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Abstract

Updrafts in wintertime cloud systems over mountainous regions can be described as fixed,
mechanically driven by the terrain under a given ambient wind and stability profile (i.e., vertically
propagating gravity waves), and transient, related to vertical wind shear and conditional instability
within passing weather systems. This analysis quantifies the magnitude of fixed and transient
updraft structures over the Payette River Basin sampled during the Seeded and Natural Orographic
Wintertime Clouds: the Idaho Experiment (SNOWIE). Vertical motions were retrieved from
Wyoming Cloud Radar measurements of radial velocity using the algorithm presented in Part 1.
Transient circulations were removed and fixed orographic circulations were quantified by
averaging vertical circulations along repeated cross sections over the same terrain during the
campaign. Fixed orographic vertical circulations had magnitudes of 0.3-0.5 m s™!. These fixed
vertical circulations comprised a background circulation in which transient circulations were
embedded. Transient vertical circulations are shown to be associated with transient wave motions,
cloud top generating cells, convection, and turbulence. Representative transient vertical
circulations are illustrated and data from rawinsondes over the Payette River Basin are used to
infer the relationship of the vertical circulations to shear and instability. Maximum updrafts are
shown to exceed 5 m s! within Kelvin-Helmholtz waves, 4 m s™! associated with transient gravity
waves, 3 m ™ in generating cells, 6 m s in elevated convection, 4 m s in surface-based deep

convection, 5 m 5™ in boundary layer turbulence, and 9 m s! in shear-induced turbulence.
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1. Introduction

Quasi-stationary orographically-induced gravity waves result from winds that blow across a
mountain range causing forced ascent on the windward side and forced descent on the leeward
side. The behavior of these vertically propagating waves in response to ambient stability and wind
profiles have been studied extensively, mainly through numerical simulations with idealized
terrain and idealized soundings (see review by Smith 2018). Cross-mountain distributions of
forced ascent/descent are dependent on terrain geometry such as the height, width, and length of a
given mountain range (e.g., Sinclair et al. 1997, Chater and Sturman 1998, see Chapter 5 in Lin
2009 for a review). In general, the quasi-stationary updraft and downdraft intensity varies
proportionally with the strength of the mean low-level winds (e.g., Held and Ting 1990; Colle
2004).

Most mountain ranges on Earth exhibit complex terrain profiles, with 2D terrain width, heights,
and length “felt” by the wind that depend on the prevailing wind direction. Wave behavior is
different for different individual ridges, and the mesoscale flow over these ridges is impacted by
the entire mountain range. To a first order, in an unsheared environment, a mountain ridge will
produce a vertically-propagating gravity wave if the advective time scale exceeds the time scale
of buoyancy oscillations. That is, the mountain width must exceed Un/N, where U is the ridge-
normal wind speed, and N the Brunt-Viisild frequency (see Chapter 5 in Lin 2009; Hunt et al.
1998; Vasper et al. 2002, Lyza and Knupp 2018). Under strong winds and weak (moist)
stratification, as is common when frontal disturbances cross a mountain range, only the larger
ridges produce a wave response. Smaller ridges produce “evanescent” waves, 1.e. a shallow dipole
of rising/sinking flow on the upstream/lee side of the ridge. The interaction between serial
vertically-propagating gravity waves, and between the hydrometeors they produce in moist flow
(Reinking et al. 2000; Bruintjes et al. 1994), is poorly understood.

Although orographically-forced updrafts are commonly present, the nature of the updrafts
can be modified by a variety of transient processes, the main one being convection. The focus here
is on cold-season storms. While these orographic clouds are primarily stratiform, they often
contain shallow to deep embedded convection, generally the result of the release of potential
instability by orographic lifting (Shafer et al. 2006; Ikeda et al. 2007; Geerts et al. 2015; Kirshbaum
et al. 2018). Other, typically smaller-scale transient updrafts can be associated with cloud-top

generating cells (e.g., Kumjian et al. 2014, Keeler et al. 2016a,b, 2017), with shear-induced Kelvin-
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Helmholtz billows and associated turbulence (Houze and Medina 2005; Medina and Houze 2015,
Grasmick and Geerts 2020, Grasmick et al. 2021), or with boundary layer turbulence (Geerts et al.
2011; Chu et al. 2018). Quantifying the properties and magnitudes of fixed and transient updraft
structures within orographic clouds is a crucial step towards understanding where and when
supercooled water may be present and where wintertime orographic cloud seeding opportunities
may exist.

The Seeded and Natural Orographic Wintertime Clouds: the Idaho Experiment (SNOWIE;
Tessendorf et al. 2019) provided an opportunity to address questions related to orographic updraft
structures. SNOWIE was carried out over the Payette River Basin of western Idaho from 7 January
to 16 March 2017. During that time 23 research flights took place during intensive operation
periods (IOPs). The SNOWIE project is particularly interested in quasi-stationary updrafts, and
their supercooled liquid water, as those updrafts may be targetable for glaciogenic seeding to
enhance precipitation. Previous work has addressed the impact of airborne seeding with silver
iodide aerosol (French et al. 2018; Friedrich et al. 2020, 2021).

The purpose of this paper is to analyze the magnitude, vertical distribution, and forcing of
vertical air motions in orographic cloud systems over the Payette River Basin during SNOWIE.
Data used in this analysis is presented in Sec. 2. An overview of the orography associated with the
Payette River Basin is given in Sec. 3. A composite analysis quantifying the magnitude and
distribution of fixed orographic waves will be presented in Sec. 4 along with a comparison of
composite updraft structure from a 900 m resolution simulation from the Weather Research and
Forecasting Model (WRF). In Sec. 5, transient updraft structures are examined and related to
thermodynamic and wind profiles measured by special project rawinsondes. Individual case
studies of transient updrafts associated with wave motions, cloud top processes, convection, and
turbulence are presented. Key findings are summarized in Sec. 6.

2. Data and Methodology
a) Wyoming Cloud Radar and Updraft Retrieval Overview

The University of Wyoming Cloud Radar (WCR; e.g. Wang et al. 2012) is a 95 GHz, 3 mm
wavelength, pulsed Doppler cloud radar that was flown on the University of Wyoming King Air
(UWKA) during SNOWIE. During SNOWIE the UWKA flew back and forth flight legs along
one of three flight tracks (Fig. 1a,b). One flight leg was typically completed in 10-20 minutes, with
4-hour flights typically completing 10-14 flight legs. Data used herein are from the WCR fixed
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antennas nominally pointed at zenith and nadir during straight, level flight. In this configuration,
the WCR measured the equivalent reflectivity factor (Z.) and radial velocity (V). Data was
sampled at 30 m range resolution along the radar beams and 4.5 to 7.5 m along the flight track
depending on the ground-relative aircraft speed. The WCR reflectivity is calibrated by measuring
the return from a trihedral corner reflector with a known scattering cross-section. Error associated
with this calibration is estimated to be less than 2.5 dB at and away from the radar flight level
(Wendisch and Brenquier 2013, Ch. 9.5.5, pp. 509-517; Grasmick et al. 2022). The minimum
detectable signal was ~-40 dBZ. at 1 km distance away from the radar and ~-26 dBZ. at a distance
of 5 km. Measurements of Z. and V- were available between the ground and cloud top except in a
250 m blind zone centered at flight level. Zaremba et al. (2022, Part 1) presented an algorithm to
retrieve vertical velocity (w) and flight-leg-averaged mean reflectivity-weighted particle terminal
velocity (V) as a function of altitude for each flight leg during SNOWIE. The retrieval technique
involves using rawinsonde-measured winds to retrieve W, the vertical hydrometeor velocity at a
given range gate, by removing contributions of the aircraft motion and the horizontal wind to V,.
due to time-dependent variations in the beam-pointing vector resulting from small fluctuations in
pitch, roll, and yaw of the aircraft due to flight-level turbulence or pilot adjustments while flying
along straight flight legs (Zaremba et al. 2022, Part 1). The mean W, (W), at a given height was
assumed to be the mean reflectivity weighted terminal velocity, V,, at that height allowing for the
retrieval of w. The accuracy of the retrieval of w and V, was shown to be dependent on satisfying
assumptions that the legs occur over a short enough time and distance that the along- and across-
track winds at a given altitude above/below the aircraft do not vary horizontally or change with
time, the magnitudes of the updrafts and downdrafts across the flight track at any given altitude
sum to 0 m s™!, and that V, did not vary substantially along a given flight leg at a given altitude. A
method to estimate the uncertainty in the retrieval of w as a function of altitude was presented
based on evaluation of these assumptions. The reader is referred to Part 1 for details of their
uncertainty analysis. Uncertainty estimates using the Zaremba et al. (2022) methodology are
included with each case study herein. Updrafts and downdrafts mentioned herein refer to vertical
air motion, w, not hydrometeor vertical motion. Contoured Frequency by Altitude Diagrams
(CFADs) are used to quantify the magnitudes of orographic updraft and downdraft structures
observed during SNOWIE. CFADs were binned in increments of 0.1 m s™ and by altitude in 100

m increments, except in the lowest 100 m to avoid terrain contamination.
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Fig. 1: a: SNOWIE domain outlined in black. Domain of 900 m WRF simulations outlined in
white. Elevation (0.125° x 0.125° grid) in meters above MSL is contoured. Plotted in blue are the
three flight tracks flown during SNOWIE. Rawinsonde launch locations are noted by black dots.
b: Same as (a) except 900 m SNOWIE domain terrain elevation. The Payette River Basin is
outlined in black. Ranges and valleys are labeled.
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b) Rawinsondes

The Idaho Power Company (IPC) launched Lockheed Martin LMS6 rawinsondes from
sites in Crouch and Lowman, ID (Fig. 1a,b). The University of Illinois Urbana-Champaign
(UIUC) launched iMet-1 rawinsondes from Boise, ID and Caldwell, ID. These rawinsondes were
used herein to characterize the environment when various mesoscale updraft structures were
observed. The manufacturer-stated accuracy of IPC rawinsondes was +0.2°C for temperature,
£0.2 m s! for wind, £5% for relative humidity, and +0.5 hPa for pressure. The manufacturer-
stated accuracy of UIUC rawinsondes was +0.2°C for temperature, £1 m s™! for wind speed, £5%
for relative humidity, and +0.5 hPa for pressure. Rawinsonde data collected during SNOWIE
typically had an average resolution of 4 m and drifted an average of 12.4 km away from their
launch location between the surface and cloud top.

Kirshbaum and Durran (2004) have shown that determining static stability in orographic
precipitation requires evaluation of the moist Brunt-Viiséld frequency (N,) originally derived by
Lalas and Einaudi (1974) as:

Zzg(d_T )( qu)_ g dqw
Nin sz+rm 1-{_RdT 1+ q, dz

Instability exists where N,, is imaginary. In the equation above, g is gravity, T is temperature, L is

the latent heat of condensation, [}, is the moist adiabatic lapse rate, Ry is the dry air gas constant,
gs 1s the saturation mixing ratio, and g, is the total water mixing ratio. Kirshbaum and Durran
(2004) note that a negative vertical gradient in equivalent potential temperature (6,) is generally
insufficient to evaluate potential instability. Using Ny, is particularly important in cases of extreme
orographic rainfall such as convection associated with flooding events, like the Big Thompson
flood (Caracefia et al. 1979), and the generation of mesoscale convective systems (e.g. Chu and
Lin 2000). Herein, our analysis of potential instability during convective events is limited to
rawinsonde data. Wintertime orographic clouds over the Payette River Basin are primarily ice
clouds containing only small, localized amounts of cloud water (typically q; =10"*). The mass of
ice particles ranges from ~107'° kg for unrimed plate like particles (Itoo et al. 1954) to ~107 kg for
heavily rimed ice particles (Locatelli and Hobbs 1974). Typical concentrations of ice in wintertime
orographic clouds are ~20 L' (Rauber 1987). The ice mixing ratio (g;) in conditions of no riming
at a pressure of 700 mb is of order of 10", while in heavily rimed conditions the ice mixing ratio

at 700 mb can approach 10, Unfortunately, no information, even from aircraft data, is available
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to determine the vertical gradient of the liquid water mixing ratio (¢;) and ¢;, and thus ¢,.. Herein,
the presence of potential instability is evaluated using vertical gradients in 8, measured by nearby
rawinsondes, while acknowledging that the mass of ice and supercooled water particles will have
a negative influence on buoyancy.

Wind speed, 8., Bulk Richardson Number (R;), Scorer parameter (£2), and vertical wind shear
(IS]) were calculated from the rawinsonde data and used together with w to interpret the
thermodynamic and shear environment in which updrafts and downdrafts occurred. In each case,
the nearest rawinsonde in time was chosen for analysis. We use 6. with respect to water calculated
using Bolton et al. (1980), rather than €. with respect to ice, because it provides a more stringent
criterion for the detection of regions of potential instability (e.g. Kumjian et al. 2014). Rawinsonde
data were averaged using a centered rolling mean over 20 data points (~100 m) and resampled

using linear interpolation every 100 m, when calculating R;:

AB,
Az

(5 + (&)

where u and v are the parallel and normal wind components, z is the rawinsonde height, and 8, is

Ri:i
0,

the mean virtual potential temperature where:

— Hv,top + ev,bottom
0, =
2
and:
6, =6(1+0.61r)
where r 1s the mixing ratio.

£2 (m?) is defined as:

5 0%U
{2 =N_m_ aZz
U2 U

where U= U(z) is the horizontal wind at a given height, was used to diagnose layers where trapping
of low-level gravity waves could have occurred. To calculate 2 a second rolling mean of the 100
m resampled sounding dataset was calculated centered over 1 km. The condition £* <0 is favorable
for gravity wave trapping (Crook 1988). For the case of gravity waves, £? was calculated using
the Moist Brunt-Viisild frequency noted in Kirshbaum and Durran (2004) except gw was

approximated by g.
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Vertical wind shear was calculated by using a centered rolling mean over 20 rawinsonde data

points (~100 m):

- 2+ (&)

During the winter season of 2016-2017, WRF version 3.9.1.1 was run in a continuous

¢) WRF Model Configuration

simulation starting on 1 October and ending on 30 April, which included the entire SNOWIE
campaign. Nested simulations were run with 2700 m (outer) and 900 m (inner) horizontal grid
resolutions. The 900 m domain had 81 terrain following vertical levels between the surface and
20 hPa distributed with 23 levels below 1 km above ground level (AGL) and 43 levels below 3 km
AGL. WRF model runs were initialized using ERA-Interim data (Dee et al. 2011). Table 1
summarizes the model configurations used. The southeastern part of the 900 m domain is outlined
in Fig. 1a. Hourly WRF model output of vertical motion fields along the flight tracks at the time
of the flights were used to compare modeled and retrieved fixed orographically-forced updrafts

and downdrafts over the Payette River Basin.

2700 m Domain 900 m Domain
Model Version WREF version 3.9.1.1 WREF version 3.9.1.1
Horizontal Grids 540 x 360 450 x 300
Time Step 10s 3s
Driving Data ERA-Interim One-way nest from 2.7 km
domain WRF outputs
Vertical Coordinate 81 terrain-following eta levels
Land Surface Model Noah MP
Radiation RRTMG LW & SW
Planetary Boundary MYNN MYNN
Layer Scheme
Microphysics Thompson-Eidhammer (TE | TE and TE with Agl seeding
Thompson and Eidhamer parameterization (Xue et al.
2014) with Cooper (1986) ice | 2013a,b) with Cooper (1986)
nucleation option ice nucleation option

Table 1: NCAR WRF model configuration.

3. Orography of the Payette River Basin
The Salmon River Mountains, an extensive block-shaped massif which is part of the

Central Rocky Mountains, cover the central part of the state of Idaho (Fig. 1a). The Salmon River
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and its tributaries drain the northern side of the mountains while the Payette River and its tributaries
drain the south and west side. The entire massifis west of the Continental Divide and water falling
on the Salmon River mountains eventually drains into the Snake and Columbia River Basin.

The mountain massif on its southwest side encompasses the Payette River Basin and
consists of a series of ridges and valleys which run primarily north-south (Fig. 1b). The ridges
reach elevations of ~2.5 to 2.8 km while the upper valleys have elevations of ~1.4 km, descending
to ~0.9 km along the South Fork of the Payette River at Crouch, Idaho where rawinsondes were
launched during SNOWIE. The Snake River Basin is a nearly-enclosed depression (Fig. 1a), with
water exiting through the deep, narrow Hells Canyon in the northeast. Under stratified conditions
(as commonly occurs in winter when a frontal disturbance advects warm moist air well above the
Snake River Basin), near-surface air usually is advected from the southeast near Boise, and from
the south in the valleys of the Payette River Basin (Tessendorf et al. 2019).

The UWKA during SNOWIE flew back and forth (typically west-east, or southwest-
northeast) legs along one of three tracks over the Payette River Basin parallel to the mid-level
(~700 hPa) flow (Fig. 1b). On the west-cast flight track (A on Fig. 1b) the UWKA crossed the
Squaw Butte ridge, the southern end of the Western Range, the North Fork Range, and the Western
and Eastern Salmon River ranges, as well as the Payette River tributaries between these ranges.
On track B, the UWKA flew over the same ranges but at a ~40° angle to the ridge lines. On track
C, the UWKA crossed the Western Range and flew along the eastern side of the North Fork Range,
crossing the pass at the northern limit of the Middle Fork of the Payette River (Fig. 1b). Vertical
motions observed during SNOWIE reported in this paper were associated with forcing fixed to
this topography and transient circulations within passing weather systems.

4. Vertical Motions associated with fixed orographic forcing

Vertical motions forced by orography are approximately fixed relative to the topographic
relief, their magnitudes determined by the wind near and over the terrain, the terrain steepness and
stability. During SNOWIE, the UWKA flew consecutive back and forth flight legs along one of
three flight tracks parallel to mean midlevel flow, completing 238 total flight legs. This allowed
for composites of vertical motion (w) from many flight legs to be constructed along fixed tracks
over the terrain. Because transient circulations vary in time and space, averaging the vertical
motion fields over a large number of flight legs has the effect of removing transient updrafts while

retaining fixed vertical circulations. In this section, we present composite radar-retrieved w for a

10
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large number of flight legs using all available data from SNOWIE to determine the average
magnitude of ascent/descent forced by fixed orographic circulations. The composite retrieved w
fields associated with fixed orographic waves are then compared to similar composite w fields
retrieved from the 900 m resolution WRF simulation for the same times as the aircraft sampling.

For each flight leg, w was retrieved on a common 30 m vertical grid and then averaged at a
given height every 0.005° longitude. w was then calculated for each flight track by averaging w at
a given height and longitude for all regridded flight legs. Each grid point had to have at least 10
flight legs averaged at a given height/longitude to be included in the composite. Heights below
2.5 km (all heights above sea level) were not included in the composites because they were
contaminated by terrain and/or melting in the valleys. Only two flight tracks (Fig. 1b tracks A and
B) had a sufficient number of flight legs to create composites. A composite for the third track
(Fig. 1b track C) was not calculated due to an insufficient number of legs.

Fig. 2a shows the number of flight legs at each grid point used to construct the composite for
flight track A (Fig. 1b). Eight research flights (82 flight legs) were used in the composite.
Different grid points had less than 82 samples in the composite for two reasons. First, the WCR
has nadir and zenith pointing beams but is unable to retrieve radar data in a 250 m vertical zone
centered at the flight level. The aircraft typically flew at lower altitudes < 6 km in order to sample
potential seeding signatures. The blind zone routinely shows up as thin strips of lower counts in
the composite of the total number of flight legs. Second, larger regions of missing data at higher
elevations were the result of split cloud layers and variations in the cloud depth. In all composited
flight legs for track A, the mean midlevel flow over the terrain was westerly, near-parallel to the
flight legs.

Large scale orographic waves are evident over the terrain in the composite w analysis (Fig.
2b). Orographically forced updrafts and downdrafts are present on the windward and leeward
sides of the Western Range, North Fork Range, Western Salmon River Range, and Eastern Salmon
River Range, respectively, each on the order of £0.3-0.5 m s™! (Fig. 2c). The orographic wave
crests slope upwind with height, consistent with wave theory (Smith et al. 2018). The strongest
updrafts (0.4-0.5 m s') were located over the Western Salmon River Range (which has the steepest
terrain) between -115.8° and -115.6° longitude. Updraft magnitudes decreased with height with
maximum/minimum w found near the terrain. A standing wave was also present west and over the

narrow North Fork Valley between -116.3° and -116.1° longitude (Fig. 2b). Fig. 2d shows w from

11



290 the WRF simulation averaged over all hourly output during the SNOWIE research flights
291  composited in Fig. 2b. The modeled w closely mirrors the radar-retrieved w in Fig. 2b in terms
292  of orographic wave structure, location, and magnitude (£0.3-0.5 m s™', Figs. 2d,e) including the
293  standing wave west and over the North Fork Valley, lending confidence to the radar-retrieved w

294  composite.
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296  Fig. 2: West-east cross section of w along flight track A (in Fig. 1b) during SNOWIE. a: is the
297  number of flight legs with cloud present at a given height binned every 30 m and 0.005° longitude.
298  b: win a given 0.005° (~400 m) longitude range at a given height. c: CFAD of w binned every
299 100 mand 0.1 ms™'. d: 900 m WRF w during the same research flights. e: CFAD of 900 m WRF
300  w binned every 100 m and 0.1 m s'. Includes flight legs from 8 different research flights (IOPO1,
301  IOPO03, IOP09, IOPI11, IOP12, IOP21, I0P22, and 10P23). Significant terrain features of the
302  Payette River Basin are noted.
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Note that a wide range such as the Western Salmon River Range supports a gravity wave that
propagates vertically to at least 12 km, whereas a narrow ridgeline such as Squaw Butte triggers a
far shallower wave (Fig. 2b and c). Linear theory, with wind speed (U) and the Brunt-Viisila

frequency (N), both constant with height, predicts vertically propagating evanescent waves over a
. : o : 21U : . 21U
sinusoidal mountain with width 1 < % and vertically propagating waves when 4 > % (Durran

1990). The wavelength (1) for Squaw Butte is about 2.6 km while the A for the Western Salmon
Range was ~20 km. Although the wind speed and the Brunt-Viisild frequency varied from hour
to hour and were not constant with height, the wavelength of Squaw Butte is only 10% of the
Western Salmon River Range, so linear theory suggests that the Western Salmon Range is more
likely to produce vertically-propagating quasi-stationary vertical motions.

To compare the radar observations and model in the composite, it is assumed that the flow is
2D and that these cross sections provide a realistic (e.g., west to east) depiction of flow over and
above the terrain. The flow, however, often veered with height at lower levels due to southerly
flow in the valleys as indicated by the CFAD of wind speed and direction in Fig. 3a,b of the 38
rawinsondes launched during the composited flight legs. Winds near the surface were typically
weak and out of the south (between 0-5 m s™! with 90% of surface winds < 15 m s™') but increased
significantly with height, ranging from 35 to 65 m s at 8 km, (10" to 90" percentile), rapidly
veering to westerly above the valley floors and through most of the depth of the cloud. The
abundance of transient fine-scale updrafts present over the terrain are heavily influenced by
vertical drafts associated with stationary terrain driven waves seen in both the radar w composite

and 900 m model output composite.
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Fig. 3: CFAD of 38 rawinsondes during the 8 different research flights (IOP01, IOP03, IOP09,
IOP11,10P12,10P21, I0P22, and IOP23) composited in Fig. 2. Rawinsonde wind speed and wind
direction were resampled every 100 meters (interpolated to a given altitude). A given altitude had
to have at least 10 rawinsonde data points in order to be included in the CFADs. a: wind speed
every 100 meters from all 38 rawinsondes binned every 5 m s™!. b: wind direction every 100 meters
from all 38 rawinsondes binned every 10°.

Fig. 4a shows the number of flight legs at each grid point used to construct the composite for
flight track B (Fig. 1b). Eleven research flights (126 flight legs) were used in the composite.
Midlevel flow for these flights was southwesterly, again near-parallel to the flight track. Updrafts
and downdrafts associated with fixed orographic waves were again on the order of £0.3-0.5 m s™!
(Figs. 4b,c) with updrafts on the windward side and downdrafts on the leeward side of the terrain.
The strongest updrafts and downdrafts were associated with the steepest terrain on either side of
the Western Salmon Range. Again, the modeled w (Fig. 4d,e) closely mirrored radar-retrieved w
in Figs. 4b,c in terms of orographic wave structure, location, and magnitude. Fig. 5a,b shows wind
speed and direction CFADs of the 58 rawinsondes launched over the Payette River Basin during
the eleven composited research flights. Again, flow increased from an average of ~0-5 m s! at the
surface to an average of ~40 m s at 8 km. Low-level valley winds were again more southerly and

veered with height whereas upper-level flow out of the southwest was parallel to the 2D fight track

and terrain cross section.
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and IOP24) composited in Fig. 4.
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5. Vertical motions associated with transient features

Transient updraft features are associated with mesoscale circulations in weather systems
passing over the mountains. In general, these can be expected to superimpose on, and interfere
with, the fixed circulations discussed in Sec. 4. Transient updrafts observed were associated with
wave motions, cloud top generating cells, convection, and turbulence. In this section, these
transient updraft structures are related to the thermodynamic environment and shear profiles
measured with nearby rawinsondes.
a) Wave Structures
i) Kelvin-Helmholtz (KH) waves

Grasmick and Geerts (2020) and Grasmick et al. (2021) analyzed KH waves during
SNOWIE using dual-doppler wind retrievals from the WCR. They found that KH waves were
frequently locked to the terrain and occurred at different heights, including the free troposphere,
boundary layer tops, and near the surface. They also observed KH waves upwind and in the wake
of steep terrain. These environments locally enhance shear, creating conditions conducive to KH
waves. Vertical-plane dual-doppler analysis performed by Grasmick and Geerts (2020) revealed
braided structures within KH waves that result from deforming shear layers. Because Grasmick
and Geerts (2020) and Grasmick et al. (2021) provided detailed analysis of KH waves observed
during SNOWIE, we limit the discussion here to an example at cloud top during IOP2 (9 January,
0200 UTC - 0900 UTC) from the tenth leg between 0718-0725 UTC.

Fig. 6a,b shows Z. and w, respectively, along the flight leg illustrating KH waves at cloud
top (~7.6 km). The region of KH waves is expanded in Fig. 6¢ for clarity. Data from the
rawinsonde launched at 0700 UTC by UIUC is overlaid (Fig. 6¢). KH waves were located west of
the North Fork Range and were associated with a region of enhanced shear with wind speeds
increasing from 25 m s 'at the base of the KH wave layer (5.3 km) to 55 m s™! at the top of the layer
(7.6 km). |S| was 18-20 m sl km™! between 5.3 and 7.6 km. Within the KH wave layer, 6, increased
with height from 316 to 321 K, indicating that the layer was stable. The KH waves in this case
were induced by the strong shear and broke to produce turbulence. Within the KH waves, w ranged
from -5 m s to +5 m s7! (Fig. 6d). Beneath the waves, flow was slower than within the wave
layer, and the updrafts and downdrafts were weaker, with little evidence connecting the waves to

the topography (Fig. 6b,c).

16



389
390

391
392
393
394
395
396
397

398
399
400
401
402
403
404
405
406

Distance (kmg
30 40 0

0 10 20 60 70 80
ﬁ a) Reflectivity (dBZ)
10.04 KH Wayes e
" -40  -20 0 20
& b, c) w (ms~1)
50_’“: _____ 4 2 0 2 4
2.5 d) Frequency (%)
(et e P P4 sl ot ——
0.0 Squaw Butte Ridge n Valloy  RANGE iddle Fork Valley iver Range 011 2 5 7 10152025
2=, b)
» 10.0-7I :
2 .
7.5 lori
£ o oo
(1)) 5.01 L ,.
© Blugr o ¥y Tl T SRR IR O R W il (TR
= -
= 254 3 ;
= % - North Fork e < Western Salmon
< 0.0 Squaw Butte Ridge Range “‘}:u::"k Range Middle Fork Valley River Range
~ o725 "o720 0715 0710
Time (UTC)
07:24 07:23 07:22 07:21 07:20 07:19
7.5
5.0 FRAE: 5
251
T ~ -
0.0 T r T —— T . r v
0 25 50 75310 320 3300 10 20

Wind Speed (ms™!)  ©e (Kelvin)  |S| (ms™! km™?)
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represents w retrieval uncertainty calculated using methodology presented in Part 1. The white
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ii) Gravity Waves

Gravity waves not fixed to the underlying topography were occasionally observed during
SNOWIE. The most extreme example occurred during IOP20 (5 March, 1200 - 1630 UTC) when
gravity waves within a stably-stratified mid-tropospheric layer appeared ahead of a cold front
advancing into the study area. At the altitude of the gravity wave layer, the cold front was moving
eastward across the Western Idaho border at 11 m s™!, just upstream of the UWKA flight track
(Fig. 7). A strong jet (up to 45 m s™! at 500 hPa) was present just ahead of the cold front.

The gravity waves appeared as a wave packet ahead of the front traversing the sample area

over the course of 1 hour (Fig. 8c-g). The wind at the center of the gravity wave layer (~5 km) was
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~25 m s! out of the southwest. The wind speed together with the dimensions of the wave packet
in the radar cross sections indicate that the wave packet was confined within the distance of 90
km. The wavelength within the wave packet was uniform, and unrelated to the underlying terrain.
With time, the wavelength observed by the UWKA decreased from 8 to 5 km during the passage
of the wave packet. Maximum updrafts and downdrafts within the gravity wave layer, between 4
and 6 km, were on the order of 6 m s™! (Fig. 8). The wave also appeared to induce vertical motions
above the gravity wave layer although these vertical motions (ranging up to 3-4 m s™) appeared
more chaotic and turbulent in nature.

Fig. 9 shows a cross section of the gravity waves between 133250-134650 UTC overlaid
with sounding data from a rawinsonde launched at 1300 UTC at Crouch, ID. #2 was negative
between 4.6 and 5.8 km implying that layer was favorable for gravity wave ducting. The gravity
waves occurred in a stably-stratified layer with weak wind shear (Fig. 9b). |S| was ~10 m s™! km!
in the gravity wave layer. Wind speed was near constant within the gravity wave layer, likely a
result of the waves redistributing momentum within the layer. Wave motion was also evident in
the reflectivity profile (Fig. 9a).

GOES-15 visible satellite imagery shows transient wave packets, not tied to the terrain,
were widespread across Southern Idaho at this time (Fig. 10). The origin of the gravity wave packet
is uncertain but may be tied to the advancing front based on previous studies. Ralph et al. (1999)
showed examples of gravity waves propagating ahead of a cold front that resembled trapped lee
waves. These prefrontal gravity waves occurred when the wave forcing decayed along the eastern
portion of the front and the trapped waves propagated away from the front. In this current study,
the gravity waves propagate through a region of stability ahead of the front. Li et al. (2017) showed
that trapped lee waves only form if the warm sector ahead of a wintertime cold front is stably
stratified. The evolution of upstream flow in their cases influenced wave structure, amplitude, and
wavelength. In their study, as the cold front approached increasingly stably-stratified strong cross-
barrier flow, wavelengths observed were longer and trapped lee waves extended farther
downstream. After the upstream airflow weakened, the wavelength shortened, and the lee waves
dissipated. These studies provide some support for the hypothesis that the gravity wave packet

was influenced by the advancing front.
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439  2017. The cold front is labeled using standard symbology and flight track B flown during IOP20
440  is noted.
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Fig. 10: GOES-15 1 km visible satellite imagery (0.63 um) valid at 143300 on 5 March 2017.
Gravity wave packets are noted. Flight track B is noted.

b) Cloud Top Generating Cells
Generating cells are regions of locally enhanced Z., near cloud top from which a fall streak
of hydrometeors originates (2022; AMS Glossary). Their vertical motions, microphysical
properties, and forcing have been analyzed for clouds within the comma head region of
extratropical cyclones (e.g. Plummer et al. 2014; 2015; Rosenow et al. 2014; Keeler 2016a,b; 2017;
Kumjian et al. 2014). Cloud top generating cells have been documented on top of stratiform clouds
in a variety of environments (e.g., Wang et al. 2020). They were observed at the top of orographic
clouds over the Payette Basin during several SNOWIE research flights. Here we present an
example from IOP1 (7 January 23 UTC to 8 January 0930 UTC) that characterizes the vertical
motions within generating cells observed in other IOPs.
Fig. 11 shows generating cells present between 033130 and 035100 UTC. Clear fall streaks of
locally enhanced Z. extend downward from cloud top (Fig. 11a). In this case the fall streaks
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entered a drier layer, with most losing their identifiable structure. Fig. 11c shows a CFAD typical
of SNOWIE cloud top generating cells precipitating into stratiform cloud. The top km of cloud
had maximum w ranging from -3 m s to 3 m s, with most measurements falling between -1.5 to
1.5 m s!, consistent with measurements from previous studies in extratropical cyclones (e.g.
Rosenow et al. 2014). Fall streaks created by the cells were only very slightly sheared, consistent
with the near constant vertical profile of the wind within and just below the generating cell layer
based on the IPC Crouch sounding launched at 0400 UTC (Fig. 11b). In this case, vertical wind
shear had limited influence on the structure and appearance of generating cell plumes. |S| was
approximately constant with height ranging from 19-28 m s! km™ between 3 km and cloud top
echo. Within the layer containing the generating cells, . remained constant with height. Keeler et
al. (2016a,b, 2017) found in model simulations that generating cells are primarily driven by
radiative cooling at cloud top, and can occur in the absence of environmental instability and shear.
Radiative cooling at cloud top likely contributed to generating cell development during IOP1 since

the flight occurred entirely at night.
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Fig. 11: WCR cross section from 8 January 2017 033130-035100 UTC. a: Z.; b: w overlaid with
wind speed, ., and |S| from a radiosonde launched at Crouch, ID at 0400 UTC c: CFAD of w
binned every 100 m in altitude every 0.1 m s™. The black dashed line on c represents w retrieval
uncertainty calculated using methodology presented in Part 1. The white dashed lines represent
the 10, 25M, 75" and 90" percentiles of w at a given height. Significant terrain features of the
Payette River Basin are noted. The UWKA flew flight track A during this flight.
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¢) Convection
i) Elevated convection

During SNOWIE, there were several flights where elevated convection was observed over
the Payette River Basin including IOP12 (7 February 1900 — 2330 UTC, Fig. 12a). In this case,
potential instability (a decrease in §. with height between 5 and 7.5 km) was present just upwind
of the convection due to a dry air layer above cloud tops (Fig. 12b), based on rawinsonde data
from Crouch, ID at 2000 UTC. Fig. 12b shows a strong elevated convective cell east of the Middle
Fork Valley between 210430 and 210600 UTC. The CFAD in Fig. 10c shows a wide spread in w
at elevations between 4.0 and 7.5 km where the elevated convection and a dry unstable layer were
located. Maximum updrafts and downdrafts ranged from -6 m s to 6 m s! with most vertical
motions between = 2 m s™'. Wind speed increased from 30 to 50 m s™! between 4.5 km and 6.0 km
across the unstable layer, resulting in highly-sheared convection (|S| was ~25 m s km™! in that
layer). Beneath the elevated convection between 2.0 and 4.0 km there were weak downdrafts
within a strongly sheared layer where wind speed increased from 20 to 35 m s™! (|S| was ~40 m s°!
km™), leading to highly sheared fall streaks of precipitation emerging beneath the elevated
convection (Fig. 12a,b).
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Fig. 12: Same as Fig. 11 except for elevated convection during IOP12. WCR cross section valid
from 7 February 2017 205200-205730 UTC. Sounding data overlaid was collected at 2000 UTC
by IPC at Crouch, ID. The UWKA flew flight track A during this flight.
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ii) Surface-based deep convection

Fig. 13 depicts surface-based deep convection extending between the boundary layer and
cloud top (8 km) over the North Fork Range and Middle Fork Valley during IOP15 (19 February
1330-2330 UTC). This was the only case from SNOWIE where surface-based deep convection
was observed. The convective updrafts were characterized by a broad distribution of w (£ 2 m s™)
(Fig. 13b,c). Rawinsonde data from Caldwell, ID at 1900 UTC revealed a conditionally-unstable
layer between the surface and ~7 km. Wind speed increased from 4 m s! at the surface to 20 m
s at cloud top, resulting in a broad anvil stretching far downshear (to the right) (Fig. 13a).
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Fig. 13: Same as Fig. 11 except for surface-based convection during IOP 15. WCR cross section
valid from 19 February 2017 192500 UTC to 193500 UTC. Sounding data overlaid was collected
at 1900 UTC by UIUC in Boise, ID. The UWKA flew flight track B during this flight.

d) Turbulence
i) Boundary layer turbulence

Boundary layer turbulence was frequently observed over the mountain ranges of the Payette
River Basin, especially over higher terrain. The high spatial resolution of the WCR vertical
velocity field allows identification of turbulent flow by means of w power spectra (e.g., Geerts et

al. 2011). IOP13 (16 February 22 UTC - 17 February 01 UTC) characterizes typical boundary
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layer turbulence observed during the campaign. Fig. 14 shows an example from IOP13 between
0020-0024 UTC. Boundary layer turbulence in this case was located over the North Fork Range
and Middle Fork Valley in the lowest km above the terrain with maximum values of w ranging
from — 3 m s to 5 ms!. Sounding data from Crouch, ID at 0000 UTC showed an increase in
wind speed from 5 m s to 20 m s between 1 and 2.5 km. The R; values within the turbulent layer
were not below the critical threshold of 0.25, indicating that the turbulence was not induced by
shear (Fig. 14b). Rather, the turbulence appears to be mechanically driven in the BL as air passed

over complex terrain.
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Fig. 14: Same as Fig. 11 except boundary layer turbulence during IOP 13. WCR cross section valid
from 17 February 2017 002030 UTC to 002530 UTC. Sounding data overlaid was collected at
0000 UTC by IPC at Crouch, ID. Panel b is also overlaid with Bulk Richardson Number (R;). The
UWKA flew flight track C during this flight.

ii) Shear-induced turbulence

Shear-induced turbulence was occasionally present over the Payette River Basin. IOP16
was the most extreme example during the campaign. During IOP16 (20 February 13 — 19 UTC), a
sheared layer with winds increasing from 28 m s to 57 m s! was present between 5.6 and 8.0 km.

The base of the shear layer was weakly conditionally unstable (Fig. 15b). A split cloud layer was
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present west of the North Fork Range and over the Middle Fork Valley. The upper cloud layer was
precipitating into the lower cloud layer over the Western Salmon River Range and Deadwood
River Valley (Fig. 15a). Shear induced turbulence was likely in this layer as R; was < 0.25 through
much of the layer (Fig. 15b). Although most updrafts and downdrafts in this layer were £ 2 m s,

maximum vertical motions approached +9 m s™! (Fig. 15c¢).
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Fig. 15: Same as Fig. 11 except shear induced turbulence during IOP 16. WCR cross section valid
from 20 February 2017 153900-155840 UTC. Sounding data overlaid was collected at 1500 UTC
by IPC at Crouch, ID. The UWKA flew flight track B during this flight.

6 Discussion and Summary

This analysis identified the sources and quantified the magnitudes of fixed and transient
updrafts over the Payette River Basin of Idaho sampled during the Seeded and Natural Orographic
Wintertime Clouds: the Idaho Experiment (SNOWIE). We defined fixed updrafts as those
associated with stationary gravity waves in stratified flow over the orography. Transient updrafts,
on the other hand, move across the terrain as a result of instability and shear associated with passing
weather systems. Transient updrafts, such as surface-based convection and boundary-layer

turbulence, are sometimes triggered by the underlying terrain.
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Fixed vertical drafts were quantified by compositing w along flight tracks where the aircraft
was flying parallel to mean midlevel flow. Because transient circulations vary in time and space,
averaging the vertical motion fields over cross sections from a large number of flight legs
effectively removed the transient updrafts while retaining fixed vertical circulations associated
with the terrain. The composites revealed orographically-forced drafts with magnitudes of 0.3-0.5
m s”'. Transient updrafts are embedded in fixed vertical drafts, and typically are smaller in width
and depth than the fixed drafts. Good examples are Fig. 8 in this analysis showing transient gravity
waves, and Fig. 3 in Grasmick et al. (2021), showing a KH wave packet being advected through
vertically propagating orographic waves.

Examples of transient vertical drafts sampled during SNOWIE were chosen from various
research flights to illustrate the sources and magnitudes of updrafts and downdrafts that can occur
over the terrain within winter orographic clouds. Transient vertical drafts commonly seen over the
terrain during SNOWIE were associated with Kelvin-Helmholtz and other gravity waves, cloud
top generating cells, elevated and surface-based deep convection, and shear-induced and boundary
layer turbulence. Close-proximity soundings over the Payette River Basin were used to relate the
observed vertical circulations to stability and shear profiles. Vertical circulations exceeding 2 m
s primarily occurred in environments that were either conditionally unstable, had larger
magnitudes of vertical wind shear, or both. Maximum updrafts exceeded 5 m s™! within Kelvin-
Helmbholtz waves, 4 m s associated with gravity waves, 3 m s in generating cells, 6 m s in
elevated convection, 4 m s™in surface-based deep convection, 5 m s™' in boundary layer turbulence,
and 9 m s™! in shear-induced turbulence.

Cloud seeding operations in winter orographic cloud systems depend on the presence of
supercooled water generated by updrafts present over complex terrain. It has, in the past, been
difficult to characterize the sources and magnitudes of these updrafts because the instruments
necessary to do so have not been available, or when available have not been deployed using the
approach used during SNOWIE. This paper is the first to provide a thorough examination of the
sources of, and magnitudes of vertical drafts that can occur when generally stratified moist flow is
advected over a complex mountain range. Transient vertical circulation magnitudes sampled
during SNOWIE often (but not aways) exceeded fixed vertical circulation magnitudes driven by

flow over the terrain.
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606 In Part 3 (Heimes et al. 2022), we examine whether transient vertical drafts have a
607  significant impact on targeting during airborne cloud seeding operations, which in winter over
608  Idaho are conducted between -12° to -15°C, temperatures which typically are found between 3 and
609 4 km altitude.

610
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611  Appendix A: List of Variables and their Descriptions

612 dp Change in pressure

613 ¢ Gravity

614 L Latent Heat of Condensation

615 N Brunt-Viiséld Frequency

616 Nu Moist Brunt- Viisild Frequency

617 T, Moist adiabatic lapse rate

618  ¢2 Scorer parameter

619 r Mixing ratio

620 Ri Bulk Richardson number

621 Ry dry air gas constant

622 6 Potential temperature

623 0 Equivalent potential temperature

624  0Oci Equivalent Potential temperature with respect to ice
625 6, Mean virtual potential temperature

626 Oy top Virtual potential temperature at top layer
627 0y pottom Difference in virtual potential temperature between top and bottom layers
628 6, Virtual potential temperature

629 ¢ Specific humidity

630  gs Saturation mixing ratio

631  gw Total water mixing ratio

632 g Ice mixing ratio

633  q Liquid water mixing ratio

634 [S] Vertical wind shear magnitude

635 T Temperature

636 u Zonal wind component

637 U Horizontal wind component

638 dU Change in horizontal wind

639 Au Change in zonal component of wind

640 A6, Change in virtual potential temperature
641 V. Doppler radial velocity

642 V; Terminal velocity

643 v Meridional wind component

644 Av Change in meridional component of wind
645 w Vertical velocity/updraft strength

646 w Mean vertical velocity/updraft strength
647 W Vertical radial velocity

648  Z. Equivalent reflectivity factor

649 Az Change in height

650 0z Change in height

651
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