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This white paper is not intended to be a comprehensive review, but instead a living document to
provide discussion of potential research needs and technology drivers. The authors thank the
many contributors for their input and insight into the issues related to the problem at hand.

Statement of the Problem
The availability of high-quality atmospheric measurements over extended spatial and
temporal domains provide unquestionable value to meteorological studies. In recent reports
from the National Research Council and instrumentation workshops, (e.g., NRC, 2009; Hoff, et
al. 2012) it was stated that observing systems capable of providing detailed profiles of
temperature, moisture and winds within the atmospheric boundary layer (ABL) are needed
to monitor the lower atmosphere and help determine the potential for severe weather
development. Despite the need for such data, these measurements are not necessarily easy to
acquire, especially in the ABL. One typically relies on remote sensing instruments (radars,
lidars, sodars and radiometers) or in-situ probes carried by balloons or manned aircraft. An
alternative to these traditional approaches is the acquisition of atmospheric data through the
use of highly capable unmanned aircraft systems (UAS) and the subset of small-unmanned
aircraft systems (SUAS) working in coordination with weather radar systems and other
observing stations and platforms. Eventually, these systems will be ubiquitous among
meteorologists and atmospheric scientists. However, many open questions remain because
these methods have not been thoroughly developed and evaluated.
In regards to onboard instrumentation for atmospheric sensing, the instrumentation system
consisting of the sensors, data acquisition system and storage/telemetry is the most critical
element. It’s the purpose of the system after all! Without proper operation of the
instrumentation system, the SUAS as a measurement platform will be ineffective and
deficient. Therefore, it’s important to consider how the sensor system interacts with all
aspects of the UAS, including issues such as platform integration and sensor placement, data
acquisition and storage and telemetry/communications. In addition, as both SUAS autopilots
and sensor systems become more advanced, measurements will eventually drive the
autonomous path planning algorithms in the autopilot, requiring integration between these
systems as well.

Figure 1. Functional relationship between sensor suite and other UAS components.
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Background
UAS have demonstrated the capability of atmospheric profiling, providing temperature,
humidity and wind measurements that are important to characterize the vertical structure of
the lower troposphere. Greater insight can be gained by expanding capabilities; however, the
behavior with height of the virtual potential temperature can be used to identify the regions
of thermal stratification and the degree of atmospheric stability. The vertical gradient of the
wind vector leads to wind shear, which can produce turbulence and thus turbulent fluxes in
the atmospheric boundary layer. There is currently a gap between tower-based
measurements and airborne (manned) systems, and this gap occurs at critical levels in the
boundary layer. Remote sensing systems, such as radar, sodar and Lidar fill part of this gap
but still do not provide the detailed information required to initialize and/or validate models
and for a complete understanding of the formation of complex weather systems.
In recent reports from the National Research Council and instrumentation workshops, (e.g.,
NRC, 2009; Hoff, et al. 2012) it was stated that observing systems capable of providing
detailed profiles of temperature, moisture and winds within the atmospheric boundary layer
are desperately needed to monitor the lower atmosphere and help determine the potential
for severe weather development and monitor the kinematic and thermodynamic state of the
atmosphere. Ancillary data from sources such as radar, ground based meteorological stations,
atmospheric soundings from weather balloons and models can be used in the analysis as part
of any overall analysis.

Figure 2. Region of the troposphere most amenable to UAS measurements. The measurement
needs in this region drive the instrumentation requirements. Balloon borne measurements tend
to traverse this region quickly, manned aircraft typically fly above this region, and instrumented
towers only reach the lowest part of the atmospheric boundary layer.
In the long term, integration of atmospheric instrumentation may be ubiquitous for all SUAS
platforms, such as those used for package delivery and inspection. Measurement of certain
meteorological parameters, particularly temperature along with horizontal and vertical wind
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speed, can provide sufficient data onboard for improved path planning. Not only can this be
used to avoid areas of poor weather but also for increased endurance through energy
harvesting. As these systems become more common, the potential arises to mine this data for
improved modeling and forecasting. As such, how can this data be utilized in the future?
For regular and robust use of UAS as an atmospheric measurement system, many questions
need to be addressed regarding instrumentation issues. These include: 1. How should the
instrumentation be integrated with the platform, viz. how do platform dependent features
(fixed wing vs. rotary wing, tractor vs. pusher, gas vs. electric, etc.) impact sensor
performance and placement? 2. What sampling rates are needed for different sensors? 3. How
should sensor data be stored and/or transmitted? 4. How can sensor data be used in realtime to guide the UAS to the next measurement location?
For a preliminary assessment of instrumentation issues related to a specific UAS
implementation, the vast array of options can generally be reduced to providing answers to
the following two questions:
1. What measurements can be obtained from systems already onboard?
o This includes autopilot related systems such as the IMU and GPS, which
will typically provide direct measurement of latitude and longitude,
altitude, and pressure as well as derived quantities such as wind speed.
2. What sensors need to be added?
o What system and vehicle modifications, if any, need to be made to
accommodate the additional sensors?
o How will the data be stored or relayed?
Even providing cursory answers to these questions can typically provide enough guidance for
initial sensor and data acquisition system selection.

Figure 3. Representative unmanned aircraft ranging from the small (MTOW <55 lbs) to large.
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Technology Capabilities
There are a range of possibilities for utilizing unmanned aircraft for atmospheric
measurements, ranging from small hand launched commercially available quadrotors to
deploying systems from manned aircraft via dropsonde tubes to high altitude long endurance
(HALE) unmanned aircraft. While the scale of the systems range to much larger and proven
systems such as NASA’s Ikhana, the discussion will be split between SUAS and “all other” UAS
based on FAA definitions of a MTOW of <55 lbs.
A breakdown of UAS weight categories is provided in the appendices. This is a military
delineation and not necessarily representative of weight categories seen in UAS used for
scientific applications (it leaves out micro-UAS, for example, whose categorization and
regulation is still undetermined at the time of this writing). Regardless, it serves as a familiar
benchmark. It is worth noting that in regards to instrumentation, large UAS (Group 3 and
above) derive their instrumentation systems from manned aircraft while SUAS (Groups 1 and
2) have more in common with radiosondes and other balloon borne platforms. As such, the
differences in these instrumentation system requirements and design philosophies will be
driven by their historical antecedents.
Large Unmanned Aircraft Systems
While the primary benefit of SUAS is their cost and availability, the restriction to smaller sizes
limits their capabilities, specifically size, weight, endurance, and altitude. At this larger scale,
the majority of unmanned aircraft used for atmospheric research have been military aircraft
repurposed or retrofitted for a scientific mission. These typically provide a capability
significantly greater in endurance and altitude than similarly sized manned aircraft, such as
the WC-130 and Gulfstream IV for NOAA hurricane research, which are limited to service
ceilings of 33,000 ft and 45,000 ft respectively. This is significantly less than the desired
altitude of 60,000 ft to 70,000 ft achievable by the Global Hawk to track and model the
movement of hurricanes, or that of the Ikhana. Capabilities of large unmanned aircraft in
Group 3 or larger will provide payload capabilities similar to the current array of manned
aircraft, including large sensor arrays and dropsondes such as AVAPS and the Coyote.
Capabilities of such systems for long duration observing are immense and provide a unique
resource for environmental assessment and aid in improving forecasting. An example of the
instrumentation layout for the SHOUT program is shown in Figure 4. The unprecedented
observational capabilities come with a high price tag and the operational cost has to weigh
against the scientific benefit for any single platform.

Figure 4: Payload layout for NOAA Sensing Hazards with Operational Unmanned Technology.
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Small Unmanned Aircraft Systems
There are several ongoing efforts in developing SUAS technology to collect weather data, but
overall the achievements have been limited due to targeted investigations of specific
environments, such as severe weather, arctic measurements or environmental monitoring. As
the Federal Aviation Administration (FAA) works toward developing a set of rules and
guidelines that will help regulate everyday SUAS operations, companies, universities and
national laboratories have been working on effective systems for full implementation. While
not discussed herein, the development of small inexpensive autopilots and airspace traffic
management systems are required for integration into the National Airspace (NAS).
Technologies such as light-weight and inexpensive Automatic Dependent SurveillanceBroadcast (ADS-B) technology to allow SUAS and manned aircraft to detect and avoid each
other is necessary for this integration to take place. As this takes place, there will be overlap
and integration between some of the sensor suites and navigation systems, perhaps
beneficial to both. These efforts have been the primary focus of most SUAS technology
research. In regards to research pertaining to meteorological advancements, several groups
have been working toward solutions both on the sensor and UAS level.

Figure 5. Size comparison of the NCAR dropsonde and driftsonde systems (Hock and Franklin,
1999).
Most of the technology developed for SUAS is derived from their radiosonde predecessors,
including current dropsondes and balloonsondes counterparts. NCAR originally developed
the dropwindsondes in order to analyze the effect of tropical oceans on Northern Hemisphere
weather and climate, including the NCAR GPS dropsonde known as the Airborne Vertical
Atmospheric Profiling System (AVAPS). Early systems such as these demonstrated increased
measurement resolution, and the dropwindsonde represented major advances in both
accuracy and resolution for atmospheric measurements over data-sparse oceanic areas of the
globe. This provided wind accuracies of 0.5 m/s with a vertical resolution of approximately 5
m (Hock and Franklin, 1999). The dropwindsonde has four main components: the pressure,
temperature, humidity (PTH) sensor module, a microprocessor, and GPS as well as a 400MHz transmitter. The sensor specifications are shown below in Table 1. AVAPS is used to
study hurricanes for improved forecasting. AVAPS is 16 inches in length, 2.75 inches in
diameter and weighs 0.86 pounds. On board is a microprocessor that digitalizes the raw data
received from the temperature, humidity and pressure sensors and then transmits the data
readings back to a ground control station (GCS) using a radio transmitter. Due to the size of
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the dropsondes, they must be manually flown and deployed over the desired area of study
with no control capabilities. These dropsondes are not retrievable and must be designed to
be disposable, with each dropsonde typically costing approximately $500. Similarly, the
Miniature In-situ Sounding Technology (MIST) driftsonde reduced size and weight while
maintaining or improving system measurement performance. It updated PTH data at 2 Hz
and wind data at 4 Hz.

TableSmall
1: Dropwindsonde
specifications
(Hock and Their
Franklin,
1999).
RPAS Used in sensor
Meteorological
Applications
Sensors
UA

Wind
Manta 9 hole probe

Humidity
Vaisala HMP45C

Temperature
Vaisala HMP45C

Scan Eagle 9 hole probe

Vaisala HMP45C

Vaisala HMP45C

Aerosonde Proprietary Algorithm
RMPSS GPS / INS
Tempest Aeroprobe 5 hole probe

Vaisala RS90
Humidity sensitive capacitor
Vaisala RS92

Vaisala RS90
Thermal Resistor
Vaisala RS92

Custom
CSI HMP-50
Sensiron SHT75

Thermocouple
CSI HMP-50
Sensiron SHT 75 / VTI
SCP1000
NSSL Radiosonde
National Semiconductor
LM50 C
TI ADS1118
Sensiron SHT 75 /
PT1000

M2AV 5 hole probe
Aerolemma-3 None
SmartSONDE GPS / Infrared
Powersonde None
Kali None
DataHawk GPS / Infrared
SUMO GPS / Infrared / IMU

NSSL Radiosonde
Honeywell HIH-3605-B
Honeywell capacitive polymer
Sensiron SHT75

Pressure
All Sensors barometric
sensor
All Sensors barometric
sensor
Vaisala RS90
MEMS
Proprietary autopilot
sensor
Sensortechnics
CSI CS100
VTI SCP1000
NSSL Radiosonde
Motorola MPX 2100
MS5611-01BA03
VTI SCP1000

Table 2. Instrumentation used on previous SUAS platforms (Elston et al.).
Table 2 summarizes early SUAS efforts using primarily custom sensor suites. Of early note,
the small unmanned meteorological observer (SUMO) was demonstrated in multiple
campaigns to measure temperature, humidity, wind speed and direction up to 3500 m AGL
(Reuder et al., 1988), successfully operating in polar conditions with wind speeds up to 15
m/s. The collection of wind data was only possible during autonomous flight mode above 200
m since it derived wind directly from the autopilot system. Over the project timeline, the
SUMO was improved with a faster temperature sensor to reduce the measuring time from 5
to 1 s and also adopted a five-hole probe system for improved wind measurements. The
system was successfully adapted into other variants, such as the OU SMARTSONDE, with
examples shown below.
More recently, several commercial systems have been developed to off-the-shelf capabilities.
International Met Systems (iMet) has developed small, compact sensors designed to collect
humidity, temperature, pressure, latitude, longitude and altitude data. This small, 15 gram,
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100 mm by 30 mm sensor carries 16 mb of internal flash memory that stores incoming data
and can later be access via micro USB port. Various institutions have been beta testing the
sensors and although they are capable of accurate and precise data collection, the iMet
reliability remains uncertain at this time. Other current drawbacks are the inability to access
the data in real-time unless attached to a 3DR Solo quad-copter, and the price per sensor is
approximately $500. Similarly, iMet has released the iMet-XF with a larger array of sensor
suite options. Windsond is a small, standalone atmospheric sensor used for balloon systems
produced by Sparv Embedded and comes pre-calibrated. As with the iMet, the Windsond
collects humidity, temperature, pressure, latitude, longitude and altitude data. In addition to
this, the sensor is capable of collecting not only wind speed but wind direction. The sensors
reside within a small cup that is attached to a balloon.

Figure 6: SUMO (left) and UAS data from using the OU SMARTSONDE corresponding to
transition of the lower boundary layer (Chilson et al.).
Rain Dynamics has developed a prototype compact 5-hole air data probe system designed to
measure 3D wind components, humidity, temperature, pressure, latitude, longitude and
altitude data. This sensor uses a miniature, high-performance dual antenna GPS aided INS
paired with an air data probe to measure the 3D wind vectors. The two separate GPS
receivers enable accurate true heading measurements without reliance on vehicle dynamics
or magnetic sensors. In an early prototype of this sensor, low cost INS systems were found to
produce erroneous heading measurements especially during turns, which introduced
significant errors in the wind solution. Figure 8 shows wind speed and direction data from
this sensor installed on the Applied Aeronautics Albatross UAV with wind speeds up to
16 ms-1. The wind direction was steady at 250 degrees despite the many turns to keep the
aircraft within line of sight. Data acquisition is at 5 Hz (~ 10 m resolution) but higher data
rates are being explored.

Figure 7: iMet XQ (left), iMet XF sensors (center) and Windsond (right) systems.
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Figure 8: Wind speed (top) and wind direction (bottom) from the Rain Dynamics wind sensing
system. In the first three minutes of the time series the sensor is acquiring a GPS lock and these
data are rejected.
Measurement and Integration Needs
Measurement needs range from standard meteorological measurements to quantities for
advanced forecast modeling and are dependent upon the UAS mission and capabilities.
Detailed discussion of meteorological measurements and instrumentation can be found
elsewhere (e.g., see Harrison and the WMO’s Guide to Meteorological Instruments and Methods
of Observatio). While standard instrumentation such as PTH will most likely be integrated
into every sensor platform, additional measurements may include both direct derived
quantities as well operating environment including altitude and temperature. SWAP and cost
is the primary consideration here. Gas measurements include greenhouse gases including
carbon dioxide (CO2), methane (CH4) and tropospheric ozone (O3). CO is identified as an
important indirect greenhouse gas (IPCC).
Identified direct and indirect quantities include, but are not limited to the following:

•
•
•
•
•
•

PTH (wet and dry bulb, RH)
Wind vector (2-D, 3-D); steady, gusts (e.g., with 5-hole probe)
Turbulence (e.g., with hot-wire)
Latent and sensible heat flux
Eddy covariance
Gas concentrations
o CO2
o CH4
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•
•
•
•
•
•

o O2/O3
o N2 O
o SO2
Liquid water content
Cloud hydrometeor size and concentration (cloud and precipitation)
Frost point
Solar irradiance
EO/IR, NIR, UV imagers
Navigation and control sensors
o IMU (attitude, rate)
o GPS
o Altitude
o Air-speed (Pitot)

Integration issues include ensuring proper sensor aspiration and shielding, particularly with
temperature and humidity sensors. Many probes will be mounted on data booms that may
extend beyond the aircraft structure. Primary consideration for the design of any boom is
safety and integrity of the airframe. Installers must also ensure that large booms do not
impact the vehicle stability. Secondary but important considerations from the standpoint of
data quality include good data acquisition. Ease of installation and maintenance is also
important, particularly for systems that may need to be accessed during field operations for
installation, operation, or removal.

Figure 9. Sample gas sensing system with integrated environmental sensors including CO2 & CH4.
Instrumentation resolution and response time play a role into how the sensor suite can be
utilized as a measurement tool. For SUAS, radio and balloon borne instruments serve as the
most relevant benchmark. For “typical radiosondes,” the vertical resolution of the
thermodynamic data is usually 5 to 10 m depending on the interval at which the data
acquisition system samples the signals from the radiosonde and the time response of the
sensor. However, the wind data resolutions are much lower with ranges from approximately
50 to 200 m, depending on the type of sounding system used. The data-averaging interval for
radiosondes in the tropospheric portion of a sounding (e.g., lowest 3000 m) is 1 to 2 minutes.
This may be higher in the upper part of a sounding. For all UAS, sensor response and
resolution must be evaluated as part of the requirements process on the front end and as part
of the measurement tool’s capability in regards to accuracy on the back end. While steady
state measurements will typically not be impacted, accurate measurement of transient events
such as severe storms, gust fronts, or environmental scenarios can be impacted. NOAA has
provided a guideline for sensor range and accuracy as a starting point shown in Table 3.
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Desired Sensor Ranges and Accuracies
Temperature

-30 – 40 C, +/- 0.2 C

Relative Humidity

0 – 100 %, +/- 5.0%

Pressure

+/- 1.0 hPa

Wind Speed

0 – 45 m/s, +/- 0.5 m/s

Wind Direction

+/- 5 Degrees Azimuth

Sensor Response Time

< 5 s (Preferably < 1 s)

Table 3. Proposed meteorological sensor specifications.
An example of plume detection is shown in Figure 10, which represents a case with high
spatial and temporal gradients that push the limits of sensor response time. As the UAS
traverses the plume (or in the case of a stationary UAS and transient event, vice-versa), the
measurement accuracy will depend upon both the sensor response and flight characteristics.
While a few seconds delay in peak detection time is short enough to shift the data to refine
the location of the detected plume, a greater issue may be the time it takes for the sensor to
return to atmospheric background levels.

Figure 10: Sample data correction of an in situ gas measurement correcting for sensor,
integration, and flight path issues.
The uncertainties of the selected sensor suite must be fully characterized using a thorough
calibration and validation process to properly collect meaningful observations. Calibration of
the sensors is first typically performed against reference measurements, such as in a thermal
altitude chamber specific to the instrument at hand. Other measurement checks may include
comprehensive instrument characterization and consistency cross checks across sensors of
the same type and different sensor designs to verify the response. Further steps should then
involve validation of the sensors in flight conditions. This may utilize towers as a potential
validation source or other airborne instrumentation. Sensor response may be biased by
installation, particularly on SUAS where induced flows and thermal sources may be present.
These should be considered as part of the calibration and validation process.
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Figure 11: Comparisons between onboard and field sensors from Univ. of Oklahoma (Chilson et
al.) and Oklahoma State University.

Figure 12. Illustration of potential sensor placement issues on a SUAS that may result in
measurement variation due to integration.
Open Questions and Needs
As a starting point, we provide the following questions for discussion.

•
•
•
•
•
•
•

Is there a need/desire to establish a list of approved or suggested sensors and a
corresponding sensor database?
Should there be development of guidelines for sensor placement and operation?
How can existing onboard systems (such as IMU, GPS) be leveraged to obtain
needed meteorological information (such as wind direction and speed)?
Is there a need to establish calibration/validation, data acquisition, data quality, and
analysis protocols and recommendations?
How should data acquisition requirements be addressed as part of the sensor suite?
What accuracy and sensitivity ranges are required? Time response?
What is the trade-off between instrument development viz., cost, data quality, and
risk? (e.g., A low cost IMU introducing significant errors in wind estimation.)
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Appendix – UAS Categories
Standard UAS categorization is provided below as a guideline for size estimates. As a
representative payload capability, a typical platform will be able to carry anywhere from
10-30% of it’s GTOW in payload based upon historical benchmarks.
Group 1: Typically hand-launched, self contained, portable systems. Mostly electric.
Group 2: Small to medium in size. They usually operate from unimproved areas and may
be launched via catapult or runway and recovered via runway or net.
Group 3: Operate at medium altitudes with medium to long range and endurance. They
usually operate from unimproved areas and may not require an improved runway.
Group 4: Relatively large UAS that operate at medium to high altitudes and have
extended range and endurance. They normally require improved areas for launch and
recovery and ground support for BLOS communications and SATCOM.
Group 5: Include the largest systems, operate at medium to high altitudes, and have the
greatest range, endurance, and airspeed capabilities. They require improved areas for
launch and recovery, BLOS communications and perform broad area surveillance.
UAS Groups
Maximum
Normal
Typical Speed
Representative
Weight (lbs)
Operating
(kts)
UAS
(MGTOW)
Altitude (ft)
Sumo, Raven,
Group 1
0 – 20
<1200 AGL
100
Puma, Tempest
ScanEagle,
Group 2
21 – 55
<3500 AGL
< 250
Albatross
Group 3

< 1320

< FL 180

< 250

Shadow, Mugin

Group 4

>1320

< FL 180

Any Airspeed

Predator/Ikhana

Group 5

>1320

> FL 180

Any Airspeed

Global Hawk,
BAMS

Table 4: UAS Group Descriptions
Typical Operating Ranges
Payload Fraction!
0.350!
Piston !
Jet!

Paylaod Fraction (PF)!

0.300!

0.250!

0.200!

0.150!

0.100!

0.050!

0.000!
0!

5000!

10000!

15000!

20000!

25000!

30000!

Gross weight (Lbs)!

Figure 13. Payload fraction as a function of gross weight based for a range of GTOW.
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