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by a sudden change in temperature and moisture content over a small distance of less than 1 m,
which translated to less than 1 s of sensor measurement time. Calibrated and validated mobile mesonet
platforms were present on both sides of the shock to serve as references. In contrast to sensor oil baths
which can be used to evaluate sensor performance, the experiments enabled evaluation of the impact
of sensor siting and platform motion/attitude as well. The experiments were modeled off of those
used previously to evaluate sensor response characteristics associated with the u-tube sensor shield
for mobile mesonets [29].

Figure 10. Validation experiment (a) arrangement and (b) sample test. Upstream and downstream
conditions were carefully monitored and the thermodynamic shock created by rapidly opening the
door prior to system test.

Multiple transits across the shock were performed during the exercise with the sUAS
approximately 1–2 m off of the ground. An example of temperature from a fast response sensor
(Figure 11a) along with temperature (Figure 11b) and relative humidity (Figure 11c) from an iMet
sensor package mounted on a multi-rotor sUAS flown across the shock illustrates the magnitude of
the pseudo discontinuity. The results also illustrate the impact of sensor response errors on relative
humidity: the spike in relative humidity (Figure 11c) is likely a consequence of the damped temperature
response relative to the more rapid response of the sensor to changes in moisture content [30]. Thus,
across a shock characterized by increasing temperature and increasing moisture but decreasing
relative humidity, the slower temperature response yields an anomalously cool temperature and thus
anomalously high relative humidity. Correcting the relative humidity following previous experiments
not only removes the spike (Figure 11d) but also brings the relative humidity on either side of the shock
into better agreement with the reference values [31]. Please note that the decrease in relative humidity
and increase in temperature between 21:31 p.m. and 21:32 p.m. is a consequence of rotor-driven mixing
of the initially stratified air within the bay.

Additionally, tests were conducted at the University of Oklahoma in a controlled chamber
to evaluate the optimal placement of temperature sensors on a rotary-wing aircraft, namely the
OU CopterSonde. Typically, thermistors require aspiration to make representative measurements of
the atmosphere. A collection of thermistors along with a wind probe were mounted to a linear actuator
arm. The actuator arm was configured such that the sensors would travel underneath the platform into
and out of the propeller wash. The actuator arm was displaced horizontally underneath the platform
while the motors were throttled to 50%, yielding a time series of temperature and wind speed which
could be compared to temperatures being collected in the ambient environment. Results indicate
that temperatures may be biased on the order of 0.5–1.0 � C and vary appreciably without aspiration,
sensors placed close to the tips of the rotors may experience biases due to frictional and compressional
heating, and sensors in proximity to motors may experience biases approaching 1 � C. From these trials,
it has been determined that sensor placement underneath a propeller on a rotary wing sUAS a distance
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of one quarter the length of the propeller from the tip is most likely to be minimally impacted from
influences of motor, compressional, and frictional heating while still maintaining adequate airflow [28].

Figure 11. Calibration-validation experiment results. Reference conditions are denoted in blue.

4. Conclusions

sUAS are quickly becoming a viable option for routine and accurate observations in the ABL,
albeit with caveats. The aim of flying robust, lightweight atmospheric sensors on UAS to monitor
atmospheric conditions including PTH and wind speed, air quality, investigate pollution sources,
and determine real-world exposures to gases of concern near or at ground level has been demonstrated
as a primary goal of the CLOUD-MAP flight campaigns. Measurements of this type can contribute a
detailed inventory for the profile level of thermodynamic and kinematic parameters, trace gases in the
lower troposphere. Data collected onboard UAS during all flights are paired with GPS data to build
up maps of conditions in the ABL.

A wide range of atmospheric science applications can benefit from sUAS. Several these applications
serve as the focus of the seven CLOUD-MAP science themes. Under each theme, end-to-end
research is being executed that advances basic understanding, identifies open questions and testable
hypotheses that emerge from this basic research, defines the sUAS design required to answer these open
questions, and begins to evaluate the concept of operations necessary to use sUAS to enable discovery.
One example of this end-to-end approach can be illustrated by the convection initiation (CI) component
of CLOUD-MAP. In this component, basic research is underway to understand the multi-scale
interactions that lead to the initiation of deep convection. For example, CLOUD-MAP-supported
research has revealed that, in the vicinity of airmass boundaries, meso-beta-scale diurnal modification



Atmosphere 2018, 9, 252 14 of 16

of the ABL can manifest in meso-gamma-scale regions that are thermodynamically favorable for
CI [32]. Moreover, even absent diurnal evolution to the ABL, the vertical profile of winds (even when
exhibiting mesoscale homogeneity) can interact with airmass boundaries to produce micro-alpha- to
meso-gamma-scale heterogeneities that can be kinematically favorable for CI [33]. These results, along
with a growing body of primary research on CI highlight the need for high-fidelity observations of the
“rapidly” evolving thermodynamic and kinematic fields around airmass boundaries. The configuration
of sUAS required to realize these high-fidelity observations of ABL both with and without airmass
boundaries has been the focus of additional work supported by CLOUD-MAP [34]. Further work has
explored how sensor placement on multi-rotor aircraft impacts measurement accuracy [35]. With a
clearer picture of open questions and required system configuration, plans are underway to evaluate
the concept of operations for field research focused on CI, e.g., Lower Atmospheric Process Studies at
Elevation—a Remotely-piloted Aircraft Team Experiment—LAPSE-RATE – a field campaign scheduled
for July 2018 in Colorado coordinated by the International Society for Atmospheric Research Using
Remotely-Piloted Aircraft (ISARRA). ding of the environmental conditions that support or inhibit CI
along with optimized system configuration are leading to an improved concept of operations for the
distributed and targeted surveillance of the atmosphere for improved CI prediction.

Author Contributions: The authors contributed equally to the article with specific contributions related to
their respective fields of expertise, including unmanned aircraft (J.D.J.), boundary layer meteorology (P.B.C.),
atmospheric physics (A.L.H.), and systems of systems (S.W.S.).

Funding: This work is supported by the National Science Foundation under Grant No. 1539070, Collaboration
Leading Operational UAS Development for Meteorology and Atmospheric Physics to Oklahoma State University
and the Universities of Oklahoma, Nebraska-Lincoln and Kentucky.

Acknowledgments: The authors wish to acknowledge the helpful comments of the reviewers and the
contributions of the senior investigators (Sean Bailey, Girish Chowdhary, Christopher Crick, Carrick Detweiller,
Brian Elbing, Amy Frazier, Marcelo Guzman, Jesse Hoagg, Elinor Martin, Lisa Pytlick-Zillig, Jessica Ruyle, Michael
Sama, and Matthew Van Den Broeke), Sean Waugh from NSSL, Michael Ritsche from the DOE ARM SGP, Timothy
VanReken from NSF, and all of the staff, graduate students, and undergraduate students who have participated in
the project.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hardesty, R.M.; Hoff, R.M. Thermodynamic profiling technologies workshop report to the National Science
Foundation and the National Weather Service; Technical Report NCAR/TN-488+STR; National Center for
Atmospheric Research: Boulder, CO, USA, 2012.

2. National Academies of Sciences, Engineering, and Medicine. Thriving on Our Changing Planet: A Decadal
Strategy for Earth Observation from Space; The National Academies Press: Washington, DC, USA, 2018.

3. Stull, R.B. An Introduction to Boundary Layer Meteorology; Springer Netherlands: Dordrecht, The Netherlands,
1988.

4. Arya, S.P. Introduction to Micrometeorology, 2nd ed.; Academic Press: San Diego, CA, USA, 2001.
5. Benjamin, S.G.; Schwartz, B.E.; Szoke, E.J.; Koch, S.E. The value of wind profiler data in U.S. weather

forecasting. Bull. Am. Meteorl. Soc. 2004, 85, 1871–1886. [CrossRef]
6. Stratman, D.R.; Coniglio, M.C.; Koch, S.E.; Xue, M. Use of multiple verification methods to evaluate forecasts

of convection from hot- and cold-start convection-allowing models. Weather Forecast. 2013, 28, 119–138.
[CrossRef]

7. Frew, E.W.; Elston, J.; Argrow, B.; Houston, A.; Rasmussen, E. Sampling severe local storms and related
phenomena: Using Unmanned Aircraft Systems. IEEE Robotics & Automation Mag. 2012, 19, 85–96.

8. Teixeira, J.; Stevens, B.; Bretherton, C.S.; Cederwall, R.; Klein, S.A.; Lundquist, J.K.; Doyle, J.D.; Golaz, J.C.;
Holtslag, A.A.M.; Randall, D.A.; et al. Parameterization of the Atmospheric Boundary Layer. Bull. Am.
Meteorol. Soc. 2008, 89, 453–458. [CrossRef]

9. Salazar, M. Facilitating innovation in diverse science teams through integrative capacity. Small Group Res.
2012, 43, 527–558. [CrossRef]

http://dx.doi.org/10.1175/BAMS-85-12-1871
http://dx.doi.org/10.1175/WAF-D-12-00022.1
http://dx.doi.org/10.1175/BAMS-89-4-453
http://dx.doi.org/10.1177/1046496412453622


Atmosphere 2018, 9, 252 15 of 16

10. National Research Council. Enhancing the Effectiveness of Team Science; The National Academies Press:
Washington, DC, USA, 2015.

11. Harden, R. The integration ladder: A tool for curriculum planning and evaluation. Med. Educ. 2000, 34,
551–557. [PubMed]

12. Avery, A.; Jacob, J. Optimal Strategies for Meteorological Measurements with Unmanned Aircraft; AIAA 2017-1375;
AIAA SciTech Forum: Grapevine, TX, USA, 2017.

13. Cosh, M.H.; Ochsner, T.E.; McKee, L.; Dong, J.; Basara, J.B.; Evett, S.R.; Hatch, C.E.; Small, E.E.; Steele-Dunne,
S.C.; Zreda, M.; et al. The Soil Moisture Active Passive Marena Oklahoma In Situ Sensor Testbed
(SMAP-MOISST): Testbed design and evaluation of in situ sensors. Vadose Zone J. 2016. [CrossRef]

14. Sisterson, D.L.; Peppler, R.A.; Cress, T.S.; Lamb, P.J.; Turner, D.D. The ARM Southern Great Plains (SGP) Site.
Meteorol. Monogr. 2016, 57, 6.1–6.14. [CrossRef]

15. Brock, F.V.; Crawford, K.C.; Elliott, R.L.; Cuperus, G.W.; Stadler, S.J.; Johnson, H.L.; Eilts, M.D. The Oklahoma
Mesonet: A technical overview. J. Atmos. Ocean. Technol. 1995, 12, 5–19. [CrossRef]

16. McPherson, R.A.; Fiebrich, C.; Crawford, K.C.; Elliott, R.L.; Kilby, V.C.; Grimsley, D.L.; Martinez, J.E.;
Basara, J.B.; Illston, B.G.; Morris, D.A.; et al. Statewide monitoring of the mesoscale environment: A technical
update on the Oklahoma Mesonet. J. Atmos. Ocean. Technol. 2007, 24, 301–321. [CrossRef]

17. Witte, B.M.; Schlagenhauf, C.; Mullen, J.; Helvey, J.P.; Thamann, M.A.; Bailey, S.C. Fundamental turbulence
measurement with Unmanned Aerial Vehicles; In Proceedings of 8th AIAA Atmospheric and Space
Environments Conference, Washington, DC, USA, 13–17 June 2016; p. 3584.

18. Bailey, S.C.; Witte, B.M.; Schlagenhauf, C.; Greene, B.R.; Chilson, P.B. Measurement of high reynolds number
turbulence in the Atmospheric Boundary Layer Using Unmanned Aerial Vehicles. In Proceedings of the
10th International Symposium on Turbulence and Shear Flow Phenomena (TSFP10), Chicago, IL, USA, 6–9
July 2017.

19. Hemingway, B.L.; Frazier, A.E.; Elbing, B.R.; Jacob, J.D. Vertical sampling scales for the atmospheric
bourndary layer measurements from small unmanned aircraft systems (sUAS). Atmosphere 2017, 8, 176.
[CrossRef]

20. Elston, J.; Stachura, M.; Argrow, B.; Dixon, C.; Frew, E. Guidelines and best practices for FAA Certificate of
Authorization applications for Small Unmanned Aircraft. In Proceedings of the Infotech@Aerospace 2011,
St. Louis, MO, USA, 29–31 March 2011.

21. Vömel, H.; Argrow, B.; Axisa, D.; Chilson, P.; Ellis, S.; Fladeland, M.; Frew, E.; Jacob, J.; Lord, M.; Moore,
J.; et al. The NCAR/EOL Community Workshop On Unmanned Aircraft Systems For Atmospheric Research
Final Report. Available online: https://www.eol.ucar.edu/node/13299 (accessed on 4 May 2018).

22. “CM1 Homepage”, MM5 Community Model Homepage. Available online: www2.mmm.ucar.edu/people/
bryan/cm1/ (accessed on 12 January 2018).

23. Keeler, J.; Houston, A. Impact of UAS data on Supercell Evolution in an Observing System Simulation
Experiment. In Proceedings of the American Meteorological Society 28th Conference on Weather Analysis
and Forecasting and the 24th Conference on Numerical Weather Prediction; and the 21st Conference on
Integrated Observing and Assimilation Systems for the Atmosphere, Oceans, and Land Surface, Seattle, WA,
USA, 22–26 January 2017.

24. Avery, A.; Jacob, J. Evaluation of low altitude icing conditions for Small Unmanned Aircraft; AIAA 2017-3929.
In Proceedings of the 9th AIAA Atmospheric and Space Environments Conference, Denver, CO, USA, 5–9
June 2017.

25. Couvreux, F.; Bazile, E.; Canut, G.; Seity, Y.; Lothon, M.; Lohou, F.; Nilsson, E. Boundary-layer turbulent
processes and mesoscale variability represented by numerical weather prediction models during the BLLAST
campaign. Atmos. Chem. Phys. 2016, 16(14), 8983–9002. [CrossRef]

26. Privé, C.; Xie, Y.; Woolen, J.; Koch, S.; Atlas, R.; Hood, R. Evaluation of the Earth Systems Research
Laboratory’s Global Observing System Simulation Experiment System. Tellus A Dyn. Meteorol. Oceanogr.
2013, 65, 19011. [CrossRef]

27. Donnell, G.; Feight, J.; Lannan, N.; Jacob, J. Wind Characterization Using sUAS; AIAA 2018-2986; American
Institute of Aeronautics and Astronautics AVIATION: Atlanta, GA, USA, 2018.

28. Greene, B.R.; Segales, A.; Waugh, S.; Duthoit, S.; Chilson, P.B. Considerations for temperature sensor
placement on rotary-wing unmanned aircraft systems. Atmos. Meas. Tech. 2018, submitted. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/10886638
http://dx.doi.org/10.2136/vzj2015.09.0122
http://dx.doi.org/10.1175/AMSMONOGRAPHS-D-16-0004.1
http://dx.doi.org/10.1175/1520-0426(1995)012<0005:TOMATO>2.0.CO;2
http://dx.doi.org/10.1175/JTECH1976.1
http://dx.doi.org/10.3390/atmos8090176
https://www.eol.ucar.edu/node/13299
www2.mmm.ucar.edu/people/bryan/cm1/
www2.mmm.ucar.edu/people/bryan/cm1/
http://dx.doi.org/10.5194/acp-16-8983-2016
http://dx.doi.org/10.3402/tellusa.v65i0.19011
http://dx.doi.org/10.5194/amt-2018-65


Atmosphere 2018, 9, 252 16 of 16

29. Straka, J.M.; Rasmussen, E.; Fredrickson, S.E. A mobile mesonet for finescale meteorological observations.
J. Atmos. Ocean. Technol. 1996, 13, 921–936. [CrossRef]

30. Richardson, S.J.; Frederickson, S.E.; Brock, F.V.; Brotzge, J.A. Combination temperature and relative humidity
probes: Avoiding large air temperature errors and associated relative humidity errors. In Proceedings
of the AMS 10th Symposium on Meteorological Observations and Instrumentation, Phoenix, AZ, USA,
11–16 January 1998.

31. Houston, A.; Laurence, R.J., III; Nichols, T.W.; Waugh, S.; Argrow, B.; Ziegler, C.L. Intercomparison
of unmanned aircraft-borne and mobile mesonet atmospheric sensors. J. Atmos. Ocean. Technol. 2016,
33, 1569–1582. [CrossRef]

32. Hanft, W.; Houston, A. An observational and modeling study of mesoscale air masses with high theta-e.
Mon. Weather Rev. 2018, submitted. [CrossRef]

33. Houston, A. The Sensitivity of simulated near-surface mesovortices to environmental vertical shear.
In Proceedings of the 17th AMS Conference on Mesoscale Processes, San Diego, CA, USA, 24–27 July 2017.

34. Houston, A.; Keeler, J. The impact of sensor response and airspeed on the representation of Atmospheric
Boundary Layer phenomena by airborne instruments. J. Atmos. Ocean. Technol. 2018, submitted.

35. Houston, A.; Chilson, P.; Islam, A.; Shankar, A.; Greene, B.; Segales, A.; Detweiler, C. PTH sensor siting
on rotary-wing UAS. In Proceedings of the 19th AMS Symposium on Meteorological Observation and
Instrumentation, Austin, TX, USA, 7–11 January 2018.

c© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1175/1520-0426(1996)013<0921:AMMFFM>2.0.CO;2
http://dx.doi.org/10.1175/JTECH-D-15-0178.1
http://dx.doi.org/10.1175/MWR-D-17-0389.1
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

