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ABSTRACT

Stable boundary layers are still a relatively problematic component of atmospheric modeling,
despite their frequent occurrence. While general agreement exists that Monin-Obukhov
similarity is not applicable in the stable boundary layer (SBL) due to the non-homogeneous, non-
stationary flow, no universal organizing theory for the surface SBL has been presented. The
SAVANT (Stable Atmospheric Variability ANd Transport) field campaign took place in the fall
of 2018 to explore under what conditions shallow drainage flow is generated. The campaign took
place in an agricultural setting and covered the period of both pre- and post-harvest, allowing for
not only a basic exploration of the boundary layer but a robust data set for applied agricultural
understanding of aerosol dispersion, and impacts of changes in surface cover on drainage flows.
This article provides a description of the field campaign. Examples of publicly available data
products are presented, as well as examples of shallow drainage flow and corresponding lidar
measurements of dispersion. Additionally, the field campaign was used to provide educational
opportunities for students from several disciplines and the outcomes of these joint educational

ventures are discussed as models for future collaborations.
CAPSULE

SAVANT provides an extensive dataset to answer numerous questions that still surround

topographic effects on flow and aerosol dispersion in the stable boundary layer.

Introduction

It is well understood that at night the atmosphere cools and vertical motions are suppressed.
Yet, atmospheric models still do not accurately predict stable boundary layers (Holtslag et al.
2013; Lemone et al. 2018). Classic boundary layer texts address the physics of boundary layer
stability in considerable detail (e.g. Arya 2001; Garrett 1992; Stull 2001) and much work has
focused on narrowing definitions, particularly in the weakly stable category (e.g. Mahrt et al.
2012; Mabhrt et al. 1998; Pfister et al. 2019). Some new modeling frameworks have been
developed (Optis et al. 2014) with focuses on specific uses such as identifying the minimum

wind speed required for sustained turbulence (Van de Wiel et al. 2012b) and simplifying stability

2

Accepted for publication in Bulletin of the American Meteorological Society. DOI 10.1175/BAMS-D-21-0332.1.
Unauthenticated | Downloaded 02/23/23 11:49 PM UTC



classifications for use in the field of wind energy (Basu 2018). From a theoretical perspective, it
is understood that the traditional stability measures (i.e., the Monin-Obukhov stability parameter
() or Richardson number (R1)) are not applicable for horizontally heterogeneous flows. In part it
is because turbulent mixing consists of large coherent eddies that aren’t captured in the scale of
the local gradients in Monin-Obukhov similarly theory (MOST) (Sun et al. 2016). In these
conditions, bulk measures appear to be more useful, particularly when viewed in conjunction
with aerosol measurements. For example, Miller et al. (2012) used a surface bulk temperature

difference which was closely related to the short-term dynamics of aerosol drift.

Despite this understanding, an adequate replacement for MOST has not yet been identified,
and several other theories such as local similarity (Optis et al. 2014), multi-point Monin-
Obukhov similarly theory (Tong and Ding 2019), and the inclusion of anisotropy (Stiperski and
Calaf 2018; Stiperski et al. 2019) have been developed and show promise in heterogenous
terrain. The Hockey-Stick Theory (HOST) describes turbulence generation in stable conditions
over non-homogeneous conditions and has been tested theoretically by several authors (e.g.
Grisogono et al. 2020; Kaiser et al. 2020) and experimentally for many different situations
(Acevedo et al. 2019; Andreas et al. 2012; Pfister et al. 2021a, 2021b; van de Wiel et al. 2012a).
It is clear that understanding specific characteristics of nocturnal flows is essential to develop a
robust modeling framework. Towards this end, our knowledge of flows in stable boundary layers
has increased beyond that for the simplest case of open flat areas (Grisogono and Oerlemans

2001; Kurbatskii and Kurbatskaya 2011; Sun et al. 2020; Svensson and Holtslag 2009).

It is also known that stable air stratification can result in katabatic downslope winds, even in
very shallow topographic airsheds. Field studies such as MATERHORN (Pardyjak and Leo
2020) and PERDIGAO (Fernando et al. 2019) have allowed study of the role of stability in high
relief (Cheng et al. 2020), predictability of fog (Gultepe et al. 2016), and a terrain gap (Vassallo
et al. 2021). Other campaigns, such as SABLES-98 (Cuxart et al. 2000) and CASES-99 (Poulos
et al. 2002) were intended to focus more specifically on the stable boundary layer without terrain
effects, and are generally considered homogeneous, although a single gully at the CASES-99 site
did provide insight into drainage flows (Soler et al. 2002) and showed up-gully flows can
produce gravity waves (Balsley et al. 2002). Still other campaigns such as LAFE (Wulfmeyer et
al. 2018) and BLLAST (Lothon et al. 2014) have further shown both the deficiencies of MOST
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(Lee and Buban 2020) and the dependence of HOST on orographic features (Yus-Diez et al.
2019).

In general, these works have focused on the extreme ends of the topographic spectrum and
little attention has been paid to the more common shallow topographies that dominate the central
United States and other regions around the globe. These areas are neither homogeneous nor are
they completely flat, as they are often broken into areas of different crop covers and contain
waterway drainage pathways. A notable exception is the shallow valley work of Mahrt et al.
(2014Db) in the Shallow Cold Pool Experiment (SCP), which has shown the complexities of these
flows (Mahrt 2017), and further highlighted the difficulty of modeling stable layers in low wind
speeds (Lapo et al. 2019). Yet, identifying causal mechanisms of nocturnal events such as these
downslope flows is still difficult (Fernando et al. 2019; Fernando et al. 2015; Mabhrt et al. 2015;
Vassallo et al. 2021). Finnigan et al. (2020) provide a complete review of our current
understanding of boundary layer flows over complex terrains and acknowledge that a major
limitation to prediction of gravity driven flows is the lack of reliable parameterizations of

turbulent mixing, particularly in weak-wind conditions.

Drainage flows are known to be important factors in turbulence generation over deep valleys
and gentle slopes (Acevedo and Fitzjarrald 2003; Clements et al. 1989; Fernando et al. 2019;
Fernando et al. 2015; Mahrt et al. 2015; Vassallo et al. 2021). Drainage flows can occur in
sloping terrain when negative surface heat fluxes or other non-uniform turbulent heat fluxes give
rise to variations in boundary layer air density and pressure. At higher altitudes, motion initiates
due to negative buoyancy of the near-slope air with surrounding air at the same altitude (Doran et
al. 1990; Whiteman 2000) with a steady-state being reached when "the continuous loss of heat to
the surface is balanced by continuous compressive heating" (Smith 2019). However, many
studies identified drainage flows that are much more complex than that expected by this simple
conceptual model (e.g. Hoover et al. 2015; Mahrt 2017; Mabhrt et al. 2010; Medeiros and
Fitzjarrald 2014).

In regions of shallow topography, which is predominate in the agricultural regions of the
central United States, drainage flows can be quite shallow (Lemone et al. 2018) with wind
speeds only reaching up to 1 or 2 m/s. With a wind speed maximum sometimes occurring at

heights of only a few m above the surface, this can give rise to unexpectedly strong shear stress,
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for environmentally light winds, near the surface (Mabhrt et al. 2014a; Nadeau et al. 2013; Pfister
et al. 2021a, 2021b). Shallow topography of this nature is particularly of interest from an applied
perspective as it represents a large agricultural/cropping area for the US, and concerns over
herbicide and pesticide spraying in stable conditions have escalated in recent years (Gray 2019;
USEPA 2021). The Stable Atmospheric Variability ANd Transport (SAVANT) field campaign
sought to address this issue through a comprehensive combination of remote and in-situ

observations.

In reality, airsheds at any scale are not spatially homogenous nor are they steady-state at
night. This is due to non-stationary and non-uniform radiative cooling and evolution of the flow
believed to promote intermittent turbulence. From a practical standpoint, stable conditions
generally result in surface emissions of aerosols and particulates remaining clumped in
meandering plumes moving near the ground with little vertical dispersion. Thus, concentrations
in the downwind path can be orders of magnitude higher than during daytime unstable conditions
when the material disperses vertically into a much deeper layer of the atmosphere (including the
residual layer and entrainment zone above). Even though the stable boundary layer is normally
shallow, internal gravity waves (IGW) can propagate at an angle from the horizontal plane and
modify local shear to generate periodic turbulent mixing (Sun et al. 2015). SAVANT data
provide a means to understand how flows and waves in modest topography interact, causing

complexities that are not adequately simulated.

The long-term objective of the SAVANT field campaign was to quantify the effects of
shallow cold air drainage/convergence on aerosol transport and dispersion. The first step of this
was to identify under what conditions these converging flows may exist. In this manuscript we
present an initial classification based on along-gully wind speed conditions and an assessment of
how a dramatic change in surface roughness impacts the potential for terrain influenced flows.
More specific impacts such as the identification of specific drainage flows, convergence at
intersecting gullies, interactions with larger mesoscale flows, the quantification of spatial scales,
and model parameterizations are the subject of future more in-depth investigations, which can be

made from the available data.

The campaign took place in the fall of 2018 in central Illinois, USA. This paper provides an

overview of the SAVANT field campaign, its scientific objectives, and describes the data source
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now available to the research community at large to help answer the wide range of questions that
exist about flows in shallow topography. Data collected during the SAVANT campaign comprise
a comprehensive dataset of key variables related to the formation and progression of drainage
and converging flows along a main gully with potential interactions from feeder gullies. A
unique combination of remote and in-situ measurements addressed both the temporal and spatial
aspects of the flows. Aerosol plumes were used as tracers of the flows at the experimental site.
The campaign took place in an agricultural setting and covered the period of both pre- and post-
harvest, allowing not only a basic exploration of the boundary layer, but providing a robust data
set for applied agricultural understanding. Additionally, the field campaign was used to provide
educational opportunities for students from several disciplines and the outcomes of these joint

educational ventures will be discussed as models for future collaborations.

Site Description

The campaign took place just north of Mahomet, Illinois, USA (40°12'41.46"N,
88°24'37.99"W). The primary instrumented site is a 116 acre (0.67 km?) agricultural field used
for corn and soybean cultivation. The field has shallow-slope topography with a maximum
change in elevation of 10 m, predominately from east to west. The terrain ruggedness index
(TRI) over the entire extent of the field site is 79 m. TRI can be computed in all GIS programs,
and it is used to compare the sum change in elevation between each grid cell with its surrounding
neighbors. That comparison is then averaged over the whole field site. This places the
topography just within the “nearly level" range (TRI=0-80m) as defined by Riley et al. (1999).

A narrow, shallow-slope main gully runs across the site, into which several, smaller “feeder
gullies” intersect. The average vectorized ruggedness measure (VRM) (Sappinton et al. 2007)
along the gully path is 0.0003. VRM values can range from 0-1, with 0 being completely flat and
1 being most rugged (Sappinton et al. 2007).
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MG-Main Gully, FG1-Feeder Gully 1, FG2-Feeder Gully 2, FG3-Feeder Gully 3
Init-Initiation, Rel-Release, UConv-Upper convergence, LConv-Lower convergence
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Figure 1: Top: SAVANT field setup: Dashed line represent the gully pathways. MG: main
gully (white dash line); FG1: feeder gully 1 (yellow dash line); FG2: Feeder gully 2(magenta
dash line); FG3: feeder gully 3 (green dash line). Tower locations are represented by triangles.
Init: 10 m tall initiation tower, Rel: 20 m release tower, uconv: 10 m upper convergence tower;
Iconv: 20 m lower convergence tower. Diamonds represent locations of atmospheric pressure
sensors P1-6. All towers and pressure sensors were part of the Integrated Surface Flux System
(ISFS). Stars represent lidar locations. AL1: aerosol lidar 1; AL2: aerosol lidar 2; DL: Doppler
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lidar; The circle represents the location of the Integrated Surface Sounding System (ISS2) trailer,
which contained the sodar and ceilometer. Bottom: 10 cm resolution digital elevation model
(DEM) of field site with tower locations denoted.

The main gully (MG in Figure 1) was instrumented with four towers (Figures 1 and 2) along
the anticipated drainage pathway. The location for each tower was selected to represent distinct
zones in the anticipated drainage regime. The initiation of flow was expected at the highest point
along the gully, just east of a road and at the starting point of the main gully (Init in Figure 1). A
10-meter tall Integrated Surface Flux System (ISFS) tower dubbed ‘initiation tower’ was placed
at this location (40° 12'41.4576" N, 88° 24' 37.98" W). The second tower was called the ‘release
tower’ and was a 20-meter ISFS tower located 297 meters down-gully from initiation. It was
located at a slight curve in the gully (Rel in Figure 1, 40° 12'42.1596" N, 88° 24' 26.046" W).
The location of this tower was where tracer smoke (Chauvet Professional Atmos Fogger,
Sunrise, FL) was released during intensive operations periods (IOPS). A third tower with a
height of 10 meters was installed (UConv in Figure 1, 40° 12'39.783" N, 88° 24' 19.605" W).
This tower was named ‘upper convergence’ and was intended to measure converging flow from
the main gully and a secondary gully FG1 (Figure 1). The fourth tower was named ‘lower
convergence’ (LConv in Figure 1, 40° 12'36.9" N, 88° 24' 13.3" W). It was 20 meters tall and
located ~ 158 meters from the upper convergence tower, at the point where another secondary
gully (FG2) joined the main gully. The elevation continued to decrease for some distance offsite

beyond the Doppler lidar, where two pressure stations (P4 and P5) were located.

Figure 2 shows the arrangement of measurements made at each tower. Each tower was
equipped with CSAT3 sonic anemometers at multiple heights (U as representative of u,v,w wind
components) and aspirated temperature and relative humidity sensors (T, RH). At 20 cm above
ground 2D sonic anemometers were placed (u, v). Radiation and soil budget variables were
measured at three of the towers, these were soil temperature (Ts), soil moisture (Q) and soil heat
flux (G). In addition, during IOPS, towers were equipped with DustTrak (DT) and/or optical
particle counters (OPC) to track the released smoke. Each of the four main towers was
augmented with two shorter (1.5 m) auxiliary towers equipped with CSAT3 sonic anemometers
and aspirated temp/RH sensors to measure cross gully wind changes. These are not shown in
Figure 1 or Figure 2 but were installed towards the edge of the gully in a line perpendicular to

the main gully orientation approximately 5 meters away. All the main tower-based instruments
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are listed in Table 1 and additional details are available from the EOL data archive
(https://www.eol.ucar.edu/content/isfs-savant). Sonic anemometer observations were recorded at
20Hz, and all other tower-based sensors sampled at 1Hz or faster when the instrument allowed.
Six microbarographs were also deployed in a nested triangular configuration (P1-P6 in Figure 1).
These measured pressure at a rate of 1Hz and were intended to identify internal gravity wave

activity across the site.

20m p~ U, T.RH,P,R
20m f- U,T,RH.P,R
15m = U, T.RH
10m g~ U, T.RH
15m — U, T.RH
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Figure 2: Location of measurements on each tower. U: 3-D wind velocities measurements; T:
air temperature; RH: relative humidity; DT: DustTrak; u, v: horizontal wind components from 2-
D sonic anemometers. P: Pressure measurement, R: 4 component solar radiation measurements,
OPC: optical particle counter; Ts soil temperature; Q: soil moisture; G: soil heat flux

In addition to these point measurements, SAVANT utilized several spatially flexible
instruments. Three ground-based lidars were deployed and represented the heart of the SAVANT

IOPS. Two of these lidars were aerosol scanning systems from Raymetrics Lidar Systems
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(Athens, Greece), and the third was a Doppler lidar (Halo Stream Line XR from Halo Photonics
England). All three lidars can provide multiple measurement configurations and customizable
scanning routines to produce time and space resolved measurements of the boundary layer.
During SAVANT IOPS, one Raymetrics system (AL2 in Figure 1) was located near the release
tower and conducted vertical (RHI) scans along the gully. The second Raymetrics system (AL1
in Figure 1) was positioned mid-way down feeder gully 2 and it performed a combination of
“cross gully” RHI scans and very narrow side to side (PPI) scans near the surface of the areas
surrounding the lower convergence tower. Specific scan angles were controlled by the lidar
operator in real time to most closely track the smoke plume during each individual IOP. The
Doppler lidar (DL in Figure 1) was located at the lowest point of the field and conducted PPI

scans over the entire site. Figure 3 shows the scanning paths and an example of the three systems

working together during an IOP.

SAVANT field site
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Figure 3: Data from the three lidars during SAVANT taken on 11/02/2018 at 2125 CDT
(Doppler); 2114 CDT (UIUC Aerosol); and 2120 CDT (USC Aerosol) All three lidars scanned a
released plume. (a) lidar locations and scan angles. (b) The top two panels show aerosol data
and winds from the Doppler lidar scan which took a near horizontal (PPI) scan above the full
measurement site. Diamond magenta marker corresponds to the USC lidar, and circle magenta
marker shows the UIUC Aerosol lidar location. The approximate sightlines for the Aerosol lidar
scans are overlayed on the plot as white dashed lines. The thick white solid line corresponds to
the main gully. The Doppler PPI scan was performed at an elevation angle of 1.5 degrees. Lower
left is a vertical (RHI) slice along-plume centerline, and lower right is the vertical slice across the
plume axis. The two RHI scans intersect each other perpendicularly at ~200 m on the x-axis.

A distributed temperature sensor (DTS) from the Center for Transformative Environmental
Monitoring Programs (CTEMPS) was also deployed (De Jong et al. 2015). The DTS-CTEMPS
cable was mounted 10 cm above the ground and ran the length of the main gully, zigzagging

around each tower site. DTS-CTEMPS was activated during all IOPS with a sampling rate of 2
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seconds and a spatial resolution of 0.127 meters. The full length of cable installed was ~500
meters, however, the thin, near surface cable was difficult to maintain, so reliable data are only

available for IOPS along the upper portion of the gully (ISS2 to Init to Rel in Figure 1).

In addition to the data presented here, several additional sensors and datasets are available.
National Center for Atmospheric Research (NCAR) Integrated Surface Soundings (ISS) facilities
were deployed to measure vertical profiles of atmospheric characteristics. Two locations were
used. A trailer located at ISS2 served as the base for a sodar, site power, on-site data access
station, housed an all-sky camera, a ceilometer, and served at the origin point for the CTEMPS-
DTS. This was near the highest elevation point in the southeast corner of the site. (ISS2 in Figure
1). A secondary site called ISS Homestead (40° 13'31.7994" N, 88° 27' 42.9984" W) was
located 4.5 kilometers (2.8 miles) west of the main site. This site was the location for a 449 MHz
profiler, NCAR ISFS and ISF base trailers, and a 10-meter standard meteorological tower. It also
served as the launching point for balloons during IOPS. Table 1 summarizes all the

measurements made during the campaign.

Table 1: Instruments at SAVANT

Variable Instrument Additional details
Plume size, shape, relative | Ground based aerosol Lidar 1 (AL1):3.75m
spatial concentrations scanning lidars resolution, 20Hz provided by

(RAYMETRICS LB100) University of Illinois

Lidar 2 (AL2): 7.5 m resolution,
20Hz provided by University of
South Carolina

Locations in Figure 2

Doppler wind fields and HALO Stream Line XR 5 Hz, 18 m range resolution
profiles; plume dispersion | Doppler lidar (DL) Location in Figure 2
Particle concentration DustTrak (TSI 8520 and 1 Hz, point data

TSI8530) (DT)
Particle size distribution Optical particle sizer 1 Hz, point data

(TSI 3330, OPC)

Wind speed, direction, and | Sonic anemometers (CSAT3 | 3D anemometers at most
turbulence parameters for u, v, and w, Gill 2D for locations, 2D at 20cm height
U) AGL
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Fast water vapor

Infrared Gas Analyzers

20 Hz, 2 on each tower 0.5 m
and 5 m heights Not shown in
figure 2

Surface Energy Balance

Net Radiometer(R), soil
temperature (Ts), heat flux
plate (G), soil moisture (Q)

1Hz, 1 at top and 1 at bottom of
each of the three towers

Cloud Cover

Moonglow Technologies All
Sky Cam ASC-N1 SS All-
Sky Camera

Images saved every 5 minutes
https://doi.org/10.26023/T7AX-
FO06C-C501

Located at ISS2 on Figure 1

barometers at locations P1-6

Cloud base cloud base and | Vaisala CL51 https://doi.org/10.26023/FCH1-
backscatter layers S5AVT-QVOE
Located at ISS2 on Figure 1
Horizontal wind NCAR/EOL 449 MHz 5- and 30-Minute Winds
environment Modular Wind Profiler https://doi.ore/10.26023/K6J3-
MJG4-RGOD
Located at Homestead site
Air pressure Vaisala PTB220 digital Measured at 1Hz

Above surface pressure Paroscientific 0.5m and 20m at Rel, 10Hz
nanobarometers 1.5m and 20m at LConv, 10Hz
Along gully temperature CTEMPS DTS Main gully at 0.2 m height, 1Hz,

12.5 cm resolution along the
cable

Data availability and IOPS

A two-month campaign in the fall season captured a variety of atmospheric conditions, as

well as pre-harvest and post-harvest surface characteristics to elucidate to what extent changes in

surface cover can alter drainage conditions. ISFS and ISS instruments (instruments on towers,

pressure sensors, 449MHz profiler, ceilometer, and SODAR) continuously collected

observations 24 hours a day from September 19 to November 15, 2018. This manuscript focuses
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on the nocturnal data. In total, the full suite collected nocturnal data on 65 nights between
September 19 and November 24. For the purposes of the remainder of the work presented here,
nighttime is defined as times between 7PM to 6AM local time. This encompassed night
throughout the campaign. Sunrise time varied from 6:37 AM on September 19 to 6:48 AM on
November 24 and sunset ranges from 6:54 PM on September 19 to 4:30 PM on November 24. It
should be noted that Daylight Saving Time ended during the study (November 4), so this should
be considered by researchers using SAVANT data although the time zone in logged data files
was not changed. In the analysis presented below, only 5-minute data are presented (NCAR/EOL
2021). In addition, the nights of October 11 through 14 were removed from all the results. The
field was being harvested over these dates, so canopy conditions were variable. These data are
available in the EOL archive for further analysis on the effects of changing surface cover but are

not included in the analysis presented here.

Thirteen intensive operations periods were conducted during nocturnal conditions. This
includes one dry run to ensure field operation practices were well-established. During these
periods, tracer smoke was released several meters up-gully from the release tower (just west of
the star in Figure 1) and DustTrak/Optical Particle Sizer observations were taken at intervals of 1
second on all four towers (heights are noted in Figure 2). Lidars were run during IOPS, although
AL2 was only active for the last 4 IOPS (unfortunately, the laser was damaged in transport and
unavailable for earlier IOPS). Sounding balloons (Vaisala MW41 / RS 41 radiosondes) were
launched every 3 hours during IOPS. All the IOPS and their general characteristics are
summarized in Table 2. Field reports were written for every IOP and are available in the

SAVANT field catalog (http://catalog.eol.ucar.edu/savant). The completed IOPS covered nights

of clear, partly cloudy, and overcast skies with generally weak synoptic winds. Among the
twelve 10OPS, three were pre-harvest with full crop cover, one was during a partial harvest, and

the remaining eight were post-harvest.

To determine timing for IOPS, a team of students led daily micro-forecasts, which were
broadcast live via a public web link at 15:00 LT (Local Time). The primary forecast goal was to
ascertain the likelihood of overnight atmospheric conditions favorable for drainage flow. Such
forecasts provided a useful experience for the students, allowed for group discussions of whether

favorable conditions were expected and, if so, the time of intensive operations, and allowed for
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logistical planning for up to 5 days in advance. Favorable forecasted conditions included
statically stable near-surface boundary layers, light to calm winds below 10 m, clear skies, and
low boundary layer shear. This provided the best opportunity to observe the flows under various
forcing conditions. A forecast grid for the upcoming 5-day period was maintained with a simple
color-coded system (yellow-possible IOP, red-no IOP, green-likely IOP). Our experience was
that cloud cover was particularly difficult to forecast for overnight hours and that forecasted

winds of stronger than 3 m s™' were generally enough to preclude formation of drainage flows.

Table 2: Summary of IOPS

10/12/2018 1
AM-
10/12/2018 7
AM

profilers, ALI,
DL, Balloons,
DTS

Time Instruments Visual notes on | Additional Notes
IOP # | (Central Smoke

Time) Movement

09/23/2018- Towers, Dry Run

9:30 PM to profilers, AL, No down-slope

09/24/2018- DL, Balloons, flow seen

2:30 AM DTS

9/29/2018 Towers,

10:00PM - profilers, AL, No down-slope

9/30/2018 DL, Balloons, flow seen

1:30 AM DTS

Towers, Down gully Corn north of gully had been

flow is slow and
smoke

meanders cross-

harvested prior to start of
observations. Corn south of gully

still present. Harvesting corn south

gully of gully began at 6:15 AM.
10/15/2018 Towers, profiler, Briof Some smoke meandering was
rie
11:23 AM- AL1, DL, observed between 12 AM and 1
intermittent
10/16/2018 Balloons, DTS ‘ AM
drainage.
6:30 AM
10/17/2018 Towers, Frequent Smoke filled up the whole
10:30 PM to profilers, ALI, drainage flows | experimental site (like a basin
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10-18 -2018
TAM

DL, Balloons,
DTS

from the gully bottom up to the
top of the local terrain). The flow
appeared stratified to different

layers.
Towers, Soybean field was harvested
10-23-2018 11 Shallow and .
profilers, AL1, before this IOP.
6 PM to 10-24 - oscillated
DL, Balloons, )
2018 7AM drainage
DTS
Towers, The drainage flow established
profilers, AL, early, with a layer of smoke
Shallow and . .
10-27-2018 8 | DL, Balloons, staying above ground. Change in
7 | oscillated
PMto 11 PM | DTS, AL2 runin ) flow to up-gully around 10 PM,
o drainage oy . .
repair/alignment with increase in large-scale winds.
mode
Towers, Down-gully Around 10 PM as large-scale
10/30/2018 6 | profilers, ALI, flow established | winds increase, flow changed to
5 PM to DL, Balloons, early, with a up gully.
10/31/2018 1 | DTS, AL2 run in | layer of smoke
AM repair/alignment | staying above
mode ground.
All Initial drainage was observed at
upper convergence at 7:34 PM
11/1/2018 6 with the longest and clearest
9 PM to Intermittent period of drainage before
11/2/2018 7 drainage. midnight.
AM Other notable periods of drainage
were just after midnight and 4:30
to 5:45 AM.
0 11/7/2018 8 All No down-slope | It was too windy (5 m/s or more at
PMto 11:30 flow seen most towers), so IOP concluded
16
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PM early.
11/10/2018 All
No down-slope
11 4:30 PM 8:20
flow seen
PM
All An extremely Inversion layer was shallow.
. 11/11/2018 6 brief period of
PMto 12 AM drainage was
observed
All Brief periods of | A thin layer of snow was on
11/14/2018 1 . . . .
drainage in ground before and during this IOP.
13 AM to 7:30
early morning
AM
hours.

Summary Observations

General nocturnal wind conditions

To understand the general behavior of nighttime winds in stable atmospheric conditions, the
dataset was first filtered to remove periods of precipitation. Precipitation periods were identified
using leaf wetness sensors (Decagon, Inc., Pullman, WA) at the top of the two tallest towers. The
remaining 6,540 5-minute nocturnal observations were further divided into two regimes to
address the main scientific goal of understanding what conditions promote draining and
converging flows. We apply a broad definition of drainage here based on a change in wind speed
in the main gully at 1.5m above ground level. At the SAVANT site, the very shallow, yet
complex, topography resulted not only in along-gully drainage flow, but also showed regions of
convergence near the intersections of feeder gullies and interactions of larger scale flows with
these terrain induced gully flows, periods of intermittent drainage, and occasional upslope flows.
A single criterion for these flows is not possible. The goal of this manuscript is to show how
often the types of flows can occur and present the general commonalities under which they exist.
Towards that end, we identify periods when near-surface wind speed increased down the gully

(i.e., some form of drainage was present) and the change was significantly higher than
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background (i.e., non-gully) flow. Thus, “drainage likely” conditions were defined using the
1.5m above ground level (AGL) wind speed at each tower. Any 5-minute period was flagged as
drainage likely if the wind speed increased from the release tower to the lower convergence

tower by more than 10% of the wind speed measured for the same time at the initiation tower

(Uiconvy s — Urery s = 0.1 = Upye, ). All conditions not meeting these criteria were considered

“normal”— meaning that no significant direct gully effect was observed at the 1.5-meter height.
Examining the dataset in this way provides a climatology of conditions and an overview of flow
consistency. It should be noted that with this selection method, normal conditions may contain
intermittent or turbulent induced drainage events at the sub-5-minute time scale. This method is
intended to simplify our summary of drainage flows presented here. Separating the data in this
way allows us to look at the data in aggregate and is not intended to be a comprehensive

definition of drainage, but rather to put some constraints on when drainage conditions can exist.

In total, 2,051 5-minute periods were flagged as drainage likely. This represents 31% of the
nocturnal dataset. 50 of the 56 nights examined have at least one 5-minute drainage likely period.
Drainage likely conditions were more prevalent earlier in the season and prior to harvest (44%
versus 25% post-harvest). Additionally, generally fewer periods were found in any single night
after vegetation was completely removed (average of 33 periods per night versus 56 periods
when vegetated). On only six nights, no drainage likely periods were identified. All six of these
nights occurred post-harvest. Thirty-seven nights were completely rain free with varying lengths
of drainage likely conditions. Of these rain-free nights, November 15-16 had no drainage likely
conditions identified, and on the opposite end, the night of September 28-29 had the most
drainage likely periods, which occurred consistently throughout the night (93 periods/70% of the

data). These two cases are discussed further below.

Mean wind speed profiles at each tower are shown in Figure 4 for both drainage-likely
conditions and normal conditions. Profiles are further separated into pre- and post- harvest
periods. Not shown, are the average profiles across all nocturnal conditions, which show a
textbook logarithmic profile. The pre-harvest profile (Figure 4 left two panels) had a slightly
different shape than post-harvest; the effects of this roughness change are examined in more

depth in Bhimireddy et al. (2022). The top two panels of Figure 4 also show that in drainage
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likely conditions as defined above, the wind speed profile at the lower part of the gully (Iconv-
black line) was nearly identical with the assumed background profile (init — blue line) in the near
surface layer (< 5 meters AGL). However, post-harvest, the two profiles deviated above this
height, while staying the same until 10 meters or higher pre-harvest. The bottom two panels of
Figure 4 show that under normal conditions winds slowed as you move down the main gully, and
that the difference is more pronounced after harvest. In all conditions, at all heights, mean winds
were always higher post- harvest (right panels) when compared to pre-harvest (left panels). This
follows from the reduction of surface friction with the removal of vegetation and may be a
seasonal effect. The difference between pre- and post- harvest conditions (faster wind speeds), is
more pronounced for drainage likely conditions (upper panels), indicating that vegetation may
play a role in promoting conditions favorable to convergence, possibly through channeling the
flow. Drainage conditions usually occurred under 10 meters AGL. Overall Figure 4 shows that
normal conditions had a consistent pattern, but drainage likely conditions vary quite a bit more,

with phenomena such as pulses, convergences, and meanders complicating the pattern.
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Figure 4: Mean wind profiles from all four towers. Top two panels mean of all drainage
likely observations, Bottom two panels: mean of all other conditions. Left: Pre-harvest

observations, Right: post-harvest observations
An examination of wind directions showed a more complicated environment. Pre-harvest

wind directions are not shown because they follow a consistent pattern: At 0.2 meters AGL
winds directions were dominated by along gully flow at the release and lower convergence
towers, while a more cross-gully flow dominated at the upper convergence tower, and an easterly
flow dominated at the initiation tower. Within the corn canopy (1.5-meter AGL to 6-meter AGL)

wind directions were more variable than those nearer the surface, but wind roses display
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generally the same shape at all towers, at 10 meters AGL wind directions were dominated by
winds from the south. We conclude that during pre-harvest conditions, drainage potential is not
related to wind direction. The dominance of along gully directions at the 0.2-meter height in the
drainage likely conditions confirms that the speed up between the release and lower convergence
towers is often, although not always, associated with down gully flow as instances of up gully
cross gully winds do exist in the drainage likely dataset. True drainage would be along the gully

from the higher to lower elevation.

Post- harvest, the wind direction environment is different. Wind directions for the 0.2-meter
AGL and 10-meter AGL heights post-harvest are shown in Figure 5. Post-harvest conditions had
a less predominant main direction than observed pre-harvest. At the 0.2-meter height, a slightly
bi-modal distribution existed in the drainage-likely conditions (blue bars top panel). This near-
surface flow aligns most closely with the gully axis at the lower convergence tower. This

alignment was not seen at all under normal conditions (blue bars lower panel).

Interestingly, the 10-meter wind direction did vary pre- and post- harvest. As mentioned
above, pre-harvest winds were dominated by southerly flow regardless of drainage potential,
while few instances of southerly flow were seen in the post-harvest drainage likely data subset
(red bars, top panel, figure 5). These results highlight the complexities involved in modeling near
surface conditions in shallow terrain and indicate that the SAVANT experiment collected a

robust dataset with a wide variety of conditions and case studies available for in depth analysis.
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Figure 5: Distributions of 5-minute winds for the three in-gully towers at two heights. Blue boxes
are at 0.2 meters AGL and red boxes are 10 meters AGL. The solid line at 100-280 degrees
represents the approximate gully axis. A larger version with wind roses from pre-harvest
conditions is available in the online supplement.

Example nights (September 28-29, November 15-16)

For a general understanding of the range of conditions sampled, the nights with the most and
least flagged drainage likely conditions are presented here. The night of September 28-29 had the
most drainage likely conditions throughout the night. We consider this to represent a typical
drainage case in which wind speeds increase along the gully path. This night, however, was not
an IOP because winds were predicted to increase throughout the night. The night of November
15-16 represents a normal night as no periods were flagged as drainage likely. Both nights were
entirely precipitation free. Figure 6 and Figure 8 show time series of wind speed and inversion
strength for both example nights, while Figure 7 shows wind roses for the entire night of

September 28-29 separated by tower and height.
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Figure 6: Time series from drainage likely night (September 28-29). 06:00 UTC is midnight
local time. Top panel shows 5-minute average wind speeds at all four towers at heights of 10m
(solid) and 1.5 meter (dashed). Lower panel is temperature at 1.5 meters AGL (dashed) and
inversion strength between 10m and 0.2 meters at all towers (solid). Note that temperature was
not measured at 10 meters directly at the release and lower convergence towers, so values used
here are interpolated from the heights above and below. Data presented is from 7PM to 6AM
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local time. Sunset occurred at 6:42PM (23:42UTC) and sunrise occurred at 6:46AM

(11:46UTC).

Legend
B <=1
I -1-15
M -15-2
M >2-25
B -25-3

Legend
B <=1
I >1-15
M -15-2
M -2-25
M -25-3

Legend
B <=1
M >1-15

M 15-2 |

I 2-25
B 25-3

Init 10 m
15 45
90
D I
o
25 135
180
Init1.5m
0
15 45
- _90
o
25 135
180
Init0.2 m
0
15 45
950
O -
o
25 135
180

Rel 10 m

225 135
180
Rel 1.5 m
0
31 45
270 50
T (=]
225 135
180
Rel 0.2 m
0
315 45
2 50
=] .
o
225 135
180

UConv 10 m

315 45

180

UConv 1.5m

225 135

180
UConv 0.2 m

0

315 | 45

270 30

T 5

225 135
180

LConv 10 m
315 45
270 90
< -
(=]
225 135
180
LConv 1.5m
0
315 45
270 90
o .
o
225 135
180
LConv 0.2 m
0
315 45
270 50
D ]
o
225 135
180

Figure 7: Wind roses from 7PM September 28 to 6AM September 29, Top row at 10 meters
AGL, middle row at 1.5 meters AGL, bottom row at 0.2 meters AGL

There are several notable differences between the two nights. On Sept 28-29, within one hour

of sunset, wind speed at 10 meters AGL was consistently less than ~2 m s™! at all towers, while

closer to the surface, at 1.5 m, wind speeds were even slower, rarely exceeding 1 m s™! (Figure

6). The maximum wind speed measured at 0.2 m was 1.8 m s™'. Wind directions at 10 meters

AGL were consistently from the north (Figure 7), while wind direction at heights in the corn-

lined gully was variable with both gully location and height, coming predominately from the

northeast at the initiation tower and from the northwest at all other towers. The down gully flow

direction was slightly offset from the gully axis. A few periods of gully alignment did exist at the
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lower two towers (uconv, Iconv) and they occured later in the nocturnal period, when wind
speeds were slower, temperature was cooler, and the inversion was stronger. Apart from the
winds measured at the release tower, wind directions did not follow any of the gully pathways
exactly but do show the impacts of the feeder gullies at the two convergence towers. With
relatively weak ambient winds, variable, cross-gully winds can exist, at this site there can also be
down-gully flow entering the main gully from the feeder gullies. Similar variability in low wind
speed conditions have been seen in CASES-99 (Sun et al. 2015). Overall, although the light
winds and our selection criteria indicate a high and consistent drainage potential on this evening,
the flow did not directly follow the terrain. We believe that in such low wind conditions, ambient

direction plays little to no role in drainage potential.

For this example night, temperature shows some variability over the night. This can be seen
by examining the lower panel of Figure 6. Shown in terms of inversion strength (10 m air
temperature minus 0.2 m air temperature), we see the atmosphere would be considered stable for
the whole evening however, the strength of the inversion grew and shrank throughout the night.
The release tower experienced small periods of near neutral stability (around 3:00 UTC and just
before 6:00 UTC), and all towers tended towards near neutral after 9:00 UTC (3:00 AM local
time). During these times, the normal consistent cooling is disrupted briefly at all measurement

locations. We also note that the periods on this night that did not meet the criteria for drainage
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likely as defined above occurred during these same periods of disrupted cooling.
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Figure 8: Time series from November 15-16 (same as Figure 6 for normal conditions). Top
panel shows 5-minute average wind speeds at all four towers at heights of 10m(solid) and 1.5
meter (dashed). Lower panel is temperature (dashed) and inversion strength between 10m and
0.2 meters (solid). Note that temperature was not measured at 10 meters directly at the release
and lower convergence towers, so values used here are interpolated from the heights above and
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below. Data presented is from 7PM to 6AM local time. Sunset occurred at 4:36PM (22:46 UTC)
and sunrise occurred at 6:40AM (12:40 UTC).

In contrast to the consistent drainage likely conditions seen on September 28-29, the night of
November 15-16 had zero 5-minute periods flagged as drainage likely. This night represents a
case of drainage free conditions where flow is thought to be dominated by larger scale processes.
When examining the whole night, wind speeds were much higher and gustier, rarely falling
below 2 m s™! except for those measured near the surface at the lower convergence tower (black
dash line, top panel Figure 8). The winds on this night were continually from the south at all
locations and all heights (not shown). This is consistent with the statistics for the whole
campaign post-harvest normal conditions discussed above (Figure 4 and Figure 5). This night
would also be considered stable. The onset of an inversion is first seen at the initiation tower then

appears at all towers approximately 30 minutes after sunset, prior to the time shown in Figure 8.

Pulsing, converging, and meandering flows

Within the evenings showing drainage likely conditions, various types of drainage flows
exist. We present here examples of these flows. Traditional drainage flows are initiated once
cooling produces dense air at higher altitudes and this dense air continuously moves along a
gully, reaching a steady state as the negative heat flux balances the compressional heating of
sinking air over the top of the hill (e.g. Smith 2019). Once started, downslope flows can continue
even if the negative heat fluxes decrease. However, in SAVANT, pulsed drainage flows, defined
as onset of drainage flow with intermittent disruptions throughout the night, were observed from
tower data. This is consistent with pulsed drainage in other studies (Doran et al. 2002; Fernando
et al. 2013; Mortarini et al. 2016). An example of pulse drainage flow is shown in Figure 9. Over
the night, near-surface cooling rates were consistent; however, drainage flows were observed
early, followed by periods of cross-gully flows (i.e., non-drainage) after which drainage flows

returned.
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Figure 9: Example pulse drainage flows on November 2-3, 2018. Wind profiles were shown
at initiation (init), release (rel), uconv (upper convergence) and lconv (lower convergence)
towers at different times as noted in the upper right of each panel: 19:52 CDT (drainage flow
along main gully), 00:27 CDT (non-drainage flow), and 01:22 CDT (drainage flow below 15
meters height). The wind quivers are scaled with respect to the maximum velocity (2.7 m/s).

Periods with convergence flows are also observed within drainage periods from both tower
and lidar data. Figure 10 shows the two convergence types that have been identified in
SAVANT. The first is convergence caused by down-gully drainage flow entering stagnant flow
areas (Figure 10 left). The second is convergence caused when flow from a feeder gully
intersects and subsequently disrupts the main-gully drainage flow (Figure 10 right). The
characteristics of the pulse drainage and convergence flows and subsequent effects on the

atmosphere are the subject of future research.
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Figure 10: Example convergence flows. Left: convergence caused by drainage flow from init
(initiation tower) and rel (release tower) hitting a stagnation area (0 m/s wind speed below 10 m
height) at uconv (upper convergence tower) and Iconv (lower convergence tower). Right:
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convergence caused by flow from feeder gully 1 at uconv (upper convergence tower) to halt the
along gully flow (seen below 15 meters height at other towers). The wind quivers are scaled with
respect to the maximum velocity (2.7 m/s).

Example spatial observations

In addition to the extensive tower observations, SAVANT used three lidars to obtain
spatiotemporal observations of the gully system and adjacent flow fields. Tracer plumes were
released during IOP periods and smoke movement was monitored with two aerosol lidars and
one Doppler lidar. Figure 3 shows lidar scans from IOP 13 on November 14. All three lidars
were operational from 1 AM to 7:30 AM on this day. A thin layer of snow was present on the
ground and during the IOP drainage likely data was present for 21% of the night, with almost all

drainage likely periods occurring later in the night when winds became slower.

The Doppler lidar volume scans provided information on the three-dimensional structure of
the plume every 10 minutes. The analysis shown in Figure 11 gives an example. Contour lines
denote the edges of the high-backscatter region indicating the smoke plume. Note that lines that
do not enclose a region are for heights in which data were not available for western portions of
the sample area. Overall, the plume did not show consistent tilt in a cross-gully direction and
aligned with the primary gully. The forward edge of the plume appears to tilt upslope, especially
above 10 m or so. This tilt may be somewhat underestimated due to the down-gully movement of
the plume with time during the volume scan. The deepest portion of the observed smoke plume
is near the lower convergence region during most of the scans taken on this date, suggesting that

convergence in this region resulted in a quasi-stationary “hump” in the top of the plume.
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Figure 11: "Topography” of the outer edges of the smoke plume on 18 October 2018, using
Doppler Lidar azimuthal scans starting at 4:01 CDT. Data taken in at scans up to 10° elevation
angle were grouped into 200-m intervals from the surface to 1200 m. No adjustment for
movement of the plume during the azimuthal scans was made for this analysis

Incorporating teaching

Educational opportunities were a core component of the SAVANT field campaign. Although
measurements form the groundwork for much of meteorology and more broadly the geosciences,
student engagement and formal training is often limited. This is especially true at the
undergraduate level. This is due the limited resources of time and finances: Undergraduates are
busy, and instruments are expensive. Additionally, the physical scale of many instruments is
such that they just cannot be brought “into” the classroom. While specific educational
deployments are possible through the NCAR Lower Atmosphere Observing Facilities (LAOF)
request process, they require extreme dedication of individual or small groups of faculty to their
teaching mission. This dedication can often be at the expense of their research mission, enforcing
a separation between the “research” and “teaching” aspects. The SAVANT team experimented

with several ways to overcome this separation and integrate teaching and research.
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Traditional grant funding mechanisms were used to support assistantships for five graduate
students who worked on the project prior to, during, and after the campaign. These students were
all supported by NSF funds, and some component of the work on the project supported their
theses and/or dissertation work. Beyond that, all students were cross trained on the different
instruments (lidar, radiosondes, CTEMPS, DustTraks, and OPCs) and deployment and data
collection responsibilities were rotated between them. In this way, students were aware of the
larger context of the project and the various logistical aspects of multi-instrument field
deployments. During the campaign, students at both the graduate and undergraduate level were
responsible for daily forecasts and maintaining an outlook grid. This was a vital part of the
campaign and gave students a sense of ownership and responsibility, ultimately leading to better
engagement of the students. This approach to incorporating education into the personnel needs of
field project was successful. Additional coordination with program directors at the students’
home institutions was necessary to allow students to complete other course work and degree

requirements while away from campus.

Outside of these more traditional student training activities, several opportunities were taken
to leverage the field campaign as an educational resource. These opportunities were available
due to the timing and location of the campaign. The fall timing overlapped with the fall semester
at most US universities, meaning it was easier to incorporate field visits, and guest lectures (in-
person and remote) into course syllabuses and learning objectives. The location, just outside of
the Urbana-Champaign campus of the University of Illinois allowed class visits to the field site.
This was done in two different ways: single short site visits and semester long, campaign-
centered instrumentation courses. These different instructional approaches impacted students at

three different universities.

Site visits were done at both the undergraduate and graduate levels. Multiple undergraduate
classes in both Atmospheric Science and Engineering courses at The University of Illinois came
to visit the site and learn about the different instruments, notably seeing all three lidars work.
SAVANT was also used as the semester long focus for a mixed - level course at the University
of Wisconsin. This model was later used for a student course visit to the CHEESEHEAD

campaign the following year (Butterworth et al. 2021). In these two cases, both courses were
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focused on measurements and instrumentation and the field campaigns were used as the central

theme throughout the semester.

During SAVANT, a course of students from the University of Wisconsin visited the
SAVANT field campaign in Illinois. Meteorological Measurements is an existing course at UW
with an established history of field trips, so institutional buy in and precedence existed. The trip
was funded through an NSF (National Science Foundation) supplemental award, in which UW
UAYV (Unmanned Aerial Vehicles) based FLIR (Forward Looking Infrared) instrumentation
available from the University of Wisconsin could enhance the science objectives of SAVANT.
The students traveled from Wisconsin to Illinois for a 2-night trip in October. During their stay
they deployed additional instruments on their own, participated in an IOP, and networked with
SAVANT and NCAR personnel. After returning to UW, they authored a collaborative class
paper reporting their results. This experience directly increased the course’s learning objectives
of “providing exposure to more advanced surface layer instrumentation" and “improved

teamwork skills by participating in a hands-on, team-based field project”. (Desai, pers comm.)

Outlook

The SAVANT dataset has the potential to answer many questions of the effects of shallow
topography on the near surface atmosphere. The campaign was successful in collecting data that
will address the initial scientific objectives and others that have subsequently been identified. We
show here the data products available, and an overview of the varied conditions sampled during
the campaign. A significant portion of the data indicates potential for gully flow and can be
analyzed to develop more sophisticated boundary layer theories. The data also contain detailed
observations of specific terrain induced flows and unexpected conditions such as instances when

drainage is offset from the gully and cases of up-gully flow.

We presented here a single technique for identifying drainage conditions. Although this
initial presentation provides only a generalized characterization of the entire dataset, we
conclude that consistent low wind speed favors drainage. This is further confirmed when
examining our choice of criteria. We used here a threshold of a change in wind 10% higher than
the background wind. This threshold was chosen arbitrarily to represent a noticeable change in

wind speed. Thresholds of 20%, 30%, and 40% were also applied, and show no difference to the
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overall results. Each increase in threshold resulted in fewer periods being identified as drainage
likely, and naturally shifted the average of the drainage-likely profiles shown in Figure 4 to a
slightly slower wind speed. Both convergence and drainage like flows are present in short pulses
under other wind conditions. Additionally, ambient winds do not need to be well aligned with the
gully, indicating more complicated linkages between the micro and meso scales exist. A
significant difference exists between pre-harvest and post-harvest time periods, with flow
separation and impacts of the gully effect more prominent when the canopy was present.

Removal of canopy allows shallow slope to play a larger role in flow channelization.

Additional exploration of the dataset in terms of the Hockey Stick Similarity Theory (HOST)
recently discussed widely in the literature (Sun et al., 2020) further reveals the richness of the
dataset, as well as the potential to improve upon our understanding of how HOST performs in
converging flows. The SAVANT data here have much to contribute to this discussion, as
changes in the HOST threshold velocity exist with different drainage potential. A more in-depth
analysis of HOST as it relates to the roughness change is presented in Bhimireddy et al. (2022).
Overall, pressure data indicates that waves initiated higher than the surface layer, and no
correlations are yet to be found between local stability and gravity wave activity. Preliminary
results from analysis of aerosol lidar data (Bhimireddy et al. 2021) and DustTrak plume
concentrations indicate the tracer plume is dispersed differently in pulsing and converging flows.
Finally, results indicate that new or enhanced parameterizations of the likelihood of drainage
conditions in stable boundary layer can be developed. In particular, several other criteria to
disentangle the differences between drainage and convergence are being explored for modeling

purposes.

SAVANT also pushed the boundaries of near-surface spatial measurements with multiple
lidar systems and the CTEMPS DTS system. The deployment of multiple lidars was quite
successful and has identified new pathways to understand dispersive movement. However, to
deploy multiple horizontal scanning lidars much consideration must be given to the initial
locations, supporting infrastructure, and scanning routines. Lidars are also hard to deploy in
narrow gullies and very careful alignment is required. High resolution scanning systems with a
short overlap range are also needed to accomplish measurements of this nature. CTEMPS-DTS,

while offering superior spatiotemporal resolution and sampling flexibility, is extremely difficult
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to deploy and maintain in the near surface atmosphere. This was particularly true in a site where
wildlife could not be easily controlled. We feel it is better suited for different measurements
further above ground in these conditions. These spatiotemporal measurements, while providing
many new scientific insights, remain difficult and labor intensive. Both these factors should be

considered for all future field campaigns.
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