1978.”
Bulletin of the American Meteorological Society 66 (2): 151-59.

Cossu, F., K. Hocke, A. Martynov, O. Martius, and C. Mitzler. 2015. “Atmospheric Water
Parameters Measured by a Ground-Based Microwave Radiometer and Compared with the WRF
Model.” Atmospheric Science Letters 16 (4): 465-72. https://doi.org/10.1002/as].583.

DeFelice, T. P. 2018. “Inadvertent Weather Modification.” In Reference Module in Earth Systems
and Environmental Sciences. Elsevier. https://doi.org/10.1016/B978-0-12-409548-9.11356-9.

French, J. R., K. Friedrich, S. A. Tessendorf, et al. 2018. “Precipitation Formation from Orographic
Cloud Seeding.” Proceedings of the National Academy of Sciences 115 (6): 1168-73. https://
doi.org/10.1073/pnas.1716995115.

Friedrich, K., J. R. French, S. A. Tessendorf, et al. 2021. “Microphysical Characteristics and
Evolution of Seeded Orographic Clouds.” Journal of Applied Meteorology and Climatology 60 (7):
909-34. https://doi.org/10.1175/JAMC-D-20-0206.1.

Griflith, D. A., D. P. YortY, G. CAmmAns, and J. Serago. 2022. “Update On A Long-Term Winter
Operational Cloud Seeding Program In Central/Southern Utah.” The Journal of Weather
Modification 54 (1). https://doi.org/10.54782/jwm.v54i1.730.

Hobbs, P. V., and A. L. Rangno. 1979. “Comments on the Climax and Wolf Creek Pass Cloud
Seeding Experiments.” /. Appl. Meteorol. 18: 1233-37. https://doi.org/10.1175/
1520-0450(1979)018.

Jollifte, I. T., and D. B. Stephenson, eds. 2012. Forecast Verification: A Practitioner’s Guide in
Atmospheric Science. John Wiley & Sons.

Kringlebotn Nygaard, B. E., J. E. Kristjdnsson, and L. Makkonen. 2011. “Prediction of In-Cloud
Icing Conditions at Ground Level Using the WRF Model.” Journal of Applied Meteorology and
Climatology 50 (12): 2445-59. https://doi.org/10.1175/JAMC-D-11-054.1.

National Research Council. 2003. Weather Modification: Programs, Problems, Policy, and Potential.
National Academies Press.

Olson, Joseph B., Jaymes S. Kenyon, Wayne A. Angevine, John M. Brown, Mariusz Pagowski, and
Kay Suselj. 2019. 4 Description of the MYNN-EDME Scheme and the Coupling to Other
Components in WRF-ARW. NOAA Technical Memorandum OAR GSD No. 61. https://

doi.org/10.25923/n9wm-be49.

The Journal of Weather Modification

17


https://doi.org/10.1002/qj.3652
https://doi.org/10.1002/qj.3652
https://doi.org/10.1175/JAMC-D-13-0128.1
https://doi.org/10.1175/JAMC-D-13-0128.1
https://doi.org/10.1175/JAMC-D-14-0243.1
https://doi.org/10.1002/asl.583
https://doi.org/10.1016/B978-0-12-409548-9.11356-9
https://doi.org/10.1073/pnas.1716995115
https://doi.org/10.1073/pnas.1716995115
https://doi.org/10.1175/JAMC-D-20-0206.1
https://doi.org/10.54782/jwm.v54i1.730
https://doi.org/10.1175/1520-0450(1979)018
https://doi.org/10.1175/1520-0450(1979)018
https://doi.org/10.1175/JAMC-D-11-054.1
https://doi.org/10.25923/n9wm-be49
https://doi.org/10.25923/n9wm-be49

Evaluation of WRF Model Performance in Forecasting Supercooled Liquid Water Across the Uinta Mountains of Utah

Pokharel, B., and B. Geerts. 2016. “A Multi-Sensor Study of the Impact of Ground-Based
Glaciogenic Seeding on Clouds and Precipitation over Mountains in Wyoming. Part I: Project
Description.” Atmospheric Research 182: 269-81. https://doi.org/10.1016/
j-atmosres.2016.08.008.

Pokharel, B., B. Geerts, and X. Jing. 2014. “The Impact of Ground-Based Glaciogenic Seeding on
Orographic Clouds and Precipitation: A Multisensor Case Study.” Journal of Applied Meteorology
and Climatology 53 (4): 890-909. https://doi.org/10.1175/JAMC-D-13-0290.1.

Pokharel, B., B. Geerts, X. Jing, K. Friedrich, K. Ikeda, and R. Rasmussen. 2017. “A Multi-Sensor
Study of the Impact of Ground-Based Glaciogenic Seeding on Clouds and Precipitation over
Mountains in Wyoming. Part II: Seeding Impact Analysis.” Atmos. Res. 183: 42—57. https://
doi.org/lO.1016/i.atmosres.2016.08.018.

Pokharel, B., S. Y. S. Wang, H. Gu, et al. 2021. “A Modeling Examination of Cloud Seeding
Conditions under the Warmer Climate in Utah, USA.” Atmospheric Research 248: 105239.
https://doi.org/10.1016/j.atmosres.2020.105239.

Rauber, R. M., and D. O. Blanchard. 2007. “Seeding of Convective Clouds for Rainfall
Enhancement: A Review.” Bulletin of the American Meteorological Society 88 (6): 883-88.

Rauber, R. M., B. Geerts, L. Xue, et al. 2019. “Wintertime Orographic Cloud Seeding—A
Review.” Journal of Applied Meteorology and Climatology 58 (10): 2117-40. https://doi.org/
10.1175/JAMC-D-18-0341.1.

Skamarock, W. C., J. B. Klemp, J. Dudhia, et al. 2008. 4 Description of the Advanced Research WRF
Version 3. NCAR Technical Note, NCAR/TN-475+STR; Mesoscale and Microscale
Meteorology Division, National Center for Atmospheric Research.

Tessendorf, S. A., K. Tkeda, C. Weeks, R. Rasmussen, J. Wolff, and L. Xue. 2020. “An Assessment
of Winter Orographic Precipitation and Cloud-Seeding Potential in Wyoming.” Journal of

Applied Meteorology and Climatology 59 (7): 1217-38. https://doi.org/10.1175/JAMC-
D-19-0219.1.

Thompson, G., P. R. Field, R. M. Rasmussen, and W. D. Hall. 2008. “Explicit Forecasts of Winter
Precipitation Using an Improved Bulk Microphysics Scheme. Part II: Implementation of a New
Snow Parameterization.” Mon. Wea. Rev. 136: 5095-115. https://doi.org/10.1175/
2008MWR2387.1.

The Journal of Weather Modification

18


https://doi.org/10.1016/j.atmosres.2016.08.008
https://doi.org/10.1016/j.atmosres.2016.08.008
https://doi.org/10.1175/JAMC-D-13-0290.1
https://doi.org/10.1016/j.atmosres.2016.08.018
https://doi.org/10.1016/j.atmosres.2016.08.018
https://doi.org/10.1016/j.atmosres.2020.105239
https://doi.org/10.1175/JAMC-D-18-0341.1
https://doi.org/10.1175/JAMC-D-18-0341.1
https://doi.org/10.1175/JAMC-D-19-0219.1
https://doi.org/10.1175/JAMC-D-19-0219.1
https://doi.org/10.1175/2008MWR2387.1
https://doi.org/10.1175/2008MWR2387.1

	Evaluation of WRF Model Performance in Forecasting Supercooled Liquid Water Across the Uinta Mountains of Utah
	1. Introduction
	2. Study Area, Data and Methods
	3. Results
	3.1. Vertical Profile of LW
	3.2. WRF and Observed Liquid Water Path (LWP)
	3.3. Statistical Analysis

	4. Discussion
	5. Conclusion and Recommendation
	Acknowledgment

	References


