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Abstract. We have studied the dependence of the thermoKeywords. Atmospheric composition and structure (Pres-
spheric mass density at equatorial latitudes on the influencsure, density, and temperature) — lonosphere (lonosphere-
of various drivers. This statistical study is based on CHAMP atmosphere interactions) — Meteorology and atmospheric dy-
accelerometer measurements. Our aim is to delineate the imamics (Thermospheric dynamics)

fluences of the different contributions. For the isolation of the
effects we make use of a dedicated data selection procedure
and/or removal of disturbing effects. In a first step all read-
ings are normalised to an altitude of 400 km. For the inves-
tigation of the solar influences only magnetically quiet days
(A,<15) are considered. The dependence on solar flux cal

1 Introduction

H’he thermospheric density is known to be a highly variable
well be described by a linear relation within the flux range guantity. It responds to variations of geophysical conditions

F10.7=80-240. The slope is twice as steep on the day sigl! & rather complex way. T_his i; i_n particular valid during
as on the night side. The air density exhibits clear annuaf'mes,Of enhanced magnetic activityrolss 1997. Atmo- :
and semi-annual variations with maxima at the equinoxesSpherIC models try to reproduce the thermospheric condi-

and a pronounced minimum around June solstice. The thelI-ionS as clos_e as possible with the help of suitable parame-
mosphere maintains during quiet days a day to night masiers. Rather important are the dependences on local time and
density ratio very close to 2, which is independent of solarS€ason. External drivers are the short wavelength solar radi-

flux level or season. The magnetospheric input causing ther‘:"t'gn and the slolar W'?d input to tue r?]agnetosrp])hereTvxlth its
mospheric density enhancement can well be parameterise%u sequent release of energy to the t ermosphere. These are
by thea,, activity index. The low latitude density responds reflected by the four parameters that are required when run-

with a delay to changes of the index by about 3h on the day-ning atmosp_heric modelg. For example, in case of the MS.IS
side and 4-5h on the night side. The magnetospheric forcmOde'S tedin 1983 the input data needed are the coordi-

ing causes an additive contribution to the quiet-time density,n":”‘r(a)s7Of thg measur'emen.t.pomt, _tr'rr?e (U-II.)’ soflar qu>:jIereI
which is linearly correlated with the,, index. The slopes (F10.7) an magnetic activityif). The quality of a mode

of density increases are the same on the day and night Sideg_epends on the a_b|I|ty to reflect the response of the thermo-
We present quantitative expressions for all the dependence§.phere o all the listed parameters properly. Some of the pa-

Our results suggest that all the studied forcing terms can p&ameters may even mteragt non-linearly. Furthermore.’ there
may be additional controlling forces that are not considered

treated as linear combinations of the respective contribution,
In the parameter set.
In this study we are going to make use of four years of
thermospheric mass density observations to investigate the
response to the above mentioned parameters in a statistical

Correspondence toS. Muller approach. The mass density data have been derived from the
BY (sevim.mueller@met.no) accelerometer measurements on board the CHAMP satellite.
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The procedures for estimating the air density have previouslyconsidered one year (2004) of CHAMP data. In order to iso-
beenintroduced (e.gBruinsma et al.2004 Liu et al., 2005. late the response to magnetic activity they had to compensate
The general features of the thermospheric density and theifor the other influences. The solar flux effect was removed
global distribution, as observed by CHAMP, have, for ex- by normalising the density data with respect to the Mgll in-
ample, been described liyu et al. (2005. Their study is  dex rather than F10.7. The day-to-day variability was taken
limited to the observations of the year 2002. For the inter-into account with the help of a singular value decomposi-
pretation the data set was sorted according to the magnetiton approachilenvielle et al, 2007). Remaining variations
activity. They considered two groups, one in tkig range  showed a clear dependence on magnetic activity.
0—2 and the otheK ,=3—4. From the observed differences  Although these various studies addressed different aspects
a qualitative impression of the influence of magnetic activity of the thermospheric density response to influencing condi-
on the thermosphere could be gained. tions there is no comprehensive study considering simultane-

A rather comprehensive study about the effects of solarously all four mentioned parameters (local time, solar flux,
extreme ultra-violet (EUV) radiation on the thermospheric season and magnetic activity). This is needed to find the
density was presented Buo et al(2007). These authorsin- functional dependence of the density on each of the parame-
vestigated the correlation of observed density variations withters separately, and to investigate whether there are interlinks
various proxies for the solar EUV radiation. They also testedbetween the dependences.
combinations of these proxies. The analysis was performed Our approach for answering these open questions is to
separately for high, middle and low latitudes zones. Best cormake use of four years of CHAMP accelerometer measure-
relations resulted from low latitude readings. Unfortunately, ments. We think, this long and continuous time series enables
the authors did not distinguish in their analysis between lo-us to delineate the influences of the four parameters consid-
cal time sectors from which the density measurements werered.
taken.

In recent years the seasonal variation of the thermospheric
density has been addressed in several studiesBevgnan

2004 Guo et al, 2008. Ip a comprehenswe stu:;:wman The CHAMP satellite, launched on 15 July 2000, cycles the
(2009 analysed the orbit evolution of 13 space objects and T N :
Earth on a near-polar (inclination 25°) and almost circular

deduced from it the semi-annual variation of the mass den- rbit at an altitude of about 400 knReigber et al.2002.

S : 0
sity in the altitude range 220 to 1100 km over the years 196 : L
through 2002. When comparing the ratio of the derived maﬁ-the orbit has decayed from 445 km at the beginning of 2002

. . X . ) o to 365km at the end of 2005. The orbital plane precesses
jor equinox maximum with the major minimum around June T .

: . through one hour of local time in eleven days, thus it takes
solstice he found an increase from 65% to 125% from solar

minimum to maximum years for heights around 400 km. No CHAMP 131 days to cover all local times.
X ye or Nelg i We analyse the readings taken by the STAR (Space Three-
data selection by magnetic activity or solar flux level was ap-

i o L axes Accelerometer for Research missions) accelerometer
fr:'gget?nit_h;ng3;?'a;hpl:§usd'gr;‘;'g?)gtsﬁségo'year variations Of(ACC) during the period 1 January 2002 to 31 December

: . . 2005. In total there are more than 45000 equator crossings
Based on daily averages of thermospheric densities de- " .
. available. The data considered are the pre-processed Level-2
rived from CHAMP accelerometer measuremeatso et al.

(2008 deduced the intra-annual variability for the years 2002ACC _data. These are averages over 10s. Another prepe_lra_non
: step is the removal of the acceleration due to solar radiation
through 2005. In order to account for the altitude, local

. . X L pressure.
time, latitude, magnetic activity and solar flux dependence . . .

. o The acceleration (deceleratiom), due to air drag can be
of the mass density they subtracted the local prediction Ofex ressed as
the JB2006 modeBowman et al.2008 from each CHAMP P
reading. For this exercise the seasonal dependence modulein 1 Cp
the model was deactivated. Unfortunately, the model did nof* = 27,
capture all the natural variations properly. Therefore Somewherep is the local thermospheric mass density, the drag

em_pmcal correc tions were applied in order to reduce the r.e'coefficient,m the spacecraft mas¥, its velocity relative to
maining local time and solar flux dependences of the resid

| data. F iral vsis of the densi i I'the air at rest and is the unit vector of the velocity in ram
ual data. From a spectral analysis ot the _e_nsr[y residualizirection. We calculate the effective area in ram direction as:
they obtain a significant year-to-year variability of the first

f I'h ) A dina to thei it ; fAeffZAx cosa+A, sinja|, wherea is the side slip angle in
our annual harmonics. According 1o their results most oty, o 1,47 5ntal plane, calculated from the ratio of the acceler-
the spectral changes can be explained by variations of the sq-,. ay
lar EUV flux. Opposed to that magnetic activity seemed to o COMPONENts, tan=; .
a ux. Lpposed to that magnetic activity seemed 1o Equation () can be solved for the mass densiy,
play only a minor role for the seasonal variation.

The response of thermospheric density to magnetic activ- 2ma -0

ity was studied recently byathuillere et al.(2008. They ° = CpAcrV?2 @

Data processing

Aeit V2D (1)
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where we have used forn the actual mass of CHAMP (a) CHAMP, 2002-2005, P10.7 >< 130
(~500Kkgq); forV we consider the orbital velocity km/s) 800 F ‘ ‘ ‘ ‘ ‘ ‘
and in across-track direction the corrotation plus the zonal 200l
wind velocity. For the drag coefficient we used the ESA- "
recommended valu€p=2.2. The resolution offered by the 3 600
accelerometer is 810-9m/s>. When inserting these val- 5 500t
ues into Eq. 2) and considering a typical value for the area, ° 4o}
Aef=0.8 m?, we obtain a resolution of the mass density of &
6x10 14 kg/md. E 3007
An important quantity influencing the thermospheric den- < 2001
sity is the EUV radiation. A commonly used index for quan- 100
tifying the solar flux level is the F10.7 value. Past studies
have, however, shown that the composite index P10.7=0.5 11 12 13 14 15 16
(F10.7+F10.91days is more appropriate for describing the Local time

thermospheric, ionospheric energy input (e@uo et al,

2007 Liu et al, 2006. These authors report that the cor-
relation with the air density is even improved if the P10.7 7007
value from the previous day is used. Throughout this study £ 600}

(b) CHAMP, 2002-2005, ap >< 15

800F

the solar flux level is approximated in this way. g 500+
Figurela shows the occurrence number of orbits for high “é 2001
and low solar flux conditions during the relevant local time @
hours. The same distribution is valid for the night side. The g 3001
number of samples is systematically higher for low solar 2 200+

flux (P10.7<130, blue). However, all half hourly bins are 100}
filled with more than 250 samples. In case of a separation
by magnetic activity one can read from Fitp that about 11 12 13 14 15 16
two-third of the samples fall into the quiet time bin,(<15). Local time

These many samples from quiet days provide a good basis

for studying the solar forcing of the thermosphere.

Based on this dedicated data set a statistical analysis of th ig. 1. Sample distribution of the considered density values over
thermospheric characteristics is performed the relevant local times in half-hour bins. Counts are shown for high

(red) and low (blueja) solar flux, P10.7, periods ar{d) magnetic
activity, a,, levels.

3 Statistical analysis

50% of the Earth’s surface, thus represents a significant part
Our approach for identifying the dependence of the thermo-of the thermosphere.
spheric density on the various parameters is to make use of a | the next processing step we have normalised the ob-
Iarge amount of observations and determine Statistica”y Sigserved densities to a common altitude of 400km. This is
nificant properties. For this purpose we try to isolate the indi-necessary in order not to confuse height related changes with
vidual effects as good as possible and quantify the responsesther dependencies. For this purpose we used the model
one after the other. NRLMSISE-00 Picone et a].2009. The employed proce-

The considered time interval spans the years 2002 througllure is

2005. Within that period CHAMP visited all local times
more than 11 times. We limit our investigations here to the MSIS (400
low latitude band of-30° geographical latitude. For each of p (400 = p (1) MSIS (h) ©)
the 22 762 orbits we calculate one low latitude average den-
sity value from the upleg and another from the downleg arc.wherep (h) is the recorded density, MS(&00 and MSIS#)
The width of the latitude band has been chosen to be largare the predicted densities at 400 km and at measurement
enough to cover the seasonal variation of the sub-solar poinieight, , respectively. For this purpose the model has been
and on the other hand to be sufficiently far away from regionsrun with the actual input parameters, and F10.7, valid for
of direct magnetospheric energy input at high latitudes. Furthe considered epoch. Since the altitude of CHAMP did not
thermore, it is identical with the low latitude band chosen by vary much over the considered period (4455 km) the nor-
Guo et al.(2007), thus making results directly comparable. malisation to a common height is less than the scale height
It may be noted in this context that this latitude band covers(H ~60 km).
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CHAMP, 2002-2005
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Fig. 2. (a) Daily mean density variations for the considered period (2002—2005). The green curve shows air density on the day side and the
blue curve on the night sidéb) Plot of the solar flux variation (P10.7) for the same period.

3.1 Dependences of density on solar flux favourable result we computed the regression lines for both
cases. From the equations describing the regression lines
Our aim is to delineate the various dependences of the thergiven in the frame) we see that the slope on the day side
mospheric densities on external influences. For that reasois larger by a factor of 2 than that on the night side. This
we try to use a suitable data selection emphasising the remeans the sensitivity of the air densities on EUV input is de-
sponse to a particular parameter. In order to avoid a seasongkndent on local time but not on the level of the solar flux at
bias the data interval is just four years. Local time depen-east over the considered range, P10.7=80-240.
dences are considered by treating day time and night time
data separately. Figuzshows the observed temporal vari- 3.2 Local time dependence of air density
ation of the longitudinally averaged daily mean air density
over the whole four years period. There are separate curveAs a next step of our statistical analysis we looked into the
for day and night data. For reference, the evolution of the so{ocal time variation of the thermospheric density. In a pre-
lar flux index, P10.7, is plotted in the lower part of the figure. vious papelLiu et al. (2005 have studied the global distri-
It is quite evident that the density tracks closely the changesution of the thermospheric density in some details. As part
in solar flux. This is valid for both the long-term variation, of their work they show in Fig. 8 the mean diurnal varia-
as well as for the 27-day solar rotation signal. Densities ob-tion of the mass density near the equator. From that we see
served on the day side are about twice as high as on the nighiow the density changes from day to night. In this study
side, but both exhibit similar variations. we tested the ratio of the low latitude density observed on
In order to investigate the dependence on the solar fluxhe upleg versus that from the downleg part of the orbit.
level more quantitatively we have performed a correlationCorresponding samples are separated by 12 h in local time
analyses separately for the day and night side data set. Ife.g., day vs. night; morning vs. evening). Figdrehows a
this case only data from magnetically quite days with<15  time series of the ratio over all years. Here again only quiet
were considered. This should help to avoid a mixing of thedays (4 ,<15) have been considered. The ratio exhibits flat
different influences. plateaus around a factor of 2 and shows triangular decreases
Results of the correlation are shown in F&). For both  down to one. The ratio of 2 is achieved when comparing day
local time sectors we obtain high degrees of correlationand night time densities and the approach to 1 is expected at
(r~0.9) between the daily averaged low-latitude density andthe transition between day and night. Interestingly, the min-
the P10.7 value of the previous day. Motivated by theimum ratio (1) is not achieved when comparing 06:00 LT

Ann. Geophys., 27, 2082099 2009 www.ann-geophys.net/27/2087/2009/
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(@ CHAMP, 2002-2005, Ap < 15 (b) CHAMP, 2002-2005, Ap < 15
16 — : ‘ ‘ ‘ : : 16 — : : : : : :
147r:0.92 : 147r:O.89
- p =0.078 P10.7 - 4.722, .. - p =0.038 P10.7 — 2.262
e 12f s 2P e 12]
> 10} e > 10}
P2 . :‘ 2 .
N 8] REPP il & N 8
| o [ I . |
o 6f w.t o 6} RO
= b AN = N
o 4f SEpC . T o 4t ol Y,
2t ™ (L 2t X ". > % .
0L ‘ ‘ : ‘ ‘ ‘ 0 b= : : : : : :
75 100 125 150 175 200 225 250 75 100 125 150 175 200 225 250
Solar flux, P10.7 Solar flux, P10.7

Fig. 3. Correlation between CHAMP-derived densities and the solar flux level (P18)7pr the day side (10:30-16:30 LT) afid) for the
night side (22:30-04:30 LT) density. The density readings are longitudinally averaged daily means.
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Fig. 4. Time series of the ratio between the day and night side densities for quietlaysl). The density readings are longitudinally
averaged daily means.

with 18:00 LT observations, but it results from the ratio at a dependence over the whole range of P10.7=8%0. We
07:30LT vs. 19:30LT. There seems to be a delayed responseegard this as a significant and important result.

of the thermosphere by3h to the solar input. Based on the  In another analysis we checked this density ratio in depen-
variation of the ratio, as presented in FHigwe have defined dence on local time and season. FigGrehows the local

in this study the local time interval 10:30 to 16:30LT as day time variation of the day-to-night ratio over the above de-
side data and 22:30 to 04:30 LT as night side data. The hourfned local time sector (10:30-16:30LT) separately for the
in between are considered as transition periods. This groupfour seasons. Here again we have limited our data selection
ing of local time sectors is used consistently throughout theto quiet days 4 ,<15). As can be seen from Fig, all four
paper. seasons show the same pattern. Although the standard de-

. . . ) ) viation is significant, we obtain rather similar mean ratios
From Fig.4 we got the impression that the density ratio be- for March equinox, June solstice, September equinox, De-

tween day and night does not change much with time. This,o e soistice of .92, 2.03, 1.99, 1.93, respectively. The

implies that the significant decrease of the solar flux P10.7gmall differences cannot be regarded as significant, given the

by about a factor of 3 during the 4 years considered here ha bserved variance. There is a general trend of lower ratios

not a great influence on the density ratio. In order to test thaHuring the earlier hours increasing by about 6% towards the
suggestion quantitatively we performed a correlation analy-end of the interval

sis of the ratio between the day and night side densities versus
P10.7. As can be deduced from Fig@ehere is no sign of

www.ann-geophys.net/27/2087/2009/ Ann. Geophys., 27, 2Z08¥3-2009
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Table 1. Coefficients of the harmonic seasonal variation functions.

3 Prevailing conditions are, <15, P10.7=130;=400km. The un-
2.8] certainty within a 95% confidence is abat®.4x 10~ 4 kg/m3 and
= 26] . +1.6x10 14kg/m3 for the amplitude of all the harmonics on the
o 24+ S R e e . day and night side, respectively. The uncertainty of the phases (day
Z ;:. £y ..'. P . M 5 ] 1 ] . .
S 2021 - 5,..?{%';' : Sy of peak amplitude) is about5 days.
o CoAdsmitos . . . .
a 2t IR D e Ty e N s
2 g-':.'-:;.‘" T e et AL Day side Night side
8 181 ] N i Amplitude Phase  Amplitude Phase
1.6} , X - . [10~1%kg/m3] [DoY] [10~1%g/m3] [DoY]
14; annual or7 23 045 25
1.2 ‘ ‘ ‘ ‘ ‘ ‘ ‘ semi-annual @0 97 037 96
75 100 125 150 175 200 225 250 ter-annual @4 52 011 38
Solar flux, P10.7 constant 57 - 272 -
RMSE Q75 - Q50 -

Fig. 5. Ratio between the day and night side densities versus solar
flux level. Only days withA , <15 have been considered. There is

practically not dependence on solar flux observed ing sine and cosine) provides reliable and consistent results.

The obtained functions for day and night are overplotted in
Fig. 8. Peak densities are encountered at equinox seasons,
with highest values reached on DoY 83. Lowest values are
found around June solstice (DoY 192). The ratio between
Since we have limited our attention to the low latitudes nothe extremes is.63. The thermosphere performs primar-
big seasonal variation of the solar zenith angle and relatedly annual and semi-annual variations with comparable am-
effects is expected. For that reason we have paid special aplitudes. The fairly weak ter-annual harmonic causes just a
tention to avoid contamination by other dependences. Firstglightly higher maximum in spring compared to that in au-
the data are normalised to a common height. Second, fixettmn. Annual and semi-annual curves are in phase around
local time intervals are used (10:30-16:30LT and 22:30-June solstice, thus resulting in a deep minimum. Very simi-
04:30LT). Third, only data from quiet days are selected lar variations are observed on the day and night side. As ex-
(A,<15), and fourth, the dependence on solar flux is re-pected, the ratio between the fitted functions provides an al-
moved by normalisation to a flux level of P10.7=130. For most constant value close to 2 over the whole year. This con-
this latter procedure we make use of the regression line equéirms the results of Fig6, where we have already found the
tions given in Fig3. For example, the density normalisation seasonal independence of the day/night ratio. Taldts the
for the day side reads details of the annual harmonic functiong,,(cos(nwt —¢,)),
whereA, reflects the amplitudes of the density variations and
0(130) = p(P10.7) 0.078-130—4.722 (4) ¢, the phase in DoY; the indextakes the value 1 for annual,
0.078-P1Q7 —4.722 2 for semi-annual and 3 for ter-annual harmonics. Also the
wherep(P10.7) is the recorded density. RMSE of the residuals between the data and the fitted func-
Figure 7 shows the obtained density variations in the daytion is given in Table 1.
and night sectors after normalisation to the constant solar flux
level. When comparing to Fi we see that the long-term 3.4 Dependence on magnetic activity
trend as well as the 27-day variation disappear. At certain
intervals the observations deviate, however, systematically50 far we have limited our analysis to magnetically quiet
from the mean value. days. Now we are going to focus on the dependences of the
For identifying a possible seasonal dependence of the derequatorial thermospheric density on the magnetospheric in-
sity we resorted the readings. All four years were taken to-put. We use the indices, anda,, for parameterising the
gether and the data ordered by day of year (DoY). As can bénagnetic activity. In order to remove other effects we use
seen in Fig$8, systematic variations show up now over the data normalised to 400 km altitude, to P10.7=130, and we
course of a year, both in the day and night side observationssubtract the seasonal signal as quantified in Table 1. For quiet
In order to get a quantitative description of the variations wedays we thus get a data set that is varying around zero. Sub-
fitted harmonic annual, semi-annual and ter-annual functionsequently, these data are termed density residuals.
to the quiet-time data displayed in FRy.Any further expan- Menvielle et al.(2007) propose another approach for re-
sion to higher harmonics did not improve the fit. moving the non-magnetospheric influences. The solar flux
Since the data stream is not continuous a simple FFT caneffect is accounted for by normalising the density data to
not be applied. The alternatively used fitting procedure (us-a fixed level with the help of the NRLMSISE-00 model.

3.3 Seasonal dependence of air density

Ann. Geophys., 27, 2082099 2009 www.ann-geophys.net/27/2087/2009/
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Fig. 6. Local time variation of the day-to-night density ratio separately for the four seasons. Only quiet days,wiltb have been
considered. The error bars represent the standard deviation of the half-hours bins.

Instead of using F10.7 they prefer a replacement based op d) = i [ =3) x Gi—a = )] )
the Mgll index. For removing the density variations with al- \/2. (xi — )—6)2\/2. Gied — )2
titude they apply a singular value decomposition approach. ! !
This provides them with a typical background variation pat- wherex; andy; are the density values on the day and night
tern along the orbit. For the four-year analysis presented heregides, respectively, angl y are the mean values. The delay
we prefer our approach. Since the encountered density varitime, d, is given in multiples of the orbital period©3 min).
ations due to solar flux changes are much larger than thosResults of the correlation analysis are shown in Bighs can
caused by altitude variations, we have removed only the latbe seen from the graph, the day and night side densities are
ter with the help of a model. highly correlated. The coefficient peaks at a delay between
It is well known that magnetic activity causes an enhance-0 and 1 orbital period withr=0.79. This means, the night
ment of the thermospheric density. The effect occurs, howside thermosphere reacts later. For estimating the average
ever, not simultaneously on the day and night side. Fordelay time we have to take into account that the day side is
determining a possible delay time we performed a cross-always sampled before the night side; contributing half of an
correlation between the densities in the two time sectors. Irorbital period from the sampling. All together, the density
this case we are interested in the response to magnetic abulge at the equator caused by magnetospheric input shows
tivity, thus select data from 3-h intervals with,>15. The  up 1to 2h later on the night side than on the day side. This
correlation coefficientr, depending on the delay, is cal-  time shift has to be taken into account when investigating the
culated as: response to magnetospheric driving.
In a next step we want to find out, how the equatorial
density is related to the magnetic activity indices. Here it

www.ann-geophys.net/27/2087/2009/ Ann. Geophys., 27, 2Z08¥3-2009
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P10.7-normalised CHAMP density, ap<15
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Fig. 7. Density variations in the day (green) and night (blue) time sector after normalisation to a constant solar flux level-e180.0.7
Only quiet 3-h intervals have been considereg<{15).
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Fig. 8. Seasonal variation of the density in the dayand night(b) time sector. The same data as for Fidhave been used. The solid red
curves represent the fitted annual harmonics functions. Dashed lines mark the RMSE range.

is again important to identify a possible delayed reaction ofFor the subsequent correlation of the observed densities with
the thermosphere to changes of the indices. In order to gethe indices we consider a delayed response on the day side
a synchronous data set of indices and density values the 3y 3 h and on the night side by 4 to 5 h.
h indices have been resampled by linear interpolation to the aAg 3 next step we tried to identify the sensitivity of the
times of the CHAMP readings. The cross-correlation is agai”equatorial density to magnetic activity. Properly delayed
performed according to EGS). In this case the; represent  readings were correlated (separately) with the magnetic ac-
the indices ang; the density values. tivity indicesa, anda,,. First we sorted the density resid-
Figure10shows the result of the cross-correlation betweenuals in 6 logarithmically spaced,, a,, bins, separately for -
density enhancement and the activity md@x We are fo- day and night side readings. The median value of the density
cussing here on the night side results since the peak corsiduals from each bin is plotted in Fil.
relation coefficient of the night side£0.64) is significant As can be seen, the graphs suggest a linear relation be-
higher than that on the day side£ 0.55). From the graph  tween air density enhancement and magnetic activity. The
in Fig. 10 we can read a delay of 3 orbital periods (4.5h). obtained slopes are similar fay, anda,,. In case of the:,

Ann. Geophys., 27, 2082099 2009 www.ann-geophys.net/27/2087/2009/



S. Muller et al.: Features of low-latitude thermospheric mass density 2095
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Fig. 9. Cross-correlation between the density readings on the dayFig. 10. Cross-correlation between the activity index and the
and night side for magnetically active 3-h intervalg £ 15). Posi-  density variations on the night side. Positive lags indicate a delayed
tive lags indicate a delayed response on the night side. response of the density.

index we find slightly different slopes on the day and night 4 1 pependence on solar flux level
sides. Obviously, on the night side the sensitivity is higher
by 20%. Conversely, in case of thg index the slopes for
day and night are the same. Furthermore, hgthcurves

go through the origin. The correlation analysis providescan read that this is valid both for the day and night side.

slightly higher coefficients; (a,)=0.995 andr (a,,)=0.997, g burning question is which is the best proxy to describe

and the variapce of the mass Qensity values within a bin is(he relevant solar flux appropriatel{@uo et al.(2007) have
also smaller in case of thg, sorting. From these results we performed an extensive study on the relation between so-

may conclude that,, IS p'referable ovea,, for parameteris- lar indices and density (see also their many references on
ing the magnetospheric input to the thermosphere. that topic). They tested many combinations of proxies. We
adopted their Trial 1 (Table 3) which does not give the best
but reasonable results. It is practically identical with our
P10.7, the equally weighted sum of the daily F10.7 value
In this study we have performed statistical analyses on ther@nd its 81-day mearlL.iu et al. (200§ confirmed that P10.7
mospheric mass density data in order to identify its responsé® also a suitable proxy for the solar flux in ionospheric stud-
to the various drivers. The CHAMP observations considered®S-
are from the declining phase of the solar cycle 23 (2002— As can be read from Fi@ our applied P10.7 parameter is
2005). These accelerometer measurements have earlier beBighly correlated with the thermospheric density during mag-
interpreted by several other groups. We thus will discuss ounetically quiet days. It is interesting to note that the density
results in comparison with previous findings. increases over proportionally to P10.7 for solar flux levels

One important issue of our study is the separation of theabove 80 sfu.
different effects in order to identify the dependences on the Another result from Fig3 is that the slope of the regres-
various parameters. Our approach is to make as little as posion line is twice as high during day time as during the night.
sible use of existing atmospheric models but find other waysThis means, the sensitivity to solar forcing at low latitude
of isolating effects. is local time dependentGuo et al.(2007) also investigated

It is well-known that the atmospheric density dependsdependences of the CHAMP-derived thermospheric density
strongly on altitude. Since the CHAMP orbit is slowly de- on solar flux level. They, unfortunately, did not differentiate
caying over the years, we have normalised our data to a reftheir results by local time. Since the CHAMP orbit is pre-
erence height of 400km. This is the only case where thecessing slowly through local time (1 h per 11 days), a beating
NRLMSISE-00 model is applied. We regard the altitude de-will occur between the flux variations due to solar rotation
pendence at low latitudes as a well modelled quantity, at leaséand local time dependent sensitivity of the thermosphere.

It is quite obvious that the thermospheric density depends
strongly on the flux of solar EUV radiation. From F@we

4 Discussion

over an altitude range of less than one scale helghtet al. This modulation of the solar input is probably a reason for
(2007 had quoted the uncertainty introduced by this kind of the apparent harmonics of solar rotation in the spectrum of
normalisation to be of the order of 5%. density readings (their Fig. 4).
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CHAMP, 2002-2005, P10.7=130, Delay: 3 or 4.5 h CHAMP, 2002-2005, P10.7=130, Delay: 3 or 4.5 h
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Fig. 11. The dependence of the density on magnetic activity, as represented by the irgiarda,,, is shown in framega) and (b),
respectively. A linear fit to the medians of each bin was applied (solid lines). The error bars indicate the standard deviation of the values
within a bin.

4.2 Local time dependence The purpose of that study is to show the overall semi-annual
variation as is for all the years considered. After removing
As is obvious from Figs2 and3, the thermospheric density all the other influences we do not find any significant year-
strongly depends on local time. Interestingly, we find for the to-year changes of the seasonal variation within the 4 years
ratio day (10:30-16:30LT) to night (22:30-04:30LT) a fac- considered. The ratio we obtain between minimum and max-
tor very close to 2 during magnetically quiet days. This ratio imum of 1.6 for a medium flux level of 130 sfu corresponds
is independent of the solar flux level and shows no seasonab the 60% variation reported Byowman (2004 for solar
variation. We regard it as an important constraint for the de-minimum conditions. The results presented here are regarded
sign of thermospheric models. to be more general, and they should be useful for modellers
This specific factor of 2 characterises the difference inwho need to parameterise all the dependences separately.

sensitivity between day and night sides to solar input. In- Different from the paper abov@uo et al.(2008 employ

terestingly, this is not only valid for the EUV flux over the . | . f :
. HAMP
whole range considered (P10.7=80-240) but also for the a mass density data aiso derived from C observations

. i . or the same 4 years as this study. They account for all the
nual and .seml-a.nnual vanations. Dgrmg th.e hours aroun arious influences on the density by subtracting model pre-
dg_w_n (04:30-10:30 LT)_ and dusk (_16'30_22'30 LT) the S€M"yictions from each sample. Unfortunately, they found an in-
sitivity to solar flux varies almost linearly between the day complete removal of the local time and solar flux effects. The
and night side values. This local time characteristic of the

th here has to be taken int twhen i i {)ersistent 27-day signal in the residuals, for example, is an
thermosphere nas to be taken into account when Investigaig, ication for a remaining solar flux influence on the anal-
ing any of the dependencies on solar input.

ysed data. The authors have removed the 27-day signal by
running averages over 27 days, but this does not prevent the
density residuals from being contaminated by the long-term
For identifying a seasonal dependence of the thermospheriEUV variations. Itis therefore difficult to judge which part
density it is necessary at first to remove the influence of thef the intra-annual spectral variations is caused by the imper-
solar flux variations. We applied in Egl)the dependence as fection of the applied model and which by the influence of
determined from the correlation analysis in Bgather than ~ €xternal forcing. Different fronGuo et al (2008 we did not
using an atmospheric model for normalising to the constanf€y 0N model predictions for isolating the different forcing
flux level of P10.7=130. It is obvious from Fi@.that the  t€rms. O_‘” results show .the clear dommanpe of the gnqual
low latitude thermospheric density performs an annual and®nd semi-annual harmonics, and they provide no indication
semi-annual variation. There is no justification found in our fOr @ year-to-year change when constant solar flux levels are
quiet-day data for considering higher annual harmonic termséonsidered.

We think, the study byBowman(2004) cannot directly be Largest densities are encountered during the two
compared with ours since the author did not remove the locakquinoxes, lowest occur during June solstice. In partic-
time, solar flux and magnetic activity effects on the thermo-ular the March equinox exhibits peak densities. During
spheric mass density before analysing the seasonal variatiodune solstice both the minima of the annual and semi-annual

4.3 Seasonal dependence
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variations add up causing the absolute minimum. Since theivity has to be regarded as an additive contribution to the
two harmonics are out of phase in December we find only abackground density.
gentle variation there. This difference between the solstices An important consideration in this context is the delay
leads to very different thermospheric seasonal variations irtime after which the thermosphere at 400 km responds. At
the polar regions of the two hemispheres. The June minimunfirst we found that the time interval is local time dependent.
coincides with the polar winter in the south, causing an addi-The density enhancements occur 1 to 2 h earlier on the day-
tional reduction of the density there, while during Decemberside than on the night side. This observation is consistent
solstice the continuous sunshine further enhances the glolwith the delayed response of the equatorial thermosphere on
ally higher density. Thus we can expect a large annual variathe night side as reported lyu and Lithr (2005 for the big
tion in the southern polar region. Conversely, in the northernmagnetic storms in autumn 2003. Further evidence for that
polar region the solar forcing is out of phase with the globalis provided byWang et al.(200§ who found for the same
variation. This results in a much smaller annual oscillation. storms that the field-aligned current (FAC) intensity on the
An indication of these hemispheric differences has been predayside followed quite closely the variation of the solar wind
sented bytiu et al. (2007 in their Fig. 4. input (when allowing for a 15 min propagation time from the

The annual variation of the thermospheric density is a wellmagnetopause to the ionosphere). Conversely, the FACs on
known global phenomenon first deduced from satellite orbitthe night side track better the change of g index. The
analysis (e.g.King-Hele and Walker1969. Its maximum latter reaches its negative peak about 2 h after the solar wind
occurs one month after December solstice. Partly it may bénput. It has to be noted that the delay time is not only a func-
due to the eccentricity of the Earth’s orbit around the sun withtion of local time but depends also on latitude. Since the en-
the perihelion in early January. But so far there is no conclu-ergy input occurs at auroral latitudes (elgihr et al, 2004
sive explanation for its full amplitude. Interestingly, a similar Rentz and kihr, 2008, the thermospheric response time is
annual variation is observed in total electron content of theshorter at higher latitudes, and the atmospheric disturbance
ionosphere Mendillo et al, 2005 Zhao et al. 2005 Rish-  travels then equatorward. Taking the local time and latitude
beth and Miller-Wodarg 2006. Probably, both phenomena effects together it can be concluded that the equatorial ther-
are related. mosphere on the night side exhibits the longest delay times.

The semi-annual variation attains its maxima shortly after In a dedicated analysis we have determined the response
the equinox dates. We do not relate these maxima in densit§ime of the thermosphere to changes of the magnetic activity
to the enhanced magnetic activity during the equinox seasonidex,a,. On the night side the cross-correlation peaks at a
(Russell and McPherrgri973. The data considered here lag of 3 orbital periods (4.5 h) (cf. Fid.0). By considering
are all from quiet days. Furthermore, magnetosphere-driver@lso the delay between day and night (cf. Rpwe find that
density enhancements exhibit a day-to-night ratio differentthe equatorial thermosphere responds to changes with
from 2. An alternative explanation is based on a change ofa delay of 3h on the day side and 4 to 5 h on the night side.
thermospheric composition. The large-scale wind systems When correlating the enhancement of the air density at
differ between solstice and equinox. During equinox they400 km altitude point-by-point with the magnetic activity in-
provide a stronger mixing of the aifruller-Rowell (1998 dices we find a large scatter of the values. Obviouslyathe
proposed the so-called “spoon mechanism” as an explanatioAnda,, indices are not too well suited to predict the details of
for the enhanced density during equinox seasons. the thermospheric response. In a climatological sense these

The semi-annual variation in air density has earlier beenindices can, however, be used to parameterise the magneto-
deduced from air drag variations of orbital objects (e.g.,SPheric input. For that reason we have first sorted the density
Moore, 1983. Also Liu et al. (2007 confirmed this kind ~ readings intaz,, a,, bins and then considered only the bin
of seasonal variation in their study on the equatorial masgnedians in the correlation. For both indices we get clear lin-
density anomaly. We favour for the high densities during €ar response functions. Interestingly, theindex provides
equinoxes the explanation offered Byller-Rowell (1998 higher correlation coefficients and gives identical slopes for
which is based on a higherlD ratio. But this mechanism the density enhancements on the day and night side. Also the
cannot account for the very low density at June solstice. ~ crossing of both curves through the origin indicates that

is more suitable for parameterising the magnetospheric input
4.4 Dependence on magnetic activity to the thermosphere. Obviously, the observatories used for
deriving theqa,, index are better distributed for estimating the

So far we have investigated the solar forcing of the thermo-global magnetic activity level than thg, stations.
sphere. For that we had considered only data from quiet days Lathuillere et al.(2008 earlier investigated the response
(A, <15). Now our interest is focussed on the data from ac-of the thermospheric density to magnetic activity. They also
tive days. For a clear isolation of the magnetospheric inputidentified a,, as the better index. Based on CHAMP ac-
all the solar driven influences had been removed first. Thiscelerometer data of the year 2004 they determined among
means, the density residuals considered vary around zero fathers the relative enhancement of the air density on the day
quiet days. Any observed enhancement due to magnetic a@and night side in response to magnetic activity. The relative
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increase was found to be higher during night by a factor of normalised to a fixed solar flux level (P10.7=130) and
1.66 for a,,=150. We find that the additive enhancement when the seasonal variation is removed, an additive lin-
is the same on the day and night side. Since the relative en-  ear increase of the air density with, is observed. The
hancement depends on the prevailing background density, we  functional dependence for both the day and night sides
cannot compare the results of the two studies directly. But is
because the density on the day side is always higherthanon A /_5 012,

. . L P=Y. m
the night side, an equal additive enhancement due to mag-
netic activity will result in a larger relative increase in air
density on the night side. Thus, their results are qualitatively
confirmed by our analysis.

This means, the absolute density increase due to mag-
netic activity is the same in both time sectors. But since
the quiet-time density on the night side is lower than
on the day side, the relative density enhancement in re-
sponse to magnetospheric input is larger on the night
5 Summary and conclusion than on the day side.

Based on 4 years (2002-2005) of data sampled by thérom all these relations we may conclude that the four con-

CHAMP accelerometer we have investigated the characterissidered forcing terms can be treated as linear combinations

tics of the thermosphere at low and equatorial latitudes. Thidor parameterising the thermospheric density response.

region was selected since it is least affected by the seasonal After having verified the approach of delineating the vari-

and solar zenith angle variations. Here the global features ofus thermospheric forcing terms at low latitudes this method

the upper atmosphere show up most clearly. can also be applied to other latitudes and local times for a full
Our aim was to identify and delineate all the main drivers characterisation of the thermospheric variability.

of the thermospheric density. The approach we used is to
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