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Abstract. With the help of four years (2002-2005) of thermospheric density distribution during storm-time is of
CHAMP accelerometer data we have investigated the depergreat importance not only for the precise orbit determina-
dence of low and mid latitude thermospheric density on thetion of satellites flying at several hundred kilometers altitude,
merging electric field,Em, during major magnetic storms. but also for the interpretation of magnetosphere-ionospheric-
Altogether 30 intensive storm events (Rgt< —100nT) are  thermosphere (MIT) coupling. The relationship between ge-
chosen for a statistical study. In order to achieve a good coromagnetic input and ionospheric and thermospheric density
relation E, is preconditioned. Contrary to general opinion, has been studied for decades (eMptuurg 1972 Prolss

Em has to be applied without saturation effect in order to ob-198Q Crowley, 1991 Forbes et a).1996. Meanwhile many

tain good results for magnetic storms of all activity levels. atmospheric models are developed with the purpose of pre-
The memory effect of the thermosphere is accounted for bydicting the mass density as close as possiti#g¢zdtd’'s model

a weighted integration af, over the past 3 h. In addition, a (Patzold 1963 is one of the first that contains the geomag-
lag time of the mass density response to solar wind input ofetic heating as a cause for the density enhancement. Signa-
0to 4.5 h depending on latitude and local time is consideredtures of particle energy flow into the upper atmosphere were
A linear model using the preconditiondtl, as main con-  first documented by Jacchia in 1959. In 196K aor a,, de-
trolling parameter for predicting mass density changes durpendent exospheric temperature was included in the Jacchia
ing magnetic storms is developeg:= 0.5En + pamn Where  model Jacchia and Slowlgy964). Moe and Moe developed
pamb IS based on the mean density during the quiet day bea global density model in 1975, based on measurements of
fore the storm. We show that this simple relation predicts allSpades and Logacs satellitdédae et al, 1977. More re-
storm-induced mass density variations at CHAMP altitudecent models like the MSIS series (elgedin 1991 Picone
fairly well especially if orbital averages are considered. et al, 2002, based on incoherent scatter radar measurements
of temperature and in situ satellite measurements of density
and composition, try to consider the magnetospheric and so-
lar influence as good as possible.

With the launch of CHAMP and GRACE satellites mea-
surements from the accelerometers on board enabled system-
atic studies of the thermospheric mass density on a global
scale Bruinsma et al.2004 Liu et al,, 2005. The global

The variation of the thermospheric mass density during geoMeasurements of these satellites have been compared with
magnetic storms is a rather complex phenomenon. Both th@redictions of models in many studies (eBJums.mf?\ etal.
density and the composition experience a series of dramati€004 2006 Forbes et a).2005 Sutton et al.2005 Liu and

changes. The thermospheric response comprises the effedtdinh 2009. Al the studies have shown that the model
of Joule/particle heating, Lorentz force, thermal expansion Predictions are in general agreement with CHAMP/GRACE

upwelling, and horizontal wind circulation. Studying the measurements during quiet times, but they significantly un-
derestimate the density during enhanced geomagnetic activ-

_ ity. The open issue to be addressed is, how to predict the
Correspondence tcR. Liu thermospheric density as close as possible, especially dur-
BY (ruosi@gfz-potsdam.de) ing geomagnetic storms. This question is further extended
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to another: is there a geophysical quantity to which the den- In this study we aim to investigate, how the thermospheric
sity responds most efficiently or to which it is related most density responds to solar wind inputs as quantified by the
closely? merging electric field £y, during magnetic storms. Based
In recent years many efforts have been made to study then a period of four years starting from 2002 density data de-
density dependence on various controlling parameters bothived from CHAMP accelerometer measurements of 30 mag-
during geomagnetically quiet and active timdsathuillére netic storms are investigated along with their correlation to
et al. (2008 have studied the global thermosphere responsdhe preprocessedl;,. At the end we will bring forward a
to auroral magnetic activity forcing at mid and low latitudes linear model using the merging electric field as the dominant
using a method based on a singular value decomposition ofontrolling parameter to predict storm-time mass density dis-
the satellite data. They separated the spatial variation frontribution at 400 km altitude.
the time variation, while the former is captured by the sin- In the next section the datasets are introduced, which in-
gular variation and the latter is captured by the projectionclude CHAMP accelerometer measurements needed for the
coefficient. The projection coefficient is then used to definedensity and the ACE observations needed for deriving the
a disturbance coefficient, which is found to correlate bettermerging electric field. Section 3 discusses first the correla-
with the density than the,, index during stormsZhou etal.  tion between density anfly, after that an empirical formula
(2008 have studied the thermospheric density response tas introduced for reproducing the storm-time density varia-
the total global Joule heating pow&rQ ; and the high reso- tions along the CHAMP orbit. Section 4 shows an example
lution ring current index, Sym-H. A statistical study based on of prediction using the formula obtained in Sect. 3. Then we
CHAMP mass density data from 19 great magnetic stormsdiscuss the results and draw conclusions in Sects. 5 and 6.
during 2001 to 2004 has been carried out. Witkp; and
Sym-H as the main controlling parameters they improved
the prediction quality of the NRLMSISE-00 model during

stqrm-t]me.cl\f_ltjbl\ll\e;lrpegal.(2_t0 O(? {)e][formled ast§t|st|cat| gn?l- The Challenging Minisatellite Payloads (CHAMP) space-
ysis using ensity data from low and equatonalre- . g \yas launched on 15 July 2000. It cycles the Earth

gions of the years 20.02 t0 2005. They provide acompres, 5 near-polar orbit with an inclination of 87.25 Within
hensive study of density dependences on the main drivers

the th h h lar flux (P10.7). local fi 31 days the satellite orbit covers all the local times. In this
e thermosphere, such as solar flux (P10.7), local time, Seas’tudyatime period from 2002 to 2005 is considered. During

son gnd magnetic activity. They have proylded fL“f.]Ct'o'.qalthese four years the orbital altitude decayed from 425 km to
relations for all of thgse _drlvers. A systema‘gc analysis of in- 360km. CHAMP is very suitable for long-term monitoring
tgrplangtary magnetic ﬂelq (IMFEV "’?”d Bz !nfluences o of thermospheric characteristics due to its orbit height and
high-latitude thermospheric density is providedKwyak et the coverage of all latitudes and local times.

al. (2009. In their study density observations from CHAMP The mass density data are derived from measurements of

QUrmg.l? Ogtober 2001 throggh 24 Feb_ruary 2002 are Statlsfhe STAR (Space Triaxial Accelerometer for Research mis-
tically investigated as a function of the direction and strength

. o sions) sensors on CHAMP. Along-track axis data are used to
of the mterpla@netary magnguc field (IMF) for the southern calculate the density. The data are preprocessed by omitting
summer hermsphere. Their study show; that the thermo'spurious spikes and accelerations caused by solar radiation
spheric density poIe_wa_\rd of G(D_nagnetm latitude tend t(_) be pressure or attitude maneuvers. The time resolution of the
stro_n_ge.st when !Mmz IS negative, an_d weakest whén is . processed data is 10s. As the spacecratt is flying, the aero-
posmvg ' fpr positive IMFBy the density changes appear in dynamic acceleration vectar, can be expressed as:
opposite time sectors to those for negate

Burke et al.(2007) have investigated thermospheric den- 4 — —}P%Arefvrz (1)
2

sity correlation with Dst, polar cap potentid@pc, and mag- m
netospheric electric fieldEys, by making use of GRACE Wherem is the spacecraft mass<600kg), vr the space-
accelerometer measurements during two geomagnetic storfaft velocity relative to the atmospheré€ is the aerody-
periods in 2004. They pointed out thay, (or a, as well), namic force coefficient vector, the aréqes is a fixed ref-
which reflects the responses of ground magnetometers tgrence value used to mak& dimensionless. A more de-
ionospheric currents at mid latitudes, significantly underes-ailed description of the calculating algorithms can be found
timates the thermospheric energy budgets during severe ged? Doornbos et al(2010.

magnetic storms. Moreover, it has been shown in their Fig. 2 The total mass density of the air, is determined from the
that during storm-time the thermosphere responds faster thaprojection of the aerodynamic acceleration on the x-axis of
the approximation provided by the, index. These two the spacecraft body-fixed (SBF) coordinates. The density is
points can explain to some extent why the standard model§leduced from the along track (x) component of the vectors
fail to reproduce storm-time thermospheric density distribu-in Eq. 1):
tion with reasonable fidelity. 2may

P=—Z"T >
Cu,x Al’efvrz

2 Dataset

@)
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Neglect of in-track wind in the density calculation can lead to mosphere for solar wind input at the magnetopaieaifer-
errors. The meridional wind speeds at mid and low latitudesstrom et al, 2002.

is in the range of 0—100 m/s under most conditions, which is

small compared to the orbital velocity of 7.6 km/s. Another

possible error source is the corotation of the atmosphere cors  Methodology

tributing to the relative velocity of the spacecraft. The coro-
tg't_l'%nMvF()e lgﬁ;g do(;/.er_l_tﬁii i(;iaécgelrs] Lg;gﬁ :stnochOJoti? m/?haetdence on the&E, is studied, then a linear empirical model is

analysis. We will not discuss the errors in detail because ir{) roposed using théy as the primary controlling parameter

. . . . . o predict density distribution during storms . The time in-
this study only major storms are investigated. Given the den- : ' -

. : terval of interest is 2002 to 2005, four years on the declining
sity enhancement of several hundred percent during storms

S .. phase of Solar Cycle 23. During the investigated period the
the measurements allow for a significant level of physical in- .
. . : yearly-averaged solar flux, F10.7, decays from 179 in 2002
terpretation even with a few percent uncertainty. to 92 in 2005. Altogether 30 major geomagnetic storms are
Based on the conclusion &urke et al.(2007) that the ! 9 1or g 9

I tentiatb lat ith density fairl I chosen with their minimum Dst —100 nT. There are 3 su-
polar cap potentiaibpe correlates with density fairly we per storms among the 30 storms: the storm in 29-31 October

during all storm phasesppc could be used to predict the 55 \ith Dt — —383nT, the storm in 20-22 November
density changes during storms. Nevertheless, the availabil;

) : 2003 with Dsfyin = —422nT and the storm on 7-11 Novem-
ity of ®pc measurements from DMSP is poor. As a matterber 2004 with Dsti, = —373nT. More features of the 30

of fact, the merging electric fields, is a physical quantity storms can be found Bhang et al(2007).

which closely correlates wittbpc and can be easily obtained

from solar wind and IMF data. From this point of view we 3 1 pensity processing

assume thak, might correlate with density well during all

storm phases, and due to its easy accessililifycould be  We concentrate our investigations at mid and low latitude, i.e.
a more suitable parameter tharpc to predict the density  within +£60° geomagnetic latitude (MLAT). This area plays
changes during storms. According k@n and Lee(1979  a dominant role because it covers 90% of the Earth’s surface.
®pc is due to the component @y, perpendicular to the ge-  The high latitude area is omitted because during storm-time
omagpnetic field lines in the reconnection regidiy, can be  the heating in this area causes thermal expansion and ther-

In this section the storm-time thermospheric density depen-

written as: mospheric composition change. Therefore, at high latitude
) regions we may find density enhancements or depletions in
Em=vswBrsirt(0/2) (3)  response to Joule heating (elggj et al, 2010.

Before we analyse the density measurements, each
where vsw is the solar wind speedBr =+/Br®+Bz*>  CHAMP orbit is first divided into an ascending and a de-
is the transverse component of IMF in Geocentric-Solar-scending half, which are subdivided into three latitudinal seg-
Magnetospheric (GSM) coordinatesjs the angle between ments, namely-60° to —30° , —30° to 3C° , and 30 to 6C°.
the interplanetary and the geomagnetic field in the recon-Tnys every orbit is divided into 6 MLT-latitude bins. By this
nection, or so-called “merging” region. It approximately means the effects of latitude, season and local time are sepa-
equals the polar angle betwesn and the GSM Z-axis, i.e.  rated. For each bin one average density value per overflight
tan(®) = |By|/Bz,0<6 <m. is calculated. We use averaged density data along the orbit

The solar wind and IMF data are taken from the Advancedthat eliminates local features to a great extent, since we are
Composition Explorer (ACE) spacecraft. ACE is an explorer interested in the large-scale and global features.
mission that was launched on 25 August 1997 and positioned
near the L1 Lagrangian point which is a point of Earth-Sun3.2 E\, processing
gravitational equilibrium about 1.5 million km from Earth
and 148.5 million km from the Sun. It takes typically 20— The processing of the merging electric fielg, in this study
60 min for the solar wind observed by ACE to arrive at the includes two steps —truncation and integration. In the follow-
Earth’s magnetopause. The data used are from the magnetigg we will describe the two procedures in detail.
field instrument, MAG $mith et al, 1998, at 16's resolu- The Hill model Hill et al., 1976 predicts thatbpc satu-
tion and from the plasma instrument SWEPAMdComas  rates for strong solar wind drivingNagatsumg2002) con-
et al, 1998 at 64 s resolution. Both are resampled to 1min cluded that the polar cap potential tends to be saturated when
resolution and then time shifted using the so-called phaséhe value ofEn exceeds 5mV/m, and this saturation only
front propagation techniqua\eimer et al. 2003 to repre-  depends on the intensity df. In this study we show that
sent the solar wind and IMF conditions at the front side mag-the saturation effect can be presented by Eqg such that
netopause, which is assumed to be located at a distance dfm has an approximately linear relationship witipc. The
10 R at the sub-solar point. Finally, an additional average saturation equation we use fé, is expressed as
delay of 15min has been added as travel time to the ther-
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Fig. 2. Comparison of the various types @éf, during the storm
50 ‘ ‘ ‘ ‘ ‘ time 22-28 July 2004. The black curve shoifg directly derived
0 10 20 30 40 50 60 from ACE measurements, The blue curve shdiMgsay truncated

E Field(mV/m) _
to 8 mV/m, the red and green curves show the 3 h-integrétgday
and Er, with and without truncation, respectively.

Fig. 1. The relation between the transpolar potentiakgfc and

the merging electric fieldyy,. ®pc is calculated using the method : : : .
described irOber and Maynar@003. The blue curve shows that ®pc. The constant 30kV in Eq s the baseline potential

dpc saturates whel, increases, while the red curve shows a al- not attributable t?ESW (Ober ar_1d Maynar003.

most linear relation betweebpc and Emsay- In our calculation of®pc using the approach above, we
selectPsyw=5nPa,Xp =65, andEn, is used in Eq.§) in-
stead ofEsy. With those inputs we obtaid® g ~ 450 kV. We

__ 8Em 4 treat the calculation result as the geo-effective component of
Em(say = 4) ) ;
64+ E3, ®pc. What we are really concerned of is the correlation be-

] tween ®pc and Ey,. The variation of®pc as function of
where the value of 8mV/m has been found as a suitdble ¢ is shown by the blue solid curve in Fig. 1. The black

truncation value. To test the efficiency of this equation, we gashed line marks the saturation value of the merging electric
calculatedPpc according to the Hill model and make a com- fie|q £ — 8 mv/m. dpcincreases rapidly as tHan increases
parison of its respective variations wifiy and Emsay- The  \yhen £, is below 8 mV/m, but whetE, reaches higher val-
transpolar potentialdpc, given by the Hill model can be ues, the increasing rate dfpc begins to drop off, an@®pc

written as will finally saturate somewhere above 400 kV. The red curve
o (OIVTOTY 5 _reveals the variation o§pc versusEmsay. Apparently,®pc
PC= Dy + s ®) is related much more linearly to themsay. If ®pc reaches

350KV or higher, the linear relation will break down, but as

it assumes that the transpolar potential consists of an Unsarong as theCDPC is below 250kV, we can treat the relation
urated magnetospheric convection poten@i@ and a satu-  petweendpc and Esay as linear.

rated transpolar potentidls. Siscoe et al(2002 quantified
Hill's concept by developing theoretical formulas fbf, and
dgas

Figure2 shows one example of the saturated electric field
Em(sap in contrast to the originat'y, computed from the ACE
measurements for the storm in 22—-28 July 2004. The black
curve reflects the original,, exhibiting three peaks around
the storm times 22 UT, 80 UT and 130 UT, respectively. The
first and second peaks reach to about 12 mV/m, the last one
1600Pé63(nPa reaches even 21 mV/m. Between the peaks the value drops

=r(S) (7)  below 3mV/m. TheEmsa, plotted by the blue curve, du-
plicates theky, perfectly at values below 4 mV/m, but is dra-
where Esy, the solar wind electric field, is defined as matically truncated nearby the peaks, so that all the peaks are
vswB7SIn6/2). Pgw=nmpv§W is the solar wind ram pres- confined under the saturation level. The higher the peak, the
sure is the solar wind number density, amqg, is the proton ~ more remarkable the truncation. For example, the first and
mass,Z p is the ionospheric Pedersen conductance. A valuesecond peaks are truncated to 60%, while the third peak is
of X p between 6 to 10S fits best to DMSP measurements ofruncated to 35%.

~1/6

Dy (KV) = 30(kV) +57.6 Esw(mV/m) Pg,/ °(nPa (6)

Ann. Geophys., 28, 1633645 2010 www.ann-geophys.net/28/1633/2010/
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It is pointed out byRichmond et al(2003 that, due to  a function of MLT. The top two panels are for low latitudes
the inertia of the air, the changes of thermospheric wind lagand bottom for mid latitudes. For low latitudes the distribu-
behind changes in the IMF. In their study densities are corretion of a shows no MLT dependence, 85% of the values are
lated with lagged and time-averaged IMF values. This pointconcentrated between 0.2 to 0.6, a mean value of 0.5 can be
of view holds also true for the merging electric field. There- obtained. A few high values larger than 1.0 are shown in red
fore we use the same procedure as they do for deducing efolor. They are from the 3 super storms mentioned at the be-
fective Ey, values. Based on their Eq. (1), the lagged, time- ginning of Sect. 3. The distribution éfshows a pronounced
averaged:, can be defined as peak in the afternoon sector and is more peaceful in the other
MLT sectors. The mid latitudes show very similar outcomes
as the low latitude, again the dots from the super storms are
marked by red color.

The values ofz obtained from the super storms become
whereE is treated as continuous function of timer =0 gytliers of the scatter plots, which is caused by the truncation
is chosen 24 h before the first, data is usedr is the ef-  done in Sect. 3.2. During the super storms the valug gf
fective averaging and lag time for the exponential weightingincreases greatly above the truncation threshold, sometimes
fUnCtion in the integrands. The Correlation betWeen the ma.S$he enhancement reaches 300% or even more. Therefore the

fé Em(t/)e(t’—t)/rdt/
fée(t’—t)/r dt’

Em(t,7)= 8)

density andE, differs only weakly wherr ranges from 1 h
to 10 h. So the exact choice ofis not critical. Richmond et
al. (2003 usedr = 3 h for their calculation of IMFBy and

great reduction ofm(sao incurred by truncation needs to be
balanced by a much higher factor Considering the signifi-
cance of the super storms, it is unreasonable to exclude them

Bz. Since this value giveS a relative gOOd correlation in Ouras exceptionS, when we are try|ng to build up a density model
study, it is also used for our case. The green curve inFig. for storm-time. Therefore the truncation B, might not re-
shows theE'm for 22-28 July 2004 calculated with=3h.  flect the reality too well. We have redone the analysis with
Em follows the variation ofEn, quite Closely with a 3h de- the Em by Sk|pp|ng the truncation step, as is shown by the
lay. All the positive and negative spikes seerflj are NowW  green curve in Fig2. The new results are shown in Fig.
smoothed out by the integration, by which the electric field The r|ght two pane's fd; remains quite the same as in F:@
is better correlated with the thermospheric density. In the left two panels for, now the red dots from the super
The red curve in Fig2 shows Emsay as derived from  storms fit quite well into the main scatter area. Moreover,
Eq. (8) when applied to the truncatetinsay as done inthe  the scatter in both panels is reduced by 20%, showing a more
first step. TheE m(say shows smoothing and a 3h-delay effect concentrated distribution between 0.2 to 0.6. A median value
compared to th&msay, and a truncation effect compared to ; ~ 0.5 can be obtained from the two panels in Fig. 5. The
the Er. In the following Em(say is used to develop a predic-  standard deviation af drops from 0.25 in Fig3to 0.15 in
tive model for storm-time density evolution. As wel i say Fig. 4.
is calculated for each passage over the 6 latitude bins men- To testify our assumption that the relation between ther-
tioned in Sect. 3.1. mospheric density anf, is linear, we have done the scatter
plots of density versugy, for the 6 latitude bins for the storm
during 22—-28 July 2004, as shown in Fhgy. The top pan-
els are for the day-side (12:00 MLT) and the bottom panels
Yor the night-side (00:00 MLT). From left to right, the three

will later serve to predict the density variations during ge- columns are for the northern mid latitude, low latitude and
. - lop . 1y v 9 9€ southern mid latitude, respectively. A linear fitting is shown
omagnetic activities. A linear relation is selected under the

assumption that the density variations are linearl correlateclf’)y the red straight line in each panel, with the line equation
. b . nsity y at the top left corner. For each of the latitude bins the density
with the merging electric field.

S . . S . displays a clear linear relation withy,. The linear relation

The empirical linear equation used in this study is: can be seen more clearly in the nightside, where it is less af-
9) fected by sunlight. The correlation coefficient for the night-

side is above 0.9, compared to coefficients around 0.8 for the
wherep is the storm-time mass density at 400 krandb are  dayside. The slopes are approximately the same on the day-
the fitting coefficients acquired from the line regression. Theand nightside.
fitting is done for each storm individually. Here we would  Since we would like to deduce a more or less general pre-
like to mention that the fitting also takes into account a de-dicting formula for all storm events, a constant value of 0.5
lay time between the density and the merging electric field,is used fora in Eq. ). Forb it is hard to deduce an univer-
which will be fully discussed in the next subsection. In this sal number from Figd. From the physical point of view in
subsection we only want to mention the conception and fo-Eq. Q) represents the ambient density before the storm which
cus on the discussion of forming the linear equation. Fig-is rather dependent on the prevailing solar flux level. So we
ure 3 shows the fitting results separated by latitude classes agse the ambient densijyamp to replaceb in Eq. @), where

3.3 Alinear model

In this section we want to present an empirical model of mas
density around 400 km altitude versfig,say. This model

P = aFm(sap +b

www.ann-geophys.net/28/1633/2010/ Ann. Geophys., 28, 1838-2010
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Fig. 3. Coefficients derived from the linear regression of E3).4s the function of MLT. Results are derived separately for low and mid
latitudes. The distribution of parameter&ndb are displayed in the left and right columns, respectively. Red dots mark the a-values of 3
super storms.

pamb can be individually obtained from a geomagnetically 3.4 Delay time of the density
quiet day (reference day) prior to each storimilller et al.

(2009 have deduced the mass density dependence on solgfis known that the mass density at 400 km altitude reacts af-
flux during quiet days. We use this to account for changingter a delay time, which is expected to depend on latitude and
solar flux level (P10.7) during the storm. From the fitting \MLT. The best delay time of density response is determined
equations provided in their Fig. 3a, b the changes with ré-hy cross-correlating WittEm. We tested delays from 0 to

spect to a reference day can be expressed as: 10.5 h, which correspond to 0 to 7 orbital periods. In order
P1Q7 — 60 to investigate the dependence of MLT, the delays are sorted
Pamb= Pr 510760 (10)  into 4 different MLT sectors: 05:00 MLT to 09:00 MLT as
—

_ _ _ the morning sector, 10:00 MLT to 16:00 MLT as the noon
where pamp is the ambient density value for a storm day,  sector, 17:00 MLT to 20:00 MLT as the evening sector, and
is the mean density derived from the reference day, P10.21:00 MLT to 04:00 MLT as the night sector.

and P10.7represent the corresponding daily solar flux index Figure 6 shows bar diagrams of determined optimal de-

for the storm day and the reference day, respectively. Thg,y times of all 30 storm events in the four MLT sectors for
final linear model for thermospheric mass density at 400 kg, (top) and mid (bottom) latitudes separately. Basically,

is rewritten as: the time lag of mass density changes behiiaglvaries from

(10712 kg/m3)=0.5Em(MmV/m)+pamp(10-2kg/m?) (11) ~ Storm to storm. More than 95% of the delays are within 6 h.
For the low latitude, no clear MLT dependence can be found.
Except for the morning sector, which gives a relative smaller
delay time of 1.5 h, the other three sectors give a delay time

Ann. Geophys., 28, 1633645 2010 www.ann-geophys.net/28/1633/2010/
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Fig. 4. Same format as Fi@, but Em values without truncation are used in Ef).

8 10121416182022
MLT(h)

of 3h. The low latitude band shows a good correlation with for the six latitude classes along with the corresponding
delayedEn. In 90% of the events a correlation coefficient CHAMP measurements (blue curve). Also shown at the
over 0.8 is obtained (not shown here). At mid latitudes thetop left corner in each panel are the correlation coefficients,
delay time tends to be smaller at morning (1.5 h) and noonR, between measurements and predictions, the mean value
(0 h) sectors and larger at evening and night sectors (botlE (¢) and standard deviatioa(¢) of the relative errore,

4.5h). A correlation coefficient over 0.8 can be found in wheree =

predictior’rmeasuremeng< 100%. The CHAMP mea-

measurement

73% of the events. A few low correlation coefficients are surements show 3 prominent peaks coinciding with the 3
found in the morning and evening sectors, indicating relativeEr, peaks in Fig2. The measurements show day-night and
summer-winter asymmetry in magnitude. The nightside den-
sity reacts 2—3 h later than the dayside, which is consistent
a constant delay of 3h for low latitude. For mid latitude, with our analysis of density delay time. The main features
variable delays of 0 h, 1.5 h, 4.5 h are used for noon, morningdf the density measurements are correctly reproduced by the
model. Correlation coefficients between 0.83 to 0.95 indicate
good agreement between measurements and predictions. The
correlation is (1) better on the nightside (bottom panels) than
on the dayside, (2) better at low latitudes than at mid lati-
tudes. And amplitudes are predicted better in the summer
The empirical model derived in the above section is usedihan in the winter hemisphere. One may notice that, the pre-
to reproduce the density variation at 400km altitude dur-dictions in general overestimate the measurements since we
ing geomagnetic storms. We take the storm series in 22-Choose a constant value affor all Em, the overestimation

28 July 2004 to test the prediction capability of this model. ével is different from peak to peak. For example, the first
The six panels of Fig7 presents the prediction (red curves) Peakis generally overestimated by 20%, while the third peak

bad correlation in these sectors.

Based on the results presented in Fgwe use hereafter

and evening/night, respectively.

4 Prediction results

www.ann-geophys.net/28/1633/2010/
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(12:00 MLT) and the bottom panels for the night-side (00:00 MLT). From left to right, the three columns are for the northern mid latitude,
low latitude and southern mid latitude, respectively. A linear fitting is shown by the red straight line in each panel, with the fitting equation
at the top left corner.
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Fig. 7. The density prediction results of the storm series in 22—28 July 2004 usingBqThe six panels represent the 6 latitude/MLT bins.

The blue curve in each panel represents the density measurements from CHAMP and the red curve denotes the prediction. The correlatior
coefficient,R, between the measurement and prediction, as well as the mean and standard deviation of relafive)emals (¢), are given

in each panel.

by 15%, therefore the standard deviatiorx ¢fas a relatively  the segment-averaged ones. The prediction result is quite
large value between 20% to 30%. Moreover, the bottom rightsimilar to that in Fig.7. As expected, the correlation coeffi-
panel shows an overall overestimation throughout the wholecient, R, has a high value of 0.93. The first and third density
event. This is probably due to the combined effect of thepeak are overestimated by only 7%, and the valley between
season (winter) and MLT (midnight). the first and second peak is underestimated by 20%, but both
It is known that the mass density has local time and seathe mean value and standard deviation are smaller than the

sonal asymmetry as seen in Fig. If we average the data results in Fig.7. The mean relative error is quite small
over one orbit, the density from the day- and night-side, sum{2.6%), this means the over-predicted and under-predicted
mer and winter hemisphere effects tend to compensate eadPa'ts largely counterbalance.

other, hence the orbit-averaged density is expected to corre-

late better with the geophysical forces than the segmented

density average. The orbit-averaged density is derived byp Discussion

averaging the mean density of the 6 segments in one orbit,

where the two low latitude bins are weighed by a factor of In this paper we have investigated how the thermospheric
2, because they have a latitude range ¢f @@her than 30 density at low and mid latitude responds to the solar wind
The merging electric field is processed in the same way asnput during geomagnetic storms. As a controlling parame-
described in Sect. 3, here a constant delay time of 3h deter we chose the merging electric fielfly,. To our knowl-
rived from the mean delay time of orbit-averaged density isedge the correlation betwed, and density has so far not
taken into account. The linear model remains the same. Figyet been studied thoroughly. Altogether 30 storms during
ure 8 presents the prediction of orbit-averaged density. The2002 to 2005 are studied in a statistical way. The mass den-
orbit-averaged density measurement is much smoother thasities derived from CHAMP measurements are individually

www.ann-geophys.net/28/1633/2010/ Ann. Geophys., 28, 1838-2010
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. 2004-07-22 2. The delay time is latitude dependent. At the morning
and noon sectors, the low latitude shows on average a

R=0.93

E()=-2.6% 1-2h larger delay than the mid latitude. This can be

[ o(e)=12.6%

explained by the equatorward propagation of the solar
energy impinging into the high latitude during storms.

Interestingly, at the evening and night sectors, the mid
latitude reacts approximately 1.5 h later than the low lat-
itude. We can not offer an explanation for this so far.

] 3. The delay time is local time dependent. This point
of view is only valid at mid latitude, where the morn-
] ing and noon sectors have a 3 h smaller delay than the
evening and night sectors. At low latitude no clear local
] time dependence is observedlang et al.(2006 pro-
vided evidence that during storms the latitude of field-
2 o - - - o o A aligned currents (FAC) followed the IMB; variation
UTthour quite closely on the dayside, while the FAC latitude
traces the change of the Dst index better on the night-
Fig. 8. The same format as in Fig, but for the orbit-averaged side. The Dst is lagging behind IMBZ changes by
density prediction in 22—28 July 2004. about 2 h.Mdiller et al.(2009 also pointed out that the
low latitude thermospheric density responds to changes
ina, by 1to 2 h earlier on the dayside than on the night-
interpreted for 3 latitude ranges on both dayside and night-  side. Although in our case the dependence is more clear
side, in order to separate the effects of local time and geo-  at mid latitudes.
magnetic latitude. The applieBmsay is preconditioned by ] ) o
considering a saturation effect and a lagged response of den-4- The delay time of orbit-averaged density is almost the
sity features to solar wind input. However, the saturation  Same as that of low latitude.
effect is later removed to obtain more reasonable predictive
results. For each storm event the delay time is investigated,
and the rgsults are intgrpreted by latitude range as functio%.2 The linear relation between density and geomag-
of MLT. Linear regressions have been carried out for each netic input
storm to obtain an empirical model usifg, as the main in-
put to predict thermospheric density distribution at 400km |, this study a linear relation betwedty, and storm-time
during storm-time. The final empirical relation is written as {hermospheric mass density is obtaineg as0.5E m+ pamb,
p =0.5Em+pamp An example for predicting the mass den- \yhere o, implies the ambient density at quiet time. The
sity response of the storm event on 22-28 July 2004 is showRjensity correlation with geomagnetic inputs are also stud-
atthe end. ied in other papers.Burke et al.(2007) have investigated
the thermospheric density correlation with the Dst index and
the polar cap potential inde;pc. Coincidently, they have
: : : - chosen the same storm event as we did in Sect. 4. The orbit-
During magnetic storms, the density respondipwith averaged density is used in their study. They concluded that

delay time, which varies somewhat from one storm to an-D ol h heric density ch h hth )
other. Based on the statistical study we conclude that the de2St follows thermospheric density changes through the main

lay time at low latitude is about 3 h, at mid latitude it varies and early recovery phases of geomagnetic storms rather well,
with local time, from O h at noon to 4.5 h at night-time. With but in the later recovery phase the density returns much faster
respect to the orbit-averaged density, the mean delay time i quiet _tlme vqlues than Dst, Whergas thec estlme}ted

3h, which is quite similar to that of low latitude. The delay Y the Siscoe-Hill model correlates with thermospheric mass
time is difficult to determine precisely, for it shows depen- density fairly well during all storm phases. In our study, the

dence on various factors. Three kinds of dependences algmrging electric fieldEm, also shows good correlation with
herewith summarized: ensity throughout the storm phases, including the recovery

phase. Our result is quite consistent with thec based re-

1. The stronger the storm, the smaller the delay time. Thissult of them. Interestingly, we have to omit the saturation
trend was also found ighou et al (2009 in their study  effect of the solar wind input. Only if we employ the merg-
on density response to the Sym-H index and total Jouldng electric field without truncation, storms of all levels can
heating. We find that during the 3 super storms the den-be predicted reasonably well. We have no simple explanation
sity reacts taE\, almost immediately or within 1 to 2 h.  for this observation.

orbit-averaged pllo‘lzkglm3

5. The delay time shows no seasonal dependence.

5.1 The delayed response of density

Ann. Geophys., 28, 1633645 2010 www.ann-geophys.net/28/1633/2010/
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Zhou et al.(2008 have utilized CHAMP accelerometer 6
measurements during major storms to study the density de-
pendence on total Joule heating poweg ;, and the high-

on the merging electric field 1643

Conclusion

Based on four years (2002—-2005) of CHAMP accelerometer

resolution ring current index Sym-H. They assume that thedata we have studied the dependence of mass density at low
thermospheric density at 400 km is proportional to a linearand mid latitudes on the merging electric fielgk,, during

combination of¥ Q; and Sym-H. A multiple linear regres-
sion with a proper time shift o£Q; and Sym-H is used.

major magnetic storms. A linear empirical relation between
the density and th&', is obtained. We have proven that this

A linear empirical relation of storm-time density changes relation can be used for prediction of density changes during

at 400 km altitude versus Sym-H index ald) ; is worked

storm-time. The main results of this study can be summa-

out for different latitudinal segments and sunlight conditions. fized as follows:

Prime purpose of their work is to find an empirical relation
that can account for the deficiencies of the NRLMSISE-00
model, leading to a better prediction of thermospheric mass
density variations during storm-time.

Miller et al. (2009 also studied the dependence of
CHAMP density measurements on thgindex for geomag-
netically active days4 , > 15). When the effect of solar flux
and seasonal variation is removed, an additive linear increase
of the air density withay, is observed. The functional de-
pendence for both day and night sidesd$102kg/mq) =
0.012ay,. The form of their function is quiet similar to our re-
sult if we rewrite Eq. {1) asp — pamp= 0.5E . Both equa-
tions indicate that the effect of solar wind input is linear and
additive to the background density. Opposed to that solar
EUV flux causes a relative change of the mass density, i.e.
regions of high density are affected stronger than low den-
sity regions Muller et al, 2009.

5.3 The prediction capability

Our linear model based oAy, can reproduce the density
distribution during major magnetic storms as demonstrated
by the example given in Sect. 4. The main features are
successfully predicted by the model, but some under/over-
predictions are found in the 6 latitude bins. This is largely
due to the constant factor 0.5 in E4.1J. For all latitudes
and local times: = 0.5 is found as an average for all storms,
but as a matter of fact, a standard deviation of 0.15 exists
for both low and mid latitudes. The prediction improves if
orbital averages are considered. For the application in or-
bit predictions these average densities are most relevant. For

1. The properly preprocessed merging electric field tracks
the density changes in all phases of magnetic storms
sufficiently well. It is possible to utilize it to predict
density variations during a storm. In order to account
for the memory effect of the thermosphere a 3h inte-
gratedEn, value is applied.

2. A truncation of E, for strong solar wind driving, ac-
cording to the saturation of the cross-polar cap poten-
tial, ®pc, does not reflect the variation of thermospheric
density well. Only if the fullEy, swing is considered the

simple linear relation holds also for super storms.

3. The delay time of density changes behifigh depends

on various factors. Basically, it depends on geomagnetic
latitude, local time and the storm intensity. No seasonal

dependence is found. In this study, a constant delay of
3his used for low latitude, and a local time dependent

delay between 0 to 4.5 h is used at mid latitudes for day
and nightside, respectively. The mean delay of orbit-

averaged density is almost the same as the low latitude
delay.

. The storm-induced mass density perturbation at con-
stant altitude has been found to be an additive enhance-
ment on top of the quiet-time density. It can be ex-
pressed as linear relation between the density Bgd
p =0.5Em+ pamb independent of local time and for all
the storms during 2002 to 2005. The ambient density,
pamb 1S determined from the quiet day before the storm,
and the solar flux influence qmymp during the storm is
taken into account.

that reason we regard the suggested constant 0.5 as a proper

general value for all the storms.

Burke et al.(2007 concluded that, during geomagnetic
storms, local density varies widely but orbit-averaged den-
sity evolve systematically. An example of the prediction for
orbit-averaged density is given in our F&).Consistent with

5.

The linear relation can reproduce the storm-time den-
sity changes, especially the orbit-averaged density suf-
ficiently well. For that reason the proposed model can,
for example, be used for calculating the storm effect on
satellite drag.

Burke et al.(2007), the result shows better correlation coef- ) o
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