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Abstract

The laser-ranged satellite LARES is expected to provide new refined measurements of 
relativistic physics, as well as significant contributions to space geodesy and geophysics. The very 
low area-to-mass ratio of this passive and extremely dense satellite was chosen to reduce as much as 
possible the disturbing effects of non-gravitational perturbations. However, because of its height, 
about 1450 km compared with about 5800-5900 km for the two LAGEOS satellites, LARES is 
exposed to a much stronger drag due to neutral atmosphere.

From a precise orbit determination, analyzing the laser ranging normal points of LARES 
over a time span of about 3.7 years with the GEODYN II (NASA/GSFC) code, it was found an 
average semi-major axis decay rate of 0.999 m per year, corresponding to a non-conservative net 
force acting nearly opposite to the velocity vector of the satellite and with a mean along-track 
acceleration of 1.444  1011 m/s2.

By means of a modified version of the SATRAP (ISTI/CNR) code, the neutral drag 
perturbation acting on LARES was evaluated over the same time span, taking into account the real 
evolution of solar and geomagnetic activities, with five thermospheric density models (JR-71, 
MSIS-86, MSISE-90, NRLMSISE-00 and GOST-2004). All of them provided consistent results, 
well within their acknowledged uncertainties. Moreover, when the same models (JR-71 and MSIS-
86) were used within GEODYN II in a least-square fit of the tracking data, the differences between 
the average drag coefficients estimated with SATRAP and GEODYN were of the order of 1% or 
less.

Unlike what happened for the two LAGEOS, where Yarkovsky thermal drag and charged 
particle drag were the leading causes, it was found that neutral atmosphere drag alone was able to 
explain most (98.6%) of the observed semi-major axis decay of LARES. The remaining 1.4%, 
corresponding to an average along-track acceleration of about 2  1013 m/s2 (i.e. 1/70 of neutral 
drag), was probably linked to thermal thrust effects. It was 50%, or less, of the value previously 
reported in the literature, but further and more detailed investigations, including the detection of the 
signature of the periodic terms, will be needed in order to characterize such smaller non-
gravitational perturbation.
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1. Introduction

The LAser Ranged Satellites Experiment (LARASE) [1] has the goal to carry out a sequence 
of measurements of relativistic effects using specific Earth-orbiting satellites for verifying the 
predictions of General Relativity [2] and of alternatives theories proposed for the description of the 
gravitational interaction [3]. These measurements are achieved in the so-called weak-field and 
slow-motion (WFSM) limit of the theory, by means of passive “cannonball” satellites tracked very 
precisely with the Satellite Laser Ranging (SLR) technique through the International Laser Ranging 
Service (ILRS) [4].

The three satellites used in the LARASE experiment were chosen for the very good quality 
of their orbit determination, for the smallness of non-gravitational perturbations and for the 
accuracy of the dynamical model. They are the twin LAser GEOdynamics Satellites (LAGEOS and 
LAGEOS II), launched, respectively, in 1976 and in 1992, and LARES (LAser RElativity Satellite). 
LARES was launched from Kourou, in French Guiana, on 13 February 2012, with the qualification 
flight of the VEGA launcher. With a radius of 18.2 cm and a mass of 386.80 kg, this completely 
passive sphere, made of tungsten alloy and uniformly hosting on its surface 92 corner cube laser 
retro-reflectors, is the densest object in orbit in the Solar System, with an area-to-mass ratio A/M = 
2.69  104 m2/kg [5,6]. Placed into a nearly circular orbit at a mean geodetic altitude of about 1454 
km and with an inclination of 69.5°, LARES was conceived with the goal of measuring the Lense-
Thirring effect induced by the rotating mass of the Earth and predicted by General Relativity [7,8] 
with an accuracy of the order of 1% [5].

The scientific objectives of the LARES mission are therefore very ambitious. Certainly, the 
achievement of these objectives would be facilitated if, besides the high quality of the laser tracking 
of the satellite and its extremely low value for the area-to-mass ratio, it were possible to improve the 
dynamical models describing its motion, and that of the LAGEOS satellites, particularly concerning 
the subtle effects of non-gravitational perturbations [1,9]. Among these, the effects of the neutral 
atmosphere drag deserve a special attention in the case of LARES, the satellite having been placed 
in a relatively low orbit, where the residual Earth atmosphere cannot be ignored, compared with 
other perturbations whose modeling is relevant for meeting the scientific goals of the mission. 

The reliable and detailed estimation of the perturbing accelerations induced on the LARES 
satellite by neutral atmosphere drag is therefore the main purpose of this paper, offering new 
insights on other non-gravitational perturbations, e.g. charged particle and thermal drag. The rest of 
the paper is organized as follows. In Section 2, we focus on the decay we observed for the semi-
major axis of LARES after a precise orbit determination and on the corresponding deceleration we 
can infer along the transverse direction. In Sections 3 and 4, we describe the neutral atmosphere 
experienced by LARES, the role of the satellite drag coefficient and the detailed modeling of 
neutral drag on LARES on the basis of five atmospheric density models. In Section 5, we show the 
results of a new precise orbit determination once the neutral drag is modeled, highlighting anyway 
the presence of a residual very small deceleration not explainable in terms of the perturbing effects 
due to the neutral drag atmosphere. Finally, in Section 5, our conclusions and recommendations are 
provided.

https://en.wikipedia.org/wiki/Kourou
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2. The observed orbital decay of LARES

In order to reduce as much as possible the effects of the non-gravitational perturbations, 
LARES was designed and built with an area-to-mass ratio 2.6 times smaller than that of the twin 
LAGEOS and LAGEOS II satellites, placed at mean geodetic altitudes, respectively, of 5897 km 
and 5785 km. Compared with the two LAGEOS, this led, in fact, to smaller direct solar radiation 
pressure (the largest non-gravitational acceleration on LARES), Earth radiation pressure and 
thermal re-radiation [1,10]. However, due to the significantly lower altitude of LARES, neutral 
atmosphere drag was expected to be approximately 50 times stronger than for the two LAGEOS [1]. 
The accurate understanding and modeling of such non-gravitational perturbation is therefore of 
paramount importance for LARES if the ambitious scientific goals of the mission have to be met in 
a credible way.

Analyzing the laser ranging data available since the satellite launch, in February 2012, up to 
mid-2014, an average semi-major axis decay a  1.17 m per year was reported [10]. In order to 
check these preliminary results, we carried out a Precise Orbit Determination (POD), based on the 
LARES laser ranging data (normal points) acquired by the ILRS from 6 April 2012 to 25 December 
2015. The analysis was performed with the NASA/GSFC software package GEODYN II [11,12], 
fitting the observables over 7-day orbit arcs and not including in the dynamical model neither the 
neutral and charged atmospheric drag, nor any thermal effect. In this way, the detailed secular 
decrease of the LARES semi-major axis was uncovered, over more than 3.7 years (Figure 1). The 
corresponding average value found was a  0.999 m per year [13,14].

Despite the apparent smallness of the measured decay, its relatively stable secular trend 
allows the detection of the semi-major axis decrease even using orbit determinations much more 
inaccurate than those obtained with laser ranging normal points. In fact, in a totally independent 
analysis, we used the two-line elements sets [15,16] determined by the US Strategic Command over 
3.7 years, from 18 February 2012 to 22 October 2015, revealing an average secular a  0.952 m 
per year. Therefore, during the first 3.7 years in orbit, LARES was subjected to an average semi-
major axis decay of 2.7 mm per day, and these results indicate that a non-conservative net force was 
acting on the satellite, with a mean along-track acceleration component T  1.444  1011 m/s2.

It is worth remembering that in the case of LAGEOS [17], and later on of LAGEOS II, the 
detection of a small (and originally unexplained) a  0.402 m per year (in 1994-2011 the semi-
major axis decay settled to, on average, a  0.203 m per year for LAGEOS and a  0.239 m 
per year for LAGEOS II [18]) lead to an extensive physical investigation and modeling effort, for 
assessing and evaluating the potential effects of several non-gravitational perturbations [19-30]. 
Consequently, it was quite logical to investigate the similarities and differences among the LARES 
and LAGEOS satellites semi-major axis decay, as a first step to characterize, quantify and properly 
model the non-gravitational perturbations acting on the former, in particular taking into account that 
the non-gravitational mean along-track acceleration acting on LARES is currently nearly 5 times 
larger than those acting on the two LAGEOS satellites.

It was known since the beginning of the 1980’s [19-21] that neutral atmosphere drag was not 
able to account for the LAGEOS orbital decay, being one order of magnitude too small (14%, 
according to [28]). Yarkovsky thermal drag (70%) and charged particle drag (16%) were the 
dominant causes [28]. However, the considerably lower altitude of LARES put the attention on 
neutral atmosphere drag as the leading cause of the observed secular decrease of the semi-major 
axis, as even simple analytical computations were able to suggest. 

In fact, assuming a circular orbit (the LARES eccentricity is less than 103) and that all the 
observed semi-major decay was due to neutral atmosphere drag, the average neutral atmospheric 
density  at the satellite altitude could be estimated as follows:

  arev/2(CDA/M)a2                                                         (1)



where CD is the so-called drag coefficient, defined in Section 3, a is the semi-major axis, and arev 
represents its variation over one revolution [31]:

arev  2(CDA/M)a2                                                         (2)

Taking into account that the LARES orbital period is about 6885 s and that during 1300 days the 
semi-major axis decreased by about 3.5 m (Figure 1), the average arev resulted to be 2.15  104 
m per revolution. Substituting this value of arev in Eq. (1), together with a  7820.2 km and 
CD  3.5 (a reasonable pre-launch guess), it was then possible to estimate the mean neutral 
atmosphere density, at the LARES altitude, needed to explain the observed semi-major axis decay. 
The value obtained was   5.9  1016 kg/m3.

For LARES the estimated density was not one order of magnitude greater than what should 
have been expected, as happened for the LAGEOS satellites, but was instead in sound agreement 
with the predictions of thermospheric density models. For instance, assuming the Jacchia 1971 
model [32], at the altitude of LARES it predicted an average neutral density   3.48  1016 
kg/m3 with an exospheric temperature T  500 K,   6.32  1016 kg/m3 with T  1000 K, and 
  1.20  1014 kg/m3 with T  2000 K. Therefore, even a very rough and preliminary 
estimation seemed to indicate that, considering the appropriate environmental conditions (i.e. solar 
and geomagnetic activities) prevailing during the time interval considered, characterized by T  
971 K, neutral atmosphere drag was able to explain most of the observed orbital decay. Therefore, 
its effects on LARES were investigated in detail and the results obtained are presented in this paper. 

3. Neutral atmosphere drag

Atmospheric drag is the largest non-gravitational perturbation acting on satellites below the 
altitude of 1000 km [33], and also at the LARES altitude must be taken into account to explain the 
details of the orbital evolution inferred from the extremely accurate tracking made possible by laser 
ranging. The most revealing feature of the drag force, which for a spherical body with uniform 
surface properties is directed opposite to the satellite’s velocity relative to the atmosphere, is the 
dissipation of orbital energy, leading to a gradual decrease of the satellite’s semi-major axis. 

It is usual to express the drag force ( ) in the form:DF

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in which  is the corresponding acceleration, M is the mass of the satellite,  is the local Da

atmospheric density,  is the velocity of the satellite relative to the atmosphere, A is the cross-rV


sectional area of the satellite facing the airstream, and CD is the drag coefficient, i.e. a dimensionless 
quantity which summarizes the interaction of the atmospheric molecules with the surface of the 
satellite exposed to the flow [32,33]. The values of the area and the mass are well known in the case 
of LARES, but the relative velocity, which depends on the complex dynamics of the Earth’s 
atmosphere, may be affected by uncertainties larger than 1%. However, a reasonable approximation 
of  is obtained with the assumption that the atmosphere co-rotates with the Earth, i.e.: rV


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where  is the satellite inertial velocity,  its position vector, and  is the Earth’s angular V


r 



velocity vector. In most situations this assumption leads to negligible errors, but during the 
relatively short duration (from several hours to a few days) of major geomagnetic storms, occurring 
approximately 5% of the time, the atmospheric winds may grow remarkably [34]. 

In general, however, the drag coefficient and the atmospheric density represent the principal 
causes of uncertainty in computing the drag force. This is the consequence of the fact that when  DF



or  are measured, for instance through the observed orbital decay of a satellite, it is the product Da

CD which is determined, so any uncertainty in CD brings forth an uncertainty in the air density , 
and vice versa. Therefore, for this and other reasons [35], any semi-empirical atmospheric density 
model may be affected by significant errors. Nevertheless, if Eqs. (3) and (4) rightly fit the behavior 
of the drag force and the air density  is appropriately described by a sufficiently sophisticated 
model, i.e. able to follow the changes induced by the varying solar and geomagnetic activity and by 
seasonal effects, a large fraction of the uncertainty in , as well as other possible and smaller 
contributions from other perturbations having the same signature of neutral drag, might be 
incorporated in the value of CD, if set as solve for parameter in the precise orbit determination 
process. In other words, the value of CD so determined would not necessarily correspond to the 
physical aerodynamic drag coefficient of the satellite, having to absorb the average density bias of 
the atmospheric model, during the considered integration arc, and other possible smaller drag-like 
influences (limited to the constant component, if CD were assumed constant as well over the 
integration arc). However, such a procedure would lead in any case to a better orbit determination 
and to smaller residuals, benefitting the primary goal of the mission, i.e. the General Relativity 
measurements.

Of course, if the aim of the measurements were the precise and accurate determination of air 
density as a function of the season and space weather conditions, an independent estimation of the 
physical drag coefficient would be needed, to be compared with the CD found as solve for parameter 
in the precise orbit determination process [35]. Nevertheless, as explained above, this was not 
necessary for the primary goals of the LARASE experiment and was not among the purposes of this 
paper.    

4. Detailed modeling of the neutral atmosphere drag on LARES

In view of the central role played by neutral atmosphere drag among the non-gravitational 
forces acting on LARES, a detailed modeling of such perturbation was deemed necessary for a 
better characterization and estimation of the other non-gravitational forces, and for the success of 
the LARASE experiment. To do so, a modified version of the SATRAP tool, developed at 
ISTI/CNR [35,36], was used to model the neutral drag acceleration acting on LARES, as a function 
of time, taking into account the real evolution of solar and geomagnetic activities and the observed 
mean secular along-track acceleration. In fact, many atmospheric density models have been 
implemented in SATRAP over more than 20 years of development, including Jacchia-Roberts 1971 
(JR-71) [37], the Mass Spectrometer and Incoherent Scatter radar 1986 model (MSIS-86) [38], the 
Mass Spectrometer and Incoherent Scatter radar Extended 1990 (MSISE-90) [39], NRLMSISE-00 
[40,41], developed at the US Naval Research Laboratory (NRL), GOST-2004 [42], issued by the 
State Committee on Standardization and Metrology of the Russian Federation, and Jacchia-
Bowman 2008 (JB2008) [43].

All the above mentioned thermospheric density models were used within SATRAP to 
compute the components of the neutral drag acceleration on LARES in the reference system RTW 
[44], having the origin in the center of mass of the satellite and with three orthogonal axes aligned, 
respectively, along the radial direction, from the center of the Earth to the satellite ( ), normal to R





the orbit plane, in the direction of the osculating orbital angular momentum ( ), and in the W


transverse (along-track) direction ( ), lying on the orbital plane 90 degrees from , nearly T


R


aligned with the satellite velocity vector. This analysis covered the first 3.7 years, from 6 April 
2012 to 25 December 2015, and the drag coefficients CD were rescaled in order to reproduce, with 
each atmospheric density model, the observed average transverse acceleration component             
T  1.444  1011 m/s2. For the applicable time interval, Figure 2 shows the geodetic altitude, the 
exospheric temperature and the overall atmospheric density, while Figure 3 shows the concentration 
of the three main atomic species, i.e. helium (He), hydrogen (H) and oxygen (O). Both figures were 
obtained with NRLMSISE-00.

Concerning the JB2008 model, the results obtained were not presented in this paper for the 
following reason. Contrary to the other models, where only one solar and one geomagnetic index 
are used (both based on ground measurements), JB2008 employs four solar and two geomagnetic 
indices (some based on satellite measurements), and the process of obtaining and validating  them is 
much more lengthy and complicated [45]. Specifically concerning the time interval covered in our 
analysis, i.e. the first 3.7 years of LARES, different releases of such parameters, in particular of the 
S10 index, presented significant changes. This was due to degradations in some spacecraft sensors 
used to create S10 since 2010, needing updated corrections [46]. As a consequence, with the indices 
release of 15 April 2016, the average drag coefficient obtained was CD  3.50, while, with the 
release of 14 December 2016, CD  3.03. Having not a direct control on the calibration process of 
the indices and waiting for a reliable validation of their estimates, it was therefore decided to 
exclude the JB2008 results from this paper, with the intention to include them in successive 
analyses. Moreover, being JB2008 not included in the GEODYN II code used for the precise orbit 
determinations of the LARASE experiment, there were, in any case, no adverse impacts on the 
purposes of the present work. 

The results obtained with all the other models are summarized in Figures 4 and 5, and in 
Table 1. In order to fit the mean secular along-track non-gravitational acceleration T measured on 
LARES, the various thermospheric density models converged, as expected, to different average 
drag coefficients, from CD  3.71 in the case of MSIS-86 to CD  4.21 in the case of GOST-2004 
(Table 1). The mean value was CD  3.88, with a maximum discrepancy of +8.5% for the Russian 
model. However, considering that NRLMSISE-00 was a refinement of MSIS-86 and MSISE-90, 
sharing with them a common heritage, the mean among the three more independent thermospheric 
models JR-71, NRLMSISE-00 and GOST-2004 was CD  3.98, with a maximum discrepancy of 
+5.8% for GOST-2004. The mean biases among the models, up to 9% (6%, if only the last three 
independent models are considered) with respect to the averaged values and up to 13% among the 
models themselves, are not surprising, because they are fully consistent with their known 
uncertainties [47-49], and with the fact that all thermospheric density models, including those 
analyzed in this study, were developed using data coming from much lower altitudes and validated 
there. The performances exhibited at the LARES altitude can be therefore considered quite 
satisfactory, and also rather old models still widely used, like JR-71 and MSIS-86, were able to 
reproduce extremely well, with a small CD rescaling by +4.5% and 1.9%, respectively, the 
behavior of a CIRA-2012 standard model like NRLMSISE-00 [49].  

More specifically, MSIS-86, MSISE-90 and NRLMSISE-00 shared the same signature, with 
a very good agreement in terms of T magnitude and time evolution, with lower peaks exceeding   
5  1011 m/s2. JR-71 still displayed a relatively good agreement with the T signature of the other 
three models, but with deeper lower peaks, sometimes exceeding 6  1011 m/s2. The Russian 
model GOST-2004, however, behaved differently, presenting a quite distinct signature and smaller 
magnitude excursions of T, with a value nearly always higher than 3  1011 m/s2.

Even though less relevant in the context of the LARES semi-major axis decay, the other 
components of the neutral drag acceleration were also estimated. As an example, Figure 6 shows 
the results obtained with NRLMSISE-00. First of all, it should be mentioned that the radial R and 



normal W components resulted to have, as expected, mean values close to zero, together with short 
and long-term oscillations quite smaller than the transverse component T. Again, there was a very 
good agreement among the time evolution signatures of MSIS-86, MSISE-90 and NRLMSISE-00, 
and, to a slightly lesser extent, of JR-71, with the radial component R mostly varying between    
4.5  1014 m/s2 and the normal component W mostly varying between 2.6  1012 m/s2. GOST-
2004 presented similar magnitude excursions, just a little bit smaller in the extreme values, but, as 
in case of the T component, the time evolution signature was distinctly different with respect to the 
other models considered, as shown in Figure 7. 

5. LARES precise orbit determination including neutral atmosphere drag

Having investigated the perturbing acceleration due to neutral atmosphere drag acting on 
LARES, the GEODYN II code was used to obtain a precise orbit determination including such 
perturbation. The force model incorporated the EIGEN-GRACE02S static model for the Earth’s 
gravity field [50], direct solar radiation pressure with eclipses [12], the Earth’s albedo [26], and the 
time-varying components of the geopotential [51,52]. 

Among the three neutral atmosphere models implemented in GEODYN, two, i.e. JR-71 and 
MSIS-86, had been also investigated with SATRAP and were then chosen for the precise orbit 
determination runs. Based on the results outlined in the previous section, MSIS-86 was very similar 
to the CIRA-2012 standard NRLMISE-90, but the overall behavior of JR-71 was anyway highly 
coherent with that of the other American models, sharing a common development history and some 
data sets, provided that the drag coefficient were appropriately rescaled. According to the results 
obtained, both JR-71 and MSIS-86 can be therefore considered validated and appropriate for the 
LARES orbit determination with GEODYN II, delivering a description of the neutral drag 
perturbation consistent with the predictions, uncertainties and range of applicability of all the 
thermospheric density models analyzed.

As in the case, mentioned at the beginning, in which atmospheric drag was not included in 
the dynamical model, GEODYN II was again used to fit the observables over 7-day orbit arcs, from 
6 April 2012 to 25 December 2015, using either JR-71 or MSIS-86. The effect on the semi-major 
axis residuals was dramatic, as shown in Figure 8, with a nearly complete cancellation. This result 
was obtained by JR-71 with CD  3.96, and by MSIS-86 with CD  3.76, i.e. in extremely good 
agreement with the totally independent estimates carried out with SATRAP (Table 1). In the first 
case the difference was, in fact, +0.25%, in the second one +1.35%, confirming again that neutral 
atmosphere drag alone (or a combination of forces with exactly the same signature) can explain 
most of the observed semi-major axis decay of LARES.

However, it should also be stressed that, after modeling the neutral drag perturbation in 
GEODYN II, a residual semi-major axis decay was still present (see Figure 8), corresponding to an 
average transverse acceleration TR  2  1013 m/s2, i.e. 1/70 of neutral drag. Probably, the 
thermal thrust effects came to play a role at this level, but the value found was only about 50%, or 
less, of that previously reported [53,54] and modeled [55-57], so further and more detailed 
investigations, including the detection of the signature of the periodic terms, will be needed for 
characterizing such smaller non-gravitational perturbations.

6. Conclusions

As we briefly mentioned in Section 1, LARASE [1] has as final goal a number of precise  
measurements of relativistic effects in the so-called WFSM limit of Einstein's General Relativity 
[3], in particular of the Lense-Thirring precession [7,8] of the orbit of the considered satellites, the 
two LAGEOS and LARES. However, a peculiarity of the LARASE activities and purposes is to 



provide such precise measurements of gravitational effects with a very robust and reliable estimate 
of the systematic sources of error in such a way to build, for each measurement, a very accurate 
error budget [1,14]. These systematic errors are due to both gravitational and non-gravitational 
perturbations. Therefore, a consistent work within LARASE is devoted to improve current 
perturbative models, especially those related with the non-gravitational perturbations [9] and, 
among these, those dealing with thermal thrust effects. The work presented in this paper falls within 
these activities. In fact, before attacking the impact of unmodeled thermal perturbations on LARES, 
we need to fix the disturbing effects on the satellite orbit of the perturbations related with direct 
solar radiation pressure, Earth’s albedo and – because of the relative low height of LARES – 
atmosphere neutral drag, indeed the main subject of this work.  

Having the experience of the two LAGEOS in mind, LARES was conceived to minimize as 
much as possible the impact of non-gravitational perturbations on its precise orbit determination 
based on laser ranging measurements. The clever design was certainly successful in achieving the 
highest bulk density of any known orbiting object, either natural or man-made, in the Solar System, 
with a correspondingly very low value of the area-to-mass ratio. However, the relatively low orbit 
in which LARES was placed curtailed in part the advantages of a so low area-to-mass ratio. Indeed, 
while direct solar radiation pressure was smaller for LARES by a factor 2.6, the Earth’s albedo 
radiation pressure was only slightly reduced, because of the lower height. The effects of thermal 
emissions were probably significantly abated as well, whereas for neutral atmosphere drag an 
increase of some tens of times was expected compared with the two LAGEOS.

The main goal of this study was indeed the accurate estimation of the neutral drag 
perturbation on LARES. It was found that neutral atmosphere drag alone was able to explain most 
(98.6%) of the observed semi-major axis decay of the satellite. All the adopted thermospheric 
density models provided consistent results, well within their acknowledged uncertainties, and when 
the same models were used both in SATRAP and GEODYN, the differences between the estimated 
average drag coefficients were of the order of 1% or less.

Finally, modeling the neutral atmosphere drag within GEODYN II, a residual semi-major 
axis decay of LARES, corresponding to an average along-track acceleration of about 2  1013 
m/s2 (i.e.  1/70 of neutral drag), was detected as well. If linked to thermal emission effects, it was 
more than two orders of magnitude smaller than for the two LAGEOS, providing a striking 
demonstration of the LARES good design in terms of minimization of non-gravitational forces [53]. 
Again, also considering the predominant role played by neutral atmosphere drag, further and more 
detailed investigations, including the detection of the signature of the periodic terms, will be needed 
in order to characterize such smaller non-gravitational perturbations and disentangle them from 
other possible effects, like tiny anisotropic radiation reflection and charged particle drag.

In conclusion, the combination of satellite design and operational orbit choice resulted for 
LARES in an overturning of the impact of non-gravitational perturbations compared with the two 
LAGEOS satellites, putting neutral atmosphere drag at center stage. Any accurate analysis of the 
LARES orbit and any deep investigation of small forces effects cannot then ignore a thorough 
scrutiny of such an important perturbation. 
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Figure captions

Figure 1. Semi-major axis decay of LARES determined by integrating the precise orbit estimation 
residuals over 3.7 years, obtained with GEODYN II not including in the dynamical model 
neither the neutral and charged atmosphere drag, nor the thermal effects.

Figure 2. LARES geodetic altitude, and ambient exospheric temperature and neutral atmosphere 
density, during the first 3.7 years of the mission. The exospheric temperature and the 
neutral atmosphere density were estimated with the NRLMSISE-00 empirical 
thermospheric model. The mean values were 1454 km for the geodetic altitude, 971.2 K 
for the exospheric temperature and 5.886  1016 kg/m3 for the neutral atmosphere 
density.

Figure 3. Concentrations of the main neutral atomic species (He, H and O) at the LARES altitude 
during the first 3.7 years of the mission. They were estimated with the NRLMSISE-00 
empirical thermospheric model.

Figure 4. Transverse acceleration component (T) due to neutral drag acting on LARES, compared 
with the daily and 81-day average solar flux at 10.7 cm, and with the geomagnetic activity 
index Kp. The gray vertical belts in the first plot identify the eclipse periods, when the 
LARES orbit crossed the Earth’s shadow.

 
Figure 5. Comparison of the transverse acceleration components due to neutral drag, as computed 

with the five models JR-71, MSIS-86, MSISE-90, NRLMSISE-00 and GOST-2004. The 
gray vertical belts identify the eclipse periods, when the LARES orbit crossed the Earth’s 
shadow.

Figure 6. Radial (R), transverse (T) and normal (W) components of the neutral drag acceleration 
acting on LARES, according to the NRLMSISE-00 thermospheric density model.

Figure 7. Radial (R), transverse (T) and normal (W) components of the neutral drag acceleration 
acting on LARES, according to the GOST-2004 thermospheric density model.

 
Figure 8. Semi-major axis cumulative residuals of LARES determined with a precise orbit 

estimation over 3.7 years using GEODYN II. In one data reduction the neutral atmosphere 
was not considered, setting to zero the drag coefficient, while in the other data reduction 
the neutral atmosphere was included and the drag coefficient was a solve for parameter in 
the differential correction estimation process. The dramatic reduction of the semi-major 
axis residuals confirmed the overwhelming role played by neutral atmosphere drag in the 
case of LARES. 



Table 1

Summary of the adjusted drag coefficients (CD) able to reproduce the mean 
secular along-track non-gravitational acceleration observed on LARES. 

Neutral atmosphere 
density model

Average adjusted 
drag coefficient CD

JR-71 3.95
MSIS-86 3.71

MSISE-90 3.73
NRLMSISE-00 3.78

GOST-2004 4.21




















