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Accurate Drag Determinations for Eight Artificial Satellites; Atmospheric Densities and Temperatures1
By Luigi G. Jacchia2 and Jack Slowey3
The effect of atmospheric drag on the orbits of artificial satellites continues to be our primary source of information concerning atmospheric densities and their variations at heights above 200 km. The drag causes a secular decrease in the orbital period that can be accurately determined for satellites with perigee heights up to 1000 km or more. From the observed change in period, the density in the vicinity of perigee can be derived fairly easily. Unfortunately, determination of the change in period (acceleration) with high accuracy and high resolution is a rather laborious task. As a result, very few really good accelerations have been available in the past.
We have determined accurate anomalistic accelerations covering intervals up to several years for eight artificial satellites with perigee heights between 350 and 750 km. These accelerations have been corrected for the acceleration caused by solar-radiation pressure, and atmospheric densities and temperatures have been derived from them. These data, together with the pertinent geometric parameters, are given in table 5, at the end of this paper. A detailed explanation and a report of results so far obtained from analysis of these data are given below.
1 Part of this work was performed under contract with the Geophysics Research Directorate, U.S. Air Force, Cambridge. The National Aeronautics and Space Administration contributed the major support.
2 Physicist, Smithsonian Astrophysical Observatory.
3 Astronomer, Smithsonian Astrophysical Observatory.
The eight satellites and the intervals covered are listed with other basic information in table 1. The quantity zπ tabulated for each satellite is the standard perigee height to which all of the atmospheric densities for that satellite have been reduced for the purpose of analysis. The actual perigee heights fluctuate quite rapidly because of three factors: the geometric effect of the earth’s oblateness; the gravitational perturbations due to the odd harmonics in the earth’s potential; and solar-radiation pressure. This fluctuation causes density fluctuations that are obviously of little interest and that are best eliminated. This procedure also facilitates the computation of atmospheric temperatures.
The eight satellites were selected primarily for their suitability for the study of upper atmosphere variations. Optimum criteria for this purpose are spherical shape, long lifetime, well-distributed observations, and a moderately high orbital eccentricity. Unfortunately, only three satellites (Vanguard I, Vanguard II, and Explorer IX) fulfilled all these conditions. The selection of nonspherical satellites was dictated by necessity. It is clear that for an elongated satellite we must expect to find drag oscillations caused by the variable area of presentation. In addition, the correction for solar-radiation pressure is bound to be in error if the tumbling motion of the satellite body is not sufficiently well known. The rocket casings of Vanguard I and Vanguard II were included merely to compare results with those of the spherical payloads. The other nonspherical satellites were selected because they were the best available at about their perigee heights.
TABLE 1.—Basic data on satellites

A study of the oscillations in the acceleration of Satellite 1958 Alpha due to variable presentation area has already been published (Jacchia and Slowey, 1961). For present purposes, we have sometimes taken mean values of the acceleration for this satellite in order to eliminate these oscillations. The original accelerations for Satellite 1958 Alpha are given in table 6 for the sections in which they have been smoothed.
The determination of accelerations and densities is being continued for all of the satellites in table 1, with the exception of the two Vanguard rocket-casings. The additional data, which will extend to about April 1, 1962, will be published in the near future.
2. Derivation of accelerations
Atmospheric drag is only one of several perturbing forces acting on an artificial satellite. Perturbing forces also arise from the irregular shape of the earth, from the pressure of solar radiation, and from the attraction of the nearest celestial bodies. All these forces can cause both short-periodic and long-periodic perturbations, as well as secular perturbations.
In view of the different ways in which the perturbing forces act on a satellite, their effects on a specific orbital element bears very little relation to their relative intensities. This turns out to be a very fortunate circumstance for the determination of air drag. The perturbing forces arising from the departure of the earth’s figure from spherical symmetry are of the order of 1 dyne, while the atmospheric drag of the Vanguard I satellite is of the order of 10-4 dynes at perigee height. Yet, the atmospheric drag on Vanguard I produces a very noticeable secular decrease in the semimajor axis of the orbit, while none of the gravitational perturbations have a secular effect on the semimajor axis and, therefore, on the anomalistic period. Kozai (1959a, 1959b) and Brouwer (1959) have shown that gravitational perturbations, whether arising from the earth’s figure or from the attraction of the sun and moon, never produce appreciable long-periodic perturbations upon the semimajor axis of a close earth satellite. Thus, if we do not go to time intervals smaller than one revolution in the analysis of the period variations, we are left with two contending effects: atmospheric drag and solar-radiation pressure.
Solar-radiation pressure affects the orbital period when the satellite spends part of the time in the earth’s shadow, which is commonly the case. For a relatively close satellite with a moderately eccentric orbit (0.1<e<0.2), the change in period, dP/dt, caused by solar-radiation pressure is of the order of ± 1 × 10–7 A/m, where A/m is the area/mass ratio expressed in cm2/g. By comparison, the atmospheric drag at intermediate heights gives rise to values of dP/dt9 of the order of –1 × 109 Aρ/m, where ρ is the atmospheric density in g/cm3. Thus, when ρ is of the order of 10–16 g/cm3, the effect of solar-radiation pressure may equal that of atmospheric drag. At times of sunspot maximum, this will occur at a height of 900 km; at times of low solar activity, however, when the atmosphere is appreciably contracted, it will occur as low as 500 km above the earth. If we want to determine atmospheric drag with 10-percent accuracy or better, we must take solar-radiation pressure into account whenever the perigee height of the satellite is greater than 400 km.
The contribution of solar-radiation pressure to the acceleration is easily calculated by means of a suitable computer program. For this application, the calculation should be based on on the observed orbital elements rather than on unconstrained numerical integration from initial conditions. This will save the trouble of having to deal with the accumulated errors in geometry growing out of slight errors in either the assumed physical parameters or the initial geometric parameters that might otherwise occur. We were fortunate to have available Kozai’s program, which is based on his theory for the effect (Kozai, 1961). This suited our needs quite well. As was noted in an earlier paper on the drag of Satellite 1961 δ1 (Jacchia and Slowey, 1962), this program gives results that agree very well with observation. It was used to compute the anomalistic acceleration due to solar-radiation pressure for seven of the satellites in table 1; for 1958 Alpha, the calculation was not necessary. As might have been expected, the results for the satellite with the next lowest perigee, 1960 ξ1, were also essentially negligible in the interval covered. This was not, of course, the case for the other six.
The force of solar radiation on a close earth satellite, assuming a value of the solar constant of 2.00 cal cm–2 min–1, is 4.65 × 10–5 A (cgs), where A is the effective presentation area. For a spherical satellite and for specular reflection, A is the actual presentation area and is constant. For a nonspherical satellite, however, the effective presentation area will depend on the shape of the satellite and the type of reflection, as well as on the actual presentation area at the time. Fortunately, the satellites in table 1 for which radiation pressure is most important are all spherical. For the nonspherical satellites, we have simply taken the average cross-section in place of the effective presentation area. The error introduced should be small. The satellites affected are the two Vanguard rocket-casings, which are not themselves of primary interest, and Vanguard III (1959 Eta).
The main problem, of course, is the determination of the actual orbital accelerations of the particular satellite. This we do by accurately determining the mean anomaly as a function of time. If M is the mean anomaly, n the mean motion in revolutions/unit time, and P the anomalistic period, we clearly have

and

The secular acceleration
=dP/dt is always relatively small, of the order of 10–5 for low satellites, and 10–7 to 10–8 for higher ones. Therefore,
changes very little compared to
; and over reasonable time intervals,
is proportional to —
.
To determine
, we represent the mean anomaly with an approximate analytical function and then determine the residuals from this function. If we let M(t) be the approximating function, so that M=M+ΔM, we will have
If the motion of perigee, which is the origin of M, is not linear, we correct for this spurious contribution to the acceleration. The corrected value
c of the acceleration will be

where
is the derivative of M with respect to the true anomaly υ at perigee (M=υ=0); this derivative is a function of the orbital eccentricity e and is given by

The desired value of the secular acceleration is, finally,
In practice, we begin by obtaining orbital elements for the satellite computed at intervals of from one to four days. The orbits that were used were, with the exception of those for 1958 β2, derived mainly from field-reduced Baker-Nunn observations having an accuracy of a few minutes of arc. The observations of 1958 β2 were mostly Minitrack observations, which have about the same accuracy. All the orbits were computed by the Differential Orbit Improvement (DOI) program of the Smithsonian Astrophysical Observatory (Veis and Moore, 1960). Since all of these orbits have been or will be published in separate papers, we do not give them here. It should be said, however, that the program computes mean elements in which the effect of the short-periodic gravitational perturbations is removed, but not that of long-periodic perturbations. Incidentally, it is also possible to eliminate the short-periodic perturbations due to atmospheric drag.
Analytic time functions covering intervals of 30 to 120 days are then fitted to each of the elements by least squares. Care is taken to avoid leaving systematic residuals in any of the elements except the mean anomaly. This can usually be accomplished with a fairly low-order polynomial and, very often, a sine term to account for the variations due primarily to the third harmonic in the earth’s potential. Systematic residuals of up to 10–3 revolutions can be tolerated in the mean anomaly; the fit need only be sufficiently precise to permit accurate determination of the semimajor axis from the first derivative. However, it is usually the mean anomaly that, because of large fluctuations due to variable atmospheric drag, limits the interval over which the elements may be fitted. The fitted elements are given for all of the satellites in table 4. It will be noticed that, in adjacent sections, the elements are often exactly the same except for the mean anomaly.
After an analytical representation of all the elements has been obtained, a version of the DOI program that treats the elements as known is used to compute, for each observation of the satellite, a residual in mean anomaly ΔM. These residuals are then plotted against time and a smooth curve is drawn through them. Ordinates on the curve are read off at equal time intervals and differenced; from the differences we compute d2(ΔM)/dt2. The secular acceleration is then computed by using equations (2) to (5).
The accelerations determined in this way appear in the second column of table 5, tabulated against time, in Modified Julian Days (MJD= JD–2400000.5), given in the first column. The accelerations due to radiation pressure and those attributed only to atmospheric drag appear in columns 3 and 4, respectively, of the same table.
The rate of change dP/dt of the anomalistic period P of an artificial satellite due to drag in a rotating atmosphere is very closely given (Sterne, 1959) by the equation
where

CD is the drag coefficient; a the semimajor axis of its orbit; ρπ, the atmospheric density at perigee height; ρ the atmospheric density at the height corresponding to a given value of the independent variable E, the eccentric anomaly; and ωs is the angular velocity of atmospheric rotation. A/m and e have already been defined.
TABLE 2.—Density scale height as a function of z and 

Relatively simple formulas have been derived by various authors from equation(6), with the assumption of a density scale height either constant or linear with height; more complicated formulas take into account the flattening of the atmosphere and the diurnal bulge. We have preferred to compute ρπ directly from equation (6), using numerical integration. For the variation of ρ along the orbit, a modified version of Jacchia’s atmospheric model (Jacchia, 1960) was used; the modification concerns the amplitude of the diurnal bulge which, if extrapolated beyond the height of 700 km (explicitly labelled in the paper as the upper limit) would become excessively large. Consequently, equation (10) in Jacchia’s 1960 paper was changed to

where

and
is the angular distance from the center of the bulge. Density scale heights Hρ resulting from this model for
=0° and
= 180° are given in table 2 for heights between 300 and 800 km. As can be seen, they are also in substantial agreement with Nicolet’s model. For all of the satellites a lag angle λ=30° was assumed for the position of the bulge with respect to the subsolar point. The factor F20 is, of course, irrelevant because it is eliminated in the ratio ρ/ρπ.
The densities for each satellite were computed by using the area/mass ratio given in table 1. The drag coefficient CD was taken to be 2.2 in every case. The derived values of log ρπ are given in column 5 of table 5. The logarithms of the densities reduced to standard height are given in column 6 of the table. The reduction was made using the same model discussed above.
Nicolet (1960) has shown that the atmospheric densities derived from satellites lead to an atmospheric model in which the temperature above any given point on the globe is nearly constant at heights greater than 300 km. For such heights, then, it would appear that the temperature is a very convenient parameter to employ for a general analysis of atmospheric variations when satellites at different perigee heights are used. A good atmospheric model is needed to convert the observed densities to temperatures; Jacchia (1961b) has shown that Nicolet’s 1961 model (Nicolet, 1961) yields consistent temperatures in the height interval between 350 and 700 km and should prove well suited for such purpose. Consequently, all atmospheric densities reduced to a standard perigee height were converted to temperatures by interpolation of Nicolet’s table 12. The interpolation was made by least-squares fitting of a fifth-degree polynomial to the 12 asymptotic temperatures in function of log ρ. All temperatures discussed in this paper are thus Nicolet’s asymptotic temperatures, which are identical with the actual perigee-height temperatures except for the lowest satellite, 1958 Alpha, for which there is a small difference when the temperatures are high (> 1500° K).
The atmospheric temperatures derived for individual satellites are given in the seventh column of table 5 and are shown synoptically in figure 1, together with the 10.7-cm solar flux and the daily geomagnetic index Ap, with which they show a close correlation (Jacchia, 1959; Priester, 1959; Jacchia, 1961a). This figure does not include the two rocket casings (1958 β1 and 1959 α2), for which the temperatures are shown in figure 2, together with those of the corresponding instrumented satellites. Figure 3, taken from an earlier paper (Jacchia and Slowey, 1962), shows the temperature variations derived from the acceleration of 1961 δ1, the 12-foot balloon satellite; the variations are presented on an expanded scale to show details that may easily be missed in figure 1. Successive passages of the satellite perigee through or near the diurnal bulge (Jacchia, 1959, 1960) appear as long-periodic waves in the temperatures of figures 1 and 2.
5. Atmospheric temperature and the solar flux; semiannual effect
A rough analysis of the nighttime temperatures T of four satellites used previously (Jacchia, 1961b) yielded a linear correlation with the 10.7-cm solar flux F10, expressed in units of 10–22 watts/m2/cycle/sec bandwidth, in which the coefficient dT/dF10=b had the value
. From an analysis of the temperature variations derived from 1961 δ1, we found (Jacchia and Slowey, 1962) that the characteristic “27-day” fluctuations were accounted for by b=
(see figs. 3 and 4). Subsequent inspection of the temperature curves in figures 1 and 2 has revealed that whenever lively temperature fluctuations in phase with the decimetric flux were present, they could be corrected to a relatively smooth curve by applying to the temperatures a correction –
ΔF10, in which ΔF10 represents the difference between the observed and a standard value of the flux (see figs. 5 and 6).
If we take the atmospheric temperatures derived from satellites and reduce them all to a standard flux F10=200 with the formula
two important factors emerge (see figs. 7 and 8):
(1) We are left with a systematic decrease of temperature that parallels the general decrease of solar activity during the interval covered by the observations (this is best visible in the diagram of 1958 Alpha).
The systematic decrease in temperature could be corrected taking for b(=dT/dF10) a value around
(all satellites; see fig, 10; a solution for 1958 Alpha alone gives
), but then the “27-day” oscillations become grossly overcorrected (see fig. 4). There is some indication that in the daytime atmosphere b may be a little larger; actually, if we assume (Jacchia, 1961b) that the temperature at the center of the diurnal bulge is 1.35 times the minimum night temperature and that
is a mean value, we could have a nighttime b=
and a maximum daytime b=
. This is not contradicted by the observations.
In any case, we are still far from the value b=
that is necessary to account for the temperature variations over a 3-year period, and we have to recognize that there is a discrepancy between the values of b as determined from oscillations of short period and from oscillations comparable in period with the solar cycle. The value b=
obtained earlier by Jacchia (1961b) turns out, in retrospect, to be the result of a compromise between the short-period and the systematic component.
(2) A semiannual oscillation appears, with maxima in early April and October. This feature had been pointed out by Paetzold and Zschörner (1960), who had called it “plasma effect,” in view of its parallelism with the semiannual variation of geomagnetic activity and apparent connection with the solar wind. This semiannual oscillation can be traced with decreasing amplitude throughout the three years covered by the observations.
As has been pointed out by Nicolet (1960), the 20-cm solar-flux data published by the Heinrich-Hertz Institut in Berlin-Adlershof showed a drift, presumably of instrumental origin during the year 1958. From April to December the drift curve had, by a curious accident, almost exactly the same trend as the semiannual effect in the earth’s atmosphere, with maxima in April and October and a minimum in July. This explains why some investigators (Priester, 1960; Jacchia, 1960) obtained better agreement when they used the 20-cm rather than the 10.7-cm solar flux in their analyses, which were based mainly on observations of the year 1958; their analyses, naturally, failed to reveal the semiannual effect.
TABLE 3.—Maxima and minima of the diurnal temperature oscillation


The erratic (“27-day”) fluctuations and the semiannual effect must be eliminated before we can obtain a clear picture of the temperature distribution around the diurnal bulge. Even so, we remain with the systematic component of the temperature variation with the solar cycle, which may cause a nonindifferent spurious asymmetry in the temperature profiles of the bulge when the perigee motion with respect to the sun is slow. Since our primary aim was the investigation of temperatures in the bulge and not their detailed profile, we have not attempted, at this stage, to apply a correction for this third effect.
The “erratic” component was corrected by means of equation (8). For the semiannual effect we assumed a sine wave with an amplitude linearly decreasing with time; the finally corrected temperature T'200 was obtained from the formula
with

FIGURE 1.—Atmospheric temperatures (°K) derived from the drag of six satellites using Nicolet’s 1961 model atmosphere. Standard perigee heights are shown at right. The 10.7-cm solar flux and the daily geomagnetic index Ap are shown for comparison.
FIGURE 2.—Atmospheric temperatures (°K) derived from the drag of two rocket casings (1958 β1 and 1959 α2) compared with those derived from their respective spherical payloads.
FIGURE 3.—Atmospheric temperature (°K) from the drag of Satellite 1961 δ1 from Jacchia and Slowey (1962). The “corrected” temperature T100 is computed with the formula T100=T–
(F10 – 100) –
Ap. The angular distance
of the perigee from the diurnal bulge is shown for two lag angles (λ=0°, and λ = 30°).
FIGURE 4.—Satellite 1961 δ 1: Atmospheric temperatures (°K), uncorrected (top diagram) and corrected to a standard flux F10=100 with b (= dT/dF10)=
(second diagram) and b=
(third diagram). With b=
the “27-day” oscillations are over-corrected.
FIGURE 5.—Satellite 1959 Eta: Atmospheric drag, temperature T (°K), 10.7-cm flux F10 and temperature T200 reduced to a standard flux F10=200 by the formula T200=T–
(F10 – 200), during a period of lively “27-day” fluctuations. The variations after correction are mainly due to the passage of the perigee through the diurnal bulge. The perturbation at MJD 37251 corresponds to the magnetic storm of Mar. 13, 1960.
FIGURE 6.—Satellite 1958 β2: Atmospheric drag, temperature T (°K), 10.7-cm flux F10 and temperature T200 reduced to a standard flux F10 =200 by the formula T200=T –
(F10–200).
FIGURE 7.—Ten-day means of the “corrected” temperature T200=T–
(F10–200) for four satellites. Notice the systematic decreasing trend, quite noticeable in 1958 Alpha. Vertical lines are drawn in correspondence with the minima (January 12 and July 13) of the semiannual oscillation.
FIGURE 8.—Satellite 1958 Alpha: Atmospheric temperatures T200 (see legends of figs. 4, 5 and 6) corrected for the semiannual effect, compared with the monthly means of the 10.7-cm solar flux.
FIGURES 9a (left) and 9b (right).—The diurnal effect for four satellites. Temperatures T'200 reduced to a standard flux F10= 200 using dT/dF=
, and corrected for semiannual effect are plotted against the difference in R.A. between the satellite’s perigee and the sun. The approximate date of the maximum of the curve is shown on the right.
An almost identical result could have been obtained by making the amplitude a linear function of the smoothed flux F10; from equation (9) and a comparison with F10 we find that the semiamplitude is 120° for F10=230, and 60° for F10=120.
A plot of T'200 against απ–α⊙, the difference in right ascension between the satellite perigee and the sun, is shown in figures 9a and 9b for four satellites. The maxima and minima of the curves of these figures are tabulated in table 3. The last column in the table gives the “reconverted” temperatures T, obtained from T'200 by subtracting the correction to F10=200 and using a smoothed value F10 of the flux (T= T200+
F10). The use of a smoothed value of F10 is necessary to match the smoothing that occurs in obtaining the maxima and minima from the curves of figure 9. A further cause of smoothing is the fact that T'200 is plotted against απ–α⊙, of which—strictly speaking—it is not a function. If the bulge approaches rotational symmetry around a vertical axis, the temperature should be a function of the angular distance
from the center of the bulge. A two-dimensional mapping of isotherms around the bulge was attempted, but the material at hand proved to be insufficient, partly because of the many variables involved. The mean value of απ–α⊙ for the daytime maximum is 35°, in good agreement with previous estimates (Jacchia, 1960; Priester et al., 1960). The phase angle for the nighttime minimum is harder to determine, in view of its flatness. The mean of the six values in table 3 is 220°, which differs only 5° from the antibulge meridian; no excessive significance, however, should be given to this figure. It should also be remembered that a systematic decrease in T'200, such as was mentioned in section 5, would have the effect of displacing the apparent minimum toward a later hour of local time; the daytime maximum should be much less affected because of its sharpness.
7. Electromagnetic and corpuscular heating
When we plot the “reconverted” day and night temperatures of table 3 against the corresponding value of F10, we obtain the diagram of figure 10. A smooth curve TN was drawn through the night temperatures (black symbols). The curve that seems to fit fairly well the daytime temperatures (open symbols) was obtained by multiplying the temperatures of the TN curve by 1.35—the factor obtained in a previous rough analysis (Jacchia, 1961b). The scatter in the daytime temperatures is somewhat larger than in the nighttime temperatures. Part of this may be due to the fact that, because of the variations in latitude of the satellite perigee and of the bulge, the distance from the center of the bulge varies somewhat from maximum to maximum. As a consequence of this fact and of the smoothing that probably occurs in deriving atmospheric densities from these accelerations, the daytime maximum is likely to be somewhat underestimated; a value of 1.40 TN appears to be definitely possible.
The two broken lines in figure 10 correspond to b(=dT/dF10)=
and
, respectively. There seems to be little doubt that the relation between the nighttime temperatures and F10 is not quite linear. The average slope of the curve is
, or
larger than the value of b that accounts for the “27-day” fluctuations.
The presence of a well-developed diurnal bulge with the base at 200 km, with a maximum temperature 35 percent higher than at night and occurring at 2 p.m. local time cannot be explained except by conduction of heat generated by the absorption of electromagnetic radiation from the sun. The height of the absorption layer points to extreme ultraviolet radiation (Hinteregger, 1961), while the stability of the wave and the magnitude of the temperature excursion indicate that this mechanism must be a dominant source of heat.
It is generally assumed that the decimetric solar flux is of thermal origin and should show a good correlation with the extreme-ultraviolet solar radiation absorbed in the upper atmosphere. The recent finding by Ward and Shapiro (1962) that the correlation between F10 and the Greenwich sunspot areas is almost unity greatly strengthens this surmise. The fact that the coefficient b appears to be constant at around
for short-period oscillations would indicate that the correlation between F10 and the extreme ultraviolet flux from the sun should not depart too much from linearity. The discrepancy between the value of b for short-period and long-period oscillations would then point to a supplementary source of heat, different from the ultraviolet flux that is correlated with F10, and variable with the general level of solar activity. Since the semiannual effect can hardly be explained in terms other than corpuscular heating, it seems natural to identify the supplementary source of heat with corpuscular radiation. The systematic decrease of temperature that is not accounted for by the factor b=
, and the semiannual effect with its decreasing amplitude during the years 1958–1961 are apparently two aspects of the same phenomenon—the interaction of the upper atmosphere with particles originating in a solar wind. The intensity of the solar wind apparently varies concurrently with sunspot activity, but its effect on the atmosphere is greatly smoothed out with respect to day-to-day sunspot variation; this may reflect either a more uniform corpuscular emission or a smoothing action through retention of particles in the magnetosphere.
FIGURE 10.—Maxima and minima of the diurnal temperature oscillation for four satellites plotted against the 10.7-cm solar flux. The broken lines correspond to dT/dF10=
and
, respectively. The temperatures (°K) were derived from the values of T'200 in figure 9 by reconversion with the formula T=T'200+
F10, where F10 is the smoothed value of F10 that appears in table 3.
The semiannual temperature variation in the atmosphere is in phase with the semiannual variations of several geomagnetic indices (Ct from Bartels, 1932, and Shapiro and Ward, 1960; u from Priester and Cattani, 1962; Kp from Bell and Glazer, 1958); a discussion of the theories of the effect appears in Priester and Cattani. None of these indices shows a marked variation in the mean level with the solar cycle, but this may be due to the nature of the correlation between the index and the corpuscular flux and does not constitute a disproof of the variation of the flux with the solar cycle.
That such a situation is possible is shown by the correlations between the geomagnetic index Ap and the atmospheric temperature. Values of dT/dAp of
and
have been found in previous papers (Jacchia, 1961b, Jacchia and Slowey, 1962). An inspection of the several perturbations recorded in figure 1 generally confirms a value of this order of magnitude. Individual discrepancies should not be taken too seriously in view of the extreme difficulty of deriving significant satellite accelerations with a high degree of resolution. Also, it should be remembered that the interval over which the geomagnetic index is averaged should exactly match the resolution of the drag determination; this is definitely not the case of the data in figure 1, where the daily index Ap is plotted, while temperatures during magnetic storms are computed from drag with a resolution of a fraction of a day.
From Satellite 1961 δ1 we found (Jacchia and Slowey, 1962) that during moderately active days the atmospheric temperature variations could be accounted for by ΔT=+
Ap. Now the index Ap, which is an exponential function of Kp, also displays the semiannual variations. The average range in the monthly means of Ap is from 13 to 21. This would correspond to a range of only 8° in the temperature, while the observed range of the semiannual effect is of the order of 100° to 250°. Clearly, this index measures the degree of magnetic disturbance caused by the corpuscular flux, but not the corpuscular flux itself. This seems to be the case of all geomagnetic indices.
From both the magnitude of the semiannual temperature oscillations and the systematic temperature variations with the solar cycle after corrections for the “27-day” component, it would appear that the contribution of corpuscular radiation to the heating of the upper atmosphere is quite considerable—perhaps as high as 30 percent or more.
A portion of the work on the accelerations of 1958 β1 and 1959 α2 was done by the Cambridge Space Systems Group of the Federal Systems Division of IBM under contract to the Smithsonian Astrophysical Observatory. Mrs. Helene Cornelius and Mrs. Mary M. Thorndike provided assistance in much of the numerical work.
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Accurate accelerations during the years 1958–1961 are given for eight artificial satellites in eccentric orbits and with perigee heights between 350 and 750 km. These accelerations are obtained mainly from field-reduced Baker-Nunn observations and are corrected for the effect of solar-radiation pressure. Atmospheric densities at perigee are derived by mumerical integration of the drag equation for a rotating atmosphere by using a model atmosphere with diurnal bulge and taking account of the earth’s oblateness. Atmospheric temperatures are derived from Nicolet’s helium-topped, diffusion-equilibrium model with asymptotically isothermal temperature profiles (Nicolet, 1961). A preliminary analysis of these data leads to the following conclusions:
Nicolet’s 1961 atmospheric model yields consistent atmospheric temperatures at all heights. The temperature at the center of the diurnal bulge is 35 to 40 percent higher than the minimum night temperature; the lag angle between the bulge and the subsolar point is about 35°.
Paetzold’s semiannual effect is confirmed; it can be traced with decreasing amplitude throughout the three years covered by the observations.
The erratic (“27-day”) density oscillations correspond to temperature oscillations ΔT=
ΔF10 where ΔF10 is the corresponding variation in the 10.7-cm solar flux. During magnetically disturbed days the atmospheric temperature is increased by an amount ΔT≈1° · Ap to
Ap where Ap is the daily geomagnetic planetary index.
When the daily atmospheric temperatures are corrected to a standard solar flux with the relation ΔT=2.5 ΔF10, there remains a systematic temperature decrease that roughly parallels the smoothed values of the decimetric solar flux or of the Wolf numbers. This effect could be minimized assuming that ΔT/ΔF10=4.5 instead of 2.5, but then the erratic fluctuation becomes overcorrected.
It is suggested that the systematic temperature decrease and the semiannual effect have a single underlying cause—corpuscular radiation, whose flux varies with the 11-year solar cycle. It appears that the corpuscular component in the heating of the upper atmosphere is quite considerable.
TABLE 4.—Least-squares fitting of orbital elements
Satellite 1958 Alpha (Explorer I)
Section 1: MJD 36234 to 36320 (January 31 to April 27, 1958)

Section 2: MJD 36300 to 36350 (April 7 to May 27, 1958)

Section 3: MJD 36330 to 36390 (May 7 to July 6, 1958)

Section 4: MJD 36370 to 36410 (June 16 to July 26, 1958)

Section 5: MJD 36390 to 36460 (July 6 to September 14, 1958)

Section 6: MJD 36440 to 36500 (August 25 to October 24, 1958)

Section 7: MJD 36480 to 36620 (October 4, 1958 to February 21, 1959)

Section 8: MJD 36600 to 36700 (February 1 to May 12, 1959)

Section 9: MJD 36690 to 36790 (May 2 to August 10, 1959)

Section 10: MJD 36780 to 36880 (July 31 to November 8, 1959)

Section 11: MJD 36870 to 36960 (October 29, 1959 to January 27, 1960)

Section 12: MJD 36950 to 37050 (January 17 to April 26, 1960)

Section 13: MJD 37040 to 37080 (April 16 to May 26, 1960)

Section 14: MJD 37070 to 37110 (May 16 to June 25, 1960)

Section 15: MJD 37100 to 37150 (June 15 to August 4, I960)

Section 16: MJD 37140 to 37200 (July 25 to September 23, 1960)

Section 17: MJD 37190 to 37264 (September 13 to November 26, 1960)

Section 18: MJD 37250 to 37294 (November 12 to December 26, 1960)

Section 19: MJD 37284 to 37330 (December 16, 1960 to January 31, 1961)

Section 20: MJD 37320 to 37360 (January 21 to March 2, 1961)

Section 21: MJD 37350 to 37390 (February 20 to April 1, 1961)

Satellite 1958 β1 (Vanguard I Rocket)
Section 1: MJD 36706 to 36784 (May 18 to August 4, 1959)

Section 2: MJD 36766 to 36844 (July 27 to October 3, 1959)

Section 3: MJD 36826 to 36904 (September 15 to December 2, 1959)

Section 4: MJD 36886 to 36984 (November 14, 1959 to February 20, 1960)

Section 5: MJD 36966 to 37064 (February 2 to May 10, 1960)

Section 6: MJD 37046 to 37144 (April 22 to July 29, 1960)

Section 7: MJD 37126 to 37224 (July 11 to October 17, 1960)

Section 8: MJD 37206 to 37288 (September 29 to December 20, 1960)

Section 9: MJD 37268 to 37360 (November 30, 1960 to March 2, 1961)

Section 10: MJD 37340 to 37420 (February 10 to May 1, 1961)

Satellite 1958 β2 (Vanguard I)
Section 1: MJD 36338 to 36450 (May 15 to September 4, 1958)

Section 2: MJD 36430 to 36600 (August 15, 1958 to February 1, 1959)

Section 3: MJD 36580 to 36770 (January 12 to July 21, 1959)

Section 4: MJD 36750 to 36920 (July 1 to December 18, 1959)

Section 5: MJD 36900 to 37050 (November 28, 1959 to April 26, 1960)

Section 6: MJD 37030 to 37144 (April 6 to July 29, 1960)

Section 7: MJD 37120 to 37221 (July 5 to October 14, 1960)

Section 8: MJD 37201 to 37299 (September 24 to December 31, 1960)

Section 9: MJD 37281 to 37411 (December 13, 1960 to April 22, 1961)

Section 10: MJD 37407 to 37510 (April 18 to July 31, 1961)

Section 11: MJD 37510 to 37582 (July 31 to October 10, 1961)

Satellite 1959 α1 (Vanguard II)
Section 1: MJD 36618 to 36720 (February 19 to June 1, 1959)

Section 2: MJD 36700 to 36800 (May 12 to August 20, 1959)

Section 3: MJD 36780 to 36930 (July 31 to December 28, 1959)

Section 4: MJD 36900 to 37024 (November 28, 1959 to March 31, 1960)

Section 5: MJD 37000 to 37046 (March 7 to April 22, 1960)

Section 6: MJD 37024 to 37170 (March 31 to August 24, 1960)

Section 7: MJD 37150 to 37270 (August 4 to December 2, 1960)

Section 8: MJD 37250 to 37390 (November 12, 1960 to April 1, 1961)

Satellite 1959 α2 (Vanguard II Rocket)
Section 1: MJD 36640 to 36720 (March 13 to June 1, 1959)

Section 2: MJD 36700 to 36800 (May 12 to August 20, 1959)

Section 3: MJD 36780 to 36900 (July 31 to November 28, 1959)

Section 4: MJD 36880 to 37024 (November 8, 1959 to March 31, 1960)

Section 5: MJD 37000 to 37120 (March 7 to July 5, 1960)

Section 6: MJD 37100 to 37200 (June 15 to September 23, 1960)

Section 7: MJD 37180 to 37280 (September 3 to December 12, 1960)

Section 8: MJD 37260 to 37388 (November 22, 1960 to March 30, 1961)

Satellite 1959 Eta (Vanguard III)
Section 1: MJD 36832 to 36950 (September 21, 1959 to January 17, 1960)

Section 2: MJD 36930 to 37044 (December 28, 1959 to April 20, 1960)

Section 3: MJD 37025 to 37130 (April 1 to July 16, 1960)

Section 4: MJD 37110 to 37196 (June 25 to September 19, 1960)
Section 5: MJD 37183 to 37300 (September 6, 1960 to January 1, 1961)
Section 6: MJD 37280 to 37370 (December 12, 1960 to March 12, 1961)
Section 7: MJD 37350 to 37442 (February 20 to May 23, 1961)
Satellite 1960 ξ1 (Explorer VIII)
Section 1: MJD 37245 to 37350 (November 7, 1960 to February 20, 1961)
Section 2: MJD 37330 to 37420 (January 31 to May 1, 1961)
Satellite 1961 δ1 (Explorer IX)
Section 1: MJD 37347 to 37400 (February 17 to April 11, 1961)
Section 2: MID 37390 to 37435 (April 1 to May 16, 1961)
Section 3: MJD 37415 to 37468 (April 26 to June 18, 1961)
Section 4: MJD 37458 to 37510 (June 8 to July 30, 1961)
Section 5: MJD 37500 to 37542 (July 20 to September 1, 1961)
Section 6: MJD 37532 to 37574 (August 21 to October 2, 1961)
TABLE 5.—Acceleration, drag, atmospheric densities, atmospheric temperature, and geometric parameters
Satellite 1958 Alpha
TABLE 6.—Unsmoothed accelerations dP/dt of Satellite 1958 Alpha