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01. What is the purpose of airborne 
hyperspectral Imaging?
Any material, chemical, soil, rock, or plant species that is detectable 
either directly or indirectly based on its spectral features, can 
be mapped with an airborne hyperspectral camera through a 
methodology that scientists call `imaging spectroscopy´. The 
point of airborne hyperspectral imaging is to determine if the 
material, mineral, plant, etc. of interest exists in the study area and 
its geolocation. Taking the sensor in the air gives you a vantage 
point to search these materials, plant species, etc. from a much 
larger area than what is immediately visible on the ground – easily 
hundreds of square kilometers at a time, only limited by altitude 
and time spent flying. While airborne sensors usually create 
detailed digital geometry models (LiDAR sensors) or images for 
human interpretation (high spatial resolution mapping cameras, 
multispectral cameras, SAR sensors), hyperspectral sensors create 
data that is analyzed into a thematic map regarding the above-
mentioned material features. Imagine that – you can be kilometers 
up in the air, speeding hundreds of kilometers per hour, and still 
create an exact geolocated map of materials, minerals, or plant 
species at your survey area. No other imaging remote sensing 
technology can do that!



Eucalyptus tree species detection result, courtesy of SpecTIR LLC

02. How does it differ from multispectral 
airborne imaging?
Multispectral imagers typically have fewer than 10 spectral 
bands. These bands tend to be very broad, meaning their spectral 
resolution is low. Multispectral bands also tend to have gaps 
between adjacent bands, and the sensitivity of these bands may 
vary not only between the bands but also within the bands. The 
location and number of bands depend on the application for which 
the multispectral imager is designed. 

Hyperspectral imaging collects hundreds of contiguous, narrow 
spectral bands, meaning that there are no “gaps” between the 
bands. Hyperspectral means far more, narrower bands than 
multispectral imaging. And in the case of Specim, also superior 
sensor characterization.



The resulting differences for users are threefold. With a 
hyperspectral imager, you can differentiate targets with much 
smaller spectral differences, thanks to much higher spectral 
resolution. With a multispectral imager, you can – for example - 
tell if the area has vegetation or not. With a hyperspectral imager, 
you can tell which species the vegetation consists of, and if those 
plants are suffering stress, and at best, what is the cause of the 
stress. Only hyperspectral imaging can tell apart minerals that 
are important for geologists, but which exhibit so minute spectral 
differences that a multispectral imager is unable to tell them apart. 
There are many such minerals!

Land classification map with roof/road separation task left, RGB multispectral image right. 
(Analysis work courtesy of Dr. Kati Laakso) 

A multispectral imager is always built for a particular set of 
applications. In contrast, a hyperspectral imager collects all the 
spectral information from the target and, as a result, serves all 
possible applications, limited only by the availability of spectral 



libraries for recognizing what the detected spectral signatures 
stand for. This means you can come back to the collected data 
with new endmember information and turn the data into an 
application that was not originally part of your task. As long as the 
hyperspectral data is both collected and preprocessed properly 
and spectral libraries support the analysis processing, the data 
can be turned into hundreds of different applications.
 
Multispectral imaging is far more restricted in applicability. 
Multispectral imagers can be very small and low-cost, but they 
also tend to be poorly characterized (calibrated) and suffer from 
a lack of stability in varying environmental conditions, leading to 
validation problems regarding what the spectra actually represent. 
This challenge becomes especially pronounced in temporal 
surveys where atmospheric conditions and illumination could be 
very different on different days.



03. Is geolocation necessary? What are the 
options?
When doing UAV aerial surveys over small areas like single farm 
fields, geolocating every image pixel may not appear important. 
If you can see the whole imaging area with your bare eyes, you 
know where everything is, right? Moreover, the UAVs creating 
orthoimages using little pocket cameras do not need IMU either. 
So why bother with a valuable IMU sensor, you may have heard 
being asked. Well, here’s some of those whys:

Pushbrooming remains the best way to build an airborne 
hyperspectral sensor, because it collects all spectral bands 
at the exact same instance and has the best light throughput 
efficiency, translating into the best speed and least noise. All 
other hyperspectral architectures like snapshot, tuneable filters 
of FT sensors sacrifice either spatial and spectral resolution, 
speed, simplicity of preprocessing, or all of them at once. 
However, pushbrooming is a 2D method that cannot use stereo 
interpretation for aerotriangulating the relative positions and 
attitudes of individual images like snapshot imagers can, though 
requiring often a full week of computer time to achieve them. 

Pushbrooming requires an IMU for the same, unless flying with 
perfect gyrostabilization or a SLAM or SfM sensors – all adding 
to the investment. Moreover, as it is not just IMU for attitude 
recording but GNSS/IMU with added satellite positioning, 
every pixel gets a geocoordinate automatically as part of the 
preprocessing workflow. Operating without a sensor equipped 
with a GNSS would always require you to set up ground control 
points and visualize them to show on the collected data, measure 
GNSS coordinates for them, and add a further step in the workflow 



of georeferencing using the GCPs. So you would need to invest in a 
GNSS sensor or service anyway to work out the GCP coordinates. 
And the larger the project, the more GCPs required, with all the 
associated ground logistics, additional staff, site access, and GCP 
erosion issues. From an overall workflow simplicity as well as 
an accuracy point of view, it makes much more sense to have a 
geolocation sensor flying with the data collection sensor, than to 
go backward in time and only georeference with GCP signals on 
the ground the old-fashioned way. 

The larger the area, the more the aerial survey investments pay 
back for themselves in efficiency. You fly exactly to cover a lot of 
area, you would need to do a lot of work on foot. But, the larger 
the area size, the more pronounced the problem of locating the 
spectral interests detected from the data in the field. Finding a 
targeted individual tree may be downright impossible without 
every pixel being true-orthorectified and given an accurate 
geocoordinate. Same goes for very small targets of interest; the 
low flying heights provided by the UAVs enable unheard of pixel 
sizes on the ground for spectral imaging. Obviously, geolocation 
accuracy should match the pixel size to gain the full benefit and 
find, for example, the targeted, small plant specimens at the 
agricultural test field from hundreds of – to the bare eye – exactly 
same looking small plants.

Data fusion requires geolocated data. Rarely is the spectral imagery 
the only data collected from the survey area these days because 
as Aristotle said, the whole is greater than the sum of its parts. 
Most typically, at least the high resolution RGB imagery is made 
available, and very often LiDAR produced DEM/DSM/DTM as well. 
Moreover, true-orthorectification. Removing parallax errors due 
to undulating ground elevations requires a digital surface model – 
a DSM. But in order to benefit from a DSM for orthorectification, 



of course, the spectral data must match with the DSM data! All 
jointly used data layers must, of course, be geolocated to the 
same accuracy. This will be by far most conveniently achieved by 
a GNSS/IMU of the same accuracy standard, best of all, flown at 
the same flight.

04. What should I know about UAV sensor 
mountings?
UAVs shake and bob around a lot.  The carried sensors are subjected 
to a lot of vibration and movement. Multicopter-type UAVs have 
their electric motors running at several thousand RPMs and 
vary the RPM for control nearly constantly while the propwash 
hammers against the airframe. Even the fixed-wing type UAVs 
are not free of vibration. Especially the IC-engined UAVs have 
particularly strong vibration due to what is usually a two-stroke 
engine. In all but the largest UAVs, there is little inertia to dampen 
vibration passively by the airframe mass itself. Any steering inputs 
will cause rapid bank, pitch, and heading changes. 

Luckily, the Specim AFX sensor itself is insensitive to vibration 
because it has the minimum number of moving parts, but like with 



Examples of “heli-wobble” from two different installations. What we see in the images is a 
georeferencing error caused by insufficient sampling of platform vibration. It happens when 

the IMU measurement rate is slower than the frequency at which the sensor is vibrating. Good 
vibration damping or gyrostabilization reduces the need for a very high update rate IMU. 

any imaging sensor, vibration and image movement do reduce the 
resulting image quality. Imagine taking snapshots during cloudy 
weather with a handheld camera while walking, photos are very 
likely blurred. In spectral imaging, a lack of sharpness means more 
unwanted spectral mixing between adjacent pixels.



All this means UAV aerial surveys require even more attention to 
the sensor mounting than crewed surveys. There are three main 
routes:

Hard mounting. Mounting the sensor directly to the UAV 
frame is the most straightforward solution, but cannot really 
be recommended. All platform vibration, banking, pitching, and 
yawing are directly transferred to the sensor, with the associated 
quality reduction.

Vibration-damped mounting. Banking, pitching, and yawing are 
still directly transferred to the sensor, but vibration is damped and 
the sensor is protected against landing shocks. These dampers 
are normally based on either silicone or spring damping elements, 
which ideally should be spread evenly around the center of gravity 
of the sensor. Damping deeds correct stiffness dimensioning 
across the platform vibration envelope in order to dampen the 
high amplitude vibrations from reaching the sensor on one hand, 
but avoiding resonance on the other. Sensors of low mass are 
particularly problematic due to the lack of passive damping. 

There are large variations in vibration profiles depending on the 
aerial vehicle used and the wind conditions. GCS usually sets 



the rotary wing UAV to fly at fixed groundspeed, which then 
means that airspeed will vary depending on the wind strength 
and direction, which further on means different motor RPM’s at 
different flying directions. The way to proceed here is to start with 
stiff damping, fly a lot of tests, and reduce damping stiffness until 
you see resonance.

Damper.



Specim AFX17 flown with a damper. Note the ragged edges of the swath illuminating platform 
movement due to banking for steering. Still, straight lines on the ground are straight on the 

georeferenced pushbroom image as they should, and even small details like tractor tracks can be 
distinguished. Good result.

Specim AFX10 flown with a damper. See ragged edges due to platform banking for steering. 
Some resonance and/or pitch steering causing local unsharpness due to too fast movement for 
the IMU update rate. Generally good, with some more work required with the dampers, AFX10 

working perfectly.



Gyrostabilized mounting in a UAV means at least a kilo more 
mass, cost, and complication. On the other hand, it provides the 
best image quality by far. Gyrostabilizers hold the sensor pointed 
where they should be, irrespective of the platform banking and 
pitching, which maximizes the survey efficiency and prevents gaps 
between adjacent lines. Gyrostabilizers are usually also the best 
vibration dampers.

Gyrostabilized Specim AFX10. See the smooth swath edges and excellent image sharpness. 
Nearly perfect result.



Another gyrostabilized Specim AFX10 example. Straight lines on the ground generally straight 
on the image, the slight “wobble” is a result of slightly too high gain setting in the roll axis of the 
gyrostabilizer resulting in slight overcorrection. Adjustment to the gyrostabilizer setup is needed. 

Specim AFX10 is working perfectly.

05. What are the most difficult things I 
should give thought to when planning a 
hyperspectral UAV survey project?
IMU alignment. There are many different levels of GNSS/IMU’s 
regarding their accuracy, drift rate, and update rate, naturally 
with the associated price differences. If the georeferencing result 
is unsatisfactory, the culprit is normally the GNSS/IMU, not the 
camera itself. When GNSS/IMU is given, the most important 
factor in extracting the best performance out of the GNSS/IMU 
is its alignment process. With a single antenna GNSS, this means 
flying a certain pattern at a speed higher than a certain minimum, 
typically higher than 5m/s. Speed should also be maintained during 
the flight, and the turns planned correctly to maintain the best 
alignment during the flight. This is where the above-mentioned 



GNSS/IMU grades, as well as GNSS post-processing methods, 
provide very different levels of results.

Weather is the number one obstacle in any aerial survey using 
passive daylight sensors. While the capacity to cover large areas in 
a short period of time is huge, the window of weather opportunity 
allowing data collection is usually limited or very limited, and if 
missed, the next one may be weeks or months away. Therefore, 
surveys must be designed around the priority of utilizing every 
single weather opportunity at short notice, during the weekend 
or a public holiday if necessary. Above all, enough days should be 
reserved as weather forecasts maintain reasonable accuracy only 
about 3 days ahead.

The main weather constraints are the clouds, for UAV surveys, also 
the wind strength. While it is possible to process hyperspectral 
data collected under cloud, the SNR of such data is usually 
insufficient for high-end applications. And it goes almost without 
saying that for many reasons, flights are not recommended during 
precipitation or excessive dust. Flights in excessive heat may also 
cause problems.

Whole countries are surveyed from the air with crewed platforms 
under perfect weather conditions. UAV operations do not have to 
be hampered by poor weather either, but it requires being ready 
to go for the whole season at short notice and putting the crew 
on alert several days before an apparent weather opportunity. 
The closer the crew is in readiness to the project area, the better. 
Nothing beats seeing the actual weather with one’s own eyes 
compared to whatever the forecasts say. UAV operations are 
generally done much lower than crewed surveys, so the amount of 
weather gap required, in both time and area, is very small. Smaller 
than what general area forecast or even satellite images are able 
to depict.



SNR or Signal to Noise Ratio. This is the same for digital 
hyperspectral imaging as what in photography terms can be called 
“good exposure” as a function of available light and exposure 
time. Unlike lab spectroscopy, airborne remote sensing does not 
have the luxury of artificial illumination of unlimited intensity. 
The fact that incoming light is divided into tens or hundreds of 
narrow bands, divides the available light per band in as many 
parts. Moreover, airborne platforms and IMU’s usually have some 
minimum flying speeds, setting certain limits to frame rates and 
corresponding longest exposure times available.

Differentiating materials, minerals, and plant species of sometimes 
minute spectral variations requires good SNR. This means that 
the required spectral features must emerge above the noise to 
be properly detectable. Good SNR requires exposure times long 
enough for the reflective properties of the target and illumination 
conditions. Although the exposure selection is freely selectable in 
Specim sensors within the frame period, the maximum available 
exposure time is limited by the speed at which pushbroom line 
images are collected. This speed, called Frame Rate, is dictated by 
GSD and ground speed of the aerial vehicle.



Quite according to normal photography, a dark target like the 
sea surface requires a long exposure, and a bright target like the 
desert can do with a short exposure, faster frame rates, and thus 
higher ground speeds. At Specim, we consider 300:1 as a minimum 
for “good” SNR. The main thing to remember is that the resulting 
SNR is not a fixed value but is affected by a great many variables 
like light throughput efficiency of the sensor optics, detector 
sensitivity, illumination, and target reflectance. Apart from those, 
it is greatly affected by flight planning and data collection choices 
made. As a rule, the slower you can fly, the better the SNR, but as 
mentioned, UAV platforms and IMU’s sometimes set limits to the 
minimum feasible flight speeds.

     Difference between good SNR (black) and poor SNR (red). Courtesy of Dr. Affendi 



Radiation components: solar region 400 – 2500nm, rugged terrain, courtesy of ReSe Applications 
LLC. 
1: path radiance: radiation scattered by the atmosphere (photons without ground contact). 
2: reflected radiation from the viewed pixel. 
3: adjacency radiation: ground reflected from the neighborhood and scattered into the view 
direction. 
4: terrain radiation reflected to the pixel (from opposite hills, according to the terrain view factor). 
Note: Only 2 contains information from the viewed pixel.

Atmospheric correction. In order for the material detection to be 
possible, effects introduced to the data by sensor, illumination 
and atmosphere must be removed. Sensor effects are removed by 
radiometric processing using radiometric calibration.

Unlike in lab spectroscopy, where white reference normalization 
can be done, in airborne remote sensing, the effects of atmosphere 
and illumination from UAV-collected hyperspectral data are best 
removed by algorithm-based atmospheric correction routines 
such as DROACOR by ReSe, which is optimized for sub-150 m 
flying altitudes.



However, atmospheric correction may not always be required. If 
the aim is only to compare in-scene spectral variations without 
a need to apply spectral libraries or temporal comparisons, 
atmospheric correction may not be required at all. 

If required, the atmospheric correction method should be 
chosen before the survey, and the required support data like 
sensor calibration information and Digital Surface Model should 
be reserved and ready. Even the best atmospheric correction 
algorithm is only as good as the quality and characterization of the 
input data. Note that atmospheric correction is another reason 
for properly georeferenced data.

The difference between the graphs is due to residual atmospheric influence after reflectance 
processing. In this example the atmospheric correction methodology should be reassessed. 

Courtesy of Dr. Kati Laakso.

06. What are the weather requirements for 
hyperspectral imaging?
For best results, there should be no clouds or their shadows on the 
imaging area. Note that, especially the Cumulus clouds often form 
up according to the sun climbing above a certain angle, the choice 
of minimum permitted solar angle usually calls for a compromise if 
any data is to be collected at all. If a too high solar angle is required, 
weather tends to be cloudier, up to being unflyable, during the 
whole daily solar window specified for the survey.



07. How does the direction of the sun 
affect airborne hyperspectral collection?
The sun should be above 30-45degrees above the horizon. This is 
in order to limit the amount of atmosphere illumination that has 
to go through, because it presents problems for the MODTRAN-
based reflectance processing algorithms. Minimum solar elevation 
limit also reduces the total surface area covered in shadow, 
and ensures good natural illumination. There are sun calculator 
applications available. The sun should also be as close to/from 
the flying direction as possible to reduce BRDF effects. Generally, 
north/south directions should be used apart from corridor mapping 
projects. Flight lines perpendicular to sun should be avoided.
Sun angles above 90deg minus FOV/2 will create hot spots, or 
low-contrast and potentially saturated spots in the data. When 
operating close to equator, the period of time sun spends above 
this angle may have to be avoided depending on the image quality 
requirements. Apart from hot spots, high solar angles also cause 
specular reflections on water surfaces near the edges of the swath, 
if the flying direction is too close to perpendicular to the sun. 
Having hot spots or total reflections on the data can be considered 
to be a flight planning error with respect to the alignment of the 
flight line compared to the sun and the time of flight.



08. What parameters should be defined 
when doing flight planning for hyperspectral 
aerial survey?
All aerial survey planning starts from clearly defined area 
delimitation, AOI. After that, the collection resolution has to be 
decided, and the minimum airspeed of the used aerial vehicle 
clarified. With these start values, the following parameters can be 
determined:

FPS, or Frames Per Second, setting used during flight. Calculated 
based on height over ground and expected ground speed, in 
order to create square instead of stretched pixels on the ground. 
Groundspeed value should be above 5 m/s for maintaining good 
IMU heading, unless a twin GNSS antenna setup is used.

The initial assumption is always maximum exposure time for the 
best possible SNR. Therefore, exposure time does not have to be 
calculated in advance, only reduced in case saturation is observed, 
and then only saturation on targets of importance, considering 
the application. 

Exact flying height over ground to satisfy the ground sampling 
distance requirement. Note that in mountainous terrain, minimum 
and maximum GSD tolerances must be discussed and planned 
accordingly, cutting flight lines as required and adjusting their 
individual flying altitudes in order to keep flying height correct on 
average.

Flight line spacing. Swath width–dependent distance at which flight 
lines should be placed from each other in order to satisfy lateral 



overlap requirement – typically 30% without gyrostabilization 
and 10-20% with gyrostabilized sensor mounting. The less lateral 
overlap, the fewer flight lines required to cover the project area, 
and thus less flight time required, but with increased risk of gaps 
between flight lines. Gaps are especially possible with any terrain 
elevation variations. Use of DEM/DSM is highly recommended in 
support of flight planning.

09. What kind of calibration does an 
airborne hyperspectral sensor need?
Compared to lab sensors, airborne hyperspectral sensor have 
some unique needs what comes to calibration.

Radiometric calibration. Because airborne hyperspectral sensors 
cannot rely on having a full-swath white reference for normalizing 
the DN values directly to reflectances, a two-step process is 
required. First step is removing sensor effects from the data and 
converting DN values to physical at-sensor radiance measurement 
values. This is based on calibrating the sensor using a calibrated 
light source, exposing the sensor with a precisely known amount 
of light. Each pixel receives a calibration coefficient used for 
converting DN values into radiances.



Extended spectral calibration. Basically, this is no different 
for airborne sensors compared to lab sensors, but atmospheric 
correction routines additionally require precise measurement of 
spectral resolution in terms of Full Width Half Maximum for each 
central wavelength. Shape of spectral response is also o benefit 
for the atmospheric correction.

Geometric calibration. Measuring the angular offset of each 
pushbroom pixel from the center axis. Required for defining 
the exact FOV for flight planning and for removing geometric 
distortions for the benefit of georeferencing. This is not unqie 
need of spectral sensors but common to all mapping sensors.

Boresight calibration. Attitude difference between the camera and 
IMU. The aim is to be able to read camera attitude directly from 
IMU readings by including the boresight correction. Requires a 
calibration flight.

10. What kind of UAV can be used for 
hyperspectral survey?
Any UAVs with enough payload for the sensor, antenna(s), possible 
batteries, cables, and mounting devices. In an ideal world, maximum 
payload capacity would be well above the actual payload, for the 
sake of best flight times and reduced risks. There should be an 
autonomous flight option where a UAV can be made to follow a 
planned route accurately at the chosen speed, based on a flight plan 
made by flight planning software. Much of the ease and accuracy 
of operation comes from the available suite of flight planning/
GCS/autopilot software, so it is certainly worthwhile to compare 
these options carefully. Apart from these aspects, vibration levels 
and launch/landing G-loadings should be specified.



11. Glossary:
Aerotriangulation = photogrammetric technique used to determine the three-
dimensional coordinates (X, Y, and Z) of points on the ground by analyzing 
measurements from overlapping aerial or terrestrial photographs. Requires 
known ground control points

AOI = Area Of Interest, delimitation of the survey area.

BRDF = Bidirectional Reflectance Distribution Function. Change of apparent 
illumination depending on viewing surface angle.

DEM = Digital Elevation Model = model of ground surface without trees and 
houses etc. In LiDAR terms, the last pulse surface.

DN = Digital Number. Raw data values before they are processed into SI units 

DSM = Digital Surface Model = model of ground surface including treetops 
and man-made objects like houses, bridges etc. In LiDAR terms, the first pulse 
surface.

DTM = Digital Terrain Model. Can be considered to be manually corrected DEM 
where among other things, linear features in otherwise bare earth model are 
highlighted.  

FOV = Field Of View. Opening angle of the imaging sensor.

FPS = Frames Per Second. How fast the AFX sensor is set to collect the 
pushbroom images. 

FT = Fourier Transform. One of the possible hyperspectral sensor architectures 
where single band frame images are collected over time.

GCP = Ground Control Point. Marked point on the ground with typically 
centimeter level location coordinates. In aerial surveys these are marked so that 
they can be seen on the images.

GCS = Ground Control Station, UAV control software/hardware that stays on 
the ground during the flight



GNSS = Global Navigation Satellite System. Provides the X, Y, Z geolocation of 
the antenna, which is then extrapolated into sensor geolocation.

GSD = Ground Sampling Distance. Size of the pixel on the ground.

IMU = Inertial Measurement Unit. Device for measuring attitude, rotational 
speed and acceleration around three principal axes yaw, pitch and roll.

LiDAR = Light Detection And Ranging = Laser scanning sensor

SAR = Synthetic Aperture Radar

SfM = Structure from Motion

SLAM = Simultaneous Localization And Mapping

SNR = Signal to Noise Ratio

Stereo interpretation = A method of 3D viewing using two overlapping images 
called a stereo pair
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