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aBBrEviations

aGc Automatic Gain Control
als Airborne Laser Scanning
ccD Charge-Coupled Device
dtex decitex. Tex is a unit of measure for the linear mass 

density. Decitex is the mass in gramms per 10,000 
meters.

fGi Finnish Geodetic Institute
GPs Global Positioning System
iMu Inertial Measurement Unit
lasEr Light Amplification by Stimulated Emission of Ra-

diation
liDar Light Detection and Ranging
nd:yaG Neaodymium-doped yttrium aluminium garnet
nir Near Infra Red
Prf Pulse Repetition Frequency
Pvc polyvinyl chloride
raDar Radio Detection and Ranging
tls Terrestrial Laser Scanning
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1. introDuction

The invention of the laser in 1960 started the development of laser 
rangefinders (Wandinger, 2005), and when the GPS (Global Positioning 
System) became available in the 1990s a new system called topographic 
ALS (Airborne Laser Scanning) was introduced. The ALS system contains 
three main components: (i) laser rangefinder with scanning mechanism, 
(ii) GPS, and (iii) IMU (Inertial Measurement Unit). The systems with-
out a scanning unit are called laser profilers, and they provide a single 
line of measurements during the entire flight (Petrie and Toth, 2009). 
The range and scanning angle is provided by the laser rangefinder and 
scanning unit, GPS provides the global position, and the IMU deter-
mines the attitude of the plane (head, pitch and roll) with acceleration 
(Wehr, 2009). Placing all of that information together yields a point 
cloud where each point has an X, Y and Z value. In addition, an intensity 
value is recorded for each point. The intensity describes the backscatter-
ing properties of the object, assuming it to have Lambertian backscatter-
ing properties (Wagner et al., 2004). Therefore, the intensity informa-
tion for the studied object can be a useful source of information.

The need for usable ALS intensity data is growing rapidly. Scientists all 
over the world are discovering the potential of ALS data (e.g., Hollaus 
et al., 2007; Dalponte et al., 2008). Because the ALS systems can meas-
ure points beneath the canopy (compared with aerial or satellite images, 
which represent the top layer), the demand for 3D data is increasing 
amongst earth scientists and other related disciplines (Yu et al., 2006; 
Hill and Broughton, 2009).

ALS intensity data have been used for describing land cover characteris-
tics (Yoon et al., 2008), classifying land cover (Atonarakis et al., 2008), 
and the species of individual trees (Orka et al., 2009). The ALS intensity 
is used for matching the flightlines and correcting range measurements 
(Leica ALS50-II scanner). Therefore, a reliable method for correcting 
and calibrating ALS intensity data would improve the overall accuracy 
of ALS data and would increase the field of research that uses ALS in-
tensity for classification, clustering or any other method for describing 
land cover.

This Thesis focuses on the correction of ALS intensity data and analyses 
the potential error sources. The problem with ALS intensity data thus far 
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has been its instability. The calibration and correction procedures have 
been worked out in Finland and in Austria (Kaasalainen et al., 2005; 
Höfle and Pfeifer, 2007).

This Thesis studies the potential of using naturally available reference 
targets as calibration surfaces (paper i). What kind of naturally available 
targets are most suitable for calibration?

The second major part of this Thesis is a study of how moisture and 
topography influence the final ALS intensity data (papers ii and iii). 
The targets are assumed to follow the Lambertian backscattering curve. 
To what extent does the ALS intensity follow the Lambertian curve, and 
how large is the influence of incidence angle correction? To what extent 
does the moisture level in the surface affect the ALS intensity? 

The third part focuses on the Leica ALS50-II sensor, which uses AGC 
(Automatic Gain Control) to increase the number of returns. The ques-
tion is to what extent does the AGC influence the ALS intensity? Be-
cause studies have shown that the AGC fluctuation has a direct effect 
on the intensity data, this Thesis introduces a correction model aimed 
to miminise the influence of AGC (paper iv). Because the information 
about the AGC and intensity relationship is sparse, this Thesis suggests 
further study of AGC. Additional information from the manufacturers 
would help to solve and improve the correction for AGC. 
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2. rEviEW of tHE litEraturE

2.1. Physical background of intensity

ALS systems can record the X, Y and Z values for each point, but they 
can also record the intensity. In the literature, the intensity is defined 
as the amplitude of laser returns. It is determined by the number of 
photons impinging the detector and is recorded digitally (Coren and 
Sterzai, 2006), which means that the intensity information can be use-
ful for describing the properties of the observed object. ALS works on 
the same principles as microwave radar technology; therefore, the same 
radar equation is used to describe the received power (also referred to as 
intensity) (Jelalian, 1992):

 
P =

PD
Rr
t r

t
sys atm

4

4 24π β
η η σ  (1)

where:
Pr – received power (intensity) (watt);
Pt – transmitted power (watt);
Dr – diameter of the receiver aperture (meter);
R – range from the sensor to target (meter);
β – laser beamwidth (radians);
ηsys – system transmission factor;
ηatm – atmospheric transmission factor;
σ – target cross-section (square meters).

As observed from Eq. 1, the intensity is dependent on the transmitted 
power, the receiving area, range, beamwidth, system and atmospheric 
transmission and the cross section of the target.

The cross-section of the target can be written as a function of the scatter-
ing solid angle, Ω, reflectance of the target, ρ, and area illuminated by 
the laser beam, As (Wagner, 2010):

 
σ

π
ρ=

4
Ω

As
’
 (2)

The area illuminated by the laser beam, As, can be written as a function 
of the laser beamwidth, β, and range, R (Rees, 2001; Jutzi and Stilla, 
2006):
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When we substitute As from Eq. 3 into Eq. 2, we obtain a function for 
cross-section, σ:

 σ πρ β α= R t
2 2 cos  (4)

The cross-section, σ, is described by the reflectance of the target, ρ, the range, 
R, the laser beamwidth, β, and the incidence angle, α. Using this informa-
tion, we can substitute Eq. 4 into Eq. 1 and obtain a new radar equation:

 P
PD

Rr
t r

sys atm=
2

24
ρ
η η αcos  (5)

The new radar equation describes the received power (or intensity) as a 
function of the transmitted power, Pt, the diameter of the receiver aper-
ture, Dr, the reflectance of the target, ρ, the range, R, the system trans-
mission factor, ηsys, the atmospheric transmission factor, ηatm, and the 
incidence angle, α.

Two factors from Eq. 5 are constants: (i) the diameter of the receiver 
aperture Dr and (ii) the system transmission factor ηsys are the same with 
one type of ALS system. This means that the received power is affected 
by the transmitted power, range, reflectance of the target, atmospheric 
transmission, and incidence angle. 

2.1.1. transmitted power

One of the crucial parts in correcting the ALS intensity data is the pulse 
energy difference. It is obvious that if the transmitted energy level is 
higher, the probability of a stronger response returning to the receiver is 
also greater. Only the recent ALS systems provide information about the 
transmitted energy levels. Due to this, the previous ALS intensity meas-
urements cannot be corrected for pulse energy differences. 

The average transmitted power can be described with the following equa-
tion (Baltsavias, 1999):

 P EF P t Fav peak p= =  (6)

We can see from Eq. 6 that the average transmitted power, Pav, is de-
pendent on the peak power, Ppeak, the pulse duration, tp, and the pulse 
repetition frequency (PRF), F. The power settings for ALS measurements 
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are usually unknown. For Optech scanners, Chasmer et al., (2006) have 
reported the peak power and pulse duration. The higher power setting 
means that there is a lower PRF and shorter pulse durations. If the ALS 
systems record multi-echoes from one pulse, the high power is critical for 
obtaining any response beneath the forest canopy. If we want to compare 
the intensity values, e.g., for forest measurements, then it is essential to 
know the recorded energy level for that particular echo. 

2.1.2. atmospheric attenuation

Because ALS is a remote sensing technique, the atmosphere has a direct 
influence on the laser power and, therefore, the intensity data (see Eq. 5). 
Most of the commercial ALS systems use a 1064 nm wavelength. At that 
wavelength, the scattering effect of the laser beam is much larger than 
the absorption (Kim et al., 2001). Attenuation for horizontal propaga-
tion can vary from 0.2 dB/km for very clear conditions to 3.9 dB/km for 
hazy conditions (Jelalian, 1992). For vertical propagation, the attenua-
tion increases with altitude (Höfle and Pfeifer, 2007). From the Beer-
Lambert law, the intensity, I, can be described as follows: 

 I I e x= 0
-α  (7)

The intensity is a function of the incidence intensity value, I0, the path 
length, x, and the atmospheric attenuation, a. The term e-ax is also called 
atmospheric transmittance, T (see more detailed description about T in 
paper i). The T is calculated using special atmospheric modelling soft-
ware’s. They require user input values (e.g., wavelength, path length, 
atmospheric conditions, visibility, environment – rural, urban, etc.). 
Knowing this information, a transmittance value is calculated that de-
scribes the fraction of the radiation that survives the trip over the path 
length, x.

2.1.3. range and topography

The range is the distance from the sensor to the object. More energy is 
lost over longer distances due to atmospheric attenuation. In addition, 
the scan angle affects the energy level returned to the sensor, or more 
precisely, the incidence angle which is described by Fig. 1.

The laser beam is assumed to have Lambertian backscattering properties, 
and therefore, the energy that is returned back to the sensor reduces with 
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figure 1. The scan angle and incidence angle are the same with flat surfaces but are 
different with tilted surfaces.  

the growth of the incidence angle (α in Fig. 1). The incidence angle is 
the angle between the incoming laser beam and the surface normal. Al-
though the scan angle (the angle between the laser beam and the aircraft 
normal) is the same, the topography of the surface can influence the 
incidence angle quite drastically. Therefore, it is important to know the 
incidence angle to study the intensity, which is the backscattered radia-
tion of the laser beam.

2.2. reference targets

2.2.1. commercial tarps

Commercial tarps can be used for reference targets very successfully. 
These tarps are made from polyester 1,100 dtex (decitex) with PVC 
(polyvinyl chloride) coating. Tarps are coated with titanium dioxide and 
carbon black paint mixing pigments. To decrease the non-Lambertian 
reflectance effect, a delustering agent was added to the paint. An example 
of the tarps is shown in Fig. 2. 

The FGI manufactured eight commercial tarps with nominal reflectance: 
5%, 10%, 20%, 25%, 30%, 45%, 50%, and 70%. All tarps were meas-
ured in the laser laboratory (Ch. 4.1.2.) to determine the exact backscat-
tering properties.
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The backscattering properties of these tarps were suitable for calibration. 
Still, there were some problems with the tarps. The mat surface attracts 
dirt; therefore, tarps need to be cleaned periodically. Because they are 
quite large (5x5 m) and heavy (600 g/m2), they are not easily transport-
able. Detailed description of the tarps and laboratory measurements are 
given in Kaasalainen et al., (2005). 

2.2.2. commercially available reference targets

Instead of using tarps, there are commercially available materials that are 
easily transportable. Kaasalainen et al., (2009) showed that different type 
of sands and gravel can be used in ALS intensity calibration. Neverthe-
less, they have to be placed on site before the flight campaign, which 
makes them difficult to use, because the exact time when the flight will 
take place must be known. If the targets are place on site too early, they 
will get dirty, and their backscattering properties will change. 

2.3. automatic Gain control

The AGC (Automatic Gain Control) has been used with ALS systems for 
several years. The main objective of the AGC is to reduce the ringing 
effect of the laser pulse and to keep the received signal in the sensitive 
range of the receiver. The sensitivity can be adjusted by the user of the 

figure 2. Commercial tarps placed in Espoonlahti, Finland 2006. (Kaasalainen et al., 
2007).
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sensor. The user can determine how fast or how slow the gain will ramp 
up or down. If the signal is too weak, the system will ramp the gain up, 
which will also increase the intensity value. If the signal is too strong 
and cause a ringing effect,  the system will ramp the gain down, which 
in turn will decrease the intensity. The problem thus far has been how to 
model the intensity and AGC relationship.

The background information on the AGC used with ALS systems is 
sparse. Some information can be found in Korpela et al., (2010), Lehner 
et al., (2011), and in paper iv. All of these papers have produced a cor-
rection model to normalise the intensity of the AGC effect. Neverthe-
less, as Lehner et al., (2011) noted, the pulse parameters must be known 
to make the best possible model. Because the Leica ALS50-II is a pulsed 
based laser system, it does not record the echo information; therefore, it 
is difficult to produce an accurate model. These studies have noted that 
an accurate model is necessary to make the intensity data usable in future 
applications.
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3. aiMs of tHE stuDy

The aims of this study were to:
• Analyse different types of natural targets for the use of ALS intensity 

calibration. What kind of natural targets are the most suitable for use 
in a calibrations procedure? (paper i);

• Study the effects of distance and angle on the ALS intensity data 
and the influence of soil moisture on the intensity. To what extent 
did the incidence angle affect the ALS intensity, and did the ALS 
intensity follow the Lambertian backscattering curve? How large is 
the influence of moisture level on the ALS intensity? What is the 
most suitable method to determine the moisture level in the target? 
(papers ii, iii);

• Document the correction procedure of ALS intensity, describe the 
physics of intensity, and analyse the influence of various components 
on the final intensity value (papers i, ii, iii, iv, v);

• Study and analyse the effect of AGC on the intensity data. How 
much does the AGC influence the ALS intensity? What are the fu-
ture challenges to improve the AGC correction model?  (paper iv).
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4. MEtHoDs anD MatErials

4.1. using natural targets to calibrate als intensity

One of the reasons to use natural targets as calibrators for ALS measure-
ment  is that they are always in the measured area. In this study, different 
types of natural targets were tested to determine whether they are suit-
able for calibration purposes. Different altitudes and sensors were used 
in the test area from 2004 to 2007. 

4.1.1. test area and data
The test area for the natural target study was situated in Espoonlahti 
Harbor, Espoo, Finland. It is approximately 20 km west of Helsinki. 
This area has been used for ALS measurements by FGI since 2004.

Data from four different sensors were used from the flying altitudes of 
110 m to 2,200 m above sea level. Five flight campaigns took place: 
in June 2004 with an Optech ALTM 2033 scanner; in July 2005 with 
Optech ALTM 3100 scanner; in August and December 2006 with Top-
eye MK-II scanner; and in April 2007 with Leica ALS50-II scanner.

A variety of natural samples were collected from the test area. Small 
pieces of each sample were collected and taken into the laser laboratory 
for reference measurements (Ch. 4.1.2.). Additionally, an NIR camera 
system was tested to obtain reference data for the samples (Ch. 4.1.3.), 
which proved to be a very useful tool to gather in situ data because the 
measurements were similar to the actual conditions.

All of the data from natural and commercial targets were corrected ac-
cording to Eq. 8. The energy level correction was not applied because the 
energy levels used were unknown.

4.1.2. concept of als intensity data calibration

Previously described factors (see Ch. 2) affect the final results of the inten-
sity data, and therefore, the data must be corrected and calibrated for these 
factors. For correcting ALS intensity data a formula was used (paper i):

 I I
R
R T

E
Ecorrected original

i

ref

Tref

Tj

=
2

2 2

1 1
cosα  (8)
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The corrected intensity, Icorrected, is a function of the original intensity value, 
Ioriginal,  the range from the sensor to the object, Ri, the chosen reference 
range, Rref, the incidence angle, α, the atmospheric transmittance, T, the 
reference transmitted energy level, ETref, and the transmitted energy level 
in a flight strip, ETj. The reference range is used to minimise the effect of 
different path lengths on the intensity data. The longer the path length, 
the more energy it looses. The incidence angle and atmospheric attenua-
tion were described previously. Because the transmitted energy levels play 
an important role in the final results, they should be taken into consid-
eration. However, correcting for pulse energy differences is only optional 
with the full waveform ALS systems, the pulsed laser system does not 
record any echo information. With the last part of Eq. 8 the energy levels 
are equalised throughout the entire dataset, therefore reducing the influ-
ence of transmitted pulse energy fluctuation (see also Lehner et al., 2011).

A reference target with well-known backscattering properties has been 
used to carry out an absolute calibration. For absolute calibration a labo-
ratory measurement has been performed. A scheme of the laboratory 
setup at the FGI is shown in Fig. 3.

The reference targets were measured in the laboratory with a 1064 nm 
Nd:YAG laser that is typically used in ALS systems (e.g., Leica ALS50-II 
scanner). The sample is on a rotating platform, which will increase the 
sample area because the footprint of the laser beam is quite small (~ 5 
mm). The backscattered radiation is recorded with the CCD camera. All 

figure 3. A sample is placed on the rotating platform, and the scattered radiation is 
measured with CCD optics (Vain and Kaasalainen, 2010b).
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figure 4. NIR camera used with the calibration frame in Espoonlahti 2008. (Paper i)

of the measurements are calibrated with a Spectralon (Labsphere, Inc.). 
More detailed descriptions can be found in Kaasalainen et al., (2005) 
and Kaasalainen et al., (2008).

If the backscattering properties of the reference target are known and if 
the ALS intensity has been corrected (Eq. 8), the following formula can 
be used for absolute calibration (Hapke, 1993; Kaaslainen et al., 2011):

 R
I
IBackscatter

corrected

corrected reference

(target) target= ,

,

RR referenceBackscatter ( )  (9)

The target’s backscattering value is a function of the target’s own cor-
rected intensity, Icorrected,target, divided by the corrected intensity of the ref-
erence target, Icorrected,reference, and multiplied with the laboratory results for 
the reference target, RBackscatter(reference). 

4.1.3.  In situ measurements with digital camera

Instead of using laboratory measurements, another option for obtaining 
reference data for calibration targets, is to use a digital camera (paper i). 
The system uses digital NIR camera with a CCD sensor and a reference 
frame (Fig. 4). 
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The reference frame is used to calibrate the camera measurements. A 
similar idea is used in the laser laboratory, where Spectralon (Labsphere, 
Inc.) is used as a reference target.

Tests showed that this type of in situ reference measurements can be used 
for calibration purposes. For more detailed description about the NIR 
camera test, see papers i and iii.

4.2. Moisture, scan angle and topography effect on ALS intensity

4.2.1. Testing the moisture influence on ALS intensity

The moisture experiment was performed on July 17, 2008 in Palokangas, 
east of Finland (paper iii). Before the flight campaign a 7 m stretch of 
gravel road was introduced with water at 8:33. The moisture measurement 
was performed using a ThetaKit TK2 moisture probe. The first flight took 
place approximately 2 h after the first measurement at 10:15 and the sec-
ond flight at 13:45. Laser points from both flights were extracted from 
the data for both the wet and dry road areas and then analysed. 

A series of TLS and laboratory measurements were also performed dur-
ing this experiment. For more detailed information, see paper iii.

4.2.2. scan angle and topography test

The effect of scan angle and topography on ALS intensity was described 
in Ch. 2.1.3. To test if the intensity values follow the cosine law, a test 
with asphalt road data from the Leica ALS50-II was performed (paper 
ii). The data from altitudes of 500 m and 2,200 m were used.

The scan angle from both altitudes reached up to 22 degrees, and because 
the road was on a plane surface, the scan angle and incidence angle can 
be assumed to be the same. The data were compared with the cosine law.

In paper ii, the TLS measurements with commercial tarps of 20%, 50% 
and 70% nominal reflectance were also tested with an incidence angle of 
up to 70 degrees. The results agreed with the ALS test. Detailed descrip-
tion about the TLS test are given in paper ii.
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4.3. automatic Gain control test

For the AGC experiment, a test flight was performed in August 23, 2008 
in Hyytiälä, Finland. The Leica ALS50-II sensor was used for this purpose.

The test site was flown twice from an altitude of 950 m above ground, 
once using AGC and a second time when the AGC was set to a constant 
level. The direction of the flights was the same with both flightlines.

Some clouds were present during the flights; those areas were removed 
from the data analysis. The area was divided into 10x10 m cells. For each 
cell, an average intensity and an average AGC value were calculated. 
Over 115,000 cells were created, and only matching cells from both 
flights were used in the modelling. A detailed description is given in pa-
per iv. The correction model was tested on several targets: beach sand, 
asphalt road, 20% tarp, 30% tarp and road gravel. 
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5. rEsults anD Discussion

5.1. use of natural targets in the als intensity calibration (paper i)

5.1.1. Stability of different natural targets

The stability of the reference target is an important factor.Targets that 
have large deviations are not reliable for calibration purposes. Therefore, 
a stability study was conducted. The 2006 August and December data 
were used because commercial tarps were placed on the test site for those 
flights. Data that was collected from the tarps and natural samples were 
corrected using Eq. 8, and calibrated intensities were calculated using 
Eq. 9. The August data were calibrated in reference to the 30% tarp and 
the December data to the 40% tarp. The average intensity and standard 
deviation for each target were calculated and analysed. The results are 
shown in Fig. 5.

The results indicate that the asphalt is the most stable reference target. 
The football field (fine gravel) also produces good results and could be 
used as a reference target because of its stability.

The beach sand has a larger standard deviation compared with the as-
phalt and football field samples. The August flight data are significantly 
higher compared with the December data, which could be caused by the 
moisture level in the target. The December data are on the same level 
from all the altitudes.

The concrete seems to follow the same trend as beach sand, and the Au-
gust data have a higher normalised intensity value because the moisture 
level in the target is lower. What makes the concrete doubtful as a refer-
ence target is the difference of the 110 m data from the rest of the De-
cember flights, which indicates that concrete might not be stable enough 
for reference data.

The harbour gravel, which mostly consists of larger granite pieces (1-2 
cm), shows the signs of instability. Two samples were collected, and they 
are clearly different from one another. The samples themselves also differ 
greatly between flying altitudes. Harbour gravel targets are clearly not 
suitable for use as a reference.
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figure 5. Natural samples that are corrected and normalised to the 40% tarp (De-
cember) and 30% tarp (August). Data from the 2006 August and December flights 
were used from altitudes of 110 m, 210 m, 310 m, 320 m (December flight), 460 m, 
and 710 m above sea level. (Modified from paper I.)

The walkway is a mixture of finer and larger granite pieces. The clear dif-
ference is again with the August data – standard deviation becomes larger 
when the moisture level is lower. The trees that grow near the walkway 
can also cause instability, although the only echo returns were used. In 
addition, the December data show large standard deviations and insta-
bility between the different flying altitudes. The walkway targets are not 
suitable for use in ALS intensity calibration.
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The stability test showed that the most suitable natural targets were as-
phalt and football field gravel, which consisted of fine equal-sized gravel 
pieces. The roughness of the surface is a crucial factor – smooth surfaces 
are more stable. Roughness causes the energy to scatter and reflect in dif-
ferent directions, rather than scatter the energy back to the source.

Information about the surface backscattering properties is important to 
know, and therefore, in situ or laboratory measurements should be car-
ried out with each flight campaign.

5.1.2. using the nir camera for reference measurements

The NIR camera was used at the Espoonlahti harbor in 2008. Different 
natural targets were photographed with the NIR camera (Fuji IS-PRO 
digital camera). Samples from those areas were collected and measured 
in the laser laboratory. The results are shown in Fig. 6.

The results show a good correlation between the NIR camera and the 
laboratory measurements. The NIR camera data are closer to the actual 
situation than the laboratory measurements, and the camera covers a 
larger area of the target than the laser beam in the laboratory, although 
the sample is on a rotating plate. 

figure 6. Different natural samples measured with Fuji IS-Pro digital camera, and 
same samples were also measured at the laser laboratory. (Modified from paper I).
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figure 7. Calibrated intensities using parking lot asphalt as the calibration target are 
shown with circles. Calibrated intensities using the tarps are shown with squares, and 
the NIR camera and laser laboratory values are also given with triangles. Compiled 
from data presented in paper I.

5.1.3. using apshalt as calibration target 

The asphalt showed good results in the stability test. Therefore, the use 
of parking lot asphalt as a calibration target was tested against the tarps 
that were used before (Fig. 5). Fig. 7 shows the calibrated intensities with 
the standard deviations for each natural target (circles) using the parking 
lot asphalt as a reference surface. The squares represent the calibrated 
intensities from Fig. 5. An NIR camera and laboratory values are also 
reported where possible.

The results are similar when using tarps as calibration targets. Some dis-
crepancies occur, but they can be considered to be normal because as-
phalt itself deviates markedly more than tarps. Nevertheless, these results 
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figure 8. The average raw intensity data for every scan angle from the 500 m flight in 
Espoonlahti in 2007 are plotted with standard deviations and are marked with rectan-
gles. The cosine law is plotted with the diamonds. (Modified from paper ii).

are usable with good knowledge about the reference target. The use of 
different natural samples as calibration targets is shown in paper i. The 
asphalt produces the most reliable data; therefore, the results of using 
asphalt as calibration target, has been reported in this Thesis. 

5.2. results of angle and topography test (paper ii)

The test for the effect of the angle on ALS intensity was performed to 
determine whether  the intensity follows the cosine law and to determine 
the influence of angle on the intensity data. The 500 m flight data with 
a scan angle of up to 22 degrees was plotted with the line that represents 
the cosine law in Fig. 8. The intensity data were selected from the flat 
asphalt road near Espoonlahti Harbour.

The raw intensity follows the cosine law, although the standard devia-
tions are quite large. Kukko et al., (2008) tested the incidence angle ef-
fect with TLS and reported that the incidence angle (or scan angle with 
plane surfaces in the case of ALS measurements) will follow the expo-
nential curve and will start to descend more sharply after the incidence 
angle is greater than 15-20 degrees. These results, reported in paper ii, 
confirm that the intensity will decrease with the growth of the incidence 
angle and intensity can be corrected with the cosine curve.
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figure 9. The influence of the cosine correction compared to the raw intensity data. 
The cosine correction will have a 6-7 % effect on the intensity with a 20-degree scan 
angle. The 2,200 m flight data are marked with black and 500 m data with grey. 
(Modified from paper ii).

The influence of the incidence angle effect on the final intensity data 
were aslo tested. The results are shown in Fig. 9.

The raw intensity data from the flights of 500 m and 2,200 m above sea 
level were corrected for the cosine effect. The influence will increase with 
the increase in scan angle and goes up to 6-7 % with a 20-degree scan 
angle. This test shows that the angle correction is an important part in 
the overall intensity correction procedure and should be taken into ac-
count when possible.

5.3. results of the moisture test (paper iii)

The intensity data from two flights over the moistened road were col-
lected and compared with the intensity values from the same road but 
without any water to increases the moisture level. 

The results from the first flight (10:15) comparing the dry and moist part 
of the road show that the intensity was 27% lower from the moist part 
of the road than from the surrounding road. The comparison from the 
second flight (13:45) showed only a 7% decrease in the intensity values 
from the moistened road compared with the dry road. The road dried 
between the two flights. The original volumetric water percentage was 
4% measured with the ThetaKit TK2 moisture probe. If the ALS test 
was compared with the laboratory measurements, where the difference 
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figure 10. The moistened part of the road immediately after the water was added at 
8:33 (top image) and an hour later (bottom image). Figure 3 from paper iii.

between the 0% and 4% volumetric moisture level was 47%, then we 
can state that the road had been dried from the original 4% to approxi-
mately 2-3 % when the first flight occurred (2 h after water was added). 
The laboratory tests indicate that the influence of the moisture level of 
the target is more critical at the lower levels and the decrease in the inten-
sity was insignificant after the saturation mark was reached.

These tests have demostrated that information about the moisture level 
in the targets is crucial. Because the ALS is an active remote sensing 
system, it measures the top of the surface; therefore, only the moisture 
content in the top part of the surface is critical. Most of the moisture me-
ters measure the level a couple of centimetres below the surface. The NIR 
camera approach provides more accurate data, because it only measures 
the top part of the surface. The NIR camera was used for reference mea-
surements in the natural target study (paper i), and in the moisture in-
fluence study (paper iii). The results are similar to those that are meas-
ured in the laboratory.
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5.4. Automatic Gain Control test and the influence of AGC to the 
als intensity (paper iv)

The AGC test was performed in Hyytiälä, Finland. The same area was 
flown over twice, once using AGC and a second time when the AGC was 
set to a constant level. The average intensity values were calculated for 
the 10x10 m cells for both flights and the correlation between those two 
are plotted in Fig. 11. Cells that had intensity differences between AGC 
on and off more than three times their standard deviation were exlcuded.

In Ron Roth from Leica, (personal communication, 2009), mentioned 
that the gain increases in a somewhat linear fashion between 108 and 
172 arbitrary units, indicating that the linear model would fit best to 
show the correlation.

The correlation between the two data sets was R2=0.76. The least square 
fitting was used for modelling and to determine the constants. The fol-
lowing model was created (Eq. 2 in paper iv):

 I a a I a I AGCoff on on= + +1 2 3  (10)

figure 11. Average intensities for the cells using AGC and when the AGC was set 
to a constant level. Cells that had a correlation larger than three times their standard 
deviation were excluded. Figure 1 from paper iv.
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The corrected intensity for AGC, Ioff, is a function of the intensity when 
AGC is set on, Ion, and the AGC value itself. The parameters are: a1=-
8.093883, a2=2.5250588, and a3=-0.0155656. Eq. 10 was used to cor-
rect the intensity, and the results were compared with the actual observed 
intensity values. The results are plotted in Fig. 12.

The root-mean-squared error between the observed and predicted inten-
sities (corrected with Eq. 10) was 5.65. 

The AGC correction model was tested on five targets: asphalt road, beach 
sand, 20% tarp, 30% tarp and gravel road. The results for beach sand 
and 20% tarp are shown in Fig. 13. The corrected intensities still follow 
the AGC trend but are closer to the the intensities when the AGC was 
turned off.

It should be mentioned that the AGC fluctuation in this study was small, 
reaching from 120 to 140 units. This fluctuation could cause problems 

figure 12. The intensities are corrected for the AGC effect with Eq. 10. The predict-
ed values are on the horizontal axis and the actual observed intensities on the vertical 
axis. The root-mean-squared error between the two data sets was 5.65. Figure 2 in 
paper IV.
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near water bodies, because the AGC will be on the upper end of the 
AGC limit. Nevertheless, this Thesis has shown the importance of AGC 
correction and has noted the need for further studies. 

figure 13. The AGC linear model tested on beach sand sample and 20% calibration 
tarp. (Modified from paper iv).
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6. conclusions
• The stability studies for natural targets showed that asphalt roads and 

gravel fields (paper i) are stable targets and could be used successfully 
as calibrators. Knowledge about the reference target is crucial. More 
stable targets produce good results, and instability in the calibration 
target can cause large errors in the final results. The NIR camera ap-
proach was introduced to measure calibration targets on sight (paper 
i), producing similar data to that of laboratory measurements. Be-
cause the measurement conditions with the NIR camera approach 
are closer to the actual ALS measurements, than with the labora-
tory measurements, the NIR camera will provide more detailed data 
about the backscattering properties.

• The cosine angle effect test showed that the incidence angle (angle 
between the surface normal and the incoming laser beam) will affect 
the intensity according to the cosine law (paper ii). The surfaces are 
assumed to have Lambertian backscattering properties, which means 
that an increase in the incidence angle will reduce the backscattered 
energy. Therefore, it is essential to minimise the influence of the in-
cidence angle. Although the scan angles are usually less than 20 de-
grees, the topography can influence the incidence angle effect by a 
considerable amount, as shown in this study.

• Many of the ALS flights are made after rainy days because in north-
ern-Europe (or in rain forested areas, for example) the frequency of 
days with suitable weather for the flight to take place is limited. The 
moisture test showed that the influence of water level content on the 
surface can greatly lower the intensity values (paper iii). The NIR 
camera approach was also useful to determine the exact backscatter-
ing properties for the surface from a larger area.

• The Lieca ALS50-II scanner uses AGC, which keeps the returned signal 
in the sensitive area of the receiver. This Thesis showed that the AGC 
affects the intensity in a linear fashion (paper iv). A correction model 
was proposed and tested on several targets. The correction model mini-
mised the influence of AGC, but the corrected intensities still follow 
the AGC trend. Therefore, further studies are needed to improve the 
AGC correction model; manufacturers should provide more informa-
tion about the AGC used in their scanner. The information about the 
transmitted and received signals would help to significantly improve 
the model because the AGC levels are connected to the energy levels 
that are used. In this study, the Leica ALS50-II scanner did not record 
the energy levels; therefore, it was impossible to use this information.
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suMMary in Estonian

aerolaserskaneerimise intensiivsuse parandamine ja  
kalibreerimine looduslikke pindasid kasutades

sissejuhatus

Aerolaserskaneerimine (ALS) on leidnud laialdast kasutust erinevates 
teadusvaldkondades, kuna pakub täpset 3D informatsiooni uuritavate 
objektide kohta. Lisaks ruumilistele koordinaatidele salvestavad ALS 
süsteemid ka intensiivsuse informatsiooni. Intensiivsuseks nimetatakse 
objektilt tagasihajunud laserkiire footonite hulka ehk teisisõnu on te-
gemist tagasihajunud energiahulgaga. ALS süsteemide eeliseks ongi see, 
et koos 3D informatsiooniga on võimalik  saada uuritava objekti kohta 
radiomeetrilist inforamtsiooni (intensiivsus).

Kuna ALS mõõtmiste puhul on tegu kaugseirega, mõjutavad erinevad 
faktorid intensiivsusväärtuseid. Selleks, et intensiivususväärtuseid ana-
lüüsides ja rakendustes kasutada, peab neid enne korrigeerima ja kalib-
reerima. Korrigeeritakse järgmiste tegurite mõju vähendamiseks: (i) väl-
jutatud energiatasemete erinevuste puhul, suurem energiahulk tähendab 
ka suuremat footonite hulka, mis hajub objektilt tagasi; (ii) atmosfääri 
mõju – laserkiir liigub läbi atmosfääri objektini ja tagasi, selle aja jooksul 
toimub laserkiire vertikaalne sumbumine, mis väljendub energiakaotuses; 
(iii) objekti kauguse ja topograafia mõju – kuna ALS puhul eeldatakse, et 
pindadel on Lamberti tagasihajumise omadused, siis väheneb tagasiha-
junud energiahulk kokkupuutenurga suurenemisega (kokkupuutenurk 
on kombinatsioon skaneerimis-nurgast ja maapinna topograafiast); (iv) 
Leica ALS 50 ja uuemate skannerite puhul on kasutusel AGC (Automa-
tic Gain Control), mis hoiab vastuvõetud signaali vastuvõtja tundlikus 
piirkonnas. Selle abil suurendatakse vastuvõetud signaalide hulka ning 
vähendatakse vigasid kauguse mõõtmisel. Kuna AGC pidevalt liigub, 
ehk siis on dünaamiline, siis kaasneb sellega ka intensiivsuse muutumine 
vastavalt AGC väärtuste muutumisele.

Kui ALS intensiivsusväärtused on eelnevalt nimetatud tegurite vastu pa-
randatud, tuleb intensiivsus ka kalibreerida. Seni on selleks kasutatud 
tehislikult toodetud katteid, mis on stabiilse tagasihajumisega, samuti ka 
tööstuslikult toodetud graniidi- ja muude materjalide puru. Neid pindu 
on mitmetes teadustöödes uuritud ning nad sobivad kalibreerimispinda-
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deks. Probleemiks on nende kohaletoimetamine lennatavale alale õigeks 
ajaks ning nende puhastamine kohapeal. 

Antud doktoritöö peamiseks eesmärgiks on uurida, kuidas saab kasutata 
loomulikke (loodulikke) olemasolevaid pindasid, mida leidub lennataval 
alal (artikkel i). Seoses uurimistööga ilmnes muid erinevaid faktoreid, 
mida tuleb arvestada. Uuriti, kas üldistus, et pinnad järgivad koosinuskõ-
verat, ka reaalsete andmete puhul paika peab (artikkel ii), samuti uuriti 
niiskuse taseme mõju pinnas intensiivsusväärtustele (artikkel iii). Samuti 
uuriti AGC mõju intensiivsusele ning pakuti välja korrektsioonivõrrand 
selle mõju minimaliseerimiseks (artikkel iv). Üldine ALS intensiivsuse 
korrigeerimise ja kalibreerimise käik on näidatud ära artiklis v.

Metoodika

Et testida, millised loomulikult kättesaadavad pinnad sobivad kalibree-
rimiseks, teostati uuring Espoonlahti sadamas, Soomes. Erinevatelt kõr-
gustelt ja erinevate skanneritega saadud ALS intensiisusväärtusi uuriti. 
Intensiivsusväärtused korrigeeriti ja  kalibreeriti kasutades tehislikult 
toodetud katteid. Saadud tulemusi analüüsiti stabiilsuse seisukohalt (ar-
tikkel i). Samuti testiti lähiinfrapunases spektripiirkonnas töötavat käsi-
fotokaamerat, saamaks kalibreerimispinna jaoks täpseid tagasihajumise 
omadusi (artiklid i ja iii).

Kauguse ja topograafia mõju hindamiseks valiti Espoonlahti sadama juu-
rest tasasel pinnal olev asfalttee, kus skaneerimisnurk ulatus 22 kraadini. 
Uuriti 500 m ja 2,200 m kõrguselt kogutud intensiivsusandmeid ning 
võrreldi neid koosinuskõveraga, mis esindab Lamberti tagasihajumise 
seadust (artikkel ii).

Niiskuse mõju hindamiseks teostati katse Ida-Soomes, kus 7 m pikkune 
kruusatee valati üle veega. Toimus kaks ülelendu, millede vahel niisuta-
tud teepind kuivas. Saadud intensiivsusväärtusi kõrvutati kuiva kruusa-
tee pealt saadud intensiivsusväärtustega. Samuti testiti lähiinfrapunases 
spektripiirkonnas töötavat käsifotokaamerat, et määrata niiskuse taset 
pinnas (artikkel iii).

AGC test viidi läbi 2008. aastal Soomes, Hyytiäläs. Selleks kasutati Leica 
ALS50-II skannerit. Sama lennuriba lennati üle kaks korda samas suu-
nas. Esimene kord töötas AGC vastavalt seatud parameetritele, teisel 
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korral oli AGC sätitud konstantseks, ehk ta ei olnud dünaamiline. Saa-
dud andmed rasterdati 10x10 m piksliteks, kokku üle 115 000. Iga piksli 
jaoks arvutati keskmine intensiivsus ja AGC väärtus. Saadud tulemusi 
korreleeriti omavahel ning saadi parandusmudel (artikkel iv).

tulemused ja arutelu

Peamiseks kriteeriumiks, kas mingi pind sobib kalibreerimispinnaks või 
ei, on tema stabiilsus. Loomulikult kättesaadavate pindade puhul osutus 
kõige stabiilsemaks asfalt (artikkel i), mille standardhälve erinevate len-
dude puhul oli kõige väikseam. Asfaldit kasutati ka kalibreerimispinna-
na ning saadud tulemusi võrreldi kalibreeritud intensiivsustega, millede 
puhul oli kasutatud tehislikult toodetud katteid. Tulemused olid vägagi 
sarnased, mis viitab sellele, et asfalt on piisavalt stabiilne, et teda kasuta-
da kalibreerimispinnana.

Lähiinfrapunases spektripiirkonnas töötavat käsifotokaamerat kasuta-
ti ka erinevate pindade tagasihajumisomaduste uurimiseks. Kaameraga 
saadud tulemusi võrreldi laboris saadud tulemsutega ning korrelatsioon 
kahe erineva meetodi vahel oli hea (artikkel i). Kaamera kasutamine 
tagab selle, et niiskusomadused pinnas on täpselt sellised nagu ülelen-
nu puhul, samas kui laboris mõõdetud proovitükid on juba mingi aeg 
seisnud toatemperatuuril. Samuti on võimalik kaameraga teha mõõtmisi 
erinevates kohtades, laboratoorseteks mõõtmisteks on aga näiteks betoo-
nist väga raske tükki kaasa võtta.

Kuna ALS mõõdistuste puhul eeldatakse, et pinnad käituvad tagasihaju-
mise puhul Lamberti pindadena, siis tähendab see seda, et mida suurem 
on laserkiire ja objekti kokkupuutenurk, seda vähem energiat hajub alli-
kasse tagasi. Selle testimiseks läbi viidud katse näitas, et ALS intensiivsus 
järgib koosinuse kõverat ning kokkupuutenurga mõju suureneb märga-
tavalt peale 15 kraadi (artikkel ii). Üldjuhul hoitaksegi skaneerimisnurk 
alla 20 kraadi, et vältida Lamberti tagasihajumisest tuleneva vea kasva-
mist.

Niiskuse tase pinna ülemises kihis mängib intensiivuse osas väga suurt 
rolli. Ida-Soomes tehtud test, kus osa teest tehti veega märjaks ning peale 
mida toimus kaks ülelendu, näitas, et niiskuse mõju võib ulatuda 27%-i 
(esimese ülelennu puhul) ning teise ülelennu puhul oli see juba ainult 
7% madalam kui kõrval oleva kuiva kruusatee intensiivsus (artikkel iii). 
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Seega on tähtis arvestada ka niiskuse taset kalibreerimiseks kasutatavas 
pinnas. Niiskustaseme kindlaksmääramisel kasutati ka lähiinfrapunases 
spektripiirkonnas töötavat käsifotokaamerat, mille tulemused ühtisid 
hästi laboris saadud tulemustega (artikkel iii).

AGC testi tulemusena ilmnes see, et intensiivsus järgib AGC liikumist. 
Seega on tähtis intensiivsust parandada AGC mõju vastu. Hyytiäläs teh-
tud testi tulemusena pakuti välja lineaarne parandusmudel (artikkel iv), 
mille keskmine ruutviga vaadeldud ja mudeli abil ennustatud intensiiv-
suste vahel oli 5.65. Kuna Leica ALS50-II skanner ei salvesta laineinfor-
matsiooni, ei ole teada ka saadetud kui vastuvõetud energiahulka. AGC 
paistab olevat seotud energiatasemega, seega saaks mudelit parandada 
just siis, kui on teada nii välja saadetud kui vastu võetud energiatasemed.

Järeldused ja edasised uurimissuunad

• Loomulikult kättesaadavaid pindasid on võimalik kasutada kalib-
reerimispindadena, kui on olemas piisav informatsioon tagasihaju-
misomaduste kohta (artikkel i). Antud doktoritöö raames läbiviidud 
uuring näitas, et asfaldit saab edukalt kasutada kalibreerimispinnana. 

• Kauguse ja topograafia mõju ALS intensiivsusele on samuti üks täht-
said tegureid. Testi tulemused näitasid, et oletus pindade Lamberit 
tagasihajumisomadustest peab paika (artikkel ii). Intensiivsusväär-
tused kahanevad vastavalt sellele, kuidas suureneb kokkupuutenurk.

• Kuna paljud lennud leiavad aset just pärast vihmaseid päevi, eriti 
Põhja-Euroopas, kus lendamiseks kõlblike päevade arv on piiratud, 
siis niiskuse tase pinnases alandab oluliselt ALS intensiivsust (artik-
kel iii). Kuna niiskuse mõju intensiivsusele on vähe uuritud, siis 
siin doktoritöös esitatud tulemusi tuleks kindlasti edasi uurida, et 
niiskuse mõju võimalikult palju kõrvaldada. Üheks heaks vahendiks 
niiskustaseme määramiseks on lähiinfrapunases spektripiirkonnas 
töötav käsifotokaamera. 

• AGC mõju intensiivsusele pole siiamaani veel põhjalikult uuritud. 
Siin doktoritöös esitatud lineaarne korrigeerimismudel on üks esi-
mesi põhjalikke uurimusi AGC ja intensiivsuse vahelisest seosest. 
Kindlasti aitab mudeli parandamisele kaasa teadmine välja saadetud 
ja vastuvõetud energiatasemete kohta. Leica ALS50-II skanner kah-
juks sellist võimalust ei paku. 
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Käesolev doktoritöö on üks väheseid põhjalikke uurimistöid ALS inten-
siivsuse vallas maailmas ning esimene Eestis, mis käsitleb just loomuli-
kult kättesaadavaid pindu kui kalibreerimisvahendeid. Antud doktori-
töös saadud teadmisi tuleks rakendada intensiivsuse parandamisele, mis 
võimaldaks intensiivsust kasutada ka erinevates loodusteadustega seotud 
uurimustöödes, kus radiomeetriline informatsioon koos ruumiliste and-
metega leiab kasutust. 
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Abstract: We have studied the possibility of calibrating airborne laser scanning (ALS) 
intensity data, using land targets typically available in urban areas. For this purpose, a test 
area around Espoonlahti Harbor, Espoo, Finland, for which a long time series of ALS 
campaigns is available, was selected. Different target samples (beach sand, concrete, 
asphalt, different types of gravel) were collected and measured in the laboratory. Using 
tarps, which have certain backscattering properties, the natural samples were calibrated and 
studied, taking into account the atmospheric effect, incidence angle and flying height. Using 
data from different flights and altitudes, a time series for the natural samples was generated. 
Studying the stability of the samples, we could obtain information on the most ideal types of 
natural targets for ALS radiometric calibration. Using the selected natural samples as 
reference, the ALS points of typical land targets were calibrated again and examined. 
Results showed the need for more accurate ground reference data, before using natural 
samples in ALS intensity data calibration. Also, the NIR camera-based field system was 
used for collecting ground reference data. This system proved to be a good means for 
collecting in situ reference data, especially for targets with inhomogeneous surface 
reflection properties. 

Keywords: Intensity; laser scanning; natural samples; radiometric calibration; reflectance. 
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1. Introduction 
 
There is a wide range of applications for airborne laser scanning (ALS) data. It can be used to 

monitor changes in, e.g., forests, built areas, or remote areas such as glaciers, creating 3D models, 
mapping shallow waters (bathymetry) etc. [1,2]. The result of a typical ALS survey is a point cloud, 
where every point has an X, Y and Z coordinate, which is determined with the help of GPS (Global 
Positioning System) and IMU (Inertial Measurement Unit). Additionally, the intensity value for each 
point is recorded. The intensity values are recorded in digital numbers (DN) and represent the laser 
returns, which are proportional to the number of photons impinging on the detector [3]. In physical 
terms it means the power entering the receiver. From the radar equation, the power that is detected by 
the receiver can be written as [4]: 


 24

2

4 t

rt
r R

DPP   (1) 

where Pt is the transmitted power, Dr is the receiver aperture, R is the range, βt is the transmitted beam 
width, and σ is the cross-section. The received power is dependent on the physical properties of the 
sensor, the distance between the sensor and the object, backscattering properties of the object, and the 
transmitted power. The latter one is problematic, because the transmitted power is usually unknown. 
The transmitted power is related to the pulse repetition frequency (PRF). The higher the PRF value, the 
lower the pulse energy is. The pulse energies for certain PRF values have been published for Optech 
systems [1] and those values have been used in calibration procedures [5, 6]. Reflectance is mostly 
defined as the total fraction of the incident (collimated) power on the unit surface area scattered into 
upper hemisphere by unit area of surface. Laser scanner measure only the fraction of reflectance that is 
retroreflected into the direction of illumination (0° angle between light source and detector), which we 
here call the backscattered reflectance.  

The Finnish Geodetic Institute (FGI) has developed an empirical calibration scheme of ALS 
intensity data with portable brightness targets, such as tarps or gravel [6,7]. The tarps were measured in 
the laboratory [8] to get the exact backscattering properties, and laboratory results were compared to 
terrestrial laser scanner (TLS) and ALS data [9].  Commercially available brightness targets were also 
used to calibrate ALS data [10]. Those studies showed that the tarps and some commercially available 
targets can be used to calibrate intensity data. The aim of this paper is to present the possibility to use 
natural brightness targets for ALS intensity data calibration, since it is not always possible to use tarps 
or commercial gravel. This would also enable the intensity calibration for flights where any reference 
targets have not been used. The applications for corrected ALS intensity data can be found in [11,12]. 

In Section 2 the study area and the flight campaigns are described. The ALS intensity data 
correction is described in Section 3. Section 4 describes the results of the comparison of different 
natural targets and also NIR camera results. The conclusions and problems are discussed in Section 5. 
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2. Study area and data 

2.1. Study area and airborne laser scanning campaigns 
 

The study area is situated in Espoonlahti Harbor, near Helsinki in South Finland (see Figure 1). The 
area has been an object of numerous airborne and terrestrial laser scanning campaigns and 
development of methods (e.g., creating 3D models of built areas).  

 
Figure 1. Lidar raw intensity image from a December 2006 flight. Placement of natural 
and commercial samples near Espoonlahti Harbor. (a) Tarps and commercial gravel during 
the December 2006 flights. Tarps from top to bottom: 5%, 25%, 30% and 45% nominal 
reflectance. Commercial gravel from top to bottom: Sanding Gravel, Yellow Quartz, Black 
Diabase and LECA.  

 
 

Table 1. Flight campaigns in Espoonlahti Harbor. Date when the campaign took place, 
scanner used, flying altitudes, average point density and laser footprint size on the ground.  

 

Date Scanner Wavelength, 
nm

Flying altitude 
(AGL), m 

Average point 
density, pts/m2

Laser footprint size 
on the ground, m 

Jun. 29, 2004 Optech ALTM 
2033 

1064 640 9.2 0.13 

Jul. 12, 2005 Optech ALTM 
3100 

1064 1065 7.3 0.32 

Aug. 31, 2006 Topeye MK-II 1064 320 13.7 0.32 
Dec. 18, 2006 Topeye MK-II 1064 110; 210; 310; 

460; 710 
63.5; 17.5; 

16.3; 6.6; 3.5 
0.11; 0.21; 0.31; 

0.46; 0.71 
Apr. 26, 2007 Leica ALS50-II 1064 500; 2200 5.5; 0.5 0.11; 0.48 
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There have been five ALS campaigns since 2004 with four different sensors, from altitudes 110 m 
to 2,200 m AGL (Above Ground Level). The first campaign took place on 29th June 2004, and the 
sensor used was Optech ALTM 2033. In July 2005, the Optech ALTM 3100 scanner was used, in 
August and December 2006 Topeye MK-II, and in April 2007 Leica ALS50-II scanner. Detailed 
information about the flights and scanners is given in Table 1.  
 
2.2. Samples and reference data 

 
The sample data were collected near the Espoonlahti Harbor. Figure 2 shows the collected samples, 

commercial gravel and tarps that were laid down during the flights of August 2006. To obtain a wider 
spectrum of samples, concrete and asphalt samples were also included. Asphalt samples were collected 
from the parking lot and harbor road (see Figure 1, where the harbor road asphalt is brighter than the 
parking lot asphalt), a concrete sample, different gravel samples from a football field, walkway and 
harbor and a sand sample from the beach were also collected. The collected samples were measured in 
the laboratory to get the exact backscattering properties. A 1,064 nm Nd:YAG laser and CCD camera 
were used for the measurements. The set-up and the measurements technique are explained thoroughly 
in [8,9]. The 1064 nm wavelength is the same that the ALS systems use. 

 
Figure 2. (a) Natural samples collected in Espoonlahti Harbor, from top left: asphalt, 
concrete, football field gravel, beach sand, harbor gravel and walkway gravel. (b) 
Commercial gravel that was used during the December 2006 flight. From top to bottom: 
Diabase, Quartz, LECA and Gravel. (c) Brightness tarps on the ground during the August 
2006 flight: 10%, 30%, 50% and 70% nominal reflectance. 

 
 

Commercially available gravel was used during the campaigns in December 2006 and April 2007. 
The gravel samples from the 2007 flights were too small to see in the laser data (the sizes of the gravel 
samples were too small to get enough laser returns to use the gravel as reference in calibration 
procedure). In 2006, the commercial gravel samples used were: black diabase (Diabase), yellow quartz 
(Quartz), Light Expanded Clay Aggregate, which consists of lightweight particles of burnt clay 
(LECA) and coarse gravel used for sanding the roads (Gravel). Tests have showed that these types of 
gravel can be used in ALS intensity calibration procedure [10].  
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Brightness tarps were used during the campaigns in August and December 2006. Targets of 10%, 
30%, 50% and 70% nominal reflectance were used in August and targets of 5%, 25%, 30% and 45% 
nominal reflectance in December. More information about the brightness reference targets can be 
found in [8]. The brightness tarps are used in this study as validation targets, i.e., to calibrate laser 
points of natural brightness targets (e.g., sand and gravel). Knowing the exact backscattering properties 
for those tarps, other samples can be corrected [6]. 

To get a sample of a natural target for laboratory measurement is not always an easy task (e.g. in 
case of asphalt or concrete). Because of this, we developed an NIR camera-based field system for 
reference measurements. A Fuji IS PRO with an 850 nm IR-filter and ISO 100 1/250s exposure time 
was used with a Nikon SB800 flash, for which the output power variation was about 2%. A calibration 
frame (295 x 210 mm) was placed around the target to measure the reflectance (see Figure. 3). The 
frame cover is made of commercial white balance and exposure calibration target Lastolite 
XpoBalance, which has linear spectral response from 400 to 1,000 nm. To avoid shelf shadowing 
effect, only these areas of the target are selected, that have no shadows.  

 
Figure 3. Measurements of concrete in Kivenlahti Harbor with Fuji IS PRO camera and 
the calibration frame. 

 
 

This system allows us to take reflectance measurements, without collecting samples and measuring 
them in the laboratory. The NIR camera is useful for collecting the in situ reference data. The NIR 
camera application gives the larger bulk of data for the area of interest than spectrometers, which gives 
us an opportunity to understand more about the reflectance variations within one sample (e.g. beach 
sand, for which the surface brightness showed some spatial variation).  

3. Airborne laser scanner intensity data correction 

The laser points for each sample area were extracted, using the TerraScan (Terrasolid Ltd) program. 
The sample areas were chosen so, that they would be on a plane surface. This allows us to approximate 
the scan angle to be the same as the incidence angle and makes computation easier. The incidence 
angle is defined as an angle between surface normal and incoming laser beam. In the case of flat 
surfaces, the scan angle and incidence angle coincide (see Figure 4).  
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Figure 4. Difference between incidence angle and scan angle. 

 
 

We assume the surfaces to have Lambertian backscatter properties. The incidence or scan angle 
effect in our case causes the reduction in the amount of light coming back to the sensor and could be 
corrected by multiplying the intensity value with 1/cosα [5], where α is the incidence angle. The 
incidence angle for each point can be calculated from the coordinates of the laser point and the scanner 
position. 

In this study, there are several flights with different altitudes. The flying height plays an important 
role to the received power, which is related to the intensity. The inverse range-square dependency on 
the intensity value is called spherical loss [5,6]. The higher the flying altitude, the lower is the received 
power. If there are flights with multiple flying heights, the reference range should be selected (see 
Figure. 4). For example, if there are flights at 1,000 m, 200 m and 500 m altitudes, then we choose one 
of the heights as a reference range (e.g., 200 m). By multiplying the raw intensity values by the range 
squared, divided by the reference range squared (see Figure. 4), the effect of the energy loss due to the 
flying height is compensated and the intensity values from different heights are comparable.  

Because the laser beam is travelling through the atmosphere, it is affected by the components and 
the conditions of the atmosphere. This is called the atmospheric effect. The exact atmospheric 
conditions are very difficult to obtain. Therefore, a MODTRAN Ver. 3 program for modeling the 
atmospheric conditions is used. This program calculates the total atmospheric transmittance, using the 
program’s inner atmospheric layers and user-defined input parameters. In this study, a mid-latitude 
summer model and visibility of 23 km (Espoonlahti Harbor is situated in a suburban area) was used. 
Other input parameters were: flying height, path length (assumed here to be the same as flying 
heights), and the wavelength range. Since all the sensors use 1,064 nm wavelength, the wavelength 
range was chosen from 1,063 nm to 1,065 nm. The path length is the distance over what the program 
calculates the total transmittance. The raw intensity values for atmospheric effect can be corrected by 
multiplying with 1/T2 [6] (because the laser beam travels from sensor to the ground and back), where T 
is the total transmittance calculated by MODTRAN Ver. 3.  
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The amount of energy that the laser uses is connected to the pulse repetition frequency (PRF). With 
high PRF values, the amount of energy that is transmitted with every pulse is lower than with the low 
PRF values [5,13]. The other important factor is pulse width. It is usually a few nanoseconds and is 
defined to be the time when the pulse power is continuously above half its maximum [13]. Pulses with 
shorter pulse width have higher peak power and higher pulse energy. 

The calibration for different pulse energies is discussed in [5,6]. The main principle is to choose a 
reference PRF setting with defined pulse energy value, and divide it with the pulse energy value of the 
PRF setting in the current flight. This means that the correction value for pulse energy losses is a ratio 
between the reference pulse energy value and a pulse energy value in the current flightline. But the 
usual problem with the ALS data is that the relation between pulse energy and PRF is not known. 
Therefore, it is difficult to calibrate for the pulse energy losses. In our study, it does not have a crucial 
effect on the results, since we are looking for the stability of the targets within one type of sensor 
rather than between different sensors. The backscattered reflectance values for natural targets in this 
study are calculated, using reference targets from the same flying height.  This cancels out the PRF 
correction, because it was the same for both, the natural target and the reference target. The pulse 
energy values for Optech scanners for certain PRF settings are reported in [1]. 

Summarizing the previous text, we have corrected the raw intensity values with the incidence angle 
correction, range correction and the atmospheric correction, leaving out the pulse energy correction. 
The equation for ALS intensity data correction can be written as: 

Tj

Tref

ref

i
originalcorrected E

E
TR

RII  22

2 1
cos

1


, (2) 

where Ioriginal is the raw intensity value, Ri is the slope distance (see Figure. 4) from the sensor to the 
ground, Rref is the chosen reference distance, α is the incidence angle (because we use samples from 
flat areas, the incidence angle is the same as the scan angle), T is the total atmospheric transmittance, 
ETref is the chosen reference pulse energy value and ETj is the pulse energy value in a current flightline.  

General workflow of calculating calibrated intensity values is shown in Figure. 5. The sample areas 
are selected from the raw laser data from the airborne survey. The extracted laser points are corrected 
with the incidence angel correction, range correction and atmospheric correction. The corrected 
intensity values are calibrated with the reference target by dividing the corrected intensity value of the 
natural target by the corrected intensity value of the calibration target and multiplying that ratio with 
the reflectance value of the calibration target that was measured in the laboratory. 

 
Figure 5. General workflow of calibrating the airborne laser scanner intensity data. 
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4. Results 

4.1. Stability study of natural brightness targets 
 

For each sample area, laser points were corrected individually according to Eq. 2. Using the 
corrected intensity values, average intensity was calculated for each sample area. The number of points 
collected for each sample is summarized in Table 2. There is a long data series for all the natural 
samples, which allows us to compare laser data from different sensors and measurement conditions. 
Since there were variations in reflectance levels between different sensors, the stability of that target 
was investigated within the reflectance data obtained with a single sensor. 

 
Table 2. Data series of samples taken from the ALS data. Number of points collected for 
every sample and flying height.  

Sample 

Flying altitude AGL, m 
Number of points collected 

Topeye MK-II 
December 

Topeye 
MK-II 
August 

Topeye 
MK-II 

December 

Leica 
ALS50

-II 

Optech 
ALTM

2033 

Topeye 
MK-II 

December 

Optech 
ALTM

3100 

Leica 
ALS50

-II 

110 210 310 320 460 500 640 710 1065 2200 
Walkway - 543 1224 751 455 871 462 143 191 44 
Harbour 
gravel 

4535 785 1345 2236 488 600 484 87 273 47 

Beach sand - - 172 856 42 332 228 54 63 23 
Parking lot 

asphalt 
1703 577 450 450 101 192 257 14 108 10 

Football 
field 

14424 5623 5294 4488 1747 2396 2272 787 1133 165 

Harbour 
asphalt 

3656 1409 1195 541 573 802 659 199 398 66 

Concrete 489 64 195 34 19 51 44 4 6 4 
Tarp 5% 1612 514 229 - 109 - - 79 - - 
Tarp 8% - - - 945 - - - - - - 

Tarp 20% 1426 510 240 - 48 - - 53 - - 
Tarp 26% 1263 594 762 273 48 - - 225 - - 
Tarp 40% 2816 443 671 - 53 - - 121 - - 
Tarp 50% - - - 297 - - - - - - 
Tarp 70% - - - 234 - - - - - - 

Gravel 183 54 30 - 9 - - 31 - - 
Quartz 138 60 23 - 5 - - 26 - - 

Diabase 133 48 19 - 5 - - 2 - - 
LECA 136 50 26 - 6 - - 7 - - 

 
Using the data from flights where the tarps were used, the reflectance values for natural samples 

were calculated. Natural samples from the December 2006 and August 2006 campaigns were 
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calibrated according to the 45 % tarp and the 30% tarp, respectively. The results are shown in Figure 6. 
For some natural targets, several samples were collected from the same flying height (see Figure 1). 
For example, for walkway, three samples were collected at the flying height of 110 m. All those 
samples are plotted in Figure 6. 

The stability of natural brightness targets can be studied from Figure 6. The standard deviation of 
the walkway is noticeably large. There is also large deviation between the reflectance values. This 
indicates that the walkway is not stable (i.e., there is great deviation in the reflectance values) and is 
not suitable as a reference target. The large deviation may be caused by the fact that the walkway is 
surrounded by trees, which have an effect on the intensity values, but this also indicates that the sample 
is not homogeneous (see also [5]). It is also noticeable that the backscatter reflectance values from 
August flight in 2006 at the height of 320 m are higher (for all targets except for the harbor asphalt and 
parking lot asphalt). This could be explained by the fact that the moisture level in natural samples may 
have been higher in December than in August. The higher moisture level in samples decreases the 
backscatter reflectance values. This shows the need for more field measurements during the campaign. 
Here, the NIR camera system comes into use. Though the NIR camera works with different 
measurement geometry than lasers, it provides in situ results, which are closer to the actual conditions 
of the flight than the laboratory measurements. We have used backscatter reflectance values from the 
natural targets that have been collected since 2006 and measured in the laboratory with 1,064 nm 
Nd:YAG laser (as described in Sect. 2.1). If there is a change in the moisture conditions of the target 
collected for laboratory measurements, this may cause some deviation between the laboratory and 
flight data. Therefore, field measurements (especially when carried out simultaneously with the ALS 
flight) may provide a more reliable reference in such cases. 

From the results in Figure 5, the harbor asphalt and parking lot asphalt seem to be the most stable 
targets. The football field, concrete and beach sand have also produced somewhat stable results. The 
walkway and harbor gravel (rough surface) deviate in large scale and are not reliable as calibration 
targets.  

Figure 6A. Backscatter reflectance values calibrated with 45% tarp. The intensity values at 
320 m flight altitude are relative to 30% tarp. The standard deviation for the walkway is 
marked with red color as noticeably large. Data points from heights 110 m, 210 m, 310 m, 
460 m and 710 m are from the December 2006 campaign, and data points from height 320 
m are from August 2006 campaign. Results for football field, beach sand and walkway. 
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Figure 6B. Backscatter reflectance values calibrated with 45% tarp. The intensity values at 
320 m flight altitude are relative to 30% tarp. Data points from heights 110 m, 210 m, 310 
m, 460 m and 710 m are from the December 2006 campaign, and data points from height 
320 m are from August 2006 campaign. Results for parking lot asphalt, harbor asphalt, 
harbor gravel and concrete. 

 
 

4.2. Using natural targets in reflectance calibration 
 

To test the use of different natural samples as reference targets, backscatter reflectances for all other 
natural samples were calculated using each of these samples as a calibration target. The results are 
shown in Figure 7.  The type of sensor and altitudes is plotted on the x-axis, and the calibrated 
backscatter reflectance is on the y-axis. There is a separate plot for every natural sample with the 
names of the reference targets in the legend. For example, the concrete sample (Figure 7G) is 
calibrated using the parking lot and harbor asphalt, football field, beach sand, and 30% tarp intensity 
values (obtained from the laboratory measurements) to get the backscatter reflectance for concrete. 
The NIR camera reflectance value was used for parking lot asphalt, because there was no laboratory 
sample collected from this target.  

The backscatter reflectance values from Optech 2004 (Optech_2033) and 2005 (Optech_3100) are 
considerably different from those obtained from other campaigns and sensors (Figure. 7). Since our 
study of laser scanner intensity using ground targets only started with the following campaigns, no 
ground reference is available from the Optech campaigns, and the calibration values are taken from the 
samples measured during the later campaigns. This may explain some of the discrepancy with the 
other results, and especially points out the importance of obtaining the ground reference 
simultaneously with the flight. Differences between Topeye MK-II and Leica ALS50-II can also be 
noticed. The deviation with the Leica sensor can be explained by AGC (Automatic Gain Control), 
which changes the intensity values (see also [10]). A further study about the effect of AGC on intensity 
values is underway.  
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Figure. 7A. Backscatter reflectances of the walkway sample calibrated with different 
samples as reference. 

 
 

Figure. 7B. Backscatter reflectances of the harbor gravel sample calibrated with different 
samples as reference. 

 
 

Figure. 7C. Backscatter reflectances of the beach sand sample calibrated with different 
samples as reference. 
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Figure. 7D. Backscatter reflectances of the parking lot asphalt sample calibrated with 
different samples as reference. 

 

Figure. 7E. Backscatter reflectances of the football field sample calibrated with different 
samples as reference. 

 

Figure. 7F. Backscatter reflectances of the harbor asphalt sample calibrated with different 
samples as reference. 
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Figure. 7G. Backscatter reflectances of the concrete sample calibrated with different 
samples as reference. 

 
 

The walkway and harbor gravel do not show reliable results, even using the 30% reflectance tarp as 
a reference target. The results deviate in large scale. This is likely to be caused, as mentioned above, 
by the fact that the walkway is surrounded by trees and the harbor gravel has a rough surface and large 
scale inhomogeneity in surface properties [see Figure 2 (a)]. The backscatter reflectance values for 
parking lot and beach sand with different natural samples as reference targets vary in small scale 
between Topeye and Leica sensors. This indicates that these targets are stable enough to use them as 
reference. They have also produced consistent reflectance values with the 30% tarp when used as 
reference for other natural samples (see, e.g. Figure. 7F, where the reflectance values for harbor 
asphalt calibrated with the parking lot asphalt, beach sand, and the 30% tarp are closest to each other). 

 To present an example of using a single target in the calibration, the results of using parking lot 
asphalt as reference to the other natural samples is shown in Figure. 8. We have left out the results 
from the 2004 and 2005 Optech sensor, because no reference measurements were available at that 
time. 

Figure 8A. Backscatter reflectance values of natural samples using parking lot asphalt as 
reference target. Standard deviation of the walkway is marked with red as the largest one. 
Backscatter reflectance for walkway, harbor gravel and football field. 
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Figure 8B. Backscatter reflectance values of natural samples using parking lot asphalt as 
reference target. Standard deviation of the walkway is marked with red as the largest one. 
Backscatter reflectance for beach sand, harbor asphalt and concrete. 

 
 

We have compared the similar results from laboratory measurements, also plotted in Figure 8, using 
the parking lot asphalt as reference. The targets with the best stability over all (or most) of the 
measurements (such as harbor asphalt and football field) also show a similarity in the laboratory and 
NIR camera results. However, there are discrepancies between different sensors for these targets as 
well. Whether this is an effect of sensor parameters or different measurement conditions (such as 
weather) are an object of a further study. Even though the backscatter reflectance values of the 
walkway (Topeye December and Leica sensor data) are similar to the laboratory results, the standard 
deviation of walkway data is too large to consider it a stable target.  
 
4.3. Digital camera results 
 

The reflectance’s of all the field targets measured with the Fuji IS-PRO digital camera are presented 
and compared with the laboratory laser backscatter measurements (of the laboratory samples of these 
targets) in Figure. 9.  

The reflectance levels are consistent for the samples that showed stability over a time span of ALS 
measurements (see Sect. 4.1), such as the asphalts, whereas those with larger variation in ALS and 
laboratory laser results (e.g., concrete) have also produced more deviation between NIR camera and 
laser reflectance’s. However, some of the differences may be caused by the differences in 
measurement geometry between the digital camera and the laboratory backscatter measurement, but 
overall, the reflectance levels are repeated for almost all samples.  

The comparison also demonstrates the need of using an in situ means for reference measurement 
(such as the camera approach in this study). Comparing the beach sand NIR camera results with 
laboratory measurements showed a 7% variation in backscattered reflectance values. This may be due 
to the fact that the NIR camera results represent a larger area of the target than the small laboratory 
sample. Even though the laboratory backscatter instrument is better capable of reproducing the ALS 
backscatter geometry, camera images can be collected from a larger area of the target than just a small 
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laboratory sample. This is an advantage for targets with inhomogeneity in surface reflectance, such as 
the beach sand, for which the NIR camera images and laboratory samples acquired from different spots 
have produced slightly different reflectances. 

Figure 9. NIR camera results compared to the laser backscatter values of the field targets. 

 
 

5. Conclusions 

We have investigated the use of natural targets as references in ALS intensity calibration. We have 
found that the stability of the target plays a crucial role, e.g., the asphalts showed better stability over 
different campaigns than beach sand or harbor gravel investigated in this study. Also, getting reliable 
ground reference (reflectance) values is a challenge, which requires more accurate measurements on 
the field. We have shown that the NIR camera system offers a good possibility to get in situ reference 
data, even for targets with inhomogeneity in surface reflection properties. 

Some discrepancy exists between different sensors, which require further studies. The transmitted 
power is usually unknown. Different sensors have different power settings, which causes variation in 
intensity values. There is also a question of the automatic gain control (AGC), such as that in the Leica 
ALS 50-II systems. Since it changes the intensity values, it is important to get to know how, and on 
what scale, it changes the values. 

The changes in reference targets over time also cause deviations between campaigns. Repeated time 
series for different samples should be studied to understand the changes in reference targets. Weather 
conditions affect the results, especially surface moisture, which should be monitored with ground 
instruments.   

This is one of the first studies in the field of ALS, where intensity data are studied over a longer 
time span. A limited amount of data with ground reference are thus far available for the same location, 
collected with different instruments and at varying conditions, to study the effects of different 
parameters on the intensity calibration. Nevertheless, the absolute radiometric calibration (e.g., using a 
reference target as in this study) should be independent on the sensor used. Therefore, a large bulk of 
data from different (repeated) experiments is still needed to know on a more general scale, which type 
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of (natural) targets are suitable for ALS radiometric calibration and the requirements of the calibration 
procedure itself, to produce meaningful results in the future ALS campaigns. 
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ABSTRACT: 

 

The effect of incidence angle on the intensity of laser backscatter has been studied in photonics and optics, but the applications of 

these results to remote sensing of natural land targets are limited, as well as the availability of experimental validation data for 

airborne and terrestrial laser scanning, where the incidence angle correction using the Lambertian scattering law is common. We 

have investigated the role of topographic (incidence angle) and distance effects in the radiometric calibration of monostatic terrestrial 

and airborne laser scanner data. Our results show that the Lambertian (cosine) correction is practically valid at incidence angles up to 

20º, whereas at greater angles of incidence, the accuracy of data is still very limited to estimate the performance of any correction 

method. We also discuss the mixed effects of distance and target reflectance on terrestrial laser scanner intensity calibration, for 

which the number of applications is constantly increasing. As there are differences in the intensity detectors of different instruments, 

it is important that the effects of distance and target reflectance are well defined before using any terrestrial laser scanner in intensity 

measurement.  

 

 

                                                                 

*  Corresponding author.   

1. INTRODUCTION 

1.1 Background: Radiometric Calibration of ALS Intensity 

The radiometric calibration of airborne laser scanner (ALS) 

intensity has been actively studied in recent years (Coren and 

Sterzai, 2006; Ahokas et al, 2006; Hopkinson, 2007; Höfle and 

Pfeifer, 2007; Briese et al. 2008; Wagner et al., 2008; 

Kaasalainen et al., 2009a; Yoon et al., 2009). The intensity, 

recorded by current laser scanners either in the form of the echo 

amplitude or full waveform of the backscattered signal (Wagner 

et al., 2006), is being applied along with the 3D point cloud 

(x,y,z) in various studies of, e.g., object classification (see Höfle 

and Pfeifer, 2007) for an extensive review and more references). 

Even though more data are constantly becoming available, there 

are still many issues that need to be solved in order to establish 

and evaluate the performance of radiometric calibration 

methods. There is a current EuroSDR (http://www.eurosdr.net) 

project aiming at feasible and cost-effective ALS radiometric 

calibration techniques, which addresses both the absolute and 

relative approaches to the calibration of ALS intensity data. 

 

Applications and usage of terrestrial laser scanner (TLS) 

intensity data are also increasing in, e.g., environmental studies 

(Prokop, 2008; Luzi et al., 2009), either to improve the 

accuracy of distance measurement or to be used in, e.g., target 

characterization. This emphasizes the need for accurate 

radiometric calibration methods also for TLS. These methods 

would also enhance the use of TLS in the validation and testing 

the performance of ALS applications, especially those related to 

the study and uses of calibrated intensity in data processing and 

interpretation algorithms (such as automatic extraction of 

certain targets from laser point clouds). 

 

1.2 The ALS Intensity Calibration From Point Clouds 

The Finnish Geodetic Institute has developed a practical 

approach for ALS and TLS intensity calibration of monostatic 

lidars, based on pre-calibrated in situ reference targets used in 

the ALS flight area or the TLS field of view (Ahokas et al., 

2006; Kaasalainen et al., 2009a; Vain et al., 2009). The 

correction of the intensity values (raw data) from ALS point 

data, which is extracted using the TerraScan (TerraSolid Ltd.) 

software, is carried out in terms of the following equation 

(Ahokas et al., 2006; Höfle and Pfeifer, 2007): 
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  (1)  

where Ioriginal is the raw intensity value, Ri is the slant range (see 

Fig. 1) from the sensor to the ground, Rref is the chosen 

reference range, α is the incidence angle (for horizontally flat 

surfaces, the incidence angle equals the scan angle, see Sect. 

1.3), T is the total atmospheric transmittance, ETref is the chosen 

reference pulse energy value and ETj is the pulse energy value in 

a current flight line. The atmospheric effect (1/T
2
) is modelled 

using the MODTRAN (ver. 3) software  (see also Vain et al., 

2009) for more details on the procedure). In practice, the pulse 

energy is not known or reported by the manufacturer. Therefore 

it is usually omitted in the calculations, especially when 

reference targets in the same target area (or flight line) are used. 

 

The term reflectance (or the albedo) mostly refers to the total 

fraction of the incident (collimated) power on unit surface area 
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scattered into upper hemisphere by unit area of surface. Laser 

scanners measure only the fraction of reflectance scattered into 

the direction of illumination (0º angle between light source and 

detector), i.e., the backscattered (directional) reflectance. Using 

reference targets in calibration, the backscattered reflectance R 

of the target is then given by (cf. Hapke, 1993): 

 

)reference()target(
referencecorrected,

targetcorrected,
R

I

I
R = ,   (2) 

where Icorrected,reference is calculated similarly for the reference, 

according to Eq. (1), and R(reference), i.e., the (backscattered) 

reflectance of the reference target, is obtained from in situ or 

laboratory reference measurements (Kaasalainen et al., 2009a). 

 

1.3 The Incidence Angle Effect 

The Lambert’s law is an empirical expression of reflectance (R) 

of a surface being proportional to the cosine of the incidence 

angle α (Hapke, 1993), i.e.,  

 

                       αcosLkR =                                 (3) 

where kl is a constant. Even though this is a simplified 

mathematical law, and the light scattering behaviour of most 

natural surfaces is not Lambertian, the incidence angle 

dependence for many surfaces is approximated to follow the cos 

α relation. This is why it is also being used in ALS intensity 

calibration applications (such as that in Eq. 1). The effect of 

incidence angle on backscatter has been studied in photonics 

and optics (e.g., Ruiz-Cortés and Dainty, 2002; Jutzi et al., 

2003), but the applications of these results to remote sensing of 

natural surfaces are limited, as well as the availability of 

experimental validation data (cf. Kukko et al., 2008). 

 

The incidence angle is defined in ALS as the angle between 

surface normal and the laser beam incident on the surface, and 

can be calculated from the coordinates of the laser point and the 

scanner position. In the case of flat surfaces (i.e., surfaces in 

horizontal level), the scan angle and incidence angle coincide 

(see Fig. 1 for definitions). The effect of the incidence angle on 

the laser point intensity value is called the topographic effect, 

and the cosine correction, assuming the surfaces to be 

Lambertian, has become a practise (Höfle and Pfeifer, 2007; 

Wagner et al., 2008), especially in ALS. The experimental 

validation, however, is difficult to obtain. For TLS, the 

radiometric calibration in the first place has been little studied, 

but the role of the incidence geometry can in some cases be 

even stronger than that in ALS. In this paper we present 

systematic TLS measurements to evaluate the impact and the 

correction of the topographic effect by comparing the cosine 

law (Eq. 3) reflectances to the laser backscatter reflectances 

measured with terrestrial and airborne laser scanners.  

 

The distance has an effect on the recorded intensity values. We 

also present some preliminary results on a study of distance 

effects on the calibration of TLS intensity data, and discuss the 

issues that have to be taken into account in the applications 

using TLS intensity, such as the recently increasing vehicle 

based laser scanning techniques (Jaakkola et al., 2008). 

 

 
 

Figure 1.  The  incidence angle and the scan angle. Some of the 

ALS intensity atmospheric correction parameters are 

also shown (cf. Eq. 1). 

 

 

2. METHODS AND DATA  

2.1 Terrestrial Laser Scanner (TLS) Measurements 

The TLS measurements used in this paper were carried out by 

Kukko et al. (2008) to study the incidence angle effects on some 

typical ALS land targets. The instrument was a 785nm FARO 

LS 880HE80 (FARO LS) terrestrial laser scanner. The scanner 

uses phase angle technique for the distance measurement with 

the accuracy of 3-5 mm and 360°×320° field of view. Because 

the detector is optimized for distance rather than intensity 

measurement, the intensity data (counts) have been modified by 

a logarithmic amplifier of small reflectances and a brightness 

reducer at near distances. Additional calibration of the intensity 

data is needed for the effects of the amplifier and reducer to get 

a linear brightness scale, based on instrument calibration 

experiments for varying distance and reflectance. For a more 

accurate description on the FARO LS intensity calibration see 

(Kukko et al., 2008; Kaasalainen et al., 2009b) and references 

therein. The incidence angle measurements were carried out for 

samples of artificial tarps of known reflectance and 

commercially available gravel used in the radiometric 

calibration of ALS and aerial images (Ahokas et al., 2006; 

Kaasalainen et al., 2009a). The targets were placed on a 

goniometer at 1-meter distance from the scanner (Fig. 2). The 

laser backscatter reflectance was calibrated at each incidence 

angle using a 99% Spectralon (Labsphere Inc.) panel as a 

reference, measured at 0° incidence. The raw intensity value of 

a target was extracted by averaging points over a selected 

surface area in a point cloud image. The standard deviation of 

these averages is typically the order of 0.5-1% for the FARO 

intensities. 

 

The distance effect was studied by mounting the FARO TLS on 

top of a scissor lift. The targets were then scanned in 50cm 

increments from about 2m to 10m height. Spectralon targets of 

12%, 25%, and 50% reflectance were measured, and the 99% 

Spectralon plate was used as reference. 
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Fig. 2. The FARO TLS incidence angle measurement for gravel 

samples. The scanner is mounted on a tripod about 

1m above the sample placed on a goniometer, which 

could be tilted for incidence angle variation. 

 

2.2 Airborne Laser Scanner (ALS) Data 

The study area is situated in South Finland near Helsinki in 

Espoonlahti Harbour. Airborne laser scanning (ALS) data from 

Espoonlahti 2007 flight campaign using Leica ALS50-II 

scanner were used in this study. Data were extracted from two 

altitudes: 500m and 2200m. Intensity data at both flight 

altitudes were collected from asphalt roads at scan angles up to 

22°. The corrections described in Section 1.2 were carried out 

for the intensity raw data (see more details in Vain et al., 2009). 

No brightness reference is used for these data, because we only 

investigated the relative decrease in brightness as the incidence 

(scan) angle increases. 

 

 

3. RESULTS AND DISCUSSION 

3.1 The Incidence Angle Effect in TLS and ALS 

3.1.1 TLS: Figures 3 and 4 present the calibrated backscatter 

reflectance (measured with the FARO) as a function of 

incidence angle, compared with the prediction from the cosine 

law (Eq. 3, where kl is the reflectance at 0° incidence). 

 

The cosine dependence of reflectance is visually clear for the 

brightness tarps (Fig. 3), especially towards the bright end of 

the scale, which is expectable since these targets can be 

considered approximately Lambertian (cf. Hapke, 1993). For 

sand and gravel (Fig. 4), more deviation exists in the data, but 

the greatest discrepancy with the cosine law appears at large 

angles of incidence (typically >20°). Some outliers (such as the 

last data point for the play sand sample) are caused by 

inaccuracy due to the spilling of the gravel at large tilt angles. 

The cosine law still provides a good approximation of the 

topographic effect, especially up to about 20° of incidence, 

where most of the ALS data for land targets (i.e., those on the 

ground) are collected and recorded for calibration. Larger 

angles may appear for, e.g., slopes and buildings. More data 

would, however, be needed to study further the incidence angle 

behaviour of different surfaces at angles greater than 20°, as 

well as to evaluate the possible need for more accurate 

(physical) correction methods, or the feasibility of intensity 

calibration of those surfaces in the first place. More detailed 

methods would first require more accurate data to be used in the 

validation of models. This requires an improvement in the 

calibration and manufacturer provided information on the 

performance of the TLS intensity detectors to minimize the 

deviation in TLS intensity data. For even surfaces such as the 

walls or roofs of buildings (resembling the tarp surfaces) the 

Lambert’s law could still provide a good approximation of the 

incidence angle dependence. 

 

 

 

 
Figure 3.  TLS results for brightness tarps of 70% (top), 50% 

(middle), and 20% (bottom) nominal reflectance. 

 

3.1.2 ALS:  Fig. 5 presents the ALS intensity for an asphalt 

road surface, compared to the (theoretical) prediction from the 

cosine law (similarly to the TLS results). The data points 

represent an average of all points with the same scan angle, 

corrected using Eq. 1. This figure also illustrates the large 

ranges of deviation (large errors) in current ALS intensity data 

(cf. Kaasalainen et al., 2009a). 

 

To visualize the effect of the cosine correction on the intensity 

values in overall scale, we plotted the average difference (in 

percentages) between the raw and cosine corrected data points 

in Fig. 6. Compared to the error range in the data points in Fig. 

5, the difference is still quite small. This means that the 

accuracy of the cosine law is sufficient to predict the reflectance 

with increasing incidence angle at this level of accuracy. As the 

radiometric calibration applications and hence the availability 

of calibrated data in ALS increase, there will be more 

opportunities to evaluate the correction effects. 
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Figure 4.  TLS results for sand and gravel targets: sandblasting 

sand with 0.1-0.6mm grain size (top), play sand 

(Lohja Rudus Ltd.) (middle), and black gabbro 

gravel (bottom).  

 

 
Figure 5.  ALS results for asphalt road in the Espoonlahti 

harbour. The blue line is the raw data at 500m 

altitude, each point is an average of several points 

having the same incidence angle. The error bars 

represent the standard deviations of the average. 

 

 
Figure 6.  Effect of the cosine correction on intensity values 

(difference between raw and cosine corrected data). 

 

3.2 Distance effect 

The distance effect was studied from TLS data (FARO). The 

backscattered reflectance of the 12%, 25%, and 50% Spectralon 

panels, calibrated with the 99% panel, are shown in Fig. 7. The 

effects of the small-reflectance amplifier and the near distance 

reducer are clearly visible: the reflectances are not constant at 

distances less than 3m, after which the nominal reflectance 

values of the three panels are not reproduced. The former is 

likely to be caused by the brightness reducer, whereas the latter 

may be due to the 99% panel having been more reduced by the 

brightness reducer than the other (lower reflectance) panels. It is 

also obvious that the effects of these two are somewhat mixed. 

Nevertheless, the data are still useful for classification and 

change detection purposes, which are important in, e.g., the 

automatic target recognition procedures in vehicle based laser 

scanning, where large amounts of data are produced in a single 

data acquisition or campaign.  

 

A search for more accurate calibration on one hand, and testing 

the use of other types of TLS (with linear brightness scale) are 

in progress to solve the nonlinearity problem in the intensity 

measurement. Since the use of intensity information is however 

important in many applications, including those using a 

reducer/amplifier based scanner, it is important to know the 

accuracy and limitations of the intensity data they produce. 

 

 
Figure 7.  Backscattered reflectances measured with the FARO 

LS in a scissor lift at different heights. The results 

are presented for Spectralon targets of 12%, 25%, 

and 50% reflectance. 

 

 

4. SUMMARY 

At the current levels of accuracy of ALS intensity data, the 

cosine correction of the incidence angle effect works reasonably 

well for most surfaces, even in the cases that the surface could 
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not be approximated to be Lambertian. Together with earlier 

results (Kukko et al., 2008), it can be concluded that for most 

targets the incidence angle effect is practically within the error 

limits of the data at incidence angles up to about 20°. The 

computational cosine effect is about 6% in this range, which is 

well in the error limits of the intensity data produced by current 

ALS instruments (this is clearly seen in Fig. 5 and Kaasalainen 

et al., 2009a). It must also be taken into account that some 

surfaces may present a specular reflection at 0° (normal 

incidence), which may cause a peak in the intensity at this 

angle. More data with better accuracy than that provided by the 

current airborne scanners would be needed in cases where the 

incidence angle is greater than 20°, to be able to distinguish any 

difference between surfaces for which the Lambertian 

approximation does or does not work adequately. 

 

The intensity and distance effects in TLS are mixed, at least for 

some scanners. A further study on distance effects in TLS is in 

progress, with a comparison with data from other instruments 

(Kaasalainen et al., 2009b). This is particularly important in the 

applications where TLS are used in mobile (vehicle based) 

mapping systems and other (stationary) applications, where the 

distance of the target varies in a large scale. It is important that 

the detector effects are well known (to provide a correction 

scheme) before using any terrestrial laser scanner in intensity 

measurement. 
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Effect of Target Moisture on Laser Scanner Intensity
Sanna Kaasalainen, Henri Niittymäki, Anssi Krooks, Katharina Koch,

Harri Kaartinen, Ants Vain, and Hannu Hyyppä

Abstract—We have studied the effect of moisture on the
backscatter reflectance of mineral aggregate (such as sand and
gravel) targets that are used as reflectance standards in airborne
laser scanning intensity calibration. Target moisture has turned
out to be a crucial factor when using external reference targets
(either commercial or naturally available at the measurement site).
The most common targets used thus far are different types of
gravel and sand, which emphasizes the role of moisture because of
the long time required for drying. We carried out laboratory and
field experiments to find out how moisture affects the performance
of these targets as reference standards. We found that even small
amount of moisture has a crucial effect on target reflectance
properties: The backscattered reflectance decreases strongly up to
10% gravimetric water content, after which the reflectance level
mostly remains constant. The moisture effect has to be further
studied and taken into account in the retrieval and calibration of
laser scanner intensity data acquired in moist conditions. We also
demonstrate a practical method of deriving the surface backscat-
tered reflectance at different moisture contents with a digital
camera.

Index Terms—Laser measurements, laser radar, laser radiation
effects, remote sensing.

I. INTRODUCTION

INTENSITY information from airborne laser scanners has
been actively studied in recent years in search for correction

and calibration methods [1]–[6]. The intensity is recorded by
current instruments either in the form of echo amplitude or full
waveform of the backscattered signal. Recently, there have also
been efforts for calibration of full-waveform laser scanner data
[6], [7]. Since the finding of Hug and Wehr [8], in which the
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reflectance value was found to be the most reliable discrim-
inator in the automatic identification of objects, the intensity
has been used in various studies for object classification (see
[4] for an extensive review and references). As the environ-
mental applications of both airborne laser scanning (ALS) and
terrestrial laser scanning (TLS) are increasing (e.g., in forestry
and glaciology [9]–[12]), the use of intensity and waveform
data is becoming more common in the analysis, showing a
large potential in the development of interpretation tools [13]–
[15]. Accurate calibration techniques are needed for more
effective use of the intensity/waveform information in these
applications. As the signal intensity also affects the distance
measurement of a laser scanner (e.g., [11]), effective correction
methods would improve the distance accuracy. This would
be particularly important in the increasing implementations of
laser scanners in ground-based mobile platforms [16]–[18]. The
use of laser scanners is also increasing in data fusion and
comparison efforts, such as combining Light Detection And
Ranging (LIDAR) data with, e.g., hyperspectral imaging [19],
synthetic aperture radar[20], or surface elevation measurements
from spaceborne instruments [10], which increase the potential
of using the radiometrically calibrated intensity data.

In practice, the laser scanner detectors measure the flux of
photons entering the receiver from a given direction and solid
angle (i.e., the scattered radiance). The radiance is related to
the power of the received signal, which is proportional to the
bidirectional reflectance distribution function (BRDF) of the
target, which can be written in terms of laser power as [21]

BRDF =
∂2Ps

∂Pi∂Ω
1

cos Θs
(1)

where Ps and Pi are the scattered and incident powers, re-
spectively, Ω is the scattering solid angle, and Θs is the angle
between the scattering direction and the surface normal. In
fact, most commercial reflectance spectrometers measure the
(directional) hemispherical reflectance (i.e., albedo), which is
the total fraction of the incident collimated power on a unit
surface area scattered into upper hemisphere by a unit area
of surface [22] and often referred to as “reflectance.” Laser
scanners measure only the fraction of the (hemispherical) re-
flectance that occurs in the direction of illumination (0◦ angle
between light source and detector), which can be approximated
by the BRDF at Θs = Θi (Θi being the angle between the
incident laser beam and the surface normal), which we here call
the backscattered reflectance.

Since the bidirectional reflectance rather describes the direc-
tional scattering properties of a unit area of surface, the target
size (i.e., the receiving/scattering area) must also be taken into

0196-2892/$26.00 © 2009 IEEE
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account. The power entering the laser scanner detector also
depends on the sensor parameters and the distance to the target.
The measurement geometry, scattering properties of the target,
and the sensor parameters are all summarized by the radar
equation, which defines the received power Pr as [7]

Pr =
PtD

2
r

4πR4β2
t

σ (2)

where Pt is the transmitted power, Dt is the receiver aperture,
R is the range, and βt is the transmitter beamwidth. σ is the
target backscatter cross section, defined as

σ =
4π

Ω
ρAs (3)

where Ω is the scattering solid angle, As is the receiving area,
and ρ describes the reflectance of the target (see [4] and [6]
for more detailed reviews of the physical concepts of laser
scanner intensity correction). While the use of backscattering
cross section is common in radar remote sensing to describe
the target scattering properties, the calibration of received laser
power into values that are proportional to target reflectance
would help the comparison of ALS intensity data with those
obtained from, e.g., aerial imagery, reflectance spectroscopy,
or field reference measurements carried out to validate the
radiometric calibration. In these cases, the results are often
presented in terms of reflectance.

The signal received by a laser scanner detector is also af-
fected by several instrumental and atmospheric factors. There-
fore, corrections must be applied to convert the received power
Pr (which is often called simply “intensity”) into a value that is
proportional to the target reflectance [4] or, at first point, to the
backscattered reflectance (BRDF at Θi = 0) of the surface. The
radar equation [see (2)] includes the sensor and target parame-
ters, as well as the measurement geometry (the scattering solid
angle), but all the sensor parameters are not known (or reported
by the manufacturer) at the time of the measurement, e.g., the
transmitted power Pt may be subject to continuous variation
(such as automatic gain control to reduce the signal for bright
targets). The atmospheric attenuation must also be corrected to
relate Pt to the scattered power Ps and, hence, to the target
reflectance. The recent calibration approaches for laser scanner
intensity data are based on either investigating the power inci-
dent on the target (related to the laser power of the scanner)
or using external targets of known reflectance measured in the
same conditions (reflectance standards). Few applications of
reflectance standards in ALS are thus far available [5], [23],
and results from further validation campaigns (laboratory and
in situ) are needed to make these techniques fully operative.
One of the challenges is related to the backscatter geometry
(where the incident and reflected light paths coincide; see [5]
for more references), which strongly increases the scattered
flux and causes uncertainty in reflectances measured in the
backward direction [24]. Since most of the remote-sensing land
targets are not isotropic scatterers, further studies are needed
to find out how well the backscattered reflectance describes
the hemispherical reflectance properties of the targets. The
backscattered reflectance could however be used in data in-

terpretation algorithms, e.g., target classification and change
detection.

Another factor that may significantly complicate the
ALS-based reflectance measurement and calibration is the pres-
ence of water (moisture) in the targets, particularly in boreal
regions, where weather conditions (such as rainfall or dew)
often disturb the ALS campaigns. As an important climate and
hydrologic parameter, soil moisture is a widely studied subject,
and measurement techniques range from in situ gravimetric
and moisture probes to microwave remote sensing [25], [26].
While it is known that soil moisture can be retrieved from radar
backscatter [25], [27], there is little information available on the
effects of moisture on the backscattered signal of laser scanners.
LIDAR digital terrain models (digital elevation model) have
been used in hydrologic applications, such as analyzing the soil
water content [28].

We have developed a practical approach for radiometric
calibration of airborne and terrestrial laser scanner intensity
data, based on commercially available sand and gravel being
used as reflectance standards [5], [29], for which the backscat-
ter reflectance is calibrated in the laboratory. To establish
a reference-based calibration method, repeated measurement
campaigns were carried out with both airborne and terrestrial
laser scanners, as well as laboratory experiments. These cam-
paigns included the testing and search for practical and stable
targets that produce statistically meaningful results (see [5] for
more details). Validation campaigns are underway, as well as
the first tests and demonstrations of the calibration techniques
in environmental applications.

In this paper, we investigate the performance of ALS radio-
metric calibration standards when small amounts of moisture
are present in order to study the accuracy of reflectance mea-
surement they provide. In the boreal climate, the ALS appli-
cations often suffer from moisture due to weather conditions
(e.g., flight campaign occurs shortly after rain), and information
on the usability of land targets as reflectance standards in
wet conditions would therefore be valuable concerning the
increasing number of ALS activities in the northern latitudes.
It will also be important to find out whether it is possible to
estimate the backscatter reflectance of the ALS land targets in
wet conditions and how much this affects the interpretation of
data (e.g., classification of targets).

II. MEASUREMENTS AND DATA

A. Laboratory Experiments

To get an overall image about the effect of moisture on
backscattered reflectance, we carried out a laboratory exper-
iment for sand and gravel samples used in ALS intensity-
calibration campaigns [5]. The moisture was measured by
means of gravimetric analysis by adding water into the sam-
ple of certain weight [about 0.5 kg, except 0.25 kg for light
expanded clay aggregate (LECA)] in 10-mL increments and
measuring the backscatter reflectance after each addition. At
each step, the samples were thoroughly stirred for even distri-
bution of moisture and weighed to determine the gravimetric
water content of the sample. Water was added up to the point of
saturation, i.e., where the samples were thoroughly soaked, and
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Fig. 1. Outdoor (field) sample of sandblasting sand of 0.1–0.6 mm.

the backscatter measurement indicated a strong reflection from
water rather than the moistened gravel itself. Seven samples
were measured: sandblasting sand with two different grain sizes
of 0.1–0.6 and 0.5–1.2 mm, coarse gravel used for sanding the
roads (sanding gravel), crushed redbrick, crushed LECA, white
gabbro gravel, and a beach-sand sample from Kivenlahti, Espoo
(Finland). The beach-sand sample has been a ground sample of
repeated previous ALS flight campaigns [5] and represents an
example of typical ground targets that could be used in ALS
intensity calibration.

The backscatter-reflectance measurement was carried out
with a laboratory laser instrument consisting of a 10-mW
1064-nm Nd:YAG (neodymium-yttrium aluminum garnet)
laser and a 16-bit monochrome digital camera (Sbig ST-7
CCD). To observe the geometry of a laser scanner (i.e., at
backscatter), a beam splitter was used: The laser beam was first
reflected into the sample by the beam splitter, and the retrore-
flected signal was observed through the beam splitter with the
charge-coupled device (CCD) detector placed above the beam
splitter and sample. Detailed descriptions of the instrument are
in [5] and [30]. Spectralon (Labsphere Inc.) reference plate with
99% reflectance was used as a standard. Each data point is an
average of five 5-s CCD exposures.

B. Field Data

To investigate the role of surface drying on laser backscatter
reflectance, a field sample of sandblasting sand of 0.1–0.6 mm
was also prepared (see Fig. 1) by laying out a 6-cm layer on
top of a filter fabric. The sample size was about 1 m × 1 m.
Water was added up to over 20% volumetric moisture, which
was measured with a ThetaKit TK2-BASIC soil moisture-
measuring device (Delta-T Devices). The device has steel
spikes that measure the moisture from a 6-cm layer. The sample
was left outdoor (in sunny conditions, 24 ◦C temperature) for
4 h, during which the surface was dried in the sun. A sample
was taken from the surface at intervals from 10 to 30 min, and
the backscattered reflectance was measured with the laboratory
laser instrument described in Section II-A. The volumetric
moisture content was measured simultaneously.

C. Near-Infrared Digital Camera

We also made an effort to measure the surface moisture
using an Exotec MC-60A wood and building moisture meter,

Fig. 2. Setup for the digital camera experiment. The camera is facing down-
ward to the Spectralon reference panel (the white 99% strip was used as a
reference in the calibration).

based on measuring the dielectric constant. Most of these
meters are, however, not designed for sand-type samples (which
resulted in, for example, incorrect moisture values for sand
and gravel), whereas the soil moisture probes (such as the
ThetaKit used in the field experiment) rather measure the
total moisture instead of just the target surface. Therefore,
we made an experiment with a digital camera system con-
sisting of Fuji IS PRO with an 850-nm infrared (IR) filter
and Nikon SB800 flash, for which the output power variation
was ±2%. Similar approach was used in [31] for the determi-
nation of soil color indexes using a digital camera. The use
of flash means that the measurement technique is active, and
the noise caused by external illumination (such as sunlight)
is minimized in two ways: 1) using a reflectance standard
(such as that in Fig. 2) photographed in similar conditions and
2) minimizing the exposure time and camera aperture (we used
1/250 s and F/16 aperture in this study).

The camera was mounted on a tripod with the lens facing
downward to the sample, which was placed about 70 cm below
the camera objective (Fig. 2). The 14-bit raw format images
were exported into linear 16-bit Tagged Image File Format
images, and the green channel intensity values were recorded
(using ImageJ software). The 99% Spectralon panel was again
used as a reflectance standard, and it was photographed and
sampled similarly to the gravel samples. Four gravel samples
were measured (sandblasting sand of 0.1–0.6-mm grain size,
sanding gravel, crushed redbrick, and crushed LECA), and
water was added in 10-mL increments, similarly to the laser
and CCD experiment described earlier. To investigate the role
of surface moisture, some dry gravel was added on the surface
of the wet sample to observe the difference in backscattered
reflectance compared to the samples with evenly distributed
water content.
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Fig. 3. Palokangas forest road (top) at 8:33 A.M. after inserting water and
(bottom) at 9:30 A.M. The first Leica ALS50-II flight occurred at 10:15 A.M.

D. Airborne Laser Scanner

Two case studies with dry and wet targets were carried out
with both airborne and terrestrial laser scanners to demonstrate
the effect of wetness on laser scanner intensity. The ALS
experiment took place on July 17, 2008, during the Leica
ALS50-II (1064 nm) campaign in Palokangas forest area (east
of Finland near Ilomantsi) in a sand-covered forest road. Water
was introduced to a 7-m stretch of the road, while the other parts
remained dry for comparison (see Fig. 3). The moisture was
measured with the ThetaKit TK2 moisture probe, after which
the first ALS flight occurred within 2 h. Some 195 and 167 laser
hits from the dry and wet roads, respectively, were analyzed
from two flight lines, which occurred at about 10:15 A.M. and
13:45 P.M. The flight altitudes were 520 and 550 m for those
flight lines. More details of the ALS radiometric calibration are
in [5].

E. Terrestrial Laser Scanner (FARO)

The TLS case study was carried out using the FARO
LS880HE80 (785 nm) scanner. The scanner used a phase
modulation technique for the distance measurement with an
accuracy of 3–5 mm and 360◦ × 320◦ field of view. Three
gravel targets (and a four-step Spectralon reflectance standard
of 12%, 25%, 50%, and 99% reflectances) were scanned. The
gravel targets included coarse gravel used for sanding the roads,
crushed redbrick, and sandblasting sand with a grain size of
0.1–0.6 mm (all these samples were also investigated in the
laser laboratory experiment described in Section II-A). Both dry
and thoroughly soaked samples were scanned for each gravel
target. The close-up images of the samples are shown in Fig. 4.
A FARO intensity image showing the samples and the standard
is shown in Fig. 5.

Instrumental corrections to the FARO intensity data were
carried out for the effects of the amplifier and reducer to
get a linear brightness scale, based on instrument calibration

Fig. 4. Close-up images of the samples measured with the FARO scanner.
(Top) Sandblasting sand of 0.1–0.6 mm. (Middle) Crushed redbrick. (Bottom)
Sanding gravel.

Fig. 5. FARO intensity image of the (top row) dry and (bottom row) soaked
samples: (Left) Sanding gravel, (middle) crushed redbrick, and (right) sand-
blasting sand. The Spectralon reference plate is placed behind the samples.

experiments for both distance and reflectance scale (see [30] for
more details). The average error in the backscattered reflectance
in our previous experiments has been on the order of 1%–2%
for FARO [5]. The (raw) intensity data were calibrated using
the 99% Spectralon reference plate.

III. RESULTS

Table I provides a sketch of the results from different mea-
surements, which are discussed in this section. In the ideal case,
the ground reference measurements for ALS intensity should
be carried out at the same wavelength as in the scanner. In
practice, however, it may occur that the wavelengths of the
ALS and reference sensor(s) are different. For example, the
performance of a digital camera is most ideal below 1000 nm.
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TABLE I
CHART OF RESULTS FROM ALL DIFFERENT EXPERIMENTS. THE ALS

RESULTS ARE DISCUSSED IN SECTION III-D. NOTE THAT THE

LABORATORY AND FIELD SAMPLES WERE MEASURED

WITH THE SAME INSTRUMENT

Our first studies with the digital camera indicate a good agree-
ment with laboratory laser (1064-nm) measurements [32]. A
spectroscopic study of the targets presented in this paper has
shown that the wavelength differences for most of these targets
are small and do not play a strong role [5]. Another reason for
using several different instruments (including some differences
in wavelength) is to know whether the measurement of the
moisture effect, and the intensity effects in the first place, is in-
dependent on the instrument (as it should be to be meaningful).

Another question is the footprint versus surface inhomo-
geneity, which is significantly different for laboratory and ALS
experiments. As the laboratory laser beam diameter is about
5 mm, we rotated the sample during the exposures to get data
from a larger area (than just the laser spot). However, the near-
infrared (NIR) digital-camera-based approach is more practical
for collecting ALS ground reference since the image field of
view is larger than a small laboratory sample, and images can be
taken and averaged from a large area in the target to reduce the
effect of surface inhomogeneity (such as that shown in Fig. 3 for
the wet surface area); see [32] for more details. Nevertheless,
the laboratory laser experiment provides information on the
surface scattering properties in the exact backscatter (and the
backscattered reflectance of the surface material), which is
crucial in the calibration of ALS data.

A. Laboratory Experiments

The gravimetric moisture-content versus backscatter-
reflectance graphs measured in laboratory are shown in
Figs. 6–8. All samples (except crushed redbrick, for which
deviation in data played a strong role) showed somewhat
similar trend in backscatter reflectance: The decrease in
backscattered reflectance was most prominent after the first
addition of water (10 mL, which corresponded to about 2%
water content, except for LECA, where the water content
was almost 4% because of the light weight of the sample
compared with the others). After the following additions, the
backscattered reflectance still decreased, but at certain point
(at about 10%–15% water content), there was no significant
change until beyond the level of saturation, where liquid water
started to corrupt the measured intensities (those points have
been excluded from Figs. 6–8). The moisture content where
the saturation happened was different from target to target,
depending on the grain size and the porosity of the grains.
The deviation in the crushed-redbrick data may be due to the

Fig. 6. Laboratory experiments: Gravimetric water content (in percentages of
weight) versus backscatter reflectance at 1064 nm for sandblasting sand with
(top) 0.1–0.6-mm and (bottom) 0.5–1.2-mm grain sizes. Each data point is an
average of five CCD exposures. The error bars are the standard deviations.

fact that the grains are large and apparently more strongly
absorbing than, e.g., those of the sanding gravel and sand.

B. Field Measurement

The result for the 0.1–0.6-mm sandblasting-sand field exper-
iment is shown in Fig. 9. Comparison with the laboratory data
(Fig. 6) shows that the backscatter-reflectance values for both
samples at moisture content above 20% are at the same level,
while the increase in backscatter reflectance toward smaller
moisture content is stronger for the outdoor sample. This may
be caused by the fact that its surface dried faster than the entire
bulk, causing the surface reflectance to be higher than that for
the laboratory sample with even moisture distribution. During
the 4 h in open-air (sunny) conditions, the sample dried up to
3% volumetric moisture content, and the overall backscatter-
reflectance trend is similar to the laboratory measurement. It
must be noted, however, that there is some inaccuracy in the
ThetaKit meter results, but it still demonstrates the fact that the
overall moisture is not the primary factor in surface-reflectance
properties.

C. Digital Camera

The backscatter reflectances measured with the digital-
camera system are shown in Figs. 10 and 11, with compar-
ison with the laser measurements, up to the point where the
water content no longer affected the laser results (as shown
in Figs. 6–8). The error for the camera measurements was
estimated from the standard deviations of five separate camera
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Fig. 7. Laboratory experiments: Gravimetric water content versus backscatter
reflectance at 1064 nm for (top) sanding gravel, (middle) crushed redbrick, and
(bottom) crushed LECA, similar to that in Fig. 6.

exposures to be about 2.5% for gravel and sand-type samples.
The decrease in the backscatter reflectance is evident in the
digital camera results, similar to the laser backscatter mea-
surement, even though there are differences in the backscatter-
reflectance levels, particularly for the dry samples (i.e., near 0%
water content). The difference may be due to the physical dif-
ferences in scattering properties caused by the variation in the
measurement geometry between laboratory and digital camera
setups, but the relative decrease in the backscattered reflectance
as the moisture increases is well measurable, making the digital
camera a feasible method of surface moisture versus reflectance
evaluation.

We also investigated the role of surface wetness versus
gravimetric water content by adding a surface of dry material
on top of the wet sample. This was done to simulate the
situation where the sample surface had dried (e.g., in the sun)
while the layers under the surface still contain moisture. For
all samples, the surface backscatter reflectance increased close

Fig. 8. Laboratory experiments: Gravimetric water content versus backscatter
reflectance at 1064 nm for (top) white gabbro and (bottom) Kivenlahti beach
sand, similar to that in Fig. 6.

Fig. 9. Field experiment: Backscatter reflectance versus water percentage of
the 0.1–0.6-mm sandblasting-sand field sample. The time interval between the
first (3% water percentage) and last (22%) data points was 4 h.

to the original (0% water) level right after the addition. Those
data points are also shown in Figs. 10 and 11. The remarkable
difference in the backscatter reflectance between the evenly
distributed water content and the dry-surfaced sample indicates
that the overall water content is not the primary factor in surface
reflectance, and therefore, the surface moisture/reflectance must
be measured separately during ALS field campaigns in such
weather conditions where, e.g., traces of recent rain might still
affect the surface-scattering properties.

D. Case Study With Airborne Laser Scanner

The wetness was clearly visible in both Leica ALS50-II flight
lines. There was a 27% decrease in backscatter reflectance
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Fig. 10. Digital camera: Moisture content (gravimetric water content) versus
backscattered reflectance from digital camera images (camera) compared with
the laboratory laser backscatter measurement (laser; also shown in Figs. 6 and
7), for (top) sandblasting sand of 0.1–0.6-mm grain size and (bottom) sanding
gravel. The “Surface” points, plotted in yellow, are the surface backscatter-
reflectance values when dry sand/gravel was added on top of the sample after
the last addition of water.

Fig. 11. Digital camera: Gravimetric moisture content versus backscattered
reflectance from digital camera images (camera) compared with the laboratory
laser backscatter measurement (laser; also shown in Fig. 7), for (top) crushed
redbrick and (bottom) crushed LECA. Similar to that in Fig. 10, the yellow
“Surface” points represent the surface backscatter reflectance when a dry
material was added on top of the sample after the last addition of water.

Fig. 12. TLS case study for dry and wet samples with FARO terrestrial laser
scanner: Sanding gravel, crushed redbrick, and sandblasting sand (0.1–0.6 mm).

between wet and dry stretches of road in the first (10:15) flight
line. In the second (13:45) flight line, the decrease was only 7%,
which means that the surface had dried significantly between
these two flight lines. The original volumetric water percentage
was about 4%. Comparison with laboratory data for similar type
of sand samples, e.g., sandblasting sand (0.1–0.6 mm) in Fig. 6,
for which the drop in backscatter reflectance was on the order of
47% from 0% to 4% (gravimetric) moisture, indicates that the
wet stretch of road had dried from the original 4% volumetric
moisture even before the first flight line, which occurred about
2 h after the addition of water. It must be noted, however, that
these results are preliminary and call for more extensive and
quantitative analysis of moisture–reflectance relations in cases
where airborne laser scanner data taken at wet conditions have
to be analyzed.

E. Case Study With Terrestrial Laser Scanner

Fig. 12 shows the backscatter reflectance of sanding gravel,
crushed redbrick, and sandblasting sand (0.1–0.6-mm grain
size) extracted from the FARO TLS intensity data. The intensity
(raw) data were corrected for the nonlinear detector effects
and calibrated into backscattered reflectance using the 99%
Spectralon standard (see Section II-E and Fig. 5, where the
Spectralon panel is shown). Strong decrease in backscattered
reflectance is observed for all samples. The effect is also clearly
visible in the intensity image (Fig. 5), in spite of slightly
different incidence angles for wet and dry samples, which might
have marginally smoothed out the effect (cf. [33]). Although
the wavelength difference and deviation in data typical to
laser scanner geometry (see [5] and [34] for more details)
produce backscatter-reflectance values that are different from
the laboratory measurement, the relative decrease in backscatter
reflectance (compared in Fig. 13) is similar for each sample
in both laboratory and FARO results. The decrease in the
backscattered reflectance is about 70% for the crushed redbrick
and about 45% for the sandblasting sand in both measurements,
whereas for the sanding gravel, there is more deviation. This
may indicate that, when a certain level of water content (here
about 10%–12% gravimetric moisture) is reached, the decrease
in backscatter reflectance remains the same, i.e., the reflectance
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Fig. 13. TLS: Relative differences in backscatter reflectance for wet and dry
samples measured with FARO (785 nm) and with the 1064-nm laboratory laser
(i.e., the ratio of wet and dry sample backscatter reflectance in percentages).
The wet sample backscatter reflectance for laboratory samples represents the
value of about 12% gravimetric water content.

behavior of a wet sample stabilizes (up to the point where liquid
water starts to dominate in the bulk sample).

IV. CONCLUSION

We have tested some practical methods to evaluate the de-
crease in backscatter reflectance related to the surface moisture
of typical ALS land targets, which could also be used as
references in the ALS radiometric calibration (cf. [23] and
[32]). Since most moisture measurement devices are designed
to measure the water content of the entire sample (or at least a
bulk of a sample) rather than just the surface, the gravimetric
water content turned out to be the most practical measurable
unit of target moisture to get some reference for the laboratory
measurements. However, since the laser scanners only measure
the surface of the target, the gravimetric water content of the
entire bulk may not describe the surface wetness properties,
particularly when the surface has dried up faster. Therefore,
the change in surface reflectance might be the best measure
of surface moisture, for which a digital-camera-based approach
turned out to be a promising method.

The laboratory experiments show that small water contents
(up to 10%) are most crucial to the reflectance measurement,
and call for accurate field methods of surface moisture de-
termination of ALS land targets. At a certain level of water
content, no more decrease in backscatter reflectance was ob-
served, i.e., the reflectance behavior of a wet sample stabilizes,
which occurs when the saturation is reached. However, this may
not make a difference for ALS campaigns since other factors
may restrict or even prevent the scanner operation in very wet
conditions.

We have also presented a digital-camera-based approach to
measure the backscatter reflectance for typical ALS reference
targets (see also [32]). We have shown that the effect of surface
moisture is visible in the NIR images of these targets. This
information can be used to determine the decrease in target
backscatter reflectance, e.g., with IR camera-based surface
backscatter reflectance measured in situ (simultaneously with
the flight) and subsequently after the sample has dried, either
in the field or in the laboratory. Further studies from future

ALS campaigns are needed to validate and test the performance
of this approach in both dry and wet conditions and also to
investigate how well the backscatter reflectance measured from
the images actually represents the surface reflectance of the
targets.

Since ALS flights are often carried out in moist (or even
almost wet) conditions, information on the effect of moisture
on the intensity data is important to evaluate the usability of
such data in, e.g., target classification and comparison. The
performance of wet surfaces as reference targets and also the
measurement of wet land targets in the first place, as well as
the methods of wetness determination, must be further evalu-
ated in future ALS flight campaigns.
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Correcting Airborne Laser Scanning Intensity Data
for Automatic Gain Control Effect

Ants Vain, Xiaowei Yu, Sanna Kaasalainen, and Juha Hyyppä

Abstract—The intensity data recorded by airborne laser scan-
ning (ALS) systems are useful for several applications, e.g., au-
tomatic point classification, change detection, and environmental
studies. Before the intensity values can be used for any specific
application, it has to be calibrated for atmospheric effect, range,
energy loss, and incidence angle. Some ALS systems use automatic
gain control (AGC). AGC is useful for getting laser returns even
from low-reflectance surfaces (e.g., dark roofs), but it also changes
the recorded intensity during the data acquisition, even within
one surface type. This means that the same asphalt road might
have totally different intensity values depending on the surround-
ing environment, which has affected the state of the AGC level.
Therefore, it is important to correct the intensity values to neglect
the effect of AGC in order to be able to get a normalized intensity
value, which is only affected by the target characteristics. A first
approach to correct the intensity values for AGC is reported in
this letter. The same area was flown with AGC on and off, which
allowed the modeling to take place. The results showed that the
model produces values that agreed with an R2 of 0.76 to the
intensities obtained when AGC was turned off.

Index Terms—Automatic gain control (AGC), backscatter, cali-
bration, intensity, laser scanning.

I. INTRODUCTION

A IRBORNE laser scanning (ALS) has become a leading
method for collecting 3-D range data in remote sensing.

In addition to the 3-D coordinates (x, y, and z), ALS systems
record the intensity values for laser returns. Those intensity
values can be used for several applications, e.g., change de-
tection, forest measurements, and object classification [1]–[10].
The intensity of received laser return depends on several system
and target properties and also on flight parameters. The received
intensity can be well described by radar equation [11]

Pr =
PtD

2
r

4πR4β2
t

ηsysηatmσ (1)

where Pr is the received signal power (watts), Pt is the trans-
mitted signal power (watts), Dr is the diameter of receiver
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aperture (meters), R is the range from the sensor to the target
(meters), β is the laser beamwidth (radians), ηsys is the system
transmission factor, ηatm is the atmospheric transmission factor,
and σ is the target cross section (square meters). Equation (1)
shows that the received power depends on the properties of the
ALS system, range from the sensor to the object, atmospheric
conditions during the measurements, and the laser footprint size
on the target. Thus, the intensity values have to be corrected
for atmospheric conditions, range, pulse energy, and incidence
angle, particularly if the survey has included the use of several
field-of-view angles or pulse-repetition frequencies (PRFs).

There are two types of laser scanners: discrete return and
full waveform. The discrete-return ALS systems can record
intensity values up to five echoes for one laser shot. These
systems record the echo amplitude, which we also call the
“intensity” [12]. The ALS systems that digitize the full wave-
form also collect information about the physical backscattering
characteristics of the scatterers [11], [13]. This helps to identify
different objects and study their properties.

The calibration procedures for full-waveform ALS intensity
data have been reported in [9] and [13]. There are several
proposals on how to calibrate discrete-return ALS intensity data
[12], [14].

The reason for correcting the ALS intensity data for AGC
effect is to make the intensity values near water objects and
elsewhere uniform. When the laser scanner is over the water
object, it cannot get any returns, and the AGC value rises. When
the laser beam hits the ground object again, then the AGC value
is raised or is in its maximum level. Because the intensity values
depend on the AGC values, then the intensities before and after
the water object are not the same. This causes the effect that,
e.g., the asphalt before the water object has lower intensity
values and the asphalt after the water object has higher intensity
values. The purpose of this letter is to present a method on how
to uniform intensities affected by the AGC.

II. EXPERIMENT

A. AGC

The Leica ALS50-II scanner uses an adjustable AGC device,
which compares the received signal strength of the current laser
shot with the factory-set minimum and maximum target levels.
If the signal is out of the factory-set limits, the gain will increase
or decrease in 256 steps. This means that if the gain was in the
maximum level, it will take 256 consecutive laser shots that are
above the factory-set maximum level to decrease the gain value
to minimum. The speed of the gain increase or decrease can

1545-598X/$26.00 © 2010 IEEE
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be adjusted with two switches (SW1 and SW2). SW1 sets the
level of how fast the gain is increasing. It can be adjusted in
a 16-position rotary switch. This setting should be in a higher
position, which means that the gain is changing slowly. In this
letter, SW1 was set to level 12, which means that the gain will
increase one step if there are 176 consecutive laser shots that are
below the factory-set signal level. SW2 sets the level of how fast
the gain is decreasing. In this letter, it was set to level 3, which
means that there has to be 32 consecutive laser shots above the
factory-set maximum to decrease the gain level one step. If the
received signal strength is over the maximum level, it will be
saturated, which causes errors in distance measurements and
also in intensity values. This is the reason why the SW2 setting
is recommended to be on a low level.

AGC also changes the intensity values according to the
changes in gain value. When the scan line goes over the lake
or other water objects, it ramps up the gain value, and when the
laser spot hits the land again, the gain value is at its maximum
level and the intensity values near water are too high. Even if
there are no water objects in the scan area, the intensity also
changes within one type of target in considerable scale (see
Figs. 3–7). Therefore, it is essential to correct the intensity
values for the AGC effect.

B. ALS Data and Modeling

The ALS campaign took place on August 23, 2008 in
Hyytiälä, Finland. The Leica ALS50-II laser scanner was used,
which operated on an altitude of 950 m above ground level. One
flight line was flown twice, once with AGC turned on and then
again with AGC turned off. The flight direction was the same
with both flight lines. The PRF was set to 92.1 kHz, scan rate
was 35 Hz, pulsewidth was 9 ns, and the average pulse energy
was 1.1 W. Using the equations in [15], the peak power was
calculated to be 1.3 kW, and the pulse energy was 12 μJ. The
field of view was 65◦, which is quite large for laser scanning
applications. There were some low clouds during the campaign,
which had an effect on the laser data. The data from the flight
line when the AGC was turned on had some areas where the
data were damaged by the clouds. These areas were left out
from the modeling.

The multireturn intensity data from both flight lines were
used to study the effect of AGC on the intensity values. The
data sets were divided into cells (10 × 10 m), with an average
of 100 points per cell. The average intensity value and average
gain value were calculated for every cell. Over 115 000 cells
were created. Only matching cells from both flight lines were
used in the modeling process. The correlation between average
intensity values of the cells is shown in Fig. 1.

From Fig. 1, we can see that the two data sets have a
linear correlation. The red dots in Fig. 1 are the cells that are
considered to be noise, and they are removed from the modeling
process. The AGC values are normally around 130 arbitrary
units, but they can increase up to 255 depending on the type
of target (e.g., water increases the AGC value and very bright
surfaces decrease the AGC value). The gain increases in a
somewhat linear fashion between 108 and 172 arbitrary units
(Ron Roth, 2009, personal communication), which is a normal

Fig. 1. Correlation of the average intensity values of the cells when AGC is on
and when it is off. Red dots are considered to be noise, and they were removed
from the modeling process.

Fig. 2. Correlation between observed and predicted intensity values using (2).
The root-mean-squared error between predicted and observed intensity values
is 5.65.

case using a laser scanner with AGC. Therefore, we can assume
that the linear model is a good approach for modeling the
AGC effect on intensity values. Using the relationship shown
in Fig. 1, the following formula was created:

Ioff = a1 + a2 · Ion + a3 · Ion · AGC (2)

where Ioff is the intensity value when AGC is turned off
(corresponds to the intensity value of the ALS system, which
does not have AGC), a1, a2, and a3 are the constants, Ion is the
intensity value when AGC is turned on, and AGC is the AGC
value. The values for the constants are a1 = −8.093883, a2 =
2.5250588, and a3 = −0.0155656. Constants were determined
by least squares fitting. The correlation between two data sets
is R2 = 0.76. The observed intensity values were compared to
the intensity values that were predicted using (2). The results
are shown in Fig. 2.
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Fig. 3. AGC correction applied to beach sand laser points. Ion denotes the
intensity values when AGC is on, Ioff denotes the intensity values when AGC
is off, AGC represents the AGC values, and Model denotes the Ion values
corrected with (2).

Fig. 2 shows that (2) works considerably well, although there
is some deviation in the data. Equation (2) was tested on natural
target samples and brightness tarps (tarps used to calibrate the
ALS intensity data; for more details, see [16] and [17]). The
brightness tarps were placed on the ground in Hyytiälä during
the campaign for the purpose of intensity calibration; also,
samples from natural targets (e.g., asphalt and road gravel) were
extracted from ALS data. Those samples were corrected using
(2), and the results were compared with the intensity data from
the same targets when AGC was turned off.

III. RESULTS AND DISCUSSION

During the flight campaign, there were commercial bright-
ness tarps [14] placed on the ground, which would be used to
calibrate the intensity values. Since all the parameters during
the two flight lines that are used in this study are similar, no
corrections were applied (see [18] for more information on cal-
ibrating the laser scanner intensity data). Because we calculated
the average distance from the sensor for every cell and the scan
angles were also the same for both flights, no range or incidence
angle correction was applied. The laser points were extracted
from the laser-point cloud for the tarps and some natural targets,
using a widely used program for managing laser data. Equa-
tion (2) was applied to all laser points that were collected, and
corrected intensity values were compared with the intensity
values collected when AGC was turned off. The samples that
were collected and corrected were as follows: 1) beach sand in
volleyball pit; 2) asphalt; 3) road gravel; 4) 20% nominal
reflectance tarp; and 5) 30% nominal reflectance tarp. The
results are shown in Figs. 3–7. Intensity and AGC values on
the y-axis are in arbitrary units. The number of points collected
for every sample separately is shown on the x-axis.

As seen in the results, AGC has a large effect on ALS
intensity values, particularly on brighter targets, and the in-
tensity (Ion) varies according to the AGC values. The applied
correction model (2) works somewhat reasonably with the 20%
and 30% tarps and also beach sand. However, with the lower
reflectance targets, the values go below zero (Model trend line
in Fig. 6). There is also a deviation within a target that needs to
be taken into consideration. Natural targets and even the tarps

Fig. 4. AGC correction applied to 20% tarp laser points. Ion denotes the
intensity values when AGC is on, Ioff denotes the intensity values when AGC
is off, AGC represents the AGC values, and Model denotes the Ion values
corrected with (2).

Fig. 5. AGC correction applied to 30% tarp laser points. Ion represents the
intensity values when AGC is on, Ioff denotes the intensity values when AGC
is off, AGC represents the AGC values, and Model denotes the Ion values
corrected with (2).

Fig. 6. AGC correction applied to gravel laser points. Ion represents the
intensity values when AGC is on, Ioff denotes the intensity values when AGC is
off, AGC denotes the AGC values, and Model denotes the Ion values corrected
with (2).

used in this letter are not very homogeneous. The deviation
within one target is caused by the structure and roughness of
the surface and also by the fading effect [19]. The fading effect
is the reason why intensity values from two data sets from the
same target are never the same. Nevertheless, if we take the
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Fig. 7. AGC correction applied to asphalt laser points. Ion denotes the
intensity values when AGC is on, Ioff represents the intensity values when
AGC is off, AGC denotes the AGC values, and Model denotes the Ion values
corrected with (2).

average intensity values for “Model” and “Ioff ,” we can see that
the results are very close to each other.

The main problem with AGC nowadays is that there is not
enough information on how it exactly affects the intensity
values. Some laboratory tests provided by the manufacturer
would improve the model. As seen in Figs. 3–7, the Model
line still follows the AGC line, which means that the effect
of AGC is not fully compensated by (2). Nevertheless, the
correction model presented in this letter provides reasonable
results (e.g., change detection purposes) and is a good basis for
further studies in that field.

IV. CONCLUSION

We have presented a method to correct ALS intensity data
for AGC effect. Two data sets were used in this letter. One flight
line was flown with AGC on and the same flight line again with
AGC off. This is the first study where ALS intensity data with
both AGC on and off have been used to model for the effect
of AGC on intensity values. The results showed somewhat
reasonable results with medium- and high-reflectance targets
(20% and 30% tarps and beach sand), but some problems
were encountered with low-reflectance targets (gravel sample).
Many of the natural targets have reflectances around 20%–30%,
which means that the model presented in this letter can be
useful for those targets, but further studies are necessary to
improve the model and test its applicability to different targets.
In addition, more information from the manufacturer would be
needed about how AGC changes the intensity values.
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Abstract. The paper examines a radiometric calibration method used at the Finnish Geodetic Institute 
(FGI). The brightness calibration targets and calibration scheme of airborne laser scanner intensity data is obser-
ved. For calibrating laser scanner intensity data, FGI has developed a system that contains portable brightness tar-
gets (tarps) with nominal reflectance from 5% to 70%. Also commercially available gravels and sands were tested 
for the use of calibration. A laboratory system was set up to measure intensity values under controlled conditions. 
The paper introduces a concept of calibrating ALS intensity data developed at FGI.

Keywords: intensity, laser scanning, calibration, brightness tarps, reflectance, backscatter, laboratory measu-
rements. 

1. Introduction

ALS is a remote sensing system that uses an active sensor 
with monochromatic laser. This technique is commonly 
used for measuring surface topography and characterizes 
different 3D objects (Kraus and Pfeifer 1998; Wehr and 
Lohr 1999; Haala and Brenner 1999; Wever and Linden-
berger 1999; Hyypä et al. 2001; Rivas et al. 2006). It is ba-
sed on laser (LIDAR) range measurements between the 
aircraft and the observed object. Precise orientation is 
achieved combining GPS (Global Positioning System) and 
IMU (Inertial Measurement Unit). The final product is a 
point cloud (x, y and z) representing the coordinates of 
the reflecting object. Also intensity (I) value is collected 
for each point. Even though intensity values are recorded, 
they are rarely used, e.g. as predictor in object classifica-
tion (i.e. tree species (Holmgren and Persson 2004) or 
for matching laser scanner data with aerial images. There 
has been no systematic calibration method developed or 
presented. However, the usage of laser scanner intensi-
ty values have recently become a topic of interest (Lutz 
et al. 2003; Moffiet et al. 2005; Kaasalainen et al. 2005) 
and calibration methods are currently being called for. 

There are a number of applications where brigh-
tness values with topographic information would subs-
tantially increase information about the target. In some 
cases, brightness values could be the major or the only 
information source from the observed area. Measure-
ments may also be difficult to obtain (e.g. in glaciers) or 
the resolution of satellite imagery may not be sufficient. 

Also active remote sensing system brightness measure-
ments are less dependent on weather conditions.

This paper presents a method for ALS intensity data 
calibration developed by FGI. Using laboratory measu-
rements and brightness targets laid out during the flight 
campaign, intensity values can be corrected and used for 
processing laser data.

2. Physics of ALS Calibration

The recorded intensity is related to the received power 
that can be given in form (Wagner et al. 2006 ):

P
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t
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Ω

2

4 2β
ρ ,  (1)

where Pr and Pt are received and transmitted power, 
respectively. Dr is the receiver aperture size, R is the ran-
ge, βt is beam divergence, Ω corresponds to the bidirec-
tional properties of scattering, ρ is the reflectivity of the 
target surface and As is the receiving area of the scatterer. 
The recorded intensity is proportional to R2 for homo-
genous targets filling the full footprint, to R3 for linear 
objects (e.g. wire) and to R4 for individual large scatterers 
(Ahokas et al. 2006). 

Atmospheric conditions also affect intensity values. 
Then, the real received power would be (Ahokas et al. 
2006):

2
, ,r real rP T P=  (3)



78 A. Vain et al. Calibration of laser scanning intensity data using brightness targets ...

where T is atmospheric transmittance. For T value, FGI 
has used the program called MODTRAN4. For simula-
tion, correct wavelength, atmospheric model, flying alti-
tude, visibility and path length should be selected. The 
content of different gases and moisture mainly affect in-
tensity values. Moist air particles are bigger and diffuse 
laser light which means that the received power of the 
single shot reduces which has an effect on the range and 
intensity values. 

The laser beam does not hit the ground only at the 
nadir point. The angle between airplane normal and la-
ser beam is called the incidence angle. The greater is the 
incidence angle, the larger effect it has on the range and 
intensity values. For the effect of the incidence angle,  
intensity values were multiplied by 1/cos α, where α is 
the incidence angle. 

3. Laboratory Measurements
To get exact backscattering properties for tarps and com-
mercially available gravels and sand, laboratory measure-
ments were carried out. The picture of laboratory setup is 
shown in Fig. 1. 

Fig. 1. Setup of laboratory measurements  
(Kaasalainen et al. 2008a)

The intensities of the collected samples were me-
asured employing a laboratory instrument and a refe-
rence plate calibrated with 99% Spectralon (Labsphere 
Inc.). Similar measurement geometry to the laser scan-
ner was accomplished using a beam splitter (see Fig. 1). 
The backscattered laser beam was observed through the 
beam splitter by a charge-coupled device (CCD) came-
ra and intensities can be acquired from the CCD image. 
A usual wavelength of ALS measurements is 1064 nm. 
Thus, a 1064 nm continuous-wave neodymium-yttrium 
aluminum garnet (Nd:YAG) laser of 10 mW output po-
wer was used. Because the laser scanner mostly measu-
res with non-polarized lasers, the linear polarization of 
Nd:YAG was scrambled with a quarter-wave plate placed 
in front of the source (Kaasalainen et al. 2008).

The sample was placed on a rotating plate to smooth 
out laser speckle effect and also to cover a larger sample 
area when the laser spot moved along the rotating surfa-
ce. Speckle effect was also reduced by averaging over se-
veral exposures: five exposures are taken, 10 seconds for 
every exposure (Kaasalainen et al. 2005).

4. Brightness Calibration

4.1. Brightness Tarps
The demand for targets large enough for airborne me-
asurements have become evident after small-size tar-
gets were tested in aerial camera imaging. The material 
for such targets should be strong enough to endure hard 
field conditions over several years of occasional use. The 
brightness targets that are used in FGI were manufac-
tured by Suojasauma Oy in 2000. The size of one target 
is 5×5 m. They are portable and can be arranged in a 
straight line on a test field (see Fig. 2 for more detail).

Fig. 2. Brightness targets in Espoonlahti, Dec 2006 
(Kaasalainen et al. 2007)

Eight targets, for which reflectance was optimized at 
a wavelength range of 400-800 nm, were manufactured 
(5%, 10%, 20%, 25%, 30%, 45%, 50% and 70%). Becau-
se reflectance values given by the manufacturer were ap-
proximate, laboratory calibration was crucial. The targets 
are made of polyester 1100 dtex with polyvinyl chloride 
(pvc) coating. They were coated with titanium dioxide 
and carbon black paint mixing pigment. A delustrant 
agent was added to the paint to get the mat surface and 
to decrease non-Lambertian reflectance effect. Moreover, 
the dirt attaches to the mat surface more easily and the 
tarps have to be cleaned before every campaign (Kaasa-
lainen et al. 2008a).

There has been a study in FGI on how the tarps can 
be used in ALS intensity data calibration. Test flights in 
Sjökulla were carried out using Optech ALTM 3100 laser 
scanner. Flying heights were 200 m, 1000 m and 3000 m 
above the ground level. During these flights, the above 
mentioned tarps were used (eight targets with nominal 
reflectance from 5% to 70%). Radiometric calibration 
was carried out according to the following scheme: (i) 
intensities from various altitudes were assumed to follow 
(range) R2 relationship; (ii) if incidence angle is > 20°, it 
has a significant effect on intensity values and has to be 
corrected (Kukko et al. 2008); (iii) the transmitted power 
was assumed to be changed according to Chasmer et al. 
(2006); (iv) the effect of atmospheric attenuation was ne-
glected in the preprocessing phase.
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Scaled intensity values with selected reference 
height were calculated (Ahokas et al. 2006):

2
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where j is strip number, Ij is intensity in strip j, Rref is re-
ference distance, Rj is distance in strip j, ETref is the trans-
mitted reference pulse energy and ETj is the transmitted 
pulse energy for strip j (Ahokas et al. 2006).

Following the made corrections, intensity values 
were directly relative to target reflectance from all altitu-
des. An effect on fading in intensity corresponds to the 
typical variation of about 10% with the applied reference 
targets from 200 m altitude. Flying heights of 200 m and 
1000 m are suitable for intensity calibration using artifi-
cial or natural test targets due to the size of the calibra-
tor. 0.3 mrad beam divergence gives a footprint of 90 cm 
which is large for practical calibration. 3000 m flight alti-
tude had no signals recorded with the reflectance of less 
or equal to 10% (Ahokas et al. 2006).

The study showed that intensity values needed to be 
corrected for: (i) range; (ii) incidence angle (>20°); (iii) 
atmospheric transmittance; (iv) atmospheric attenuation 
using dark object addition and (v) transmitted power.

The calibration of intensity data makes the usage 
on intensity values more reliable. The values are strongly 
dependant on range as well as on PRF. Variation in PRF 
changes the transmitted values, which also has an influ-
ence on intensity.

4.2. Commercially Available Reference Targets
There have been studies done on how commercially avai-
lable samples would work. Two campaigns have been 
organized where commercial samples have been used. 
They took place in Espoonlahti, Dec. 2006 and Nuuksio, 
Jul. 2007. Fig. 3 shows the setup of gravels in Nuuksio 
and Espoonlahti.

Fig. 3. Gravel setup in Nuuksio, Jul. 2007. Clockwise from 
top left: crushed redbrick (C Brick), sandblasting sand 

(Sand01), black gabbro (Gabbro), crushed LECA (LECA), 
and sandblasting sand (Sand05). Right: gravel samples in 

Espoonlahti, Dec. 2007 campaign, from top downward: Gravel, 
Qartz, Diabase and LECA (Kaasalainen et al. 2008b)

The first set of gravel was measured in Espoon-
lahti with TopEyeII (see Fig. 3 and Table 1). The results 
showed a poor repeatability (except for LECA) between  
measurements. An improved set of gravels was chosen for 
the Nuuksio flight (see Fig. 3 and Table 1). Leica ALS50 
laser scanner was used. The results showed somewhat 
better agreement, especially between 1064 nm Nd:YAG 
and Leica ALS50 results (Kaasalainen et al. 2008b).

The artificial gravel samples were measured with 
FARO (785 nm) terrestrial laser scanner and under la-
boratory conditions with Nd:YAG 1064 nm laser. The re-
sults are summarized in Table. 

Table. Measurements from Espoonlahti and Nuuksio, compared 
with laboratory measurements (FARO TLS and Nd:YAG) 

Sample Campaign ALS FARO Nd:YAG(0°)
LECA Espoonlahti 0.40 0.42 0.52
Gravel Espoonlahti 1.0 1.0 1.0
Diabase Espoonlahti 0.67 0.59 1.45
Quartz Espoonlahti 1.15 1.59 1.36
LECA Nuuksio 0.36 0.47 0.40
Gabbro Nuuksio 0.30 0.38 0.45
C Brick Nuuksio 2.16 1.12 1.91
Sand05 Nuuksio 0.75 1.02 0.70
Sand01 Nuuksio 1.0 1.0 1.0
Bunker Nuuksio 0.93 0.99 0.74

Espoonlahti measurements are relative to (sanding) 
gravel and Nuuksio measurements are relative to Sand01 
sample. The wavelength difference between FARO and 
other measurement has not been corrected, which causes 
differences between FARO and other instruments. 

The samples in Table are as follows: Light Expanded 
Clay Aggregate consisting of the lightweight particles of 
burn clay (LECA); coarse gravel used for sanding roads 
(Gravel); black diabase (Diabase); yellow quartz (Qu-
artz); black gabbro (Gabbro); crushed redbrick (C Brick); 
sandblasting sand with grain size 0.1–0.6 mm (Sand01) 
and grain size with 0.5–1.2 mm (Sand05); bunker sand 
from golf course (Bunker).

The results showed that commercially available 
sands and gravels could be used in laser scanner inten-
sity calibration but control over the target properties is 
essential for laboratory validation to be feasible and me-
aningful. Detailed information on, e.g. target footprint 
size and point density is also important. Besides, the ob-
tained results indicate that the relative calibration met-
hod is possible in comparing reflectance values measured 
during different campaigns. For more detailed informati-
on see (Kaasalainen et al. 2008b).

5. Conclusions

The paper introduced a concept of ALS intensity data ca-
libration developed at FGI. Intensity values need to be 
corrected with range, incidence angle, atmosphere condi-
tions and transmitted power. Reference targets were de-
veloped in FGI and laid out during the flight campaigns. 
The results were promising and intensity values were di-
rectly relative to target reflectance from all altitudes. Also 
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a test with commercially available sands and gravels was 
carried out. They can be used in the calibration process; 
however, there must be control over target properties and 
information about target footprint size and point density is 
also important. 
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