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February 23, 2015
Professor Tim Garrett
Copernicus Publications
Bahnhofsallee le
37081 Gottingen
Germany

Dear Professor Garrett,

On behalf of myself and my colleagues, | am submitting the revised manuscript (ACP-2014-267) for
consideration for publication in the journal Atmospheric Chemistry and Physics. This manuscript is
entitled “High Resolution Observations of the Near-Surface Wind Field over an Isolated Mountain and
in a Steep River Canyon.” It presents measurements of near surface wind flow on two unique terrain
features. The primary objective of the effort was to collect data for evaluation of high spatial resolu-
tion surface wind flow models that are being developed to support wildland fire management. But we
believe that the data also have application to pollutant transport and dispersion, wind turbine siting,
and convection-driven boundary layer processes. The manuscript describes the measurement sites,
methods and discusses the measurements in the context of four specific flow regimes.

We thank the reviewers for their efforts on our behalf. We have responded to each comment in the
document attached below. Where appropriate we direct the reader to the specific changes in the man-
uscript. Regarding other comments we provide our logic for taking a different approach. The review-
er and editor comments are shown in normal fully justified text. Our responses are shown in indented
italicized text.

We believe that these data represent a unique measurement set that can contribute to the understand-
ing, development, and evaluation of near surface flow models.

Please contact me if you have any questions.

Sincerely yours,

Is/

Bret Butler

Research Mechanical Engineer

US Forest Service

Rocky Mountain Research Station, Missoula Fire Sciences Laboratory
5775 Hwy 10 W

Missoula, MT 59808
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Editor Initial Decision: Reconsider after minor revisions (Editor
review) (26 Dec 2014) by Prof. Timothy Garrett

Comments to the Author:

Dear Dr. Butler,

In considering your response and revised manuscript, 1 wish to suggest
the following modifications to your manuscript prior to consideration for
acceptance for publication.

As emphasized in the response to Reviewer 2 "...the intent was to provide
these high resolution data to the larger meteorological modeling
community for comparison against simulations. It is our intent that these
data inform the development of high resolution near surface wind flow
models."

I think this goal would be better supported by including those data in a
supplement and in some distilled form within the paper. In particular, |

agree with Reviewer 1 on points 4, 6, and 8 that the information that is
requested should be provided to modelers directly, not left for them to

analyze or infer from an online dataset.

We have modifed the text as suggested and added two appendices
that are intended to be provided as supplementary material with the
manuscript. These appendices directly address the reviewer
comments identified above.

Whether these tables are presented in a Supplement or within the text
body itself would be at your discretion.

As an editorial comment, | would suggest that the writing would be

clarified if the paragraphs were broken up. | see at least three clear
paragraphs in the first paragraph of the Introduction, for example.

Thank you for this comment, we have attempted to address this
suggestion where appropriate.

Regards,

Tim Garrett
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acp-2014-267
Referee #1 comments
Author’s reply shown in indented italics

A draft of the revised manuscript is appended to this document.

General Comments

The manuscript presents results from field measurements obtained from two
structurally different terrain: Big Southern Butte which is about 800 m tall, and a
steep river canyon in ldaho. | commend the authors for undertaking this work as
there is a need for observational data for complex terrain wind models. These two
cases significantly differ from existing complex terrain studies. Based on their
observations, authors also make a valid point regarding the use of numerical weather
models with insufficient resolution for complex terrain regions. The manuscript is
written clearly and data is presented in a way that can be used for model evaluation.
Therefore, | am in favor of its publication in this journal after the authors address the
following issues in a revised version.

--The authors thank this reviewer for the positive and encouraging comment. Of
course we feel the same and are excited to get this data out for use by others.

Specific Comments

1) Line 5 on page 16823: mention wind forecasting and resource assessment in
addition to wind turbine siting.

--These additional examples have been added to this sentence. See line 52 and 53 of
draft manuscript attached below.

2) Line 15 on page 16824: Askervein Hill study should be cited and mentioned.

--The Taylor and Teunissen study referenced here is the Askervein Hill study;
however, we have explicitly included the name ““Askervein Hill study” in this sentence
as well. See line 89 of draft manuscript.

3) Although the information is available in the main text, figure captions should
convey more information.
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--Figure captions have been modified to ensure they are stand-alone. For example,
BSB and SRC will be spelled out as Big Southern Butte and Salmon River Canyon, the
time zone has been added were appropriate.

4) Provide a table for measurement coordinates. Abbreviations for sensor locations
need to be spelled out in a table (R, TSW, etc.) It gets confusing after a while.

--This type of table was not originally included in an attempt reduce the length of the
manuscript (the table will be large due to the large number of sensor locations, 53 at
BSB and 27 at SRC). However in response to this request we have included a table of
sensor locations in the supplementary appendix A. This information is also available
in the database referenced in the manuscript and all sensor locations are shown on
the map in Figure 1 which we will enlarge for the final published version. .

5) Some of the figures are too small in the printer friendly version of the manuscript.
Fig 1b-d, Figs 4,6,7,8,9, 10, 12

--We have attempted to enlarge the figures to ensure they are readable in the printer-
friendly version.

6) Authors collected wind profiles upstream of the BSB. Those vertical profiles should
be presented and discussed for each of the regimes in light of theoretically expected
profiles.

--Yes, the near-surface wind observations were part of a larger field campaign in
which radar profiler, sodar, sonic anemometer, and radiosonde measurements were
also made for selected time periods. We have included a overview of the wind profile
data in supplementary appendix B. We chose to focus on the surface wind
measurements in this paper because the very high spatial resolution of the surface
wind measurements made during these field campaigns is perhaps the most unique
contribution of this work, as essentially no datasets exist in the literature with this
high of sensor resolution on a terrain feature of this size. These high-resolution wind
data are crucial for developing and evaluating high-resolution wind models. For
readers that are interested in further analysi, the vertical profile data are available in
the database as described in the text.

7) Provide information on the limitations of the instrumentation (e.g. threshold
speeds)

--Yes, details on instrument limitations have been added in the text. For example
additional discussion to the following effect has been in section 3. The cup and vane
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has a measurement range of 0 to 44 m/s, accuracy of +- 0.5 m/s and +- 5 degrees with
resolution of 0.19 m/s and 1.4 degrees.

The Campbell Scientific CSAT3 sonic anemometers have a measurement rate o 1 to 60
hz, with resolution of 1mm/s, 0.5 mm/s and 15mm/s for uy u, and c respectively, with a
direction resolution of 0.06 degrees rms. The SATI/3Vx has measurement range of 0
to 20 m/s, with resolution of 10 mm/s and 0.1 degrees.

The Scintech MFAS samples velocities from 0 to 50 m/s up to 1000 m agl over 1 to 60
min averaging intervals, with horizontal wind speed uncertainty of 0.3 m/s and
vertical wind speed accuracy of 0.1 m/s and directional uncertainty less than 1.5
degrees.

The Imet-1 system has a maximum range of 250 km to altitude of 30 km and measures
air pressure, temperature, and humidity. Wind speed is calculated from onboard GPS
measurements. Accuracy is 0.5 hPa in pressure, 0.2 C in temperature, and 5% in RH.
Wind speed is accurate to within 1 m/s and is updated at 1 Hz. Altitude is accurate to
within 15 m.

The Vaisala WXT520 measures air temperature to 60C with +-0.3 C accuracy and
0.1C resolution, Wind speed is measured from 0 to 60 m/s with 0.25 s response time
and +-3% accuracy in speed and 0.1 degree accuracy in direction.

8) As the authors state in the Instrumentation section, they have collected data to
guantify turbulence, friction velocity, sensible heat flux, temperature and relative
humidity. These quantities need to be presented, and discussed in a way that can
help modelers.

--We appreciate this recommendation. We have shown mean quantities in the
supplementary appendix B. However, as outlined in #6 above, presenting all data
from all instruments is beyond the scope of the paper and would render the paper
much too long. We fully expect that interested readers would want to process the data
themselves.

9) Figure 3. | understand that the threshold was chosen after a visual inspection.
However authors can still provide a percentile for this threshold (What percentage of
data is below this value?)

--Yes, we added the following statement “83% and 80% of the data fell below these
threshold speeds at BSB and SRC, respectively.” See line 295 and 296.
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Referee #2 comments
Author’s reply shown in indented italics

General comments:

The authors give an overview of two very unique new datasets collected in two types
of complex terrain. In two separate summer field campaigns, near-surface wind data
at 3.3 m agl at 50+ locations was collected (1) on and around an isolated mountain
(Big Southern Butte, 800 m relief) and (2) in the 550-m deep Salmon River Canyon.

The methodology of binning the dataset in synoptically forced and thermally driven
regimes based on a threshold wind speed at one single site has caveats that become
obvious from the results but are not thoroughly discussed. These problems lead to
exceptions from the expected results (such as 'downslope winds’ of 12 m/s on top of
BSB; even the 7.5 m/s wind speeds are doubtful (Fig5b)) that are then discussed and
excluded. See more details in specific comments below. The failure of this method
casts doubt on the presented results. Maybe a case study approach would be more
useful and could better test and improve the current concepts of thermally driven
flows in complex terrain.

--We respectfully disagree with the reviewer on the point that binning of the datasets
into synoptically forced and thermally forced regimes led to exceptions which render
the analysis unpublishable. Synoptic effects and local thermal effects are always
combined to some extent; the goal of the partitioning scheme was to separate these
effects to the best extent possible in order to focus on the predominant driving
mechanism at a given time period. Had this type of binning not been used, we would
not have been able to identify the average flow characteristics during the monitoring
period (months of observations at each site). The goal was not to evaluate only one or
two specific events, but to provide a description of the general flows over the study
period — in our opinion this could only be done by using some type of data partitioning
and averaging schemes.

We believe that the methods used revealed interesting characteristics of the flow at the
two sites. For example, analysis at Big Southern Butte showed that under periods
when most locations on the butte were experiencing diurnal flows, ridgetop locations
were experiencing higher wind speeds, suggesting that ridgetop locations were
decoupled from other locations on and around the butte. These types of findings have
important implications for surface wind flow modeling.

We argue that the approach we used is a logical one since strong wind events
overpower the local thermal effects which dominate during the diurnal flow regime.
There were obviously times when synoptically-forced flows occurred and times when
diurnal flows dominated. The goal of partitioning the data was to bin the data into
discrete periods during which the flow was predominantly driven by a common force
(i.e. synoptic or local thermal effects). Of course due to the topographical complexity
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of both sites as well as the shear magnitude of the geography it would seem unrealistic
to expect any single partitioning scheme would fully resolve the flows at all locations.
Thus we maintain that the partitioning scheme used is a reasonable attempt to bin the
data into interpretable chunks appropriate for the purposes and scope of this study.

Other than comparing trends of down- and upslope flows with distance up and down
topography gradients, however, the article does not provide any significant scientific
results. The goal of this article remains somewhat unclear, other than reporting on a
new dataset.

--We regret that the reviewer did not capture the objective of this manuscript. We
attempted to clearly state in lines 17-23 of page 16823 (lines 109-114 of revised
version) that the objective was to describe a research program and associated
datasets from two different terrain features. We also stated that the intent was to
provide these high resolution data to the larger meteorological modeling community
for comparison against simulations. It is our intent that these data inform the
development of high resolution near surface wind flow models.

The authors have a unique new dataset to analyze which mirrors the complex
interplay of thermally driven flows on different scales. The rather crude approach,
however, leads to a confusing picture and no clear results. This analysis, in my
opinion, needs more work is not publishable in its present form.

--Clearly, the reviewer agrees that the data are unique in that they characterize
thermally and mechanically driven flow at a very high spatial resolution. Part of the
difficulty in evaluating a dataset like this is that the flow is driven by a complex
interplay between thermal and synoptic processes that are varying in time and space.
Thus our “crude” attempt at differentiating the data into different flow regimes. As
stated above the primary objective was to present the data in a quantitative format to
give an overview of the surface flow characteristics. Thus the logic for the “binning”
methods. We argue that the primary point is not the partitioning method, but rather
the high resolution data themselves. We leave it to future users of the data to select
whatever partitioning schema seems best for their particular needs. The point of the
analysis was not to investigate specifically upslope or downslope winds, but rather to
assess the actual surface observations under the range of flow regimes experienced at
these sites under summer meteorological conditions.

Specific comments:

1) Thermally driven flows in complex topography are a key topic in mountain
meteorology. The manuscript lacks references to some relevant articles and reviews
such as Defant (1949), Whiteman (2000) and Zardi and Whiteman (2013).

--We appreciate this suggestion and have included these additional references in the
section referencing other work, for example modifying lines 25 to 30 on page 16824
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(lines 71 and 72 of revised version) to read “Fine-scale (i.e., ~1-100 m) variations in
topography and vegetation substantially alter the near-surface flow field through me-
chanical effects, such as flow separation around obstacles, enhanced turbulence from
increased surface roughness and speed-up over ridges, and through thermally-driven
flows induced by local differential surface heating in steep terrain (Defant, 1949; Ban-
ta, 1984; Banta and Cotton 1982; Whiteman, 2000; Zardi and Whiteman, 2013;
Chrust, et al., 2013). ““.

2) "Upvalley drainage winds" are listed as a mechanism to couple the surface flow to
the synoptic flow. Drainage winds are usually related to the fact that denser air drains
down a topographic gradient. It is not clear what process the authors are referring to.

-- The referee has not provided sufficient context for us to clearly determine where
his/her concern lies. Therefore, a specific response to this comment is difficult
because it is not clear to which line/page the reviewer is referring. We have attempted
to further strenghten our logic for the linkage between upper elevation sensor
measurements on BSB and the synoptic flow.

3) A paragraph describing the surface flow field that is expected in the current state
of knowledge at each the two study sites under the 'diurnal wind regime’ could be
included to set the stage for the findings.

--Thank you for this comment. We direct the reviewer to lines 7-12 on page 16826
and lines 2-10 of page 16827 (lines 350-359 of revised version) for this information.
We have also added further discussion of dirurnal flow at the beginning of sections
5.1.1and5.2.1..

4) Binning into synoptically forced regime: The authors chose to use one single
representative site for each experiment for which threshold wind speeds are
determined that will separate thermally driven and synoptically driven regimes. What
are the caveats of this methodology? For example, a "reference station" on the plain
surrounding BSB was chosen (R2) to distinguish between the two regimes. How
likely is it that this station will be dominated by nocturnal thermally driven flows in the
evening while the flow on the butte is not? On the other hand, NM1 was chosen as
"reference station" for the Salmon River Canyon site, which is _500 m (?) above the
canyon bottom. How likely are thermally driven flows still dominating the river gorge
when a synoptic influence is seen at the reference site? A thorough discussion of the
implications of this filtering method is needed. Furthermore, the methodology seems
to fail, and while extreme events such as drainage flows on top of BSB of 12 m/s are
discussed as outliers, speeds of 7.3 m/s are reported as valid data points (Fig 4b).

-- The overall goal was to present the average flow fields at each site in a context
useful for surface wind flow modeling applications. We chose to present average
flows for the four wind regimes described in section 4.1. The regimes listed in 4.1 are
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widely recognized in the mountain meteorology literature (e.g., Banta and Cotton,
1982; Whiteman, 2000). In order to summarize months of wind data at each site in
terms of these flow regimes, we had to choose a partitioning scheme to bin the data.
Many different partitioning schemes could have been used. We believe our choice of
selecting a single representative sensor at each site to partition the flow was a
reasonable approach for the purpose and scope of this study.

It is possible that our selected reference station at the butte, for example, could “be
dominated by nocturnal thermally driven flows in the evening while flow at some
locations on the butte is not.”” In fact, this is precisely the type of unique flow features
we would like to uncover in this work, as this is the type of information that is lacking
in the literature, but could be very useful to surface wind model developers. We
explored wind data from the INL mesonet station (already described in the text) on the
summit of Big Southern Butte as a potential indicator of the gradient level winds. We
included discussion at the end of section 4.1 in an effort to facilitate the discussion
around lines 4-16 on page 16835.. We do not report the observed ridgetop high winds
(e.g., 12 m/s) during the diurnal regimes as thermally driven winds, but rather point
out that these ridgetop locations appear to be decoupled from the diurnally driven
flows at other locations on and around the butte. We point out that ridegetop
locations appear to often be more closely coupled with the gradient level winds.
Inclusion of the mesonet data from the summit of Big Southern Butte (as described
above) will help to demonstrate this point. Flows described in this paper as
“upslope” and “‘downslope” fall within the range of slope flows reported in the
literature (e.g., see discussion in section 5.1.1 and 5.2).

5) BSB: The "afternoon regime" vector map (Fig 4) could be interpreted as a flow
field based purely on daytime thermally driven circulations where upslope and
upvalley flows interact. How is the distinction made between a purely thermally driven
flow regime and a situation with a synoptic influence? R2 shows only a weak flow
(maybe 4 m/s?; see comment on presentation) around the obstacle.

--This is also true and it is probably not possible to say for sure which mechanism is
at play. Wind speeds would not need to be high in order for convective mixing to play
a role. Prevailing gradient-level winds were often from the southwest, which is in
alignment with upvalley flow on the snake river plain in the vicinity of the butte. We
describe the flows in the ““afternoon regime™ as developing from convective mixing of
gradient-level wind into the growing boundary layer, as described by Banta and
Cotton (1982). This is a reasonable explanation that is supported in other reported
studies, although as pointed out, there could potentially be other mechanisms driving
this “afternoon regime.” Ultimately, it is the observed surface wind field that we are
interested in presenting and we clearly observed a unique ““afternoon regime.” We
can really only speculate on the forcings which may have set up this afternoon flow
field (it is beyond the scope of this study to investigate the larger scale forcings).
Convective mixing is one likely mechanism.
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6) Figure 12 includes a site (NM2) that was in an earlier thorough discussion
characterized as an outlier. It therefore should be omitted and not presented as part
of a elevation transect.

--The term outlier is not used anywhere in the manuscript and we apologize if we
implied that NM2 should be considered so. We did not intend to imply or describe
NM2 as an outlier. We speculate that this sensor may have been in a zone of
recirculation, but we have no reason to suspect that the data are not good therefore
we cannot justify omitting the data from this sensor.

7) Standard times should be used instead of daylight savings time.

-- Our logic for presenting time as local daylight time was that it does not require the
reader to do any conversions to estimate solar position at a given time. We prefer to
keep the local time format. We stated explicitly in the manuscript that all times are
local. See section 5.0

8) What is the role of terrain shading at the SRC site? What are its implications on
the timing of the transitions between thermally driven flow regimes?

--Terrain shading is a likely contributor to the local surface flows at both sites,
particularly under the diurnal wind regime, however, we did not investigate it in this
version of the manuscript. We recommend that it be considered in detail in a future
analysis and manuscript separate from this study that is primarily focused on
summarizing the data.

9) The manuscript unnecessarily describes sodar and radiosonde observations and
deployment schedules. This should be omitted, as none of the data is presented or
used in the presented analysis.

--One of the goals of the paper is to introduce the larger field campaigns, which
included these additional measurements. We would like to describe the methods used
and how to access these data, although it is beyond the scope of the paper to provide
analyses of these data (the focus here is on the near-surface wind observations). As
this is the first paper to stem from this larger field campaign, we feel it is appropriate
to describe the full dataset here, while saving in-depth analyses of some of the data for
future work. We have included both types of data in the revised manuscript (c.f. fig 6,
12 and appendix B.

10) Presentation:

Overall graphic presentation is fair and could be substantially improved:
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a) Maps: The article lacks bigger and clearly readable maps for the two field sites.
Instead of several subfigures covering different geographic extents, a full-page figure
is needed with readable labels of the sites and elevation contours. A distance scale is
needed; different symbols could be used for the different instrumentation. Transects
later referred to could be marked and labeled.

--Where possible the overview maps have been enlarged to a full-figure page.
Lat/lons of the study area are currently provided in the site description and sensor
locations in Appendix A, and a distance scale has been included in all relevant
images. Elevation contours are shown in the figures that depict the terrain. However,
the contours are faint lines, we prefer this approach to provide more clarity to for the
sensor locations and associated wind vectors. In our opinion, enhancing the elevation
contours would make it more difficult to distinguish the relevant data

b) Wind vector graphics: Color bar could be extended; a reference-length vector
could be included. Two bigger figures would be better than 4 small sub-figures. Key
locations referred to in the text discussing these figures should be labeled. A cross
reference with the initial maps is extremely tedious for the interested reader. Figures
could be formatted to fill the space available on a page.

-- The figures have been enlarged so that two figures are used at the full extent, rather
than a zoomed-in version and the full-extent version. Key locations are marked. Final
formatting to fit the page/text will be handled by the journal.

c) Contour graphics: Color scales could be kept constant for all sub-figures.
Otherwise a comparison is not possible.

--Yes, thank you for this observation we believe we have improved the presentation of
color scales and graphics in the revision.

d) All subfigures should be labeled, i.e. Fig 4a through 4f.

--Yes, all subfigures have been labeled in the revised manuscript.

11) SRC: How could the available, but not presented, temperature data help to
evaluate different regimes?

--We have temperature data for one ridgetop location and one valley bottom location
for select time periods during the field campaign. We considered looking into these
temperature data to determine if there is any information to add to the discussion.
However, the partitioning method based solely on time of day and threshold wind
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speed appears to work well for binning the data into various flow regimes (as
evidenced by the vector plots), thus at this point we have not explored the temperature
data further. The data are available in the archived dataset.

12) Wind speed trends presented in Fig 10 are rather small. How do they compare to
the uncertainty of the anemometers?

--Thank you for this observation, we have added some discussion regarding the
uncertainty of the anemometers within the context of the reported trends (see section
3).

13) Correlations with gradient level winds are mentioned in the conclusions. How
were gradient level winds determined for the period of observations? They should be
presented earlier in the manuscript. Could they be used to filter the dataset, rather
than selected surface observations?

--In the current version of the manuscript, actual measures of gradient level winds are
not reported. We described some ridegtop observations as being correlated with
gradient level winds when ridgetop observed speeds were much higher than other
nearby observed surface speeds during the diurnal flow regime. These are qualitative
statements based on the assumption that the gradient level wind speeds are likely
higher than the speeds measured by our non-ridgetop surface sensors. In the revised
manuscript we state that we explored data from the INL mesonet station at the summit
of Big Southern Butte as a measure of the gradient level wind at this site for
comparison against our surface observations. We investigated the sodar and
radiosonde data for gradient level winds at the Salmon River Canyon site. For time
periods during which we do not have sodar or radiosonde data, we explored archived
mesoscale forecast data as an estimate of the gradient level winds at this site. This
proposed presentation of measured gradient level winds strengthens the discussion,
especially on the topic of ridgetop wind decoupling from the rest of the surface flow
(c.f. end of section 4.1).

Technical corrections:
- Decapitalize "s" in "radiosonde” (i.e. page 16829, line 3)

--suggestion incorporated

- p 16828 | 2 Table 2 does not list AWS

--could not find a single reference to AWS is the manuscript, not sure what the
reviewer is referring to.
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- Reduce number of digits in GPS readings

--Incorporated in all GPS references.

- p 16826 1 5 ; change "down-drainage” flows to "down-valley" flows

--Modified as suggested.

- p 16830 | 18: could be clarified by expanding to "... into the forth, synoptically
forced, regime."

--Modified to read into a fourth, synoptically forced, regime. See lines 282 in
revised version

- Fig 6: Label subfigures with site elevations. Mention filtering (Thermally driven
regime) at the beginning of caption.

--Figure captions modified to provide general location. Specific locations and
elevations are listed in table Al through A4. Filtering logic has also been included in
figure captions where appropriate.

Label key directions (upvalley & downvalley, upslope and downslope) in figures.

--In all figures referring to Big Southern Butte the topographical gradient is
increasing from south to north. In the Salmon River Canyon the gradient is
increasing elevation from left to right. We have added this statement in the site
locations.
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Abstract

A number of numerical wind flow models have been developed for simulating wind
flow at relatively fine spatial resolutions (e.g., ~100 m); however, there are very lim-
ited observational data available for evaluating these high resolution models. This
study presents high-resolution surface wind datasets collected from an isolated
mountain and a steep river canyon. The wind data are presented in terms of four
flow regimes: upslope, afternoon, downslope, and a synoptically-driven regime.
There were notable differences in the data collected from the two terrain types. For
example, wind speeds on the isolated mountain increased with distance upslope dur-
ing upslope flow, but generally decreased with distance upslope at the river canyon
site during upslope flow. In a downslope flow, wind speed did not have a consistent
trend with position on the isolated mountain, but generally increased with distance
upslope at the river canyon site. The highest measured speeds occurred during the
passage of frontal systems on the isolated mountain. Mountaintop winds were often
twice as high as wind speeds measured on the surrounding plain. The highest
speeds measured in the river canyon occurred during late morning hours and were
from easterly downcanyon flows, presumably associated with surface pressure gra-
dients induced by formation of a regional thermal trough to the west and high pres-
sure to the east. Under periods of weak synoptic forcing, surface winds tended to be
decoupled from large-scale flows, and under periods of strong synoptic forcing, vari-
ability in surface winds was sufficiently large due to terrain-induced mechanical ef-
fects (speed-up over ridges and decreased speeds on leeward sides of terrain obsta-
cles) that a large-scale mean flow would not be representative of surface winds at
most locations on or within the terrain feature. These findings suggest that traditional
operational weather model (i.e., with numerical grid resolutions of around 4 km or
larger) wind predictions are not likely to be good predictors of local near-surface
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winds at sub-grid scales in complex terrain. Measurement data can be found at:
http://www.firemodels.org/index.php/windninja-introduction/windninja-publications.
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1 Introduction

Predictions of terrain-driven winds are important in regions with complex topography
for a number of issues, including wildland fire behavior and spread (Sharples et al.,
2012; Simpson et al., 2013), transport and dispersion of pollutants (Jiménez et al.,
2006; Grell et al., 2000), simulation of convection-driven processes (Banta, 1984,
Langhans et al., 2013), wind_resource assessment for applications such as wind tur-
bine siting (Chrust et al., 2013; Palma et al., 2008), wind forecasting (Forthofer et al,
in press), and climate change impacts (Daly et al., 2010). Numerous efforts have
focused on improving boundary-layer flow predictions from numerical weather predic-
tion (NWP) models by either reducing the horizontal grid size in order to resolve the
effects of finer-scale topographical features on atmospheric flow (Lundquist et al.,
2010; Zhong and Fast, 2003) or adding new parameterizations to account for unre-
solved terrain features (Jiménez and Dudhia, 2012).

Because NWP simulations are computationally demanding and suffer from inher-
ent limitations of terrain-following coordinate systems in steep terrain (Lundquist et
al., 2010), a number of high resolution diagnostic wind models have also been devel-
oped to downscale wind predictions from NWP models in order to meet the needs of
the aforementioned applications (e.g., Beaucage et al., 2012). However, there are
limited observational data available to evaluate and improve such high resolution
models.

Fine-scale (i.e., ~1-+-*00 m) variations in topography and vegetation substantially
alter the near-surface flow field through mechanical effects, such as flow separation
around obstacles, enhanced turbulence from increased surface roughness and
speed-up over ridges, and through thermally-driven flows induced by local differential
surface heating in steep terrain (Defant, 1949, Banta, 1984; Banta and Cotton, 1982;
Whlteman 2000 Zardi and Whlteman 2013, Chrust, et aI 20139eiant—£949—8an—

Gh#ust—epal—zeis) These Iocal scale flow effects are crltlcal for surface Wlnd-
sensitive processes, such as wildland fire behavior, where the near-surface wind is
often the driving meteorological variable for fire rate of spread and intensity (Rother-
mel, 1972; Sharples et al., 2012). In order to capture these terrain-induced effects,
wind modeling in complex terrain requires that surface characteristics, including ter-
rain, vegetation, and their interactions with the atmosphere, be resolved at a high

spatial resolution.

Although diagnostic wind models do not typically employ sophisticated boundary
layer schemes in their flow solutions, they often incorporate parameterized algo-
rithms for specific boundary layer effects, such as thermally-driven winds (e.g., diur-
nal slope flows) and non-neutral atmospheric stability (Forthofer et al., 2009; Scire et
al., 2000). Evaluation of such schemes has been limited by the types of terrain fea-
tures and range of meteorological conditions represented in available observational
datasets. For example, the evaluations performed by Forthofer et al. ({r-Re-
view2014) were limited by available surface wind data in complex terrain.

The two most widely used datasets for evaluation of high resolution wind predic-
tions were collected on topographically-simple, low elevation hills investigated for
wind energy applications such as the site for the Askervein Hill study (Berg et al.,
2011; Taylor and Teunissen, 1987). Wind energy research has focused on relatively
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simple terrain because winds in complicated terrain are more difficult to reliably fore-
cast and have higher turbulence that reduces the life of the turbines.

These studies of idealized field sites have produced useful data for investigating
the effects of simple terrain obstructions on average atmospheric flow and identifying
specific deficiencies in numerical flow solutions; however, such sites are not repre-
sentative of the wide range of regions where terrain-induced winds occur. As are-
sult, these data do not provide sufficient test data for evaluating spatial representa-
tion of modeled flows for commonly occurring types of terrain features, such as iso-
lated terrain obstacles with complex geometries, dissected montane environments,
and steep river canyons.

Other types of observational studies, such as those designed to investigate
boundary layer evolution or convection-driven processes, have focused on character-
izing the vertical distribution of wind, temperature, and moisture, but do not typically
characterize the spatial variability in the near-surface wind field. Examples of the
types of flow phenomenon that are of interest for high resolution model evaluations
include 1) local surface layer flow decoupling from larger-scale atmospheric flow, 2)
diurnal slope flows; 3) mountain-valley flows; 4) mountain-plain flows; and 4) the in-
teractions of these effects at multiple spatial and temporal scales.

This paper describes a research program in which wind data were collected at
very high spatial resolution under a range of meteorological conditions for two differ-
ent types of complex terrain features. These datasets enhance the archive of obser-
vational data available to evaluate high resolution models. All of the data from the
field program are available at: https://collab.firelab.org/software/projects/wind-
obs/repository. Here we provide an overview of the data, with particular emphasis on
the spatial characteristics of the surface wind measurements, and describe some
unique flow features at each site._The data collected during this field campaign are
used in a companion paper (Wagenbrenner et al., in review) to evaluate near-surface
wind predictions from several different NWP models and downscaling methods.

2 Site Descriptions

2.1 Big Southern Butte (BSB)

BSB is a volcanic dome cinder cone approximately 4 km wide that rises 800 m
above the Upper Snake River Plain (USRP) in southeastern Idaho (43.395958, -1
113.02257) (Fig. 1). The dominant vegetation on the USRP and BSB is grass and
sagebrush (generally < 1 m tall), although a few north-facing slopes on the butte
have some isolated stands of 3-120 m tall timberconifers. Average slopes range
from 30 to 40% with nearly vertical cliffs in some locations. The USRP is essentially
flat terrain surrounding BSB and extends more than 120 km to the north, east, south,
and southwest (Fig. 2). The USRP is bordered by tall mountain ranges to the
northwest and southeast. There are three prominent drainages (Big Lost River, Little
Lost River, and Birch Creek) that flow southeast onto the USRP nominally 20 to 80
kmte-the north of BSB (Fig. 2). These mountain-valley features contribute to
thermally-driven diurnal flows and formation of convergence zones on the USRP.
Nighttime down-drainage-valley flows on the USRP are from the northeast and
daytime up-drainage flows are from the southwest.
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Typical summertime winds on the Snake River Plain are primarily thermally driven
with strong upvalley winds during the day and relatively weaker downvalley winds at
night. The regional nocturnal northeasterly drainage flows usually subside by late
morning, and winds begin to rotate clockwise to southwesterly flow, then speeds
increase sharply by mid-to-late afternoon. The strongest southwesterly wind events
in the summer are associated with the passage of frontal systems.

Additionally, this region experiences occasional passage of very strong frontal
systems which bring westerly winds that become channeled into southwesterly flow
up the Lower Snake River Plain (LSRP) toward BSB (e.g, Andretta, 2002). This
same westerly synoptic flow passes over the mountains to the north of BSB and
surface winds become channeled into northerly flow down the Big Lost, Little Lost,
and Birch Creek drainages and onto the USRP. This northerly flow approaches BSB
from the USRP, eventually converging with the southwesterly flow somewhere in the
vicinity of BSB in what is referred to as the Snake River Plain Convergent Zone
(SPCZ) (Andretta, 2002; Andretta and Hazen, 1998). When an SPCZ forms, its
location shifts up or down the SRP depending on the strength of the low-level winds
over the USRP versus the LSRP (Andretta, 2002). SPCZ events most commonly
occur during the winter and spring, but occasionally form during other time periods as
well. Although formation of the SPCZ is not a frequent phenomenon during summer
conditions, we did observe a few flow events that may have been associated with the
SPCZ during our field campaign. Because the strong frontal systems which lead to
formation of the SPCZ result in complicated near-surface flows on and around BSB,
we investigate the observed flow events possibly associated with SPCZ-like
conditions in detail in Section 5.1.2.

2.2 Salmon River Canyon (SRC)

The field site was a 5 km long stretch of Salmon river canyon located
approximately 20 km east (upstream) fromef Riggins, ID (45.401667, -1216.22667)
(Fig. 3%) and spanning in elevation from the canyon bottom (550 m) to the ridgetops
(1600 m). The river canyon follows a nearly-straight east-west path within this extent.
Prevailing winds in this region are from the west. The predominant vegetation is
grass (generally < 0.5 m tall), with some timber in the higher elevations on the north
aspects. Our instrumentation was deployed away from forested areas, so as to avoid
effects of the forest canopy on the wind flow. There were prominent side drainages
entering SRC on the east and west end of our study area (Fig. 3%).

3 Instrumentation

Each field site was instrumented with a network of surface wind sensors deployed
over a several month period (hereafter referred to as the monitoring period) and
supplemented with short term deployment of sonic anemometers and ground-based
vertical profiling instruments. Spatially dense arrays of more than 50 cup-and-vane
anemometers (S-WCA-M003, Onset Computer Corporation) measured wind speeds
and directions at 3-3 m above ground level (AGL) to characterize surface flow
patterns over and within the terrain features. Wind speed and direction data were
measured at 1 Hz and 30-second average wind speeds, peak gusts, and average
directions were recorded. The cup and vane has a measurement range of 0 to 44 m
s accuracy of +- 0.5 m s and +- 5 degrees with resolution of 0.19 m s™* and 1.4
degrees. Specific sensor locations are listed in supplementary Appendix A.
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—These surface measurements were complemented by sonic anemometers
(CSAT3, Campbell Scientific, Inc.; SATI/3Vx, Applied Technologies, Inc.) and vertical
profiling instruments (MFAS, Scintech) at select locations and times (Table 1; Fig. 1;
Fig.2 3, Supplementary appendix B) in order to provide measures of turbulence,
friction velocity, and sensible heat flux in near surface flows as well as to characterize
flows aloft. The Campbell Scientific CSAT3 sonic anemometers have a
measurement rate of 1 to 60 hz, with resolution of 1 mm s, 0.5 mm s* and 15 mm s°
! for uy uz and c respectively, with a direction resolution of 0.06 degrees rms. The
SATI/3Vx has measurement range of 0 to 20 m s, with resolution of 10 mm s™ and
0.1 degrees. The Scintech MFAS samples velocities from 0 to 50 m s™ up to 1000 m
agl over 1 to 60 min averaging intervals, with horizontal wind speed uncertainty of 0.3
m s™ and vertical wind speed accuracy of 0.1 m s™ and directional uncertainty less
than 1.5 degrees.

Radiosonde (iMet-12, International Met Systems) launches were conducted to
characterize large-scale flows aloft for select time periods at each site. The Imet™
system has a maximum range of 250 km to altitude of 30 km and measures air
pressure, temperature, and humidity. Wind speed is calculated from onboard GPS
measurements. Accuracy is 0.5 hPa in pressure, 0.2°C in temperature, and 5% in
RH. Wind speed is accurate to within 1 m s and is updated at 1 Hz. Altitude is
accurate to within 15 m.

Weather stations (WXT520, Vaisala) measured relative humidity, air temperature,
wind speed and direction, solar radiation, and precipitation 2 m AGL at two locations
(Table 2; Fig 23). The Vaisala WXT520 measures air temperature to 60°C with +-
0.3°C accuracy and 0.1°C resolution, Wind speed is measured from 0 to 60 m s
with 0.25 s response time and +-3% accuracy in speed and 0.1 degree accuracy in
direction.

The sampling layouts were designed to obtain measures of the upwind approach
flows as well as perturbations to the approach flow associated with the terrain
features. For each site, the extent of the sensor array covered an area that spanned
one to several mesoscale weather forecast grids of typical routine forecast resolution
(4 to 12 km) and the spatial density of the surface sensors was fine enough to
resolve flow patterns at the sub-grid scale (Fig. 1 and 3). Two field sites were
selected to represent an isolated terrain obstacle and a steep, non-forested river
canyon. These sites provided a range of wind conditions representative of generally
dry, inland, montane locations during summertime periods.

An array of 53 surface sensors was deployed on BSB between 15 June 2010 to 9
September 2010 (Fig. 1). Sensors were deployed along two transects running
southwest to northeast. A number of randomly located sensors were added along
and outside the two transects to increase the spatial coverage on and around the
butte. A sodar profiler was deployed 2 km southwest of the butte from 1 July to 18
July, 2010 and immediately northeast of the butte from 31 August to 1 September,
2010 (Fig. 1; Table 1). A tower of sonic anemometers was deployed 2 km southwest
of the butte from 14 July to 18 July, 2010 (Fig. 1; Table 1). Three RadioSende
Radiosonde launches were conducted at BSB from 31 August to 2 September, 2010
(Table 2).

An array of 27 surface sensors was deployed in three cross-river transects at

| SRC from 14 July to 13 September, 2011 (Fig 3%). Sodars and sonic anemometers
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were operated from 16 July to 18 July and 29 August to 31 August, 2011 (Table 1).
Sodars were located in the valley bottom on the north side of the river and at the
ridgetop on the north side of the river near the east end of the field site (Fig. 31).
Sonics were operated on north and south ridgetops near the west end of the study
area and at two locations in the valley bottom on the north side of the river (Fig. 1).
Two weather stations monitored air temperature, relative humidity, precipitation, solar
radiation, wind speed, and wind direction; one was located on the southern ridgetop
at the east end of the field site and the other was located in the valley bottom on the
north side of the river (Fig. 31). Six RadioSonde launches were conducted on 18
August, 2011 (Table 2).

Additionally, the National Oceanic and Atmospheric Administration Field
Research Division (NOAA-FRD) operates a permanent mesonet system that consists
of 35 towers spread across the USRP and encompassing the BSB study area
(http://www.noaa.inel.gov/projects/INLMet/INLMet.htm). The mesonet towers
measure wind speed, wind direction, air temperature, relative humidity, and solar
radiation. NOAA-FRD operates a permanent wind profiling system (915 MHz radar
profiler) and radio acoustic sounding system (RASS) at a location approximately 10
km northeast of BSB_at GRI (Fig 2.). NOAA-FRD also operated a mobile Radian
Model 600PA SoDAR approximately 5 km south of BSB and an Atmospheric
Systems Corp. (ASC) Model 4000 mini SODAR 15 km south of BSB 15 July to 18
July, 2010 and 31 August to 2 September, 2010.

4 Analysis Methods and Terminology

The data analyses presented here focus on the surface wind measurements and
terrain influences on the surface flow characteristics determined from these
measurements. Limited data from vertical profiling instruments are provided to
facilitate discussion of the surface observations. It is beyond the scope of this paper
to present a comprehensive analysis of all of the data collected during these field
campaigns; however, Aall data (surface observations, sodar, radar, radiosonde,
weather station, and sonic anemometer data) are available in public archives as
described in section 5.3.

4.1 Partitioning surface data into flow regimes

The surface wind data are partitioned into four distinct wind regimes in order to
facilitate the analysis of typical diurnal flows in the absence of strong synoptic forcing
and high wind events during periods of strong synoptic forcing. The four wind
regimes are:

(1) a downslope regime, which included downslope and downvalley flows, forced
by nighttime surface cooling under weak synoptic forcing

(2) an upslope regime, which included upslope and upvalley flows, forced by
daytime surface heating under weak synoptic forcing

(3) an afternoon regime, during which local flows were influenced by larger scale
flows, either through convective mixing (at BSB) or through formation of upvalley
drainage winds (at SRC) under weak synoptic forcing
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(4) a synoptically forced regime, during which the normal diurnal cycle was
disrupted by strong larger scale flows typically correlated with gradient level winds
due to mechanically-induced turbulent mixing in the boundary layer.

The first three are analogous to the wind regimes described in Banta and Cotton
(1982) and are referred to collectively in this paper as the diurnal wind regime. The
diurnal wind regime persisted during periods of weak synoptic forcing. The fourth
regime was included here as the field sites investigated in this study frequently
experienced periods of intense large-scale synoptic forcing which generated high
surface wind speeds and sufficient mechanical mixing to overcome the diurnal flow
regime.

The following procedure was used to partition the surface data into these flow
regimes. First, periods during which the wind speed exceeded a threshold wind
speed at a surface sensor chosen to be representative of the large-scale flow at each
site were partitioned into a fourth, synoptically forced, regime (4). Threshold wind
speeds were selected for each site based on visual inspection of the wind speed time
series data for the chosen sensors. Thresholds were selected to be speeds that
were just above the typical daily peak speed for the chosen sensors. In other words,
the threshold speed was only exceeded when synoptic forcing disrupted the typical
diurnal wind regime at a given site. Speeds below the threshold are indicative of
periods of weak synoptic forcing, during which the diurnal wind regime prevails.

Sensors R2 and NM1 were chosen to be the representative sensors at BSB and
SRC, respectively. R2 was located on the USRP approximately 5 km southwest of
the butte. NM1 was located on the north side of the SRC at 1530 m ASL, roughly
three-quarters of the distance from the canyon bottom to the ridgetop. These
sensors were chosen because they appeared to be the least influenced by the terrain
and most representative of the gradient level winds. Threshold velocities of 6 and 5
m s-2 were chosen for BSB and SRC, respectively (Fig 43). 83% and 80% of the
data fell below these threshold speeds at BSB and SRC, respectively. Speeds below
these thresholds fall within the range of diurnal wind flows reported in the literature
(Horst and Doran, 1986) and visual inspection of the vector maps further confirmed
this choice of threshold wind speeds, as all four regimes were clearly identified by the
surface flow patterns at each site.

After filtering out the synoptically driven periods, the remaining data were then
partitioned into regimes (1)—(3) based on visual inspection of the hourly vector maps.
Periods which exhibited clearly defined downslope flow were partitioned into regime
(1). Periods which exhibited clearly defined upslope flow were partitioned into regime
(2). And afternoon periods during which the upslope regime was disturbed were
partitioned into regime (3). Transition periods from one regime to another were also
identified based on visual inspection of the hourly vector maps.

We used INL Mesonet data at the summit of BSB (Fig. 1, ‘'SUM") as well as
archived North American Mesoscal Model (NAM) forecasts as indicators of upper-
level flows for comparison with our surface measurements. References in the text to
upper-level or gradient-level winds refer to flows observed in these data sources.
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4.2 Data Averaging

Surface wind observations were averaged over a 10 minute-min period at the top
of each hour to represent an average speed valid at the top of each hour. This
averaging scheme was chosen to be representative of wind speeds from NWP
forecasts. Although NWP output is valid at a particular instant in time, there is some
inherent averaging in these ‘instantaneous’ predictions. The averaging associated
with a given prediction depends on the time-step and grid spacing used in the NWP
model, but is typically on the order of minutes. The 10-min minute averages are
referred to in the text as ‘hourly’ data.

Hourly vector maps were used to visualize the spatial patterns of the wind fields
for classifying flow regimes. The vector maps were produced by partitioning the
hourly data into one of two categories: (1) strong synoptic forcing or (2) weak
synoptic forcing (i.e., diurnal winds dominate), and then averaging the hourly data
(for each sensor) within each category over the entire monitoring period. The result
is an hourly average wind vector at each sensor location for each flow category. For
example, a vector map for 1300 under weak synoptic forcing would be produced by
filtering out the periods of strong synoptic forcing and then averaging all hourly flow
data for the 1300 hour at each sensor over the entire monitoring period. Partitioning
of data into weak vs. strong synoptic forcing was described in Section 4.1.

All data analysis and visualization was performed in R (R Core Team, 2013).
Vector maps were produced using the ggmap library (Kahle and Wickam, 2013) and
diurnal wind contour plots were produced using the metvurst library (Salabim, 2013).

5 Results and Discussion

Results for BSB are presented in section 5.1. Results for SRC are presented in
section 5.2. Average flows for the diurnal wind regimes are presented for each site
and then the disturbance to the diurnal wind regime by synoptic-scale forcing is
described. Transitions within the diurnal wind regime (e.g., upslope to afternoon
regime) occurred at roughly the same time of day throughout the monitoring periods,
with no discernible differences between average hourly vector maps for the first and
second half of the monitoring period. Thus, results for diurnal winds are reported as
averages for the entire monitoring period. This is reasonable since monitoring
periods were during summertime conditions at both sites. All times are reported as
local daylight time.

5.1 BSB

5.1.1 Diurnal Winds: Upslope, Afternoon, and Downslope Regimes

Diurnal slope winds are driven by solar-induced horizontal temperature gradients
between the ground surface and the air. Whiteman (2000) provides a thorough dis-
cussion of diurnal mountain winds. The diurnal wind regime for an isolated mountain
is typically characterized by upslope winds during the day due to local solar heating
of the surface and downslope winds at night due to local surface cooling. An after-
noon, or coupled, regime often develops when gradient level winds become mixed in
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with the growing surface layer. There is a transition phase between each phase of
the diurnal cycle as the temperature structure of the atmosphere responds and ad-
justs to the changing incident solar radiation at the surface. The daily cycle can be
disturbed by interference from larger-scale winds.

Sunrise ranged from 0600 to 0700 during the monitoring period. Upslope winds
formed between 0800 and 0900 and the upslope regime was fully established by
1000 and persisted until around 1200. Upslope winds peaked around 1100. This
regime was characterized by thermally-driven upslope winds on all sides of the butte
flowing up from the surrounding SRP (Fig 5a4). Vertical profiles measured at GRI
indicated fairly well-mixed up-valley flow by 1100 LT, with a slightly positive w-
component to the flow up to 50 m AGL (Fig. 6b).

The timing of onset and occurrence of peak winds in the upslope regime was
consistent with Banta and Cotton (1982) and Geerts et al. (2008), who reported
peaks in upslope flow before local solar noon (LSN) for relatively small mountains.
Others have reported later peaks in upslope flow after LSN for larger mountain rang-
es (McNider and Pielke, 1981; Reiter and Tang, 1984). Geerts et al. (2008) dis-
cussed this discrepancy in the reported timing of upslope flows for different mountain
ranges and described the development of upslope winds as scaling with the size of
the mountain. BSB is a relatively small isolated mountain {by Geerts et al. (2008)
terminology; horizontal scale of ~5 km and vertical scale of ~800 m above the sur-
rounding SRP}, and so establishment of the upslope regime prior to LSN fits with this
scaling theory. Upslope flows persisted about two hours longer than those at the
South Park site in Colorado reported by Banta and Cotton (1982). This difference
could be attributed to the upwind terrain, as westerly flows from the Rocky Mountains
at the South Park Site were likely more turbulent than the southwesterly flows ap-
proaching BSB from the SRP, and perhaps were able to more quickly entrain the de-
veloping convective boundary layer (CBL) at South Park.

Wind speeds in the upslope regime ranged from 1.8 to 7.3 m s-1, with an aver-
age of 3.1 m s-2 (Table 3). There were a few ridgetop sensors which appeared to
be decoupled from the diurnal flow regime on the butte (discussed in detail at the end
of this section); if these sensors are removed, the wind speeds ranged from 1.8 to
4.5 m s-+2, with an average of 3.0 m s-+*. These are higher speeds than those re-
ported by Geerts et al. (2008), but similar to the range reported by Banta and Cotton
(1982). Differences in the reported range of speeds between this study and Geerts
et al. (2008) could be attributed to differences in the actual quantities reported.
Geerts et al. (2008) used an averaging scheme to calculate a mean anabatic wind
that is a function of the circumference of the polygon obtained by connecting the
midpoints between observation stations around the mountain. Also, their wind
measurements were made at 10 m AGL, while ours were made at 3-3 m AGL.
Upslope wind speeds were typically higher further up the slopes than lower on the
butte (Fig. 75a; Fig 68). Ridgetop sensors also appeared to be less coupled with the
diurnal flow regime on the butte and more correlated with the large-scale flows; this is
confirmed by contour plots of wind direction over time (Fig. 86) and is discussed in
further detail at the end of this section.

Upslope winds transitioned to the afternoon regime between 1200 and 1300.
This transition is most notable by an increase in wind speeds on the southwest side
of the butte and a shift in the wind directions on the northeast side of the butte (Fig.

23



934
935
936
937
938
939

940
941
942
943
944
945
946
947
948

949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967

968
969
970
971
972
973
974
975

976
977
978
979
980

| 5b4). This regime included local flows that generally correlated with the gradient lev-

el winds above the ridgetops due to convective mixing in the deep afternoon bounda-
ry layer. Convective mixing was fully established by 1400 and persisted until around
2000. Wind speeds peaked around 1500 and were fairly consistent through 1900.
Vertical profiles confirmed well-mixed southwesterly flow with little vertical motion
during afternoon flow conditions at GRI (Fig. 6¢).

The onset of the afternoon regime was slightly later in the day than that reported
by Banta and Cotton (1982) which could be due to less turbulent approach flow at
BSB as discussed above. During the afternoon regime, the prevailing southwesterly
flow was routed around the northwest and southeast sides of the butte (e.g., sensors
R9 and R13). Wind speeds were highest on the ridgetops and southwest slopes and
lowest on the northeast slopes (Fig. 5b4). There was some apparent recirculation on
the northeast side of the butte as well as in some of the side drainages (Fig. 5b4).
Wind speeds in the afternoon regime ranged from 2.3 m s-3* to 8.1 m s-+* with an
average of 4.1 m s-21,

Sunset ranged from 2030 to 2130 during the monitoring period. The afternoon
regime began to decay and transition into downslope winds between 2100 and 2200.
The downslope regime was fully established by 2300 and persisted until around
0800. Peak downslope winds occurred around 0000. The timing of onset and occur-
rence of peak winds in the downslope regime agreed with observations reported in
Banta and Cotton (1982). Downslope flows are clearly shown in the hourly vector
plots, with flows going from the top of the butte down all side drainages around the
butte and flowing out onto the SRP (Fig. 5c4). Vertical profiles measured at GRI
showed downvalley flow at heights up to 100 m AGL on the SRP by 0000-LF (Fig.
6a). Wind speeds in the downslope regime ranged from 1.3 to 12.0 m s-1%, with an
average of 3.7 m s-2%. If the decoupled ridgetop sensors are removed, the range
was 1.3 to 7.5 m s-12, with an average of 3.4 m s-1* (Table 3). This range is similar
to that reported in Banta and Cotton (1982) and slightly larger than that reported in
Horst and Doran (1986). Others have proposed an acceleration of flow with
downslope distance due to thickening of the katabatic layer from entrainment of am-
bient air into the slope flow and increased buoyancy deficit with downslope distance
(Horst and Doran, 1986); however, we did not observe a consistent trend in wind
speed with location on the slope (low vs. high) during the downslope regime (Fig.
75b).

Diurnal winds dominated the local flows on and around the butte under periods of
weak synoptic forcing. During these periods, flow on and around BSB was decou-
pled from the large-scale atmospheric flows, except for high elevation ridgetop sen-
sors (R26, R35, TSW7) and one exposed mid--elevation ridge sensor (R15). This
decoupling is evident from the vector maps (Fig. 54) and is also confirmed by the
contour plots which show that these ridgetop locations do not experience the strong
diurnal shifts in wind direction that other locations on and around the butte experi-
ence (Fig. 86, 97).

This ridgetop decoupling likely occurred because these locations were high
enough in the atmosphere to protrude out of the nocturnal boundary layer (NBL) and
the morning-time developing shallow CBL. Thus, the ridgetop winds were coupled
with the large-scale flows during all periods of the day. During nighttime hours the
ridgetop locations would experience residual layer winds and would only be coupled
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with the rest of the flow on and around the butte once the residual layer was en-
trained by the growing shallow CBL and the convective mixing regime was fully es-
tablished. This proposed structure is eenfirmed-supported by the vector plots, which
show that ridgetop winds did not change much from one regime to the next and only
correlated with winds at other nearby locations on the butte during the convective
mixing regime (Fig. 54)._The vertical profile measured at GRI at 0000-LF shows
downvalley flow up to about 100 m AGL and up-valley flow above this height (Fig.
6a); this further supports the idea that ridgetop locations (e.g., heights up to 800 m
AGL on the SRP) could have been exposed to residual layer winds during nighttime
flows, and thus more correlated with gradient-level winds than surface flows at other
locations on the butte.

5.1.2 Synoptic Disturbance of Diurnal Winds

Under periods of strong synoptic forcing, such as the passage of a cold front, the
diurnal wind regime was disrupted and a synoptically-forced regime persisted. Two
types of flow events occurred within the synoptically-forced regime, one with south-
westerly flow and one with northeasterly flow (Fig. 810). The diurnal slope flows on
BSB were completely overtaken by the larger scale flows in this regime (Fig 810 vs.
Fig. 54). During these events, daytime winds were consistently from the southwest,
but in a few cases, during nighttime and early morning hours, winds were from the
northeast (Fig. 108). Fig 6d shows the vertical profile of winds measured at GRI dur-
ing a synoptically-forced southwesterly flow event.

The southwest flows are referred to as ‘synoptically driven upvalley’ flows and the
northeasterly flows are referred to as ‘synoptically driven downvalley’ flows. Synopti-
cally driven upvalley flows were generally associated with the passage of cold fronts
from the west/southwest. Evolution of the synoptically driven downvalley flows is
more complex and some potential mechanisms are described below. Wind speeds
during the synoptically driven upvalley flows ranged from 2.9 to 20.3 m s-2, with an
average of 7.1 m s-2%; the downvalley flow speeds ranged from 0.1 to 24.4 m s-2,
with an average of 6.0 m s-2. The synoptically driven downvalley (northeasterly)
flows occurred less frequently than the synoptically driven upvalley (southwesterly)
flow events; however, 4 distinct nighttime northeasterly flow events were observed
during the monitoring period.

There are at least three potential mechanisms which may have contributed to the
synoptically driven downvally events that we observed. One mechanism is related to
the SPCZ described in section 2.1. Mechanical channeling of the gradient level
winds by the surrounding terrain to the north and strong southwesterly flows on the
SRP can create an SPCZ-like convergence zone with strong upvalley winds to the
south of the zone and strong downvalley winds to the north of the zone. Winds at
BSB could be southwesterly or northeasterly depending on which side of the conver-
gence zone it was on. A second mechanism is based on observations from the NO-
AA mesonet suggesting that during summer months SPCZ-like events occur in asso-
ciation with the passage of fronts or thunderstorm activity in the mountains to the
north. The former will often generate strong outflows through the northern valleys
onto the SRP, and the latter will sometimes generate outflow gust fronts. A third
possibility is that surface pressure gradients, in some cases, may have contributed to
the northeasterly flows. Two of the observed synoptically driven down valley flow
events occurred during periods where there was a strong northeast to southwest sur-
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face pressure gradient which could have facilitated the flow; however, the other two
observed synoptically driven downvalley events did not occur during periods of fa-
vorable surface pressure gradients, so although surface pressure may be an influ-
ence, it was not the sole cause of these strong downvalley flow events. It is possible
that any combination of these three mechanisms may have contributed to the ob-
served downvalley flows on BSB.

It is interesting that during periods of synoptically driven downvalley flows wind
speeds were generally higher on the southwest (leeward) side of BSB than on the
northeast (windward) side. Perhaps this is because the maximum in the synoptically
driven downvalley flow occurred at some higher elevation and was not well-mixed
with near-surface winds due to nighttime temperature stratification in the NBL. This
stratified flow could have become mixed into the surface flow at the ridgetops and
pulled down the southwest side of BSB. The northeasterly flow also would have
been enhanced by the nighttime downslope flow on the southwest side of BSB, thus
producing stronger winds on this side as compared to the northeast (windward side),
where the downslope flow would be in opposition (southwesterly) to the northeasterly
flow.

5.2 SRC

5.2.1 Diurnal Winds: Upslope, Afternoon, and Downslope Regimes

The diurnal wind regime for a canyon or valley is similar to that of the isolated
mountain, with upslope/upvalley winds during the day due to local solar heating of
the surface and downslope/downvalley winds at night due to local surface cooling.
However, the afternoon, or coupled, regime often does not develop in deep or narrow
canyons due to strong atmospheric decoupling of the canyon flows from the upper
level winds (Banta and Cotton, 1982).

Sunrise ranged from 0500 to 0630 during the monitoring period at SRC. Upslope
winds formed around 0900 and were fully established by 1000, peaked around 1200
and persisted until around 1500. The upslope regime was characterized by thermal-
ly-driven upslope winds on both sides of the canyon as well as up smaller side drain-
age slopes (Fig. 11a9). The one notable exception was sensor NM2, which experi-
enced easterly or southeasterly flow during most periods of the day (Fig. 119). We
believe this sensor was perhaps located in a local recirculation zone formed in the
small side drainage; this is discussed at the end of this section. Wind speeds in the
upslope regime ranged from 0.75 to 4.0 m s-3, with an average of 2.4 m s-+** (Table
3)._Vertical profiles measured at ST2 indicated a transition from down-valley to up-
valley flow beginning near the surface and propagating upward to 100 m AGL by
0930-LF (Fig. 12¢).

Wind speeds tended to be highest at the upper elevation sensors around the on-
set of the upslope regime at 0900 (Fig. 13a0). As the upslope regime developed,
wind speeds peaked around 1100 and were highest at the mid elevation sensors
(Fig. 163) and this trend continued through 1300. The NW and SE transects do not
follow these trends. The NW transect had consistently lower speeds at the mid ele-
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vation sensor during all periods of the upslope regime. This could be because NW3
was located slightly off-ef the ridge on a northwest aspect and perhaps decoupled
from the flow along the rest of the NW transect. The SE transect had consistently
higher speeds at the mid elevation sensor (SE4). The higher speeds at SE4 could
be because this sensor was located on a ridge exposed to a prominent side drainage
(Lake Creek) just to the east of theeur study area (Fig. £3). Flows out of this Lake
Creek drainage could have influenced this sensor more than others along the SE
transect due to its location on the ridge and steep terrain to the southeast (Fig. 31).

We did not observe afternoon convective mixing at SRC as we did at BSB. This
is consistent with Banta and Cotton (1982) who noted that a true convective mixing
regime is not well documented in narrow mountain canyons, likely due to the strong
channeling effect exerted by the canyon on the flow. The afternoon regime at SRC
was characterized by a change from upslope to upvalley winds around 1500. This
afternoon upvalley regime was fully established by 1600 and persisted through 1900.
The most notable change between the upslope regime and the afternoon regime was
the shift in wind direction from up the canyon walls (northerly or southerly flow) to
upriver (westerly flow), especially for the lower elevation sensors. Daytime gradient
level winds were typically from the west (upriver winds), so it could be difficult to de-
termine if this afternoon shift in wind direction was driven by convective mixing of
gradient level winds down into the canyon or the formation of thermally-driven upval-
ley flow within the canyon. The fact that this change in wind direction was most no-
table in the lower elevation sensors (Fig. 119) points to a thermally-driven mecha-
nism. Wind speeds were fairly consistent throughout this time period and ranged
from 0.92 to 4.2 m s-+, with an average of 2.5 m s-1* (Table 3). Wind speeds were
the lowest near the canyon bottom except for the SE and NW transects, which had
the lowest speeds at high and mid elevation sensors (Fig. 14SE3-and-NW-3). Both of
these sensors were located slightly off of the main ridge. It is interesting that the
lowest sensors responded most noticeably to the shift from upslope to upvalley flow
with a change in wind direction, but that the highest speeds were still observed at the
upper elevation sensors.

Sunset ranged from 1900 to 2030 during the monitoring period. Upvalley flow
began to weaken and transition to downslope flow between 2000 and 2100. The
downslope regime was fully established by 2200 and persisted until around 0700.
Vertical profiles of wind speeds measured at ST2 indicated a transition to downvalley
flow at by 2000-LF (Fig. 12a). Peak wind speeds in the downslope regime occurred
around 2200. Wind speeds in the downslope flow regime ranged from 0.33to 4.1 m
s-2, with an average of 1.2 m s-+* (Table 3). Wind speeds tended to increase with
upslope distance (Fig. 123d-f), with the exception of the SE transect, likely due to the
location of SE3 and SE4 as discussed above. This trend was consistent throughout
the duration of the downslope regime.

Diurnal trends were further inspected for the NM transect because it was not lo-
cated near any prominent side drainages and likely exhibited the simplest flow char-
acteristics. Contour plots show a strong diurnal signal for all sensors in this transect
(Fig. 152), indicating that diurnal flows are a major flow feature in the SRC. Winds
were from the east/southeast in the early morning and from the west/northwest in the
afternoon and the highest speeds occurred at the upper elevation sensors during
early morning hours. One exception was the NM2 sensor, which rarely experienced
winds from the west/northwest and did not experience a morning time peak in wind
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speed. This sensor was located slightly off of a mid-slope ridge on a slope with a
northwest aspect. We suspect that this location was possibly a zone of recirculation.
The lowest sensor, NM4, also did not experience a morning peak in wind speed and
rarely experienced winds from the northeast. The highest speeds occurred during
periods of synoptic disturbance, which we believe had more of an effect at upper ele-
vations in the SRC than lower ones near the river bottom. This is discussed further
in the next section.

5.2.2 Synoptic Disturbance of Diurnal Winds

Two types of synoptic disturbances to the diurnal wind regime in the SRC were
observed (Fig. 163). One is associated with the passage of frontal systems from the
west, which brings strong westerly gradient winds. The other appears to be associ-
ated with the presence of an east-west pressure gradient that generates strong
morning-time easterly flow. During the passage of frontal systems, westerly winds
are channeled up the river canyon and most sensors in SRC (with the exception of
those located in side drainages) experienced westerly flow. These events tended to
occur during mid-afternoon hours. Wind speeds during this type of synoptic disturb-
ance ranged from 2.1 to 5.7 m s-+%, with an average of 3.8 m s-1=.

The highest observed wind speeds in the SRC were from the east during morning
hours (Fig. 12, 13). Wind speeds during these pressure-driven downvalley events
ranged from 0.84 to 9.1 m s-+, with an average of 3.1 m s-+*. Fig 12b shows a ver-
tical profile of wind speeds measured at ST2 during one of these events. The profile
data indicates strong easterly flow with a negative w-component up to 280 m AGL
(Fig. 12b). These events occurred roughly every few days and appeared to be in-
duced by a surface pressure gradient formed when a thermal trough existed on the
Columbia Plateau to the northwest of SRC and high pressure existed to the east of
SRC (Fig. 174). An east-west surface pressure gradient existed on days when en-
hanced downvalley flow was observed. On days when the downvalley flow feature
was not observed, there was no east-west surface pressure gradient. The highest
wind speeds during this type of flow event were observed at the upper elevations of
the SRC (Fig. 185). The east-west surface pressure gradient coupled with the typical
nighttime/early morning katabatic flow in the canyon resulted in very strong downval-
ley winds in the SRC. This pressure-enhanced katabatic surface flow tended to be
decoupled from the larger-scale gradient flow (which is typically from the west) during
these pressure-driven events.

5.3 Archived Data

All data are archived and available to the public. Surface observations for each
site are available as SOLite databases. Data from sodars, radar profilers, sonic
anemometers, weather stations, and radiosondes are available in their raw formats.
Access to these databases-data along with tools to query, process, and visualize, the
data is described at https://collab.firelab.org/software/projects/wind-obs/repository.
Descriptions of the NOAA mesonet data and contact information regarding mesonet

| data are found at http://www.noaa.inel.gov/projects/INLMet/INLMet.htm.
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6 Conclusions

We have presented an analysis of two high-resolution surface wind datasets, one
collected from a tall isolated mountain, and the other from a steep river canyon. The
wind data were analyzed and presented in terms of four flow regimes: upslope, after-
noon, downslope, and a synoptically-driven regime. These datasets constitute a
unique inventory of surface wind measurements at very high spatial resolution under
dry summertime conditions. Public access to the archived datasets has been de-
scribed.

Surface winds on and around BSB were completely decoupled from large-scale
flows during upslope and downslope flow regimes, except for the highest elevation
ridgetop sensors. These ridgetop locations at BSB tended to correlate better with
gradient-level winds than with the local diurnal surface flows. Surface winds in SRC
were decoupled from large-scale flows except during periods of strong synoptic forc-
ing that enhanced either upriver or downriver flows.

Wind speeds increased with distance upslope during the upslope regime at BSB,
but generally decreased with distance upslope at SRC. Wind speed did not have a
simple, consistent trend with position on the slope during the downslope regime at
BSB, but generally increased with distance upslope at SRC. We did not observe a
convective mixing regime at SRC under periods of weak synoptic forcing, only a
transition from upslope to thermally-driven upriver flow.

The highest speeds measured at BSB occurred during the passage of frontal sys-
tems which generated strong southwesterly flows and during infrequent strong
northwesterly flows presumably generated through SPCZ-like dynamics, thunder-
storm outflows, or surface pressure gradients. Ridgetop winds were often twice as
high as surface wind speeds measured on the surrounding SRP. The highest
speeds measured at SRC occurred during late morning hours and were from easterly
flows presumably produced by surface pressure gradients induced by formation of a
thermal trough over the Columbia Plateau to the NW and high pressure to the east.
The highest wind speeds during these pressure-driven easterly flow events were
measured at the mid to high elevation sensors.

These results have important implications for modeling near-surface winds in
complex terrain. The fact that surface winds at both sites tended to be decoupled
from large-scale flows under periods of weak synoptic forcing suggests that tradition-
al operational weather model winds (i.e., with numerical grid resolutions of around 4
km or larger) are not likely to be good predictors of local winds in sub-grid scale
complex terrain. Under periods of strong synoptic forcing, variability in surface winds
was sufficiently large due to terrain-induced mechanical effects (speed-up over
ridges and decreased speeds on leeward sides of terrain obstacles), that a mean
wind for a 4 km grid cell encompassing these terrain features would not be repre-
sentative of actual surface winds at most locations on or within the terrain feature.
The findings from this work along with the additional archived data and available
mesonet data at BSB should provide guidance for future development and evaluation
of high-resolution wind models and integrated parameterizations, such as for simulat-
ing diurnal slope flows and non-neutral atmospheric stability effects.
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1313
1314

Table 1. Sonic anemometer and vertical profiling sensor details.

ID Site' Sensor Model Time Period Averaging

Period

WSU1 BSB Sodar Scintech 14 Jul-15 Jul 2010 30-min
Sonic ATI 14 Jul-18 Jul 2010 10 Hz

WSU2 BSB Sodar Scintech 15 Jul-19 Jul 2010 30-min

31 Aug-1 Sep 2010  30-min

ST1 SRC Weather station Viasala, WXT 16 Aug-12 Sep 2011 15-min
Sonic CSAT3 18 Aug—-19 Aug 2011 10 Hz

ST2 SRC Sodar Scintech 16 Aug-18 Aug 2011 30-min

29 Aug-31 Aug 2011 30-min
Sonic ATI 16 Aug-18 Aug 2011 10 Hz

ST3 SRC Weather station Viasala, WXT 17 Aug-12 Sep 2011 15-min
ST4 SRC Sonic ATI 16 Aug 19—-Aug 2011 10 Hz

!BSB = Big Southern Butte; SRC = Salmon River Canyon.
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1315 Table 2. Radiosonde launches at BSB and SRC. Times are LT.
Site! Date Time of launch
BSB August 31 2010 16:57

September 1 2010 16:59

September 2 2010  10:35

SRC July 18 2011 11:28
13:56

15:50

18:14

20:00

21:32

1316 ! BSB = Big Southern Butte; SRC = Salmon River Canyon.
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1320
1321
1322

1323

Table 3. Measured wind speeds (m s™%) during upslope, downslope, and convective
mixing regimes at Big Southern Butte (BSB) and Salmon River Canyon (SRC).
Decoupled ridgetop locations (sensors R26, R35, TSW7, and R15) were omitted
from BSB averages; speeds in parentheses include ridgetop sensors. Times are
local.

Site Wind Speed Upslope Afternoon Downslope
(1100-LF)  (1600-LF) (0000-LF)

BSB Min (m s™2) 1.8 2.3 1.3

Max (m s+ 4.5 (7.3) 8.1 7.5 (12.0)

Mean (ms™) 3.0 (3.1) 4.1 3.4 (3.7)
SRC Min (m s 0.75 0.92 0.33

Max (m s™%) 4.0 4.2 4.1

Mean (m s™= 2.4 2.5 1.2
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Fig. 1. Sensor layout at Big Southern Butte (a) zoomed out to show entire study area
and (b) zoomed in to show sensor detail on the butte. Black circles indicate surface
sensors. Red diamonds indicate sonic anemometers and vertical profiling sensors.
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Fig. 2. Snake River Plain and prominent drainages surrounding the BSB-Big
Southern Butte study site. Red diamond indicates the GRI mesonet station.
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1337 | sensors. Red diamonds indicate sonic anemometers, weather stations, and vertical
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Fig. 3. Sensor layout at the Salmon River Canyon. Black circles indicate surface

profiling sensors.

39



1341

1342
1343
1344
1345
1346

(a) 5= (b)

Observed Speed (m/s)

Observed Speed (m/s)

Il llh l 1
MY

|
|l|I' |!|I|1H| ”||I.i | I'l|tlh

5

,!‘1

Jun1s  Julol Jul15 . Aug0l Aug15  Sep0i Jul 15 Aug 01 $_ug15 Sep 01 Sep 15
Fig. 4. Observed hourly wind speeds for (a) sensor R2 at BSB-Big Southern Butte
and (b) NM1 at SRC€the Salmon River Canyon study site. The horizontal line

indicates the threshold speed chosen to partition synoptically driven events from
diurnal events.
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Fig. 5. Average flow during (a) upslope (1100 LT), (b) afternoon (1600 LT), and (c)

Speed (m's)

Map date £2014 Googe

| downslope (0000 LT) flow regimes at BSB-Big Southern Butte during periods of weak
synoptic flow between June-September 2010. Vectors represent the average hourly
flow at a given sensor. Vectors are centered on sensor locations. Periods of strong

synoptic forcing were removed prior to averaging.
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1356  Fig. 6. Vertical profiles measured at GRI duirng (a) downslope (14 July 2010 0000
1357 LT), (b) upslope (15 July 2010 1100 LT), (c) afternoon (15 July 2010 1600 LT), and
1358  (d) synoptically-forced (17 July 2010 15:00) flow regimes.
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Fig. 7. Average wind speeds for sensors at three slope locations (low, mid, and high)
along three transects during the (a) upslope (1100 LT) and (b) downslope (0000 LT)

flow regimes at BSBBig Southern Butte.
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Fig. 8. Contour plots of hourly wind frequencies and corresponding wind speeds for
a transect on the southwest slope of Big Southern Butte (a-c) and a transect on the
northeast slope of Big Southern Butte (d-f). Panels are ordered from higher elevation
sensors (a,d) to lower elevation sensors (c,f). Periods of synoptic forcing were
removed from this data.
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Fig. 9. Contour plots of hourly wind frequencies and corresponding wind speeds for

four ridgetop locations at Big Southern Butte. Periods of strong synoptic forcing were

removed from this data.
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Fig. 10. Characteristic synoptically-driven regime events during (a) the passage of a

frontal system (1800 LT) and (b) during synoptically-enhanced downvalley flow on

the Snake River Plain (2300 LT) at BSB-Big Southern Butte during June-September
2010. Vectors represent the average hourly flow at a given sensor. Periods of weak
synoptic forcing were removed prior to averaging. Lower strip is zoomed out to show

entire study area.
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1397  Fig. 13. Average wind speeds for sensors at three slope locations (low, mid, and high) along five transects during three hours of

1398 | the upslope (a-c) and downslope (d-f) flow regimes at SRCthe Salmon River Canyon site. Blue and red lines are transects on
1399 the south and north side of the river, respectively.
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1412  Fig. 16. Characteristic (a) synoptically driven upvalley flow (1500 LT) and (b)
1413 | downvalley flow (1100 LT) at SRC-the Salmon River Canyon site during July-
1414  September 2011. Vectors represent the average hourly flow at a given sensor.
1415  Periods of weak synoptic forcing were removed prior to averaging.
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Fig. 17. Synoptic-scale surface pressure conditions conducive to (a) enhanced
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site. North American Regional Reanalysis data courtesy of National Center for
Environmental Prediction.
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synoptically driven downvalley flow regimes at SRCthe Salmon River Canyon site.

Blue and red lines are transects on the south and north side of the river, respectively.
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Appendix A. Surface sensor locations.
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1431

Al. Surface sensor locations at Big Southern Butte.

Sensor Latitude Longitude Elevation (m)
RO1 43.4327 -113.1032 1550
RO2 43.3614 -113.1097 1558
RO3 43.3441 -113.0842 1576
RO4 43.3400 -113.0176 1629
RO5 43.3488 -112.9620 1587
RO6 43.4067 -113.0677 1561
RO7 43.3851 -113.0229 1689
ROS8 43.4055 -113.0467 2006
RO9 43.4084 -113.0568 1642
R10 43.4030 -113.0472 2083
R11 43.4054 -113.0416 1922
R12 43.3975 -113.0352 2015
R13 43.3843 -113.0114 1637
R14 43.4140 -113.0266 1770
R15 43.4124 -113.0379 1979
R16 43.4050 -113.0190 2095
R17 43.3970 -113.0021 1717
R18 43.4323 -113.0292 1549
R19 43.4085 -113.0088 1715
R20 43.4241 -113.0280 1587
R21 43.4173 -113.0287 1689
R22 43.4134 -112.9943 1549
R23_2 43.4222 -112.9886 1532
R24 43.4186 -112.9861 1540
R25 43.4058 -113.0457 2023
R26 43.4023 -113.0479 2105
R27_2 43.4008 -113.0393 2054
R28 43.4129 -113.0404 1865
R29 43.4091 -113.0430 1830
R30 43.4019 -113.0283 2201
R31 43.4041 -113.0353 2137
R32 43.4097 -113.0415 1823
R33 43.4278 -112.9788 1531
R34 43.4022 -113.0273 2187
R35 43.3992 -113.0236 2196
TSW1 43.3810 -113.0623 1580
TSW10 43.4162 -113.0164 1660
TSW11 43.4201 -113.0112 1595
TSW12 43.4240 -113.0061 1553
TSW13 43.4278 -113.0019 1539
TSW2 43.3849 -113.0572 1584
TSW3 43.3888 -113.0520 1626
TSW4 43.3926 -113.0471 1743
TSW5 43.3966 -113.0417 2043
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1434
1435

TSW6_2
TSW7
TSW8
TSW9
TWSW1
TWSW10
TWSW11
TWSW3
TWSW4
TWSWS5
TWSW6_2
TWSWS
TWSW9

43.3997
43.4029
43.4085
43.4129
43.3833
43.4030
43.4049
43.3877
43.3900
43.3921
43.3946
43.3987
43.4009

-113.0369
-113.0305
-113.0267
-113.0221
-113.0619
-113.0010
-112.9950
-113.0485
-113.0419
-113.0348
-113.0266
-113.0146
-113.0077

2090
2223
1904
1765
1580
1641
1560
1634
1698
1816
2208
2078
1892

A2. Sonic Anemometer locations at Big Southern Butte.

Sensor Latitude Longitude Elevation (m)
WSuU1 43.3325 -113.10275 1564
WSU2 43.4087 -113.0041 1649
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1440

A2. Surface sensor locations at Salmon River Canyon.

Sensor Latitude Longitude Elevation (m)
K1 45.4192 -116.2111 1652
K2 45.4045 -116.2302 629
Nataliel 45.4130 -116.2358 959
Natalie2 45.3894 -116.2327 1388
Natalie3 45.3857 -116.2281 1195
Natalie4 45.3852 -116.2299 1166
NE1 45.4175 -116.2179 1498
NE2 45.4116 -116.2191 1185
NE3 45.4065 -116.2146 895
NE4 45.4003 -116.2153 569
NM1 45.4174 -116.2220 1535
NM2 45.4123 -116.2255 1216
NM3 45.4072 -116.2280 902
NM4 45.4036 -116.2310 560
NW1 45.4219 -116.2200 1775
NW2 45.4190 -116.2265 1480
NW3 45.4162 -116.2342 1125
Nw4 45.4115 -116.2412 663
SE1 45.3862 -116.2426 1582
SE2 45.3909 -116.2331 1440
SE3 45.3926 -116.2290 1221
SE4 45.3968 -116.2211 823
SE5 45.3991 -116.2157 556
SM1 45.3902 -116.2394 1542
SM4 45.4010 -116.2317 638
SW2 45.3992 -116.2437 1088
SW3 45.4040 -116.2448 814
Sw4 45.4089 -116.2443 563

A4. Sonic Anemometer locations at Salmon River Canyon study site.

Sensor Latitude Longitude Elevation (m)
ST1 45.39125 -116.23389 1418
ST2 45.40565 -116.23560 584
ST3 45.40293 -116.22563 627
ST4 45.42050 -116.21939 1713
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Appendix B. Sonic anemometer data.
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1443  B1. Wind speeds and directions measured by sonic anemometers at Big Southern Butte WSUL1.
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1446  B2. Wind speeds and directions measured by a sonic anemometer at the Salmon
1447  River Canyon ST3.
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1450 B3. Wind speeds and directions measured by a sonic anemometer at the Salmon
1451 River Canyon ST1.
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1454  B4. Wind speeds and directions measured by a sonic anemometer at the Salmon
1455  River Canyon ST4.
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