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Atmospheric models based on surface measurements of pressure, temperature, and relative humidity have been used to increase
the laser ranging accuracy by ray tracing. Atmospheric refraction can cause significant errors in laser ranging systems.Through the
present research, the atmospheric effects on the laser beam were investigated by using the principles of laser ranging. Atmospheric
correction was calculated for 0.532, 1.3, and 10.6micron wavelengths through the weather conditions of Tehran, Isfahan, and
Bushehr in Iran since March 2012 to March 2013. Through the present research the atmospheric correction was computed for
meteorological data in base of monthly mean. Of course, the meteorological data were received from meteorological stations in
Tehran, Isfahan, and Bushehr. Atmospheric correction was calculated for 11, 100, and 200 kilometers laser beam propagations
under 30∘, 60∘, and 90∘ rising angles for each propagation. The results of the study showed that in the same months and beam
emission angles, the atmospheric correction was most accurate for 10.6micron wavelength. The laser ranging error was decreased
by increasing the laser emission angle.The atmospheric correctionwith twoMarini-Murray andMendes-Pavlismodels for 0.532 nm
was compared.

1. Introduction

Through the laser range finding systems, the distance was
calculated by computation of the round-trip time of emitted
beam and reflected from the target. From this point of view,
this class of systems had two basic parts: the pulse generator
and emitter including its optical system and attached equip-
ment and detector and received pulses analyzer including
receiving telescope and beam time of flight measuring unit
[1]. The laser range finder system at large distances was
developed andused in theUSAbetween 1961 and 1962 for first
time for satellites ranging specially. The applied satellite was
BE-B (BEACONEXPLORER-B).The first successful received
signal was achieved in 1965. The atmosphere through the
most recent models has been assumed to be symmetric and
spherical to simplify the calculations of range finding and
delay caused by atmosphere. In these models, horizontal
gradients in atmosphere index of reflection would be ignored
because it led to error less than a centimeter in angels less than
10 degrees [2]. Due to the atmosphere and turbulence, beam

refraction induced error through the laser range finding
systems. Atmospheric refraction index increased the mean
optical path.The group velocity error ranged from 2.5 meters
at zenith to almost 13 meters at elevation of 10 degrees.
Intense atmospheric turbulences caused a random error in
the optical path length which probably would be a few
centimeters at 10 degrees. Many models have been devel-
oped to correct laser range measurements because of mean
atmospheric index of refraction.The atmospheric measuring
data resulting from range finding sites were used through
the mentioned models and their accuracy received a few
centimeters at 20 degrees. In order to increase the accuracy
of these measurements, it was shown that the accuracy
was limited by the atmospheric propagation and turbulence
effects and also by the system hardware. For single-frequency
satellite laser ranging systems, Marini and Murray proposed
a model containing the precision requirements at that time.
Therefore, all known developments of the improved atmo-
spheric correction formulae have been based on the Marini-
Murray scheme [3–5]. Mendes and Pavlis developed a new
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Figure 1: Laser tracking system scheme.

modified model based on the Marini-Murray [6]. For gradi-
ents with horizontal refraction and also for refractions with
spherical symmetry, many accurate models could be used
to correct errors. Of course, the mentioned models required
many meteorological data. The models based on the surface
measurements depended on near earth surface topography
and other atmospheric effects. For its high accuracy, the
laser range finding was one of the best range measuring
methods [7, 8]. The mentioned technique was used to air
born platform ranging at short ranges and to space born
platform ranging at long ranges. Refractive index difference
between layers of atmosphere was one of the error factors
in the accurate range finding. The atmospheric correction
methodwas applied in order tominimize errors and compute
accurate distance between ground site and target. Through
the present method, to achieve a real value of the distance
between ground site and target, the error value has been
calculated and encountered in the final measurement due
to atmospheric effects (AC). Through the present work, the
atmospheric effects on laser propagation were investigated
based on the Marini-Murray model. Group refractive index
error was calculated by using theMendes and Pavlis modified
model for comparison. Due to atmosphere, the occurred
error on accurate measuring has been studied considering
weather conditions of laser emitter site. The atmospheric
correction for weather conditions in one year of Tehran,
Isfahan, and Bushehr was calculated. Weather conditions,
that is, mean pressure, mean temperature, mean precipita-
tion, and mean relative humidity were 664 (mmHg), 18∘C,
225mm, and 41%, for Tehran, 630 (mmHg), 16∘C, 160mm,
and 52% for Isfahan, and 760 (mmHg), 25∘C, 280mm, and
71% for Bushehr, respectively. The atmospheric correction
was calculated for laser beams at several wavelengths and for
11, 100, and 200 km propagation path lengths. Calculations
were done for three laser beam emission angles, that is, 30,
60, and 90 degrees. Because of this, the real meteorological
data of the above mentioned states was used.

2. Laser Range Finding Fundamentals

In laser range finding of distance between a ground site and
a target, a very short laser pulse is guided to a telescope for
sending to target. Sent pulses back-scatter from the target
surface to receiver telescope. This telescope is equipped to
a beam recording detector which determines pulse time of
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Figure 2: Curved and straight path of beam.

fight. Figure 1 shows a schematic diagram of this system.
The measured time multiplied by speed of light gives two
time of distance between laser emitter site and the target
[9, 10]. Because of large distance between ground site and
target, the pick power of pulse must be large enough to reach
reflecting surface and then back scatter to detector. One of
the important parameters in accurate measuring is the pulse
width of the sent pulse. Thus a very short pulse with width
of about a few tens picoseconds is selected. According to
𝜏 × 𝑐/2, 0.45 cm measuring accuracy will be achieved with
a 30 picosecond pulse width [1].

3. Atmospheric Correction Theory

The laser beamwhich is the same as the other electromagnetic
radiations was affected by its propagating medium. When
the light transmits from a medium to another one, its
speed was varied. Instead of the direct propagation of light
path, the mentioned speed variation caused refraction or
concaving of it. Rate of the concave merely was affected by
the concentration difference of two mediums and frequency
(or wavelength) of light. The earth atmosphere was not a
homogeneous medium. It also included gases and other fine
particles, making evaluating medium variation effect com-
plicated. This nonhomogeneity of medium caused refraction
of beam in propagation path. This path at long distances
became concave. Figure 2 shows the concaved path of beam
(𝑅
0
) and straight path (𝑅

𝑠
) that will travel in vacuum. The

traveled optical path by laser beam can be evaluated from the
following equation [11]:

𝑅
0
= ∫

𝑟
1

𝑟
0

𝑛
𝑔

sin 𝜃
𝑑𝑟, (1)

where, 𝑛
𝑔
is the group refractive index and 𝜃 is the angle

that could be evaluated by Snell’s law for a layered spherical
medium using (2):

𝑛𝑟 cos 𝜃 = 𝑛
0
𝑟
0
cos 𝜃
0
, (2)
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Figure 3: Wavelength dependence of AC in Isfahan weather
conditions.
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Figure 4: Wavelength dependence of AC in Tehran weather condi-
tions.

where, 𝑛
0
is refractive index and 𝜃

0
is the rising angle of beam

at measuring site according to Figure 2. Group refractive
index (𝑛

𝑔
) can be evaluated from the following equation [12]:

𝑛
𝑔
= 1 + 10

−6

𝑁
𝑔
, (3)

where, 𝑁
𝑔
is the group refractive parameter. Calculating

group refractive index, atmospheric correction (AC) can be
achieved from (4):

AC = 𝑅
0
− 𝑅
𝑠

= 10
−6

∫

𝑟
1

𝑟
0

𝑁
𝑔

sin 𝜃
𝑑𝑟 + [∫

𝑟
1

𝑟
0

𝑑𝑟

sin 𝜃
− 𝑅
𝑠
] .

(4)

First term in (4) is the group velocity error. Due to the
variation of laser, the mentioned error is pulse group velocity
which is because of atmospheric transmittance. Second term
is the difference between direct beam path (𝑅

𝑠
) and beam

traveled optical path (𝑅
0
) as indicated in Figure 2. Because of

the second term, the error value is about 3-4 cm for 10 degrees
rising angle. For grater angles, it is negligible compared to first
term error [11–13].

The group refractive parameter 𝑁
𝑔
can be evaluated by

Marini and Murray relation [14]:

𝑁
𝑔
= (

273.15

1013.25

𝑃

𝑇

𝑛
𝑔𝑠
) − 11.27 (

𝑒

𝑇

) , (5)

0 2 4 6 8 10 12
2.5

3

3.5

4

4.5

5

5.5

5.6

6

Wavelength (𝜇m)

AC
 (m

)

𝜃0 = 30

𝜃0 = 60

𝜃0 = 90

Figure 5: Wavelength dependence of AC in Bushehr weather
conditions.
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Figure 7: Rise angle (𝜃
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) dependence of AC in Tehran weather
conditions (two curves are overlapped and are not distinguishable).

where 𝑃 is the overall pressure in hectopascal, 𝑇 is the
temperature in Kelvin, 𝑒 is the partial water vapor pressure,
and 𝑛

𝑔𝑠
is the group refraction index at standard conditions;

that is, 𝑇 = 273.15 K and 1 atm. pressure. 𝑛
𝑔𝑠
can be evaluated
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Figure 8: Rise angle (𝜃
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) dependence of AC in Bushehr weather
conditions (two curves are overlapped and are not distinguishable).
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using (6) in which 𝜆 is laser range finder wavelength in
micrometer [15]. Consider the following:

𝑛
𝑔𝑠
= 287.6155 +

4.8866

𝜆
2

+

0.068

𝜆
4

, (6)

𝑒 = 0.01exp𝛼, (7)

𝛼 = 1.2378847 × 10
−5

𝑇
2

− 1.9121316 × 10
−2

𝑇

+ 33.93711047 − 6.34316453 × 10
3

𝑇
−1

.

(8)

4. Results and Discussion

AC value of Tehran, Isfahan, and Bushehr states was com-
puted by using (1)–(8) and real meteorological monthly
average data, that is, temperature, pressure, and relative
humidity, during one year. AC value for the laser beams was
calculated at 0.532, 1.3, and 10.6 microns and for 11, 100, and
200 km propagation path lengths. Calculations were done
for three laser beam emission angles, that is, 30, 60, and 90
degrees. Results are presented in Figures 3, 4, 5, 6, 7, 8, 9,
10, 11, 12, 13, and 14. One can see from (4) and results show
that the AC value obviously depends on the laser wavelength,
emission angle, and propagation path length. As it can be seen
through Figures 3–14, the atmospheric correction for 10.6𝜇m
at same emission angles and same propagation path length
was the least one with respect to the other wavelengths. This
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Figure 12: AC versus wavelength for 200 km altitude and laser beam
emission angle of 30 degrees.

means that the 10.6 𝜇m needs less atmospheric correction. In
the same manner 1.3 𝜇m needs less atmospheric correction
with respect to 0.532 𝜇mwavelength. Figures 3–5 and Figures
9–14 are atmospheric corrections versus wavelength curves.
These curves are plotted for 11, 100, and 200 km propagation
path lengths under three laser beam emission angles of 30,
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60, and 90 degrees, respectively. These curves were figured
for three numbered states (Tehran, Isfahan, and Bushehr) by
utilizing metrological organization data.

According to (4) and (2), the AC value depends on the
rising angle 𝜃

0
, too.This dependency can be seen qualitatively

in Figures 6–8. Results show that for a given propagation path
length, increasing the rising angle decreases the atmospheric
correction (see Figures 6–14). Atmospheric effect on laser
beams is also investigated. Figures 6–8, depict atmospheric
correction versus rising angle 𝜃

0
diagrams for 0.532, 1.3, and

10.6 𝜇m wavelengths at 11 km propagation path length for
three states. The group refraction parameter versus wave-
length in Isfahan, Tehran, and Bushehr states weather condi-
tions were calculated and are depicted in Figure 15. Mendes
and Pavlis modified model has been used for AC correction
of 0.532 𝜇m range finding and its results were compared
with results of Marini–Murray model, which is depicted in
Table 1. AC values in Table 1 show a distinguishable difference
between two models and better results for Mendes and Pavlis
model.

5. Conclusion

Through the present paper, the laser range finding system
was investigated. Also errors due to the laser plus width
and atmospheric effects at metrological conditions of laser
beam emitter site were studied. Atmospheric correction for
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Figure 15: Group refraction parameter versus wavelength in Isfa-
han, Tehran, and Bushehr states weather conditions.

Table 1: AC comparison for two different applied models at 532 nm
wavelength and 0∘ zenith angle.

City Used model Atmospheric path (km) AC (m)

Tehran

Mendes-Pavlis
11 2.2166
100 2.3242
200 2.3932

Marini-Murray
11 2.5942
100 23.5834
200 47.1667

Esfahan

Mendes-Pavlis
11 2.1756
100 2.2323
200 2.2985

Marini-Murray
11 2.4898
100 22.6349
200 45.2698

Bushehr

Mendes-Pavlis
11 2.6355
100 2.7031
200 2.7832

Marini-Murray
11 2.7562
100 25.0566
200 50.1131

monthly average metrological data of Tehran, Isfahan, and
Bushehr stateswere calculated during a year.The atmospheric
correction was calculated for 0.532, 1.3, and 10.6𝜇m laser
wavelengths and 11, 100, and 200 kmpropagation path lengths
under three emission angles. The atmospheric correction
values at same emission angles and propagation path lengths
were increased from 10.6 𝜇m to 0.532 𝜇m; therefore, it was
concluded that the atmosphere is approximately a window
for first wavelength. For given states, the differences between
AC values showed that it depended on the atmospheric
conditions, that is, temperature and pressure of measuring
site. According to the accessed results, the minimum group
refraction parameter was for Isfahan and maximum for
Bushehr. It was concluded that the weather conditions of
Bushehr, that is, high pressure, high temperature, and high
humidity, corresponded to the high group parameter and
consequently high group refractive index. This high group
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refractive index needs more atmospheric correction for the
laser beams.Theoverall conclusion is that the variousweather
conditions cause error in the laser range finding and must be
calculated and compensated.
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