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CAPSULE
Using recent advancements in instrumentation and computer modeling, the SNOWIE project has observed the microphysical response of seeding orographic clouds and aims to address long-standing questions about using cloud seeding to enhance precipitation. 

ABSTRACT
The SNOWIE project aims to study the impacts of cloud seeding on winter orographic clouds.  The field campaign took place in Idaho between 7 January–17 March 2017 and utilized a comprehensive suite of instrumentation, including ground-based radars and airborne sensors, to collect in situ and remotely-sensed data in and around clouds with supercooled liquid water before and after they were seeded with silver iodide aerosol particles aerosol particles. Seeding material was released primarily by a seeding aircraft, which was hypothesized to produce zig-zag lines of silver iodide as it dispersed downwind.  In several cases, unambiguous zig-zag lines were detected by radar, and in situ measurements in these lines have been investigated to examine the microphysical response of seeding the cloud.  The measurements from SNOWIE aim to address long-standing questions about the efficacy of cloud seeding, starting with documenting the physical chain of events from seeding.  The data will also be utilized to evaluate and improve computer modeling parameterizations, including a new cloud-seeding parameterization that could be used to further evaluate and quantify the impacts of cloud seeding.   The project was jointly sponsored by the National Science Foundation and Idaho Power Company, and illustrates a successful collaboration between private and public entities.  
	Comment by Jefferson R. Snider: Do you say, later, that this material was dispersed as aerosol? In my view, its important to understand that the AgI seeding material is associated with aerosol particles.  Please see below.
1. INTRODUCTION
The need for water in arid regions around the world was recognized by pioneering scientists in the 1950’s who, following the discoveries of Schaefer and Vonnegut concerning cloud seeding (Schaefer 1946; Vonnegut 1947), developed projects, comprehensive for their day, to evaluate the scientific basis for weather modification as a tool to increase water supplies. These studies continued through the 1970’s and 80’s and although they provided unparalleled advances in cloud physics understanding, they failed at their ultimate objective. In fact, enhancements in precipitation unambiguously attributable to cloud seeding have been nearly impossible to experimentally demonstrate (Kerr 1982; National Research Council 2003; others?).  This is largely due to the difficulty in detecting what is assumed to be a relatively small signal (i.e., precipitation change as a result of cloud seeding) overlaid on a rather noisy field (i.e., variation in naturally occurring precipitation) either via statistics or direct measurement.  	Comment by Jefferson R. Snider: Bruintjes, R. T., 1999: A review of cloud seeding experiments to enhance precipitation and some new prospects. Bull. Amer. Meteor. Soc., 80, 805–820.

Rangno, A., 2000: Comments on “A Review of Cloud Seeding Experiments to Enhance Precipitation and Some New Prospects”, Bull. Amer. Meteor. Soc., 81, 583–585	Comment by Jefferson R. Snider: 	Comment by Jefferson R. Snider: 	Comment by Sarah Tessendorf: I don’t want a long list here, but if there are any other key review papers that the group feels would be good to cite here, please chime in and add them.
Part of the challenge in the early days was the inability of the available technology to measure the three-dimensional structure and composition of clouds with sufficient accuracy and temporal and spatial resolution. In addition, relatively crude cloud parameterizations and computational limitations inhibited accurate numerical simulations of cloud and precipitation processes.  However, recent advancements in instrumentation, better understanding of cloud dynamical and microphysical processes, and new and improved numerical modeling capabilities have laid the foundation to evaluate the potential for orographic precipitation enhancement in ways not possible in decades past (Tessendorf et al. 2015).  In this paper, we describe a comprehensive observational and modeling research project—Seeded and Natural Orographic Wintertime clouds: the Idaho Experiment (SNOWIE)—that demonstrates a transformational approach to advance our understanding of orographic cloud dynamical and microphysical processes and address longstanding uncertainties regarding the effectiveness of orographic cloud seeding.
2. THE ORIGIN OF SNOWIE
The origin of SNOWIE is a result of a renaissance in cloud seeding research and development in the western U.S. states of Wyoming and Idaho.  In the western U.S., water and hydropower come primarily from snow deposited in the mountains in wintertime. In response to increased demands and limits on supplies, western communities have instituted water-conservation measures to preserve existing supply or have sought additional water sources through technologies such as cloud seeding (Kenny et al. 2009). Reduction of water supplies impacts the U.S. economy, reducing electricity generation (hydropower is a primary power source in the western U.S.), forcing agriculture to ration irrigation, affecting tourism, and threatening urban water supplies (Holmes 2012). It is worth noting that the problem of reduced snowpack is not limited to the U.S. (Chubb et al. 2011). 
In response to rancher and farmer requests to evaluate the potential to use cloud seeding to enhance snowpack, and subsequent streamflow from snowmelt, the Wyoming Weather Modification Pilot Project (WWMPP) was initiated in 2004.  The key goal of the WWMPP was to evaluate whether seeding supercooled orographic clouds from ground-based generators with a glaciogenic aerosol-phase material glaciogenic agent (silver iodide, AgI) could increase snowpack in critical water basins. The WWMPP included a randomized statistical experiment for six winter seasons aimed at providing a statistically significant estimate of the impact of cloud seeding over two similar mountain ranges in Wyoming (Breed et al. 2014).  Despite a novel statistical design, the experiment was inconclusive given it was unable to detect a statistically significant result, yet it led to the development of new methods and tools for evaluating cloud seeding (Rasmussen et al. 2018).
In collaboration with the WWMPP, scientists initiated a National Science Foundation (NSF)-funded project, called ASCII (AgI Seeding Cloud Impact Investigation; Geerts et al. 2013), to investigate the likely impact of AgI seeding on targeted cloud systems using airborne and ground-based radars.  ASCII took place during the WWMPP and focused on storms over the same mountain ranges, but focused on storms that were seeded separately from the randomized statistical experiment to control when and where the seeding took place.  The ASCII case studies (Pokharel et al. 2014a, b; Chu et al. 2014, 2017a, b; Aikins et al. 2016) and composite studies (Jing et al. 2015; Jing and Geerts 2015; Jing et al. 2016; Pokharel and Geerts 2016; Pokharel et al. 2017) suggested an increase in radar reflectivity and precipitation from cloud seeding, but none of the ASCII cases showed a clearly delineated enhancement of radar reflectivity downwind of the AgI releases. Both ASCII and WWMPP focused on ground-based seeding, where AgI aerosol was released at ground-level using generators that burn an AgI solution and rely on turbulence and orographic flows close to the ground to disperse this material the seeding agent into supercooled clouds. Because of this, the pattern of AgI dispersion is complicated and remains close to the ground, making it hard to distinguish seeded from natural precipitation patterns. Moreover, it was impossible, due to safety reasons, for the ASCII research aircraft to collect measurements directly in the cloud regions containing the seeding aerosol agent to evaluate the physical connection between seeding and cloud microphysical evolution. However, ASCII demonstrated the usefulness of the profiling airborne W-band Wyoming cloud radar (WCR) and scanning Doppler on Wheels (DOW) dual-polarization X-band radar to document the fine scale details of orographic clouds in a manner that was not possible even 10 years ago (Aikins et al. 2016).  This demonstrated that modern-day instrumentation had the capability to evaluate the impact of cloud seeding in orographic clouds in a new way compared to earlier decades. 
The other major advance propelled by the WWMPP was the use of high-resolution cloud models to evaluate cloud seeding.  As part of the operational guidance needed for the WWMPP, the National Center for Atmospheric Research (NCAR) developed a regional real-time forecasting model to aid forecasters in determining when to seed. Additionally, NCAR led the development of a cloud-seeding parameterization in the Weather Research and Forecasting (WRF) model (Xue et al. 2013a,b) to simulate the impacts of cloud seeding.  Part of the motivation for this development was the recent demonstration that high-resolution WRF simulations could accurately estimate seasonal snowfall and snowpack over the Headwaters of the Colorado Rockies (Rasmussen et al. 2011).  This result suggested that if the model could accurately simulate precipitation over complex terrain, then perhaps with the additional cloud-seeding parameterization, it could also simulate the impact of orographic cloud seeding.  
Concurrent with the WWMPP, Idaho Power Company (IPC) was operating a cloud-seeding program in southern Idaho to augment snowpack, which is critical to their hydropower operations. IPC is an investor-owned utility serving over half a million customers in southern Idaho and eastern Oregon, and about half of the electricity delivered to IPC’s customers comes from its 17 hydroelectric projects along the Snake River and its tributaries. Historically, IPC evaluated its cloud-seeding program using a target-control analysis, a commonly employed statistical technique (Dennis 1980). After seeing results of initial model simulations of cloud seeding, IPC water managers began collaborating with NCAR scientists to develop methods to use this modeling approach to provide physically-based evaluation to supplement the statistically-based target-control analysis they were conducting. The result was the initiation of a project to use cloud models to evaluate, as well as forecast the possibility of, cloud seeding in Idaho.
While the ability of the WRF model to reproduce seasonal snowfall and snowpack has been demonstrated (Rasmussen et al. 2011; Liu et al. 2016), the ability of the cloud-seeding parameterization in WRF to accurately simulate the effect of cloud seeding on clouds and precipitation has not.  This led to a collaboration between IPC water managers, NCAR, and scientists from several universities to conduct a physically-based cloud-seeding field program in Idaho to evaluate the modeling capability and to understand the science of orographic cloud seeding.  The motivation was to combine state-of-the-art observational instrumentation with high-resolution modeling and the AgI cloud-seeding parameterization to study the physical chain of events of orographic cloud seeding in unprecedented detail. The experiment relied on a close collaboration with the IPC operational cloud-seeding program that targets the mountainous regions of the Payette Basin in west-central Idaho. As a result, the NSF-funded SNOWIE field campaign was conducted 7 January–17 March 2017 in the Payette Basin of Idaho.  A unique aspect of SNOWIE was that it was comprised of both privately-funded (i.e., IPC) and publicly-funded (i.e., NSF) research equipment and scientists, which was mirrored by the objectives of the project being relevant to both private and public interest. 

3. SNOWIE EXPERIMENTAL DESIGN
The SNOWIE project intends to investigate the impact of cloud seeding in the context of natural orographic precipitation processes, focusing on ice initiation, snow growth, and the impacts role of orography on the development of supercooled liquid water. The primary scientific objectives of the SNOWIE project are to (1) evaluate the role of dynamical and microphysical processes that form and enhance clouds and precipitation and the impact of terrain on the formation, growth, and fallout of ice crystals in winter storms, and (2) to describe and quantify the impact of airborne and ground-based glaciogenic seeding on hydrometeor growth processes and precipitation in wintertime orographic clouds. As part of addressing the latter objective, the aim is to evaluate and improve the AgI cloud-seeding parameterization (Xue et al. 2013a,b). 
To meet these objectives, in situ and remote-sensing measurements were collected with the University of Wyoming King Air (UWKA) research aircraft (Figure 1a) prior to the onset of seeding as well as during and after seeding, with the goal of obtaining direct measurements within seeded clouds and tracking effects of the seeding to the ground. The UWKA research aircraft was equipped with a suite of instruments (Table 1), including cloud physics probes, liquid water content sensors, and remote-sensing tools, such as the W-band Wyoming Cloud Radar (WCR) and Wyoming Cloud Lidar (WCL; Wang et al. 2012). In SNOWIE, AgI was released primarily from a seeding aircraft in order for the seeding aerosol agent to disperse at an altitude that would allow for direct measurements by the research aircraft.   The seeding aircraft, a Beechcraft King Air B200 operated by Weather Modification International (WMI), carried up to 24 burn-in-place (BIP) flares and 306 ejectable (EJ) flares per mission (Figure 2).  The BIP flares were ignited individually and sequentially, typically burning for about 3.5 minutes and releasing 16.2 g of AgI per flare to produce a continuous and nearly linear plume of AgI. The EJ flares emit 2.2 g of AgI per flare and were released roughly every 30 s, burning for about 35 s as they fall, which produces a semi-vertical line of AgI over a depth of about 820 m (2700 feet) below flight level (Figure 33).  The King Air B200 seeding aircraft was equipped with a M300 Data System, and temperature and liquid water sensors, as well as particle size measuring probes (Table 1).  	Comment by Rauber, Robert M: My version does not have a panel c in Fig. 2	Comment by Sarah Tessendorf: Has anyone else had this problem?	Comment by Jefferson R. Snider: No Figure 33	Comment by Jefferson R. Snider: M300 acronym needs reference or explanation, or just say it was a “data acquisition system”?
For a typical Intensive Observing Period (IOP), the UWKA took off 30 minutes before the seeding aircraft in order to conduct at least one full flight leg parallel to the mean flight level wind prior to the onset of seeding with the seeding aircraft (Figure 33,4).  This first leg was to collect measurements that would be used to characterize natural cloud conditions and to investigate the spatial heterogeneity in the absence of seeding. After the seeding aircraft took off, it would pass back-and-forth along a track perpendicular to the prevailing wind upwind of the Payette Basin, releasing seeding material and creating a zig-zag AgI plume as the material (and any potential ice particles created from it) were transported downwind (Figure 33).  During this time the UWKA would continue flight legs along the wind, back-and-forth along the same track over the Payette, crossing through the zig-zag AgI plume pattern (Figure 33). Typical flight times for the seeding aircraft were 1-2.5 hours, while the UWKA was on station for up to 3.5 hours per IOP (typically 10-14 flight legs). After the seeding aircraft completed seeding (typically 2-8 flight legs), the UWKA continued flight legs back and forth over the Payette Basin to observe further evolution of seeded clouds.	Comment by Jefferson R. Snider: No Figure 33	Comment by Jefferson R. Snider: Isn’t an explanation for the zig-zag provided in the PNAS paper? If yes, then I suggest that you reference the PNAS paper here. The explanation for the zig-zag is not obvious to the uninitiated. If zag-zag is not explained in the PNAS, then something better than Fig. 3 is needed….IMO.  JeffF showed me an animation: there it is obvious; before that I was struggling.	Comment by Jefferson R. Snider: No Figure 33	Comment by Jefferson R. Snider: 	Comment by Jefferson R. Snider: No Figure 33	Comment by Jefferson R. Snider: 	Comment by Jefferson R. Snider: 
During three IOPs, ground-based seeding was also conducted utilizing twelve remotely-operated generators located along the upwind ridges of the Payette Basin (Figure 4).  These ground-based generators typically released 20 g of AgI per hour.
To provide three-dimensional context for the aircraft measurements, two dual-polarization Doppler on Wheels (DOW) mobile X-band radars (Figure 1b) were sited in fixed locations atop mountain ridges (Packer John and Snowbank) upwind of the Payette Basin (Figure 4).  One DOW radar focused on scanning Range Height Indicator (RHI) scans in high temporal resolution parallel to the wind direction, and along the UWKA flight track, providing updates every 30 s to monitor fast-evolving processes, in particular the impact of airborne seeding on snow growth and natural orographic precipitation processes. The DOW radar located at Snowbank provided 360° volume scans to monitor the microphysical information and mean wind profile within the storms. DOWs operated 2 hours prior to the take off the UWKA until 2 hours after the UWKA landed. Each of the DOW sites served as principal instrument sites that included several other instruments, such as a vertically-pointing Ka-band microwave rain radar (MRR; Loeffler-Mang et al. 1999; Aikins et al. 2016), a PARSIVEL OTT disdrometer (Loeffler-Mang and Joss 2000; Friedrich et al. 2016), and surface meteorological observations. MRRs provide vertical profiles of reflectivity and Doppler velocity every minute, while the disdrometer provides particle sizes and fall velocity at the surface.
A network of 12 high-resolution GEONOR, Inc. snow gauges were deployed in the Payette Basin target area to measure the snowfall with high temporal frequency and to less than one millimeter resolution.  Four gauge sites were located along the upwind ridge, either co-located or upwind of ground-based AgI generators, while the remaining eight high-resolution snow gauge sitess were sited within the Payette Basin (Figure 4). Five of the gauge sites within the Payette Basin utilized high capacity (3000 mm) T-200B systems, while the remaining seven gauge sites utilized standard capacity (1500 mm) T-200B systems. SNOw TELemetry (SNOTEL) gauges, operated by the Natural Resources Conservation Service, are also located around the Payette Basin (Figure 5), which provide long-term measurements of precipitation in the region; however, their measurement resolution is only 2.5 mm (0.1 inch).  Two of the Payette Basin snow gauge sites deployed both a GEONOR (1500 mm) T-200B and an ETI Instrument Systems, Inc., NOAH II snow gauge, to provide redundant measures to aid in quality control analysis.	Comment by Jefferson R. Snider: Is this the place to say, parenthetically, that all gauge-measured snowfall amounts are reported as a liquid-equivalent depth?	Comment by Jefferson R. Snider: Y axis label should read "Liquid-equivalent Precipitation (mm)"	Comment by Jefferson R. Snider: Wasn't converted to inch above, why bother here?
Six scanning microwave radiometers manufactured by Radiometrics Corporation (Solheim et al. 1998; Ware et al. 2003) were located along the upwind ridge and into the Payette Basin in order to measure liquid water path in the clouds (Figure 4). Four of the units were multi-channel MP-3000 models, while the other two were dual-channel (WVP-1100 and WVP-1500) models. Three rawinsonde units were utilized to measure temperature, relative humidity, and wind profiles during IOPs (Figure 4). At least one rawinsonde was launched 2-4 hours prior to launching the UWKA, and the data were utilized in determining whether to continue with a planned IOP.  Once the UWKA was airborne, rawinsondes were launched regularly every 1-2 hours, rotating through the three rawinsonde sites to sample across the region of interest. A fourth rawinsonde unit that included a vibrating wire instrument (Serke et al. 2014) to measure profiles of supercooled liquid water content was available in some IOPs.  These special sondes were launched from the Horseshoe Bend site collocated with one of the scanning MP-3000 microwave radiometers. 
Two ground-based in situ aerosol measurements provided some information that could be used to estimate cloud condensation nuclei (CCN) and ice nuclei (IN) concentrations. A Passive Cavity Aerosol Spectrometer Probe (PCASP) was located at the Snowbank DOW site, and an Acoustic Ice Nucleus Counter (AINC; Langer 1973) was located along the southern boundary of the Payette Basin (Figure 4). No direct measurements of CCN or the full spectrum of IN were included in the field campaign, however.  The AINC detects IN that activate at temperatures warmer than -20°C, and therefore is useful for detecting AgI IN used for cloud seeding (Super and Huggins 1992; Jing et al. 2016).  It has been used in previous cloud-seeding experiments in Colorado and Wyoming to infer the presence of AgI when concentrations exceed background levels measured prior to the onset of seeding (Super and Boe 1988; Boe et al. 2014).	Comment by Sarah Tessendorf: Is there a reference for this probe that we should cite?	Comment by Jefferson R. Snider: Thanks. I don’t think you need a reference. If you do, here one, it’s the same probe as the one we have used on the King Air and C130 in other projects.  D
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Working in conjunction with IPC, the Boise State University Department of Geosciences Trace Chemistry Laboratory collected snow samples both in real time and after the event (the latter were column samples collected by digging snow pits) within the Payette Basin to be analyzed for trace amounts of AgI. These analyses will be used to compare both the spatial and temporal distribution of silver in the snow with model simulations using the cloud-seeding parameterization.
4. OVERVIEW OF THE CLOUDS AND PRECIPITATION DURING SNOWIE
During the 10-week field campaign, 24 IOPs were conducted[footnoteRef:2]; 23 of which included a UWKA research flight[footnoteRef:3]. Based on a climatological assessment of the region performed prior to proposing the program, it was anticipated that 15-20 IOPs could be expected during the 10-week campaign.  Fortunately, the weather pattern was anomalously active during SNOWIE and that led to more IOPs than originally planned, as well as a wide variety of winter storm conditions. In fact, the precipitation accumulation during the campaign was in the 95th percentile of winter precipitation accumulation over the past 30 years, resulting in the second wettest winter during this period (Figure 5). Interestingly, the precipitation accumulation at the beginning of the campaign was quite normal, in line with the 30-year median, yet during the course of the campaign, several storms impacted the area that led to anomalously high snowfall accumulation, as well as some local and regional flooding. For full clarity, we should mention that unusually heavy snow was measured not only in the Payette Basin target area, but also in other unseeded areas nearby, in other words, Figure 5 is not intended to imply any seeding impact. Because the precipitation accumulation was so much greater than normal, the seeding aspect of SNOWIE was suspended on 7 March 2017, leaving the remaining flight hours to focus on natural cloud missions. During the last 3 IOPs (IOP 22-24), dual-aircraft research missions were flown, utilizing the seeding aircraft as a second research aircraft that flew along the same flight track as the UWKA, 2000 ft below.  Since natural cloud studies are a critical part of meeting the SNOWIE objectives, these IOPs provide data with a unique sampling strategy compared to the earlier IOPs, and are useful for studying natural winter cloud microphysics.  	Comment by Jefferson R. Snider: "conditions eroded" in footnote. Suggestion: "favorable conditions disipated".. [2:  Mission summaries can be found on the SNOWIE Field Catalog (http://catalog.eol.ucar.edu/snowie) and 
SNOWIE data are publicly available for all researchers and can be obtained on the EOL data archive at:  http://data.eol.ucar.edu/master_list/?project=SNOWIE ]  [3:  No UWKA flight occurred during IOP18 because conditions eroded before take off, so the UWKA flight was cancelled, yet DOW data was collected.] 

In order to detect the impacts of cloud seeding from the natural background conditions, it is essential to understand the natural cloud structure and microphysical processes. One key observation from SNOWIE is that the natural clouds in this region are complicated, often exhibiting fine scale structures and evolving characteristics. They were also quite diverse, including examples of shallow and deep, stable and convective, as well as single layer and multi-layer clouds (Figure 6).  During the 23 IOPs that the UWKA flew, in situ measurements were collected in the ~ -25°C to -5°C temperature range and spanned conditions that were liquid-dominated, mixed-phase, and ice-dominated.  Precipitation accumulation during IOPs varied from very little precipitation to several millimeters of liquid equivalent accumulation (Figure 7). Sounding data from each IOP indicated that temperatures at 700 hPa, approximately the height of the highest mountains along the eastern border of the Payette Basin (i.e., the Sawtooth Range), were relatively warm subfreezing temperatures ranging from –1°C to –14°C.  Moreover, the 700-hPa wind speeds for each IOP ranged from being as weak as 5 m s-1 to as strong as 27 m s-1 (Figure 7).  The range of the mean vertically-integrated liquid water path (LWP) observed by the Horseshoe Bend radiometer during each IOP varied from very little for some IOPs to near 1 mm or greater, such as in IOP9 and IOP24 (Figure 7).  Note that IOP18 had negligible mean LWP; which is why no UWKA flight occurred in this case.	Comment by Jefferson R. Snider: See my earlier comment. Can eliminate "liquid equivalent" here if it is explained above that _all_ reported values of precipitation are liquid equivalent.	Comment by Jefferson R. Snider: omit?
The sounding data also revealed that the low-level flow was usually blocked given that the Froude number calculated between the upwind Snake River Plain and the mean height of the Sawtooth Range (downwind of the Payette Basin) was generally below unity (Fr <1; Figure 8).  This is in contrast with the ASCII campaign in Wyoming, where 85% of the IOPs had (deep-layer) Fr values >1 (Pokharel and Geerts 2016). This flow trapping usually was confined to the lowest levels, below the height of Packer John mountain on the western border of the Payette. The Froude number in the upper-layer air (above Packer John’s elevation, but still below the Sawtooth Range crest) was much higher, typically >1, indicating that this airmass was more freely lofted over the mountain barrier (Figure 8). This agrees with the general observation during SNOWIE that orographic precipitation was generated in a cloud layer decoupled from the near-surface layer in the upwind basin. The shallow airmass near the surface was generally cold, especially in the first half of the campaign; essentially a Snake River Plain drainage current around the Idaho Central Mountains (Steenburgh and Blazek 2001). The flow in the upper layer, on the other hand, was mostly from the southwest, originating over the Pacific Ocean.  	Comment by Jefferson R. Snider: This statement works for me, but, someone might object by saying that the existence of a gap in Fig 6 (second from top) indicates that the top layer is not important for precipitation generation.  OK, it’s a general observation.
The dominant weather pattern (11 IOPs) during SNOWIE was associated with atmospheric river (AR) events off the Pacific Ocean (Zhu and Newell 1998; Ralph et al. 2017), many of which exhibited multiple cloud layers.  Synoptic characteristics of these IOPs were a deep 500-hPa trough off the west coast, a ridge east of Idaho, and southwesterly flow directed into the Payette Mountains east of the trough. The position of the trough axis varied, but the common characteristic was a deep band of moist air flowing from the Pacific across the Sierra Nevada/Cascade Ranges and over the Payette basin (Figure 9a).  Figure 6a shows WCR data from an east-west pass of the WKA across the Payette.  Note two cloud layers on the west side of Figure 6a.  This split layer characteristic was observed during all or part of nine of the 11 AR IOPs, while two IOPs had consistently deep clouds. During the nine IOPs, the upper cloud layer sometimes merged with the lower layer (e.g., east side of Figure 6a), while at other times remained completely distinct with no radar echo present in the gap.  From satellite imagery, upper cloud layers were a continuation of upper-tropospheric synoptic ascent into the Payette, while lower cloud layers appeared to be forced by low-level ascent over the Payette.  Mergers occurred when ice precipitated from the upper into the lower layer, effectively seeding the lower layer.  Ice generating cells (see Keeler et al. 2016a,b, 2017, and references therein) were observed at the top of the lowest layer in all AR IOPs, and at the top of the upper layer in seven of 11 AR IOPs.  The temperatures at the top of the lowest cloud layers ranged from 0°C to -55°C (Figure 10a). Note the frequent occurrence of lower cloud layer cloud-top temperatures between -6°C and -17°C in AR events, conditions considered suitable for seeding (Grant and Elliott 1974). Updrafts associated with generating cells, together with warm cloud top temperatures, often led to the existence of supercooled water near the cloud top of the lower layer during these conditions, again providing suitable conditions for cloud seeding. The mode of cloud top temperatures around -15C was primarily from clouds observed over the mountains, while the warmest mode of -6C was primarily from clouds over the upwind plain west of Packer John.  This is consistent with the Fr calculations that low-level air over the upwind plain was often blocked by the mountains, so clouds that formed in this low-level airmass often remained quite shallow (Figure 8).  Figure 10b shows the temperatures at the top of the upper layer when two layers were present.  These clouds typically had tops colder than ‑30°C and were a source of natural ice from aloft.	Comment by Jefferson R. Snider: Singular?	Comment by Jefferson R. Snider: Typo?
The second common pattern (6 IOPs) during SNOWIE was a trough embedded in northwest flow (NF, Figure 9b).  Half of the NF events had two cloud layers stretching across the Payette basin (Figure 6b). Unlike the AR IOPs, these cloud layers remained separated during the flights.  The other half (three events) had a single cloud layer.  Temperatures at the top of the lower layer (or single layer) were cold in four of the NF IOPs, ranging from -20°C to -62°C.  Two had tops ranging from -10°C to -18°C (Figure 10c).  One of these events exhibited ice generating cells and supercooled water at cloud top.  The other event did not, but supercooled water was present in the cloud. These two clouds had conditions suitable for seeding.  The upper layer, when present, had cold cloud tops typically ranging from -30°C to ‑55°C (Figure 10d).
Two IOPs were characterized by shallow orographic clouds.  One occurred prior to the arrival of deeper clouds associated with an AR event, while the other occurred after the departure of the deep clouds (Figure 9c).  Cloud top temperatures ranged from -5°C to -20°C during the flights (Figure 10e), ice generating cells were present at cloud top, and supercooled water was present at times when the aircraft was able to fly low enough to pass through the clouds (Figure 6c). These clouds had conditions suitable for seeding.  Overlying cloud layers were absent during these events, except for a few passing cirrus clouds (Figure 10f).
Four IOPs were associated with shallow to deep convection over the Payette.  These events occurred as troughs, and associated cold air aloft, passed directly over the region (Figure 9d).  The convection produced strong winds and heavy graupel showers at the DOW sites, and weak microburst outflows with occasional shelf clouds in the Snake River Valley. Cloud tops in the cells rose to 6-8 km MSL (Figure 6d). Cloud top temperatures ranged from 0°C to -50°C as the cells approached and passed over the Payette (Figure 10g).  Targeted airborne seeding was more difficult in these conditions.  Overlying cloud layers were largely absent (Figure 10h).
The frequent decoupling of the orographic cloud layer from the underlying surface led to surprisingly low concentrations of cloud droplets in the observed clouds. Figure 11 shows the range of cloud droplet concentration (ND) and diameter measured by the UWKA for each IOP. The data were compiled for regions containing few (< 0.5 L-1) precipitation-sized particles, where radar reflectivity was less than -5 dBZ, in order to avoid regions where ND may have been reduced by precipitation scavenging. Throughout the entire project, median ND was less than 70 cm-3 for all but the last IOP. Such low droplet concentrations have been observed along coastal mountain ranges of Oregon and Washington and over the Sierra Nevada in eastern California (Rauber 1992; Ikeda et al. 2007; Rosenfeld et al. 2013) attributed to low CCN from source air originating over the eastern Pacific. However, the study region for SNOWIE is more than 650 km from the ocean. Also, air arriving at the Payette under westerly flow must pass over the Treasure Valley (home to the Boise/Nampa Metropolitan area with a population of more than 600,000).  Under such conditions, one might expect aerosol, and hence cloud droplet populations, to be more continental in nature, but that was not the case for nearly all IOPs during SNOWIE.	Comment by Jefferson R. Snider: Since this phrasing is not explained, I recommend this lead for the paragraph:

The strong thermodynamic stability implied by Fr < 1 is expected to have decoupled the elevated clouds probed by the King Air (Figure 6) from surface aerosol sources. This conjecture is consistent with the low cloud droplet concentrations that were observed.	Comment by Jefferson R. Snider: “N” in Figure.  I recommend “N”.	Comment by Jefferson R. Snider: 	Comment by Jefferson R. Snider: Not a very strong threshold, is it?	Comment by Jefferson R. Snider: “2DS-detected” or specify size cut	Comment by Jefferson R. Snider: Same comment	Comment by Jefferson R. Snider: Same	Comment by Jefferson R. Snider: Southerly or southeasterly?
Measurements from early IOPS (1-9) indicate significantly fewer cloud droplets compared to later IOPs (10-24), although even in most of the later IOPs, ND is significantly less than typically observed in orographic clouds in the inter-mountain western U.S. Composite soundings of equivalent potential temperature (θe) shown in the right side of Figure 11 indicate this earlier period contained significant stability in the lowest 2 km, consistent with low-level air being trapped in the valleys and decoupled from the air flowing over the mountains; providing at least a partial explanation for the observations of low ND. Not surprisingly, low values of ND resulted in rather large droplet diameters, with median values of roughly 20 μm during an IOP, and 95th percentile values exceeding 35 μm in several cases. The development of such large droplets led to an active coalescence process and subsequent development of supercooled drizzle that was observed in numerous IOPs.	Comment by Jefferson R. Snider: N	Comment by Jeff French: I should probably include a few reference here???	Comment by Sarah Tessendorf: Yes, please add a few.	Comment by Rauber, Robert M: Need some refs here	Comment by Jefferson R. Snider: N

5. HIGHLIGHTS FROM CLOUD SEEDING EXPERIMENTS
Direct observations of ice production, growth, and fallout of precipitation due to seeding are exceedingly rare (Hobbs et al. 1981; Deshler et al. 1990; Deshler and Huggins 1990). During SNOWIE, the conditions during several IOPs were favorable for the detection of seeding signatures—specifically, zig-zag patterns of radar reflectivity visible in the DOW Plan Position Indicator (PPI) scans. These signatures are associated with the dispersion of AgI released by the seeding aircraft, which leads to the initiation and growth of ice particles and also results in vertical descending reflectivity echoes on the WCR cross-sections and DOW RHIs (Figure 33). Indeed, detailed observations were collected illustrating the expected evolution of cloud and precipitation particles following the nucleation of ice with AgI (French et al. 2018). Here we present highlights from three IOPs in which ground-based and airborne remote sensors and in situ cloud instruments were used to detect and track seeding signatures embedded within the orographic cloud as they passed over the target region.	Comment by Jefferson R. Snider: These groups did it, or commented on the difficulty of doing it?	Comment by Jefferson R. Snider: No Figure 33	Comment by Jefferson R. Snider: Perhaps too pedantic, but the lower cloud , with Fr < 1, might not be interpreted (by some) as being “orographic.”
Figure 12 shows two PPI scans from the Packer John DOW radar from IOP6; the first scan was taken approximately 1 hour following the initiation of seeding, and the second about 30 min later. Prior to seeding, the area was largely devoid of radar reflectivity echoes. About 30 min following the start of airborne seeding, radar echoes with reflectivity between 15 and 25 dBZ began to appear 10 km downwind of the flight track of the seeding aircraft. These echoes drifted with the environmental wind to the east-northeast and the lines developed as hypothesized, following the zig-zag pattern shown in Figure 33.  The seeding aircraft repeated its track for eight legs. All legs were seeded using EJ flares and five of the legs were also seeded using BIP flares. For the legs seeded with EJ flares only, the emerging radar reflectivity lines appear dotted, with separation between reflectivity maxima of about 3 km, corresponding to the same separation as the EJ flare releases.	Comment by Jefferson R. Snider: No figure 33	Comment by Jefferson R. Snider: So the “dots” in the right panel (Figure 12) are from EJ flares and the linear structure in the left panel (Figure 12) are from the BIP flares?   

Suggestion: Help your reader with a parenthetical (Fig. 12a) and (Fig. 12b) both appropriately placed in the text.  

Figure caption does not mention the flare type used.  That too would help the reader.

During IOP5, the DOW radars and the WCR tracked two seeding lines, and the UWKA obtained measurements of the cloud particle phase and size distributions (Figure 13) for seven flight legs over a period of 75 min. These data provide the first-ever observations of the detailed evolution of hydrometeor characteristics and precipitation development due to AgI seeding of orographic clouds (French et al. 2018). At 1730 UTC, 65 min after seeding, the UWKA passed through two seeding lines: line A (B) roughly 18 km (23 km) downwind of the Packer John DOW. Radar reflectivity from the WCR in line A extended from cloud top, about 4.4 km MSL, to near the surface; in line B, which resulted from seeding about 15 min later than line A, reflectivity echoes did not yet extend to the surface. Values of reflectivity within the seeding lines were 10 – 30 dB greater than the immediate surrounding area.  Hydrometeor size spectra collected at the flight level of the UWKA (~4 km MSL) indicate that outside of the seeded regions nearly all particles had diameters less than 100 μm and were composed mostly of liquid (dashed lines in Figure 13, upper right). However, inside of the seeded regions, rime ice particles and aggregates up to 4 mm in diameter were observed and the cloud liquid water content had been reduced to near zero. French et al. (2018) describe the detailed evolution of the characteristics observed in the seeded regions over all seven of the UWKA flight legs in IOP5.	Comment by Jefferson R. Snider: Font size differs by a lot between top two and bottom panels.	Comment by Jefferson R. Snider: Here you are using “ND” for spectral density.  Before it was being used for the size-integrated cloud droplet concentration.  I find this confusing.

Also, why the “upper right” and etc.  why not “a)” and etc to indicate panels within a figure?
Examples from a third seeding case, IOP9, demonstrate the complexity associated with interpreting seeding signatures from the SNOWIE data. Two airborne tracks were seeded during this IOP between 2039 and 2105 UTC, one north-bound leg and one-south bound, both of which used BIP and EJ flares. During this case, winds near cloud top at 5 km MSL were out of the west at 45 m s-1 and decreased to 20 m s-1 at 3 km MSL. The large amount of shear resulted in radar reflectivity echoes from the DOW PPI scan that showed a significant horizontal displacement between the more continuous echo-line generated from BIP flares and the separated echoes from EJ flares, despite both being released along the same seeding flight leg. This is illustrated by the DOW PPI scan at 2117 UTC showing the signatures from the first north-bound seeding line in Figure 14. At nearly the same time as the PPI scan, the UWKA passed over and just through the top of an EJ seeding signature at the very top of the cloud, about 7 km downwind of Packer John. Vertical profiles from the WCR indicate very thin, narrow lines of enhanced radar reflectivity that demonstrate extreme tilt due to the vertical wind shear. Measurements from cloud physics probes on the UWKA obtained at cloud top indicate that outside of the line hydrometeors were all liquid, had a mode diameter of 40 μm, and drizzle up to ~150 μm diameter was being produced. Inside the line, some drizzle drops were still observed, but so were ice particles up to 2 mm diameter, along with a significant reduction in the number of 30 – 40 μm diameter cloud droplets. 	Comment by Jefferson R. Snider: Font size is inconsistent between panels of this figure.  Also, “unsquish” the y-axis label in the bottom panel and perhaps remove the time “2118 UTC”…the latter is mentioned in the text, I think.
The fact that these observations indicated a supercooled liquid cloud devoid of ice with a cloud top temperature of -15°C is especially noteworthy. Such conditions are expected to be highly susceptible to glaciogenic cloud seeding. Interestingly in this case, the PPI scan from the DOW in Figure 14 also revealed a line echo parallel to the flight track of the UWKA, between 20 and 50 km downwind of Packer John. This echo developed prior to the time seeding material had been transported that far downwind and was oriented perpendicular to the expected orientation of any possible seeding signature. It also developed directly along the location of the repeated flight track of the UWKA. We believe this line is a result of aircraft produced ice particles (APIPs; Rangno and Hobbs 1983; Rangno and Hobbs 1984; Heymsfield et al. 2011) generated by the UWKA’s propellers as it passed through the tops of the supercooled cloud.
A key component of SNOWIE is to evaluate and improve the AgI cloud-seeding parameterization in WRF, so that it can be utilized as a new approach to evaluate the impacts of cloud seeding.  In the IOPs with clearly observed seeding signatures, such as those highlighted above, the model is currently being used to simulate the impacts of seeding, in very high resolution, to compare with the observations.  An example of such simulations is shown for IOP9 in Figure 15. A description of the model configuration and set up for this numerical experiment is provided in Table 2.  In this example, the model simulated the zig-zag nature of the two tracks of the AgI plume, as well as the complicated and horizontally displaced dispersion of the AgI from BIP versus EJ flares due to the strong wind shear, similar to that observed by the DOW radar (Figure 14, 15). The model also simulated a cloud with supercooled liquid that, when and where AgI was introduced, was converted into ice and snow, also shown in the UWKA measurements (Figure 15).  The model’s ability to accurately simulate the atmospheric conditions, such as the vertical and horizontal extent of the supercooled cloud, its liquid and ice water content, and the wind shear in this case, will be critical to its ability to accurately simulate the response from seeding.  Moreover, aspects of the cloud-seeding parameterization itself, such as the ice nucleation scheme, AgI activation scheme, and the scavenging and diffusion parameters, all play a role in how well the model can simulate AgI seeding impacts.  These are areas within which we hope to make advances in scientific understanding by utilizing SNOWIE data to evaluate and improve the AgI cloud-seeding parameterization.	Comment by Jefferson R. Snider: Isn’t this empirically based using data from laboratory work, and thus a function of the abudnace of nuclei and the ambient temperature, with the condition that SLW is present in the grid box.  Or, do you model the scavenging by droplets, and then freeze those that do scavenge the AgI particles? Interesting.
In cases where the seeding signatures are less apparent, we plan to utilize the model to guide where seeding impacts, if any, may be expected for closer inspection of the observations.  Furthermore, beyond the areas where seeding impacts were observed, we also aim to evaluate the model’s overall ability to accurately simulate cloud physical properties, such as hydrometeor phase, concentrations, and particle size distributions, as well as cloud dynamical properties, such as vertical velocity and turbulence, using the detailed measurements collected by the probes and WCR on the UWKA. 
6. SUMMARY
SNOWIE is a unique example of an integration of publicly-funded and privately-funded resources.  This resulted in the collection of a robust data set available to both academic researchers and IPC that will provide the basis for innovative investigations on winter orographic cloud physics and the efficacy of cloud seeding.  The partnership greatly enhanced both group’s research opportunities without hindering the operational side of the IPC cloud-seeding program. Moreover, a substantial part of the project’s success is attributed to the strong collaboration with IPC staff, who contributed highly valuable local knowledge of the weather in the region toward forecasting for the project, as well as facilitated remarkable local area logistical support.  
SNOWIE’s unique approach capitalized on recent advances in meteorological instrumentation and numerical modeling, such as the WCR and AgI cloud-seeding parameterization, with an innovative plan to collect in situ measurements of the impacts of cloud seeding material released from a seeding aircraft in a manner that resulted in an unambiguous seeding signature in radar reflectivity.  A major success in SNOWIE was that seeding signatures were observed in multiple IOPs, allowing the impacts of seeding to be investigated in many scenarios, providing support for the interpretation that signatures in the data were indeed impacts from the airborne seeding. Detailed analyses are currently underway to determine if signatures are detectable in additional IOPs where natural background radar reflectivity features are already present.	Comment by Jefferson R. Snider: Were present prior to seeding.
The data and results from SNOWIE will be instrumental in addressing the long-standing questions regarding the effectiveness of winter orographic cloud seeding to augment precipitation. A comprehensive evaluation of the effectiveness of cloud seeding is a multistep process that starts with affirming the physical chain of events due to seeding and ends with determining how much additional precipitation (or subsequent streamflow) can be gained by seeding over a watershed. The results from SNOWIE to date have demonstrated the first step (French et al. 2018), and future work utilizing SNOWIE data and the cloud-seeding parameterization aims to continue chipping away at these critical questions to quantify the impacts of cloud seeding.  
	Comment by Sarah Tessendorf: *NOTE: Current word count of text (Intro–Summary, no footnotes): 6418
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TABLES
[bookmark: _Ref497832232]Table 1. Measurements from the University of Wyoming King Air (UWKA) and WMI Seeding Aircraft.
	Class of Measurement 
	Measure
	UWKA Instrument
	WMI Aircraft Instrument

	Atmospheric State
	Pressure
	Rosemount 1501 HADS Static Pressure
	AIMMS 20 pressure sensor

	
	Winds 
	Rosemount 858J 5-Hole gust probe, Applanix PosAV coupled INS/GPS
	AIMMS 20

	
	Temperature 
	Reverse-flow housing with platinum resistive element (Rodi and Spyers-Duran 1972)
	Rosemount 102AU1AP Total Temperature Sensor

	
	Water Vapor
	EdgeTech 137 Vigilant Chilled-Mirror hygrometer
	EdgeTech 137 Vigilant Chilled-Mirror hygrometer

	
	
	Licor LI-7000 closed-path infrared absorption analyzer
	AIMMS 20 Humicap to measure relative humidity 

	In Situ Cloud Properties
	Bulk Condensed Water Substance
	DMT-LWC100 Hotwire Probe
	DMT-LWC100 Hotwire Probe

	
	
	Gerber Particle Volume Monitor (PVM)
	DMT CAPS Hotwire

	
	
	Nevzorov Hotwire Probe
	N/A

	
	
	Rosemount Icing Probe
	N/A

	
	Cloud Hydrometeor Size and Concentration
	DMT Cloud Droplet Probe (CDP)
	DMT Cloud Droplet Probe (CDP)

	
	
	SPEC Inc. Optical Array Probe (OAP) 2DS
	DMT OAP Cloud Imaging Probe (CIP) as part of CAPS probe

	
	
	DMT OAP Cloud Imaging Probe (CIP)
	N/A 

	
	
	PMS OAP 2DP
	N/A

	Remotely Sensed Cloud Properties
	W-Band Equivalent Radar Reflectivity Factor
	Wyoming Cloud Radar (WCR)
	N/A

	
	Near-vertical W-Band Doppler Velocity
	
	N/A

	
	Ka-Band Equivalent Radar Reflectivity Factor
	Ka-Band Profiling Radar (KPR)
	N/A

	
	Attenuated Backscattered Power at 355 nm
	Wyoming Cloud Lidar (WCL)
	N/A

	
	Linear Depolarization Ratio at 355 nm
	
	N/A





[bookmark: _Ref504042560]Table 2. Description of the model simulation configuration and set up. The model domains are illustrated in Figure 15.
	
	2700-m Domain
	900-m Domain
	300-m Domain

	Horizontal Grids
	540x360
	450x300
	480x480

	Time Step
	10 s
	3 s
	1/8 s

	Driving Data
	ERA-Interim Reanalysis
	One-way nest from 2.7 km WRF outputs
	Nested within 900-m domain

	Simulation Time
	2017-01-31 00 UTC to
2017-02-01 00 UTC
	2017-01-31 12 UTC to
2017-01-31 23 UTC
	2017-01-31 12 UTC to
2017-01-31 23 UTC

	Vertical Coordinate
	81 terrain following ETA levels

	Land Surface Model
	Noah MP

	Radiation
	RRTMG longwave and shortwave

	PBL Scheme
	MYNN
	MYNN
	N/A (LES)

	Microphysics
	Thompson-Eidhammer (TE; Thompson and Eidhammer 2014)
	TE and TE with AgI Seeding Parameterization (Xue et al. 2013 a,b)
	TE and TE with AgI Seeding Parameterization (Xue et al. 2013 a,b)



FIGURES
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[bookmark: _Ref501172519]Figure 1.  Photos of (a) the UWKA aircraft and (b) the DOW-7 radar located at Packer John at sunset.
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[bookmark: _Ref501172560]Figure 2.  Photos of (a) the WMI seeding aircraft, with close ups of (b) instruments mounted under the wing and (c) the wing-mounted BIP flare rack with one BIP flare lit during seeding.
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[bookmark: _Ref501175344]Figure 3.  Three-dimensional depiction of AgI dispersion from EJ flares, and expected seeding signatures as observed by the WCR and DOW radars. The flares (orange lines) were dropped along a line normal to the wind direction and upwind of the Payette Basin target area. In a supercooled cloud with no, or weak, background radar echo return, ice particles produced from seeding were expected to produce vertical radar reflectivity signatures as viewed by the WCR within a vertical plane along the aircraft track (or within an RHI plane of one DOW), and a zig-zag echo pattern within PPI planes of a second DOW, which operated in a volume scanning mode. Both DOWs were positioned at mountaintop locations upwind of the target area.








[image: ../../SNOWIE/Maps/SNOWIE_proj_map_v20161209.png]
[bookmark: _Ref496100949]Figure 4. Terrain map of the SNOWIE project domain north of Boise, Idaho, illustrating the sites of ground-based instrument locations (see legend) as well as an example flight track for the Seeding Aircraft and UWKA, assuming conditions with westerly winds.  The Payette River Basin is outlined in thick gray, and was the target region for the SNOWIE field campaign. 
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[bookmark: _Ref496101071]Figure 5. Area average precipitation gauge accumulation (mm) from 5 SNOTEL sites in the Payette Basin study region (see black dots on inset map) for the SNOWIE campaign period starting 7 January through 17 March 2017 (blue line) compared to the 30-year statistics for the same period from 1988-2017.  The statistics from the area average precipitation accumulation over the 30-year period include the median (red line), the 25th-75th percentile region (red shading), and the 10th-90th percentile region (gray shading). Black open circles along the 2017 accumulation line represent when SNOWIE IOPs occurred.
[image: ]
[bookmark: _Ref497739631]Figure 6. West-East cross sections across the Payette Mountains showing the equivalent radar reflectivity factor from the WCR during (a) IOP 1, (b) IOP 11, (c) IOP 7, and (d) IOP 12. The red line shows the UWKA flight level and direction.

[image: Figures/1D-lineplots-draft1.jpg]
[bookmark: _Ref496104423]Figure 7. Distributions of various metrics observed during SNOWIE IOPs: mean precipitation accumulations during IOPs were averaged across available Geonor gauge sites in the SNOWIE domain, 700 hPa temperature and wind speed were observed by soundings released at Crouch, and mean liquid water path (LWP) observed by the Horseshoe Bend radiometer during IOPs (missing for IOP5). Each dot represents an IOP and are color-coded to match the synoptic type groups defined in Figure 9.
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[bookmark: _Ref496107661]Figure 8. Histogram of Froude number calculated using all soundings launched at Crouch +/- 4 hours of an IOP.  Three layers (H) were assessed: a traditional Deep Layer defined with H = 1868 m, from the height of the surface (1082 m MSL) to the mean height of the Sawtooth Range east of the Payette Basin (2950 m MSL), as well as for a Shallow Layer defined with H= 1082 m, from the height of the surface (1082 m MSL) to the height of Packer John DOW radar (2164 m MSL), and an Upper Layer was defined with H=786 m, from the height of Packer John to the mean height of the Sawtooth Range (2950 m MSL).  
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[bookmark: _Ref497739624]Figure 9. 500 hPa height fields near the times of Wyoming King Air flights for (a) IOP 1, (b) IOP 21, (c) IOP 7, and (d), IOP 14.  The green area in Idaho denotes the Payette Basin.  The dashed lines denote trough positions for the IOPs listed in the tables within each panel. (a) illustrates an atmospheric river event, (b) a northwest flow event, (c) an orographic cloud event, and (d) a convective cloud event.
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[bookmark: _Ref497739662]Figure 10. Cloud top temperature statistics derived from equivalent radar reflectivity factor measurements from the WCR and project soundings for the lowest cloud layer (a,c,e,g), and upper cloud layer when present (b,d, f, h) during (a,b) atmospheric river events, (c,d) northwest flow events, (e,f) orographic cloud events, and (g,h) convective cloud events. The frequency of occurrence of such upper cloud layers is shown as a percentage below each synoptic type in (b,d, f, h).  	Comment by Jefferson R. Snider: Since the WCR does not not measure temperature, IMO, the method of deriving temperature needs to be explained. What was the value of the temperature lapse rate that was assumed depending on A) looking down from above with WCR, and B) looking up from within cloud/precipitation upward with WCR?

Did you experiment with log y-asis scale?
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[bookmark: _Ref500936483]Figure 11. Box and whisker plots showing 5th, 25th, 50th, 75th, and 95th percentile for droplet number concentration (ND; upper left) and droplet diameter (D; lower left) over a flight and composite equivalent potential temperature (θe) profiles (right side) compiled over all IOPs. All graphs are color-coded such that data from the first 9 IOPs are shown in gray and data from the remaining IOPs are shown in red. IOPs 13 and 23 are not included because they were devoid of regions containing supercooled liquid without precipitation ice. No flight was conducted during IOP18.	Comment by Jefferson R. Snider: Suggest that figure titles be removed.  AMS requirement? Also,, indicate “a)”, “b)”, “c)” in the figure panels and in the caption.	Comment by Rauber, Robert M: what does this mean?	Comment by Jeff French: All of the regions containing supercooled liquid, in those two IOPs, also contained significant ice, and thus were excluded from the analysis (we did not want to bias our analysis with regions in which significant scavenging may have already taken place).	Comment by Sarah Tessendorf: Do my edits help clarify this in an accurate way?
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[bookmark: _Ref504489183]Figure 12. PPI scans (0.99-degree elevation angle) at 0109 UTC (left) and 0137 UTC (right) from the Packer John DOW radar. The red line denotes the track of the seeding aircraft. The track was repeated 8 times between 00:03 and 01:29 UTC. The windbarbs indicate mean flight-level winds.


[image: Macintosh HD:Users:jfrench:Documents:Papers_in_prep:SNOWIE BAMS 2018:Figures:IOP5:IOP5_figure_v0.png]
[bookmark: _Ref504489131]Figure 13. Observations from several instruments during IOP5. PPI Scan (upper left) from the Snowbank DOW radar at 0.99-degree elevation angle and 1729 UTC. The green line indicates the flight track of the UWKA. Particle size distributions (upper right) collected by cloud physics probes on the UWKA at 1730 UTC within the enhanced reflectivity region (solid line) associated with the seeded region and just outside of the seeded region (dashed line). Vertical profile of reflectivity from the WCR during a pass through the two seeding lines at 1730 UTC. The dashed line in the figure represents the flight level of the UWKA as the aircraft passed along the green line in the upper left panel. The black portion at the bottom of the figure is underlying terrain. The track is plotted as distance downwind (to the northeast) of the Packer John radar, the ‘star’ located under the green line in the upper left panel.
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[bookmark: _Ref504489346]Figure 14. As in Figure 13 except for 2118 UTC during IOP9.	Comment by Jefferson R. Snider: 	Comment by Jefferson R. Snider: Font size in bottom figure needs to be consistent with font in top two figures



a)[image: ]b)[image: ]	Comment by Sarah Tessendorf: Will make this a proper figure file and change x axis to be km relative to PJ
[bookmark: _Ref504039685]Figure 15. Model simulation results from IOP9 at 21:20 UTC 31 January 2017 in the innermost domain (with 300 m grid spacing) showing (a) the vertically integrated dry AgI areal density (m-2) and (b) the difference of vertically integrated ice-phase mass areal density (kg m-2) between seeding and control simulations.  Terrain height contours are thin black lines, starting at 1000 m MSL and are every 500 m, and the Payette Basin is overlaid as a thick black contour. The Packer John DOW site is identified by a red cross.	Comment by Jefferson R. Snider: AgI particle concentration	Comment by Jefferson R. Snider: vertically-integrated ice water content	Comment by Jefferson R. Snider: superscript	Comment by Jefferson R. Snider: why not a red box?  Would be more visible.



REFERENCES	Comment by Sarah Tessendorf: Will fix up references once draft is finalized.  If anyone has readily available citations for some of the references listed below that don't already have full citations, please feel free to add them.
Aikins, J., K. Friedrich, B. Geerts, and B. Pokharel, 2016: Role of a Low-Level Jet and Turbulence on Winter Orographic Snowfall. Mon. Wea. Rev., 144.
Boe, B., and co-authors, 2014: The dispersion of silver iodide particles from ground-based generators over complex terrain. Part I: Observations with acoustic ice nucleus counters. J. Appl. Meteor. Climatol.,53, 1325–1341.
Breed et al. 2014 JAMC
Chu, X., B. Geerts, L. Xue, and R. Rasmussen, 2014: Radar observations and WRF LES simulations of the impact of ground-based glaciogenic seeding effect on orographic clouds and precipitation: Part I: Observations and model validations. J. Appl. Meteor. Climat., 53, 2264-2286.
Chu, X., B. Geerts, L. Xue, and B. Pokharel, 2017a: A case study of cloud radar observations and Large Eddy Simulations of a shallow stratiform orographic cloud, and the impact of glaciogenic seeding. J. Appl. Meteor. Climat., 56, 1285–1304. http://dx.doi.org/10.1175/JAMC-D-16-0364. 
Chu, X., B. Geerts, L. Xue, and R. Rasmussen, 2017b: Large Eddy Simulations of the impact of ground-based glaciogenic seeding on shallow orographic convection: a case study. J. Appl. Meteor. Climat., 56, 69–84. doi: 10.1175/JAMC-D-16-0191.1
Dennis, A.S., 1980: Weather Modification by Cloud Seeding. Academic Press, International Geophysics Series, Volume 24, 267 p.
Deshler et al. 1990 
Deshler and Huggins 1990
Friedrich, K., E. A. Kalina, J. Aikins, J. Sun, D. Gochis, P. Kucera, K. Ikeda, and M. Steiner, 2016: Raindrop size distribution and rain characteristics during the 2013 Great Colorado Flood. J. Hydromet., 17, 53-72.
Geerts, B. and co-authors, 2013: The AgI Seeding Cloud Impact Investigation (ASCII) campaign 2012: overview and preliminary results. J. Wea. Mod., 45, 24-43.
Grant, L.O. and R.E. Elliott, 1974: The cloud seeding temperature window. J. Appl. Meteor., 13, 355–363, https://doi.org/10.1175/1520-0450(1974)013<0355:TCSTW>2.0.CO;2
Heymsfield et al. 2011
Hobbs et al. 1981
Ikeda, K., R. M. Rasmussen, W. D. Hall, and G. Thompson, 2007: Observations of Freezing Drizzle in Extratropical Cyclonic Storms during IMPROVE-2. J. Atmos. Sci, 64, 3016–3043, doi:10.1175/JAS3999.1.
Jing, X., B. Geerts, K. Friedrich, and B. Pokharel, 2015: Dual-polarization radar data analysis of the impact of ground-based glaciogenic seeding on winter orographic clouds. Part I: mostly stratiform clouds. J. Appl. Meteor. Climat., 54, 1944-1969 (doi:10.1175/JAMC-D-14-0257.1).
Jing, X., and B. Geerts, 2015: Dual-polarization radar data analysis of the impact of ground-based glaciogenic seeding on winter orographic clouds. Part II: convective clouds J. Appl. Meteor. Climat., 54, 2034-2056. (doi:10.1175/JAMC-D-15-0056.1).
Jing, X., B. Geerts, and B. Boe, 2016: The extra-area effect of orographic cloud seeding: observational evidence of precipitation enhancement downwind of the target mountain. J. Appl. Meteor. Climat., 55, 1409–1424, doi: 10.1175/JAMC-D-15-0188.1
Keeler, J. M., B. F. Jewett, R. M. Rauber, G. M. McFarquhar, R. M. Rasmussen, L. Xue, C. Liu, and G. Thompson, 2016: Dynamics of cloud-top generating cells in winter cyclones. Part I: Idealized simulations in the context of field observations. J. Atmos. Sci., 73, 1507–1527.
Keeler, J. M., B. F. Jewett, R. M. Rauber, G. M. McFarquhar, R. M. Rasmussen, L. Xue, C. Liu, and G. Thompson, 2016: Dynamics of cloud-top generating cells in winter cyclones. Part II: Radiative and instability forcing. J. Atmos. Sci., 73, 1529–1553.
Keeler, J. M., B. F. Jewett, R. M. Rauber, G. M. McFarquhar, R. M. Rasmussen, L. Xue, C. Liu, and G. Thompson, 2017: Dynamics of cloud-top generating cells in winter cyclones. Part III: Shear and convective organization. J. Atmos. Sci., 74, 2879-2897.
Kerr 1982
Langer, G., 1973: Evaluation of NCAR ice nucleus counter. Part I: Basic operation. J. Appl. Meteor., 12, 1000–1011.
Liu et al. 2016
Loeffler-Mang, M., and J. Joss, 2000: An optical disdrometer for measuring size and velocity of hydrometeors. J. Atmos. Oceanic Technol., 17, 130–139.
Löffler-Mang, M., M. Kunz, and W. Schmid, 1999: On the performance of a low-cost K-band Doppler radar for quantitative rain measurements. J. Atmos. Oceanic Technol., 16, 379–387, doi:https://doi.org/10.1175/1520-0426(1999)016<0379:OTPOAL>2.0.CO;2.
Luce 2018: see https://link.springer.com/chapter/10.1007/978-3-319-56928-4_3 (book chapter)
Mote, P.W., A.F. Hamlet, M.P. Clark, and D.P. Lettenmaier, 2005: DECLINING MOUNTAIN SNOWPACK IN WESTERN NORTH AMERICA*. Bull. Amer. Meteor. Soc., 86, 39–49, https://doi.org/10.1175/BAMS-86-1-39
National Research Council (2003): Critical Issues in Weather Modification Research. Natl. Acad. Press, Washington, DC.
Pokharel, B., B. Geerts, and X. Jing, 2014a: The impact of ground-based glaciogenic seeding on orographic clouds and precipitation: a multi-sensor case study. J. Appl. Meteor. Climat., 53, 890-909. 
Pokharel, B., B. Geerts, X. Jing, K. Friedrich, J. Aikins, D. Breed, R. Rasmussen, and A. Huggins, 2014b: The impact of ground-based glaciogenic seeding on clouds and precipitation over mountains: a multi-sensor case study of shallow precipitating orographic cumuli. Atmos. Res., 147, 162-182. http://dx.doi.org/10.1016/j.atmosres.2014.05.014
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. Atmos. Res., 182, 269–281. http://dx.doi.org/10.1016/j.atmosres.2016.08.008.
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. http://dx.doi.org/10.1016/j.atmosres.2016.08.018
Ralph, F.M., and coauthors:  2017: Atmospheric Rivers Emerge as a Global Science and Applications Focus, Bull. Amer. Meteor. Soc., 98, 1969-1973, doi: https://doi.org/10.1175/BAMS-D-16-0262.1.
Rangno and Hobbs 1983
Rangno and Hobbs 1984
Rasmussen et al. 2011
Rauber, R. M., 1992: Microphysical structure and evolution of a Central Sierra Nevada orographic cloud system. J. Appl. Meteor., 31, 3–24.
Rosenfeld, D., and co-authors, 2013: The common occurrence of highly supercooled drizzle and rain near the coastal regions of the western United States, J. Geophys. Res. Atmos., 118, 9819-9833.
Serke, D, and Coauthors, 2014: Supercooled liquid water content profiling case studies with a new vibrating wire sonde compared to a ground-based microwave radiometer. Atmos. Res., 149, 77-87.
Solheim, F., J.R. Godwin, E.R. Westwater, Y. Han, S.J. Keihm, K. Marsh, and R. Ware, 1998: Radiometric profiling of temperature, water vapor and cloud liquid water using various inversion methods. Radio Sci., 33, 393-404.
Steenburgh, W.J. and T.R. Blazek, 2001: Topographic Distortion of a Cold Front over the Snake River Plain and Central Idaho Mountains. Wea. Forecasting, 16, 301–314, https://doi.org/10.1175/1520-0434(2001)016<0301:TDOACF>2.0.CO;2
Super, A.B., and B.A. Boe, 1988:  Microphysical effects of wintertime cloud seeding with silver iodide over the Rocky Mountains, Part III: Observations over the Grand Mesa, Colorado.  Journal of Applied Meteorology, 27, 1166-1182.
Super, A.B, and A.W. Huggins, 1992:  Investigations of the targeting of ground-released silver iodide in Utah, Part I:  Ground observations of silver-in-snow and ice nuclei.  J. Weather Modif., 24, 19-34.
Tessendorf, S.A., B. Boe, B. Geerts, M.J. Manton, S. Parkinson, and R. Rasmussen, 2015: The future of winter orographic cloud seeding: A view from scientists and stakeholders. Bull. Amer. Meteor. Soc., 2195-2198, DOI:10.1175/BAMS-D-15-00146.1 
Ware, R., R. Carpenter, J. Guldner, J. Liljegren, T. Nehrkorn, F. Solheim, and F. Vandenberghe, 2003: A multichannel radiometric profiler of temperature, humidity, and cloud liquid. Radio Sci., 38, 8079, doi: 10.1029/2002RS002856
Xue et al. 2013a, b
Zhu, Y., and R. E. Newell, 1998: A proposed algorithm for moisture fluxes from atmospheric rivers. Mon. Wea. Rev., 126, 725–735, doi:10.1175/1520 -0493(1998)1262.0.CO;2.
image1.emf










image2.emf
‘]mlm“m“m”" L_\! 77 ).

y











image3.png
->»

‘._________________-_-_-_-_-_-_-..

Height (km)

¢

Fall velocity = -1mis ——> gan
ind = 30 m/s /Vﬁ X
- -

ind =20 m/s =
) rad — - -

»— -
-

Q ,\Q q/Q
Distance downwind of Pa

DOW PPI Scan

Wyoming >
Cloud Radar

cker John DOW (km)

Plane of Wyoming King Air Flight

* X S




image4.png
‘ 4 ‘ D mln King Air track
J “w e

3

Boise @ o 10 20 30
ﬁ),‘ L1+ 1 km

4

1000 1500 2000 2500 3000 3500
Elevation (m)

B Geonor gauge A Ice Nuclei Counter

[] ETlI and Geonor gauge Agl generators

(® DOW, MRR, Disdrometer @ Radiosonde
Radiometer




image5.png
SNOWIE: 30-year SNOTEL Precipitation and Precipitation in 2017
5 SNOTEL Sites

1200 |-

1000 |- ffe
€ _
£ 800
c L
ke
IS _
S 600
9 L
o
400
Median 1988-2017
2017 -
200 F o |OP .

01/07 01/14 01/21 01/28 02/04 02/11 02/18 02/25 03/04 03/11
Month / Day




image6.png
Height (km MSL)

generating cells

UW King Air

Iower layer

Atmospheric River IOPs

0
0314 Time (UTC)
10
: (b)
8 top layer
: Tt My g NS AR R e rp |
- gap generatlng ceIIs .
wn "T’""'""'.""’""""""""-“"'"""'" nng ) 'I‘")'"/" Reaimnbid S} T T T "'Tl""t"'"v"'l""‘p-...,.-..m-“r""'t"
= 64
S
S
= lower layer
(@]
o)
I

Height (km MSL)

N

N
1

generating cells

0
28313 2320
| (d)
~ 50 40 -30 -20 10 O 10 20 30 ,
g 6- Equivalent Reflectivity Factor (dBZg)
£
= g e-
9.) oy
()
I
24

Convective IOPs




image7.tif
1,7 19,17,12, 9,8,15 11,16,10

18 613 § 520 J 21 3 ) 1422 24 2 23 4
&—1 . ® >
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Mean IOP Precipitation (mm h™)
15,20,17,8,13 3,10,12,1,16,22
21 18 7 6 v 591119 % 14,23 2 4 24
. —
< & 1 - - *—>
-16 -14 -12 -10 -8 -6 -4 -2 0
700 hPa Temperature (C)
18,6 74  1519,22,21,23,5 8,2410,11,9,14,16 20,13,2,12,17 1,3
-« Ly—L (- ——L < ‘o—L ool Loo—>
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
700 hPa Wind Speed (m s7')
14,13 7,16,6,20,819,1'5,12,23,1 1,17
1821,10 ¢ ¥ &4 1 3 22,2 9 24
f— - —eol (30 ® o9 9o lo o - ! Lo ! >
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

Liquid Water Path (mm)

Group A GroupB GroupC GroupD No Flight





image8.png
% of Soundings

30
60

40

20

-0.5

0.0

0.5

1.0

—— Deep Layer
----- Shallow Layer
— — Upper Layer
o — _ o _
S~ ‘ _
- . o ‘t.._-'___‘-ﬁ
1.5 20 25 3.0 3.5 4.0 >4.0

Fr




image9.png
10P 0108 Jan

J19

2

.

-
oS

10P 06 19 Jan
|OP 07 21 Jan Basemap:

10P07 500 hPa 22 Jan 2017 0000 UTC

10P 1207 Feb

10P 1316 Feb
10P 1418 Feb

0P 15 19 Feb

10P 0209 Jan I

IOP 0311 Jan

10P 04 18 Jan

IOP 0519 Jan

1OP 08 22 Jan 10P 09 31 Jan
10P 1620 Feb | ~ | iop 1003 Feb
1OP 17 21 Feb 10P 11 04 Feb
|OP 19 04 Mar| 10P 21 07 Mar
0P 20 05 Mar 10P 22 09 Mar
0P 2416 Mar, 10P 2309 Mar Basemap: _[0P21 500 hPa 07 Mar 2017 1200 UTC
(c)

Basemap:

10P14 500 hPa 19 Feb 2017 0000 UTC





image10.png
Frequency (x10% Frequency (x10%)

Frequency (x10%)

Frequency (x10%

LOWEST CLOUD LAYER

UPPER CLOUD LAYER WHEN PRESENT

2 2
Atmospheric Rivers Atmospheric Rivers Black: All Points
1110Ps 39% oceurrence Red: West of Packer John Radar
1 Blue: East of Packer John Radar
b
ol® ath i
0
Northwest Flow 3 Northwest Flow
6 10Ps 43% occurrence
2]
1
. © s
iy 0 v ‘ m ;
0 ) 60 40 20 0
Orographic Clouds Orographic Clouds
210Ps 12% occurrence
1 1
(e) f)
0 T T y T 0 T T p— T
60 40 -20 0 60 40 20 0
Convective Clouds 2T convesiive Clouds
410Ps 13% occurrence
1 1
(@) o g .
o0l ; 0 T T T T
60 40 20 0 60 40 20 0

Cloud Top Temperature (°C)

Cloud Top Temperature (°C)





image11.emf
-3

CDP Number Concentratlon Boxplot
200 T T R R 1 4 . aleaasiayy I_.r. il ;r_’.._. /N
[ 95th ile for 24— 1
f ot prreenfile for i —— Mean I ]
3 1 — — StdDev I 1
150 ] 0P 1-9 ! I
[ ] orP10-24 1 I
100'_ 1 1 1
z [ 1 3 | It
[ ] bl
sor ] y y
g T L URER ]
* * & ] = I
t 1 3 I
0 T > |
1 23456789101112 14151617 19202122 24 E’ 1
P 2 b r
=~
= /
CDP Droplet Diameter Boxplot io 1
50 T T - YN S TS S W S— — I - § S T — L 15
T 1!
;|
40 !
1 I
30 ! [
g |
a
20
7
0l N

567809101112 14151617 19202122 24 280 290 300 310 320
0P 0. (K)

T
12345




image12.png
Snowbank e | Snowbank

-
-
@)
—_
S
Q
=~z
@)
)
o
&
O
S
(-
Q
@)
-
qe]
)
e
O
<
Vg

20
W-E distance from Packer John

10 12 14 16 18 20 22 24
Reflectivity (dB2)





image13.png
S-N distance from SB (km)
o

1729

lllll

40 20 0 20 40 : | :
W-E diStance from SB (km) 10—8 IIIIIII| | IIIIIIEl I"I‘I\Hllll [ | NI

4T T T T T T T T T T T

8 10

B Seedmg Seedmg

10 100 1000
12 14 16 18 20 22 24 .
Reflectivity (dB2) Diameter (um)

1 730 UCI'G il

0 10 20 30 40 o0
Distance downwind from PJ (km)




image14.png
_|_|_|T|T|'| Crrrey e rreen T T

NN
o

N
o

)
o

S-N distance from PJ (km)
o

N
o

2117

lIlIl _ Illll

40 -20 O 20 40

W-E dlStance from PJ (km) 10—8 ool ool il VA
AT T T 1 T 1171717717 T 10 100 1000
8 10 12 14 16 18 20 22 24 :
Reflectivity (dBZ) Diameter (um)

0 O 10 15 20
Distance downwind from PJ (km)




image15.(null)
SNOWIE Simulations
Valid: 2017-01-31_21:20:00

Terrain Height (m)
Agl path (#/m*2)

~\J ?ﬁ N ) ~>
0 J Q /_\\\ /
44°45'N — & o ol
(#)
54 &
44°30'N —
44°15'N —

oo

44°N — D

43°45'N —
S0
I I - I = I
116°20'W 116°W 115°40'W 115°20'W 115°W
Agl path (#/m"2)
T

0.09%10" 0.22x10" 0.35x10" 0.48x10" 0.61x10" 0.74x10" 0.87x10"° 10"










image16.(null)
SNOWIE Simulations

Valid: 2017-01-31_21:20:00

Terrain Height (m)
Ice water path difference (mm)

\J 0 ?i N ) % %\50
44°45'N —> 065
44°30'N —
44°15'N — e /‘
%;ﬂ 770
{ o

0 OD?LIP'

0
0

44°N — D
I

43°45'N —

L7

o

°

I
116°20'W 116°W 115°40'W 115°20'W

Ice water path difference (mm)

I
115°W

-1 -.08 -.06 -.04 -.02 -.0 .02 .04 .06 .08

1










