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Abstract. The aim of this paper is to discuss different models that describe atmospheric transmission in the
infrared. They were compared in order to choose the most appropriate one for certain atmospheric conditions.
Universal models and different inaccuracies connected with them were analysed in this paper. It is well known
that all these models are different, but the aim of this paper is calculate how big the differences are between the
characteristics of atmospheric transmission as a function of the distance. There have been models analysed from
the literature, and these are used in infrared cameras. Correctly measured atmospheric transmission allows the
correct temperature of an object to be determined, which is very vast problem that is discussed in paper.

1 Introduction

The atmospheric transmission in the infrared (IR) is an im-
portant parameter in thermovision measurements. This is due
to the fact that, when the temperature of an object is mea-
sured, the atmosphere which is between the thermal imag-
ing camera and the object attenuates infrared radiation emit-
ted by the object. Additionally, it has been observed, even
in laboratory conditions, that at distance of 1-10m, the at-
mospheric absorption, caused by water vapour and carbon
dioxide, is noticeable. The most important role in absorp-
tion of the infrared radiation for the wavelength » = 4.3 um
is played by carbon dioxide, present in the exhaled air
(Rudowski, 1978). It was stated, for example, that after 3 h
of two persons being in a closed room, about 40 cm? in vol-
ume, the concentration of CO, was such that, at distance
d =0.8m, 70% of radiation of the wavelength » =4.3um
was absorbed by the air (Rudowski, 1978).

Correctly measured atmospheric transmission allows the
correct temperature of an object to be determined. In the case
of there being no precise model describing the atmospheric
transmission in the thermal imager microcontroller (Minkina
and Dudzik, 2006, 2009; Minkina et al., 2010), the obtained
temperature of the object would be wrong, lower or higher.
The atmospheric attenuation depends strongly on the wave-
length. For some wavelengths there is very low attenuation
over distance of several kilometres, whereas for other wave-

lengths the radiation is attenuated to close to nothing over a
few metres. The attenuation in the atmosphere does not allow
the total original radiation from the object to reach the cam-
era. If no correction for the attenuation is applied, then the
measured apparent temperature will be lower and lower with
increased distance. The influence of distance on the temper-
ature measurement for the short-wave (SW) and long-wave
(LW) camera, without taking into account correction of the
impact of the atmosphere on the measurement, can be clearly
seen in Fig. 1.

The paper compares different methods of calculating the
atmospheric transmission coefficient in the infrared which
can be found in practice and in the literature. When a model
is chosen, such factors as accuracy and the time needed to
do the measurements should be taken into consideration.
Greater accuracy means a longer time needed for the calcula-
tions. In fact, that subject of research about the atmospheric
transmission has a wide range, but this paper has some lim-
itations. The paper concentrates only on the atmosphere’s
impact on the measurement. The effect of the IR radiation
emitted by the absorbing atmosphere (Kirchhoff’s law) was
skipped in this case and will be considered in the subsequent
paper. Thermal imaging cameras operate in a particular in-
frared range, for which the atmospheric transmission coeffi-
cient will be different than for the whole band.
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Figure 1. The influence of distance to the temperature measurement
for the thermal imaging cameras without taking into account correc-
tion of the impact of the atmosphere on the measurement: (1) LW,
8-12 pm and (2) SW, 2-5 pm — an example (IR-Book, 2000).

2 Thermal imaging cameras AGEMA 880 LW and
AGEMA 470 Pro SW

Depending on a thermovision camera model, there are sev-
eral different models of the atmosphere transmittance, such
as FASCODE, MODTRAN and SENTRAN (Anderson et al.,
1995; Rothman et al., 2005; Vollmer and Mdéllmann, 2010,
Pregowski and Swiderski, 1996; Pregowski, 2001). For ex-
ample, in the AGEMA 470 Pro SW and AGEMA 880 LW
systems, the manufacturer employs the following simplified
equation that describes the atmospheric transmission in the
infrared, using the LOWTRAN model:

Pam(d) =exp| o+ (Vi = Vdea) = - —dew)]. (1)

where Pym is atmospheric transmission; d is camera—object
distance (in m); dca is camera—object distance (in m) (in cal-
ibration process — the value of 1 m); and « and g8 are co-
efficients specified for normal conditions: atmospheric tem-
perature Tym = 15 °C, relative humidity we, = 50 %. For SW
bands, @ =0.393 and 8 = 0.00049; for LW bands, o = 0.008
and 8 =0.

The given values are determined in normal conditions of
atmospheric temperature Tym = 15°C and relative humid-
ity wy, = 50 %. Under different conditions, the atmospheric
transmittance model will be different. The value of coeffi-
cient Py vs. distance d between the camera and the object
is shown in Fig. 2a for a LW camera (1) and a SW cam-
era (2). These relationships were obtained from numerical
computations using Eg. (1). One can see that the atmosphere
has greater transmittance within the LW infrared band. Very
similar results are presented in Narasimhan and Nayar (2002)
and Orlove (1982).

3 ThermaCAM PM 595 LW
The transmittance model defined by FLIR for the Therma-

CAM PM 595 camera is a function of three variables: at-
mospheric relative humidity we,, camera-to-object distance
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Figure 2. Characteristics of atmospheric transmission coefficient
Patm = f(d) for AGEMA 880 as a function of the camera—object
distance d for LOWTRAN model (Eq. 1) and Tatm = 15°C, wy, =
50 %, for (a) d <100m (LW and SW camera) and (b) d <1000 m
(LW camera for further comparisons).

d and atmospheric temperature Ty (Toolkit IC2, 2001):
Pym = f(a)%, d, Tatm)- (2)

This model was applied to error and uncertainty analysis
in the monograph (Minkina and Dudzik, 2009). It is actu-
ally very complex. It includes, among others, nine coeffi-
cients adjusted empirically. The explicit form of function
(Eq. 2) is copyrighted and reserved by the camera manufac-
turer (Toolkit IC2, 2001). It was made available to the authors
only for research purposes, so we may not publish it here. We
are allowed to present the characteristics of the atmospheric
transmittance Pam, as a function of camera-to-object distance
d. The results, shown in Fig. 3, were obtained by numerical
simulations using the full form of Eq. (2).

It should be emphasized that the model described with
Eq. (2) concerns most of the infrared cameras produced by
the AGEMA company (e.g. 900 series) and FLIR company
(e.g. ThermaCAM PM 595 LW).

Finally, the thermovision camera measurement model is
defined as a function of five variables (Minkina and Klecha,
2015):

TOb = f(gob, Tatms TOa Wy, d) ) (3)

where &p is emissivity of the object, T, is ambient temper-
ature, and Ty is atmospheric temperature, the same as in
Eq. (2).

We want to emphasize that the model derived above is a
simplified model. In reality, the camera detector receives ra-
diation not only from the object but also from other sources.
The simplification can be explained looking at Fig. 4.

The signal proportional to the ambient radiation intensity
and dependent on ambient temperature Ty is in reality an av-
erage response to radiation coming from clouds of tempera-
ture Tg, buildings of temperature T, ground of temperature
Tyr and from the atmosphere of temperature Tam. All these
temperatures differ a little from each other (Orlove, 1982;
DeWitt, 1983; Saunders, 1999).

Equations (2) and (3) for calculating atmospheric trans-
mission coefficient Pym include all parameters affecting
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Figure 3. Simulation characteristics of the atmospheric transmittance Patm = f(d) vS. camera-to-object distance d for full form of model
(Eq. 2) as a function of the (a) temperature of the atmosphere Tatm, wg, = 50 %, and (b) relative humidity of the atmosphere wo;, Tatm =

15°C.
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Figure 4. Explanation of simplifications assumed in the thermovi-
sion camera measurement model (2, 3); ambient temperature Ty is
an average of temperatures of clouds T, atmosphere Tatm, ground
Tyr and e.g. buildings Ty, (Minkina and Dudzik, 2009).

thermal measurement; therefore they are universal equations
which can be used in practice by FLIR (Toolkit IC2, 2001).

4 Passman-Larmore tables

Using experimental studies conducted by Passman and Lar-
more (1956), the characteristics of the transmission coeffi-
cient can be calculated precisely. Gas composition influences
the results of measurements carried out using a thermovision
camera. In this case, the most important are the absorbance
coefficients: vapour absorbance (Pn,0) and carbon dioxide
absorbance (Pco,). According to Eq. (4) we have (Gaus-
sorgues, 1994)

Pam = PH,0 - Pco,. (4)

The vapour absorbance depends on the number of absorb-
ing molecules, i.e. on the partial pressure of water vapour,
and the distance d travelled by radiation in the absorbing
medium. It is usually defined as height % of the cylinder with
diameter D. The volume of cylinder is equal to the volume of
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Figure 5. The figure shows the cylinder with height 4 and diameter
D; it includes amount of water vapour, and it is at the distance of
measurement using the thermovision camera (Gaussorgues, 1994).

liquid obtained by condensation of water vapour contained in
the cylinder with diameter D and height d, reflecting the at-
mosphere which is at the distance d, where the thermovision
camera measurement is taken for d = 1 km. It is also shown
in Fig. 5. Taking into consideration the equations described
above, the following equation can be used:

h= 4. VHzo
7 D?

: ®)

where Vi, o is the volume of liquid obtained by condensation
of water vapour in the absorbing medium (m?) and D is the
diameter of the cylinder representing the absorbing medium
(m?).

Vapour absorbance Px,o depends on molecular processes
which are responsible for a selective absorption spectrum.
PH,0 also depends on temperature and total pressure of the
gas mixture which regulates the width of absorbing lines as
a result of molecular collisions and the Doppler effect.

There is a relationship between the height of the cylinder
with water i (Eq. 2), temperature Tym and relative humid-
ity wo,. An approximation of a function was obtained using
of the Newton method 4 (d) described in Gaussorgues (1994)
and its dependency on relative humidity and distance was
taken into consideration according to Eq. (3). See the func-
tion in Fig. 6.
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Figure 6. Characteristics of coefficient #, mkm~1 for d = 1 km,
according to the Eq. (6).

Table 1. A part of the Passman—Larmore table for vapour ab-
sorbance Ph,o (Gaussorgues, 1994; Passman and Larmore, 1956).

A, Um Ph,0
h, mmkm~1
0.2 0.5 1 2 5 10 20
75 0947 0874 0.762 0582 0.258 0.066 0

80 0990 0975 0.951 0.904 0.777 0.603 0.365
85 0994 098 0972 0944 0866 0.750 0.562
9.0 0997 0.992 0984 0968 0921 0.848 0.719
95 0997 0.993 0987 0973 0934 0.873 0.762
10.0 0998 0.994 0.988 0.975 0940 0.883 0.780
105 0998 0994 0.988 0976 0941 0.886 0.784
11.0 0998 0.994 0.988 0.975 0940 0.883 0.779
115 0997 0993 0.986 0972 0932 0.868 0.753
120 0997 0993 0987 0974 0.937 0.878 0.770
125 0997 0993 0986 0973 0.933 0.871 0.759
13.0 0997 0992 0984 0967 0.921 0.846 0.718

h (Tatm. d, w55) = (1.6667 107473 +1072. 72,

43.8333-10"L - Ty + 5) wy-d-1073, (6)

where & is height of the cylinder with water (in mkm=1);
Tatm IS the ambient temperature (in °C); wo, is relative hu-
midity (%); and d is distance (in km).

Taking into account distance d, height of the cylinder with
water i and wavelength A, the appropriate values of Pn,0
and Pco, can be determined using the Passman—Larmore ta-
bles. When these values are placed into Eq. (4), it is possible
to calculate the atmospheric transmission coefficient Paim.
The appropriate part of Passman-Larmore tables is shown
in Tables 1 and 2.
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Table 2. A part of the Passman—Larmore table for carbon diox-
ide absorbance Pco, (Gaussorgues, 1994; Passman and Larmore,
1956).

A, pm Pco,
d, km
0.2 0.5 1 2 5 10 20

75 1000 1.000 1.000 1.000 1.000 1.000 1.000
80 1.000 1.000 1.000 1.000 1.000 1.000 1.000
85 1.000 1.000 1.000 1.000 1.000 1.000 1.000
9.0 1.000 1.000 1.000 1.000 1.000 1.000 1.000
95 0993 0983 0967 0.935 0842 0.715 0.512
10.0 1.000 1.000 0.999 0.997 0.994 0.989 0.978
105 1.000 1.000 0.999 0.998 0.998 0.995 0.991
11.0 1.000 0999 0.999 0.997 0.993 0986 0.973
115 0999 0998 0.996 0.992 0980 0.960 0.921
120 1.000 1.000 0.999 0.999 0.997 0.993 0.986
125 0987 0968 0.936 0.877 0.719 0517 0.268
130 0991 0977 0.955 0912 0.794 0.630 0.397

Example.

Calculate the atmospheric transmission coefficient for A =
13um, d =500m, wy, =50 %, (w = 0.5) and Tym =20 °C.

Using Eq. (3) the result is h(Tam, d, wy) = (1.6667 x
10~#x2034+1072x202+3.8333x 1071 x 204+5) x 0.5 0.5 x
103 =45 x 103 ~ 5 x 10~3. When the values are placed
in Table 1 and 2, the results are 0.921 and 0.977. Next they
are placed into Eqg. (4); in this way the value of atmospheric
transmission coefficient is calculated, and it is equal approx-
imately to 0.900.

In order to adapt the results to models described in para-
graphs 2 and 3, the average characteristics for the wavelength
A =7.5-13 um are shown in Fig. 7.

The tables were obtained on the basis of experimental
studies, and that is why the model seems to give the most ac-
curate value of the atmospheric transmission coefficient Pagm.
Calculating atmospheric transmission coefficient by means
of the final value of Py is time-consuming.

5 Approach adopted in the paper of Wiecek (2011)

The paper of Wigcek (2011) gives another atmospheric trans-
mission model in the infrared Pym. First, Eq. (7) describing
saturation vapour pressure was introduced:
6.112. 21874 Hinres'

for Tatm < 27315 K

Tatm—273.17 > (7)
6.112 . &7 28 Tam-386

for Tym > 273.15K

Ps (Tatm) =

where ps is saturation vapour pressure (in Pa) and Tym is
temperature of the atmosphere (in K).

Next, the value of the coefficient «; was calculated.
It describes the cross section of the vapour molecule
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Figure 7. Characteristics of atmospheric transmission coefficient
Patm = f(d) calculated using Passman-Larmore tables.

which depends on the wavelength (Eg. 8). In the paper of
Wiecek (2011) Eqg. (8) describes the correlation resulting
from Beer’s law and ideal gas law:

_ kB - Tatm

In(Patm), (8)
wy - ps-d

o) =
where kg = 1.28 x 1022 is the Boltzmann constant (J/K):
Tam is temperature of the atmosphere (in K); wey, is rela-
tive humidity (%); ps is saturation vapour pressure (in Pa);
d is the camera—object distance (in m); and Pqm is the value
of the atmospheric transmission coefficient resulting from
calibration measurements or literature data (e.g. Passman—
Larmore tables; see the example above).

Using Egs. (4) and (5) and assuming constant wavelength
A, the atmospheric transmission coefficient Pym can be cal-
culated according to the equation (Wiecek, 2011)

_ Ps®y
Patm (d, Tatm,w%) =e ““t8Tam 9

The calibration value is P;m = 0.8160. For the method of
calculating this value, see example. It was calculated us-
ing Passman-Larmore tables for d = 1000 m, wq, = 50 %,
Tatm = 15°C and A = 7.5-13um. The distance selected in
the calculation of the calibration value was chosen experi-
mentally. Figure 8 presents the functions of the coefficient.

Equation (6) gives satisfactory results of Py, but it is a
huge obstacle to set the calibration point properly.

6 Comparison of the functions

In order to compare all models describing atmospheric trans-
mission Py, in the infrared analysed in this paper, the same
parameters were applied, €.g. Tatm = 15°C, wg, = 50 % and
A =7 —13.5pum. The first two models were defined for LW
bands, where the average wavelength was used. To adapt the
scope to the Passman—Larmore model, Tables 1 and 2 in the
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Figure 8. Characteristics of atmospheric transmission coefficient
Patm = f(d) calculated according to the approach given in (Wigcek,
2011).

range 7-13.5 um and the average result were used. For 4 val-
ues which were not in the tables we have carried out linear
averaging in relation to the two nearest points. The model
(Eq. 6) shown in this paper (Wiecek, 2011) depends on the
calibration value. The calibration value that was calculated
in paragraph 5 and which amounted to 0.8160 was used.

7 Conclusions

The atmosphere attenuates infrared radiation of an object
whose temperature is measured. In the case of there being
no properly designed model including the atmospheric trans-
mission coefficient in the infrared Pym = f(d) in the ther-
mal imaging camera microcontroller, the results given by the
camera are inappropriate — see Fig. 1. It is very important
to use a good model of the atmospheric transmission coeffi-
cient Pym = f(d). The paper has some limitations. Thermal
imaging camera models should take into account additional
factors affecting on the measurement, such as the spectral re-
sponse. The dependence of the atmospheric transmission for
various types of thermal imaging cameras’ matrices cannot
be brought into one universal plot. Bearing in mind described
limitations, in the paper only comparisons of the plots were
made.

The function based on Passman—Larmore measurements
was introduced as the initial model. All models have similar
characteristics (Fig. 9, which becomes more different with
the distance; Fig. 10). The model described in the paper of
Wiecek (2011) can be much more different from the oth-
ers if the calibration point is not appropriate. Practical and
experimental models give similar values of the atmospheric
transmission coefficient Pym. This is due to the fact that the
model of the atmospheric transmission coefficient is cho-
sen properly. As a result similar results can be obtained us-
ing simple calculations. In Figs. 9 and 10 similar conditions
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Figure 9. Characteristics of atmospheric transmission coefficient
Patm = f(d) for a few models described in this paper for a distance
up to 1000 m.
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Figure 10. Characteristics of atmospheric transmission coefficient
Patm = f(d) for a few models described in this paper for a distance
up to 10000 m.

were applied for all the models in typical measurement situa-
tions. In different circumstances comparative characteristics
can be different. This results from the fact that the model
described in the paper of Wigcek (2011) can be used in prac-
tice only when the calibration point is chosen properly. Fig-
ure 10 shows huge disparities in characteristics of the atmo-
spheric transmission coefficient Pym = f(d). This is partic-
ularly noticeable for distances over 1000 m (Fig. 10). For a
distance up to 1000 m (Fig. 9) all characteristics are similar.
All these models are dedicated to a certain type of cameras.
The Passman-Larmore model is the most universal, because
it is possible to use tables for different wavelength A.

It is well known, that all these models are different, but the
aim of this paper is to calculate how big the differences are
between the characteristics of the atmospheric transmission
as a function of the distance.
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It should be noted that the properly calculated atmospheric
transmission coefficient in the infrared Pym = f(d) makes
it possible to read the right temperature of the object. A
correct value of atmospheric transmission coefficient set in
the camera microcontroller is of fundamental importance
for accuracy of contact-less measurement of the object
temperature (Minkina and Dudzik, 2006, 2009). Additional
information about the atmospheric transmission coefficient
in the infrared can be found in Anderson et al. (1995),
DeWitt (1983), Narasimhan and Nayar (2002) and Roth-
man (2005).

Edited by: K.-P. MélImann
Reviewed by: four anonymous referees
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