JOURNAL OF GEOPHYSICAL RESEARCH, VOL. ???, NO. , PAGES 1-6,

lonospheric data assimilation: Comparison of extracted
parameters using full density profiles and key parameters

Shun-Rong ZhangWilliam L. Oliver,?3 John M. Holt! and Shoichiro Fukab

Abstract. This paper explores the relative accuracy of deriving solar EUV flux, exospheric
temperaturel,,, and meridional winds using complete altitude profiles of ionosphere electron
density as compared to just using key parameters sudN,as, hmax and ionospheric elec-

tron content. Incoherent scatter radar observations at Millstone Hill and Shigaraki and an iono-
spheric model are used in this study. We can make the following points: (1) With either the
profile or key parameter data, the EUV flux can be inferred with little ambiguity, given that
background variables such as the meridional wind are known. (2) The southward wind and
T.x can be simultaneously derived from either type of data. The results, in particular the JO]/[N
results, are similar for the two types of data. The accuracy of the wind result relies much on
the accuracy oh,, as well as the geomagnetic dip angle. (3) A few key ionospheric pa-
rameters are not always sufficient to give a unique definition of ionospheric conditions. Ad-
ditional parameters or even a full profile data are sometimes needed. In general, however, the
key parameter paihmax- Nmax S€EMS to be a suitable assimilation data source, at least for
retrieving the local features of thE,, and meridional wind variation.

1. Introduction variables to climatology values as approximations to their true sta-
tus, or how does the use of background variables affect the inferred
lonospheric measurements provide diverse types of electron dggriables? Second, how is the ambiguity among the variables to be
sity N. parameters. TheV. profile data from incoherent scatterinferred? In partly answering these conceffisang et al[2001b]
(IS) radar gives detailed information about the vertical distributionave assimilated IS rada¥. profile data to examine the uniqueness
but there is relatively sparse temporal and geographic coverafi#.paired variables. Then, by considering the ambiguity problems,
lonospheric characteristic key parameters (descriptors), such aszhang et al[2002] have derived a solar EUV flux scaling factor,
peak densityVmax and its altitudéimax and height-integrated iono- effective exospheric temperatufg. and meridional winds from the
spheric electron content IEC, are easily measured but do not reflectire V. profile measured by IS radars.
the complete features of th€. distribution. With this experience iV, profile assimilation, it is now appro-
Some assimilation methods have been developed to make psiate to address the accuracy of the use of ionospheric key parame-
of these data. Assimilation studies first aim at retrieving the b&ers such a®Vmax, hmax, and IEC for determining the information
sic chemistry and dynamics and then proceed to forecasting iofs+ EUV flux, neutral densities, and winds. The key parameters are
spheric behavior. The basic idea lies in inserting the data intdoging measured constantly with good geographic coverage and are
first-principles model whose driving forces, such as winds, compgssential for current space weather studies. For instance, the effort
sition, solar fluxetc, are adjustable. Optimal values of the drivingf© Perform assimilation with multiple ionospheric data sources has
forces are those giving the best match of the model output to the ddt§en under way very actively in a few research groups working on
Ininferring the neutral wind and sometimes the exospheric tempef@AIM (Global Assimilation of lonospheric Measurements) [e.g.,
ture, previous researchers have assimilategl. [e.g.,Miller et al., Schunk et a.2002], and the Kalman Filter has been applied to
1986; Buonsanto et al.1989; Titheridge 1993], IEC PAntoniadis  thiS study Bcherliess, et 8l2002;Hajj et al., 2002]. The ambigu-

1977], or bothh,nax and Nomax [Richards et al.1998:Zhang et al ity/uniqueness of inferred variables, however, has yet to be seriously

1999; Sojka et al, 2001]. Full electron density profiles have alsc)considered in literature. We examine here the differences incurred

been applied biikhailov and Forste1997, 1999] an@hang et when one, two, or three key parameters are used. We emphasize here

S - __the relative change in our results rather than absolute values, which
al. [2001b, 2002]. Such data assimilation methods are subject Po re discussed tghang et al[2002]. We hope our exercises will

O . . . W
ambiguity between the derived variables. First, when can we Sperf)vide useful information on these ambiguities
Inthis study we use a set df. datameasured by IS radars at Mill-
stone Hill (42.6N, 288.5 E) and Shigaraki (34.8W, 136.TE). We
first describe the data, the assimilative ionospheric model and the
2Center for Space Physics, Boston University, Boston, Massachusett@ss'_m”atlon me_th_od in 599“0” 2, then we compare results from the
3Department of Electric and Computer Engineering, Boston Universitp©file data assimilation with those from the key parameter data as-
Boston, Massachusetts similation in Section 3, and in Section 4 we discuss results from
4Radio Science Center for Space and Atmosphere, Kyoto University,various combinations of the parameters. Section 5 is our summary.
Kyoto, Japan

IHaystack Observatory, Massachusetts Institute of Technology,
Westford, Massachusetts

2. Data, Model and Method

The Millstone Hill IS radar (MHR) and the Shigaraki middle and
Paper number 2002JA009521. upper atmosphere radar (MUR) both provide power profile measure-
0148-0227/02/2002JA009521$9.00 ments which, to get théV, profile, are calibrated with ionosonde
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Nnmax and corrected for plasma temperature effects. IWpadata longitude and latitude gradients are involved, are inverted into the
we used have a range resolution of 48 km for the MHR and 9.6 kwertical TEC. Of course, with all three parameters, we can deter-
for the MUR. hmax and IEC (electron content in 220- to 450-kmmine 1-3 variablesfir, f= and A,), with two parameters we can
height range) are then found from th& profile. Also used is the determine 1-2 variables, and with one we can determined only one
plasma temperature as input to our assimilative model described Bethe variables. We describe below various two-variable fits. The
low; for the MHR this has a height resolution of 48 km and for thgimultaneous determination of three variables (three-variable fit) is
MUR 45 km. lon drifts were measured by the MHR but not by th@esjraple but, as discussed Byang et al[2001], usually yields

MUR for the day we are studying: Day 278 in 1989 when the solgfinary parameter correlations near unity so that nearly complete
activity was high and geomagnetic activity was low. ambiguity prevails.

Our time-dependent model, originated frathang and Huang
[1995] andZhang et al.[1999], solves the O diffusion equation,
derived from the continuity and the momentum equations, and tBe The Profile Fit and the Parameter Fit
continuity equations for NO, OF, and NI’ to computeN, over 3.1 EUV Flux

100- to 500-km altitude. Plasma temperatures are set to measured ) ) )
data. To allow for theE x B drift contribution to the ion vertical  Given that wind speeds are often available from IS radars or cli-

motion, we use the measured meridional ion drift perpendicular fatological models, we have implemented fan fr adjustment.

the geomagnetic field for the Millstone Hill computation and aﬂ-his 2-variable-search method is good for climatological studies but

empirical MU radar ion drift modelZhang et al. 2001a] for the might be more questionable during highly dynamic or unusual times

Shigaraki computation. when drifts are poorly known. Once accurate information on drifts
Neutral composition, temperature, winds and solar flux are tigadded into the assimilation, then we can determine the tempera-

model variables to be inferred. They are obtained by adjustmenttofe and wind unambiguously. For our present study, since we care

their initial (climatology) values to give a best match with tNe  about the relative changes of derived variables due to changes of

data: the profile or key parameters. We use the mass spectromeiste type, this 2-variable search is suitable whether or not we know

and incoherent scatter (MSIS86) modeledin 1987] to generate the wind accurately.

an initial atmosphere where exosphere temperéfués critical 3.1.1. Profile results andVpmax-Pmax-IEC results. When

in determining the scale he_l_ght of atmqsphenc species and ther%liﬂusting thefz-fr pair, as shown in Figure 1 (upper panel), the

affects the neutral composition at all altitudes above the base of e gata assimilation (dots) for both sites yields a weak binary

_th_e_rmosphere. We ad]u.m?" by a multiplicative factc_)r,fT. AS_ correlation in the morning and a strong one near noonNhex-

initial values of the meridional wind, we use, for Millstone HIII‘hmx-IEC data assimilation yields similar correlation variations (di-

the wind derived from ion drift measurements [S@sseuy 1969 amonds). Changes inthe EUV flux produce proportional changes in
for this traditional wind determination method], and, for Shigaraki . 9 P prop 9

an HWM-like [Hedin, et al, 1991] height-independent horizontal”, Jensity: Changes in [O] produce proportional changes i[O
wind model called the MUR HWMMU modekKawamura et al, When the optical depth is small &t but not when the optical
2000], developed from ten years of MUR measurements. Adju&@pth is large. _(The accurate calculation _of the optical depth for
ments are made by adding a height-independent value, The large s_olar zenith a_ngles may be suscept_ll_ale to errors pecause of
solar EUV model for aeronomic calculations (EUVAGifhards ©rrors in cross sections and neutral densities). This optical-depth
et al, 1994] is our initial EUV flux specification and is adjusteceffect yields a largd...-EUV correlation near noon but a smaller
with a multiplicative factorfz. correlation in the morning when the slant path is long. A meaning-
Our variable adjustment and determination to gain the hest ful EUV flux can be obtained by averaging the houfly, weighted
fit is accomplished with a standard nonlinear least squares fittiiityersely as the variance of the hourly result, for periods of weak
algorithm of the type presented Bgvington and Robinsda992]. EUV-Te. correlations. Table 1 showfs: values so derived for both
This also provides estimates of the uncertainties of the variablgites. The average for the two sites is 0.79 as the profile data are
determined and their interparameter binary correlationsZ8arg assimilated, and 0.77 as the three parameters are assimilated, indi-
et al. [2001b] for details about the profile fitting. For the key pacating agreement for the two types of data.
rameter fitting, the function” to be minimized takes the following  3.1.2. Profile results and Npax-Pmax results. We now

form: drop the IEC data and use onlYmax-hmax fitting. This gives
EUV-T. correlations (crosses in the upper panel, Figure 1) similar

v (Frs Aw, f2) — N 2 to what Nimax-hmax-IEC fitting gives. The resultingg is 0.76,
Y2 = max T’M\’f‘” 2 ma"] close to the 0.77 given by th¥,,ay-hmax-1EC fitting.
L max 3.1.3. Adjusting the fg-A,, pair. fr can be obtained by

[ Hunax(fr, Aw, f£) — hmax:| ’ adjustments of another variable pafiz and A,,, assuming that

Ohmax Tex can be set to the MSIS model value. It yields a weak corre-
- _ 2 lation betweenfr and A,, (dots in bottom panels) for the profile
n IECm(fT,éfIlng) IEC] . data and for théVmax-hmax data as well (crosses in bottom pan-
els), but relatively high for th&Vmax-hmax-IEC data (diamonds in

In the above equatiolVimax, fimax andI EC are the measured dataPottom panels). The meridion_al wind basicall;_/ aIﬂ@,t;gx a.nd con-

and Minax, Humax andI EC,, are the corresponding model Va|uessequently the rates of production and recomblnat_lon of ionization at
8 Numax, Shmax, anddI EC are the uncertainty of the three key paftmax While the EUV flux affects only the production rate; thereby
rameters. For this exploratory study, we 88, = 10°m =2, the fz-A,, correlation is weakhmax, being wind sensitive, is con-
Shmax = lkm, and§TEC = 125 x 10*m™~2, which are very tained in theVp,ax-hmax data set with higher weighting than in the
rough estimates of the data uncertainty. The uncertaintiVgr,  Vmax-hmax-IEC data set, which is more “density-oriented.” It is
and hmax are relatively small; the uncertainty for IEC is assumewell known thatNm.x and IEC are highly correlated because the
to be slightly large in order to account for the practical conditiomajor contribution to IEC comes from near the peak. We therefore
when a slant Total Electron Content (TEC) measurement, whesee the higher level of théz-A,, correlation with the IEC data
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added. Thefg value thus derived, however, is associated with thilillstone Hill, both wind estimates deviate from the ion drift-based

climatology of the MSIST .. radar wind (solid line). It is true that that the radar winds are not
alway accurate when the neutral density assumption is questionable.
3.2. Tex and Meridional Winds But to go back to the original data and re-derive a wind every time

we make a MSIS density adjustment is a complicated process, and
the magnitude of the effect is uncertain. A further study needs to be

be 0.79, although any reasonable value can be taken for this st ne to determine the magnitude of its potential effect. In addition
emphasizing the relative changes of derived variables. Figurd®that, several aspects associated with wind effects antouata
shows the derived.. (panel (a)) and southward wind (panel (b)) for@Y €ad to the discrepancy betweenebased wind and the ion
assimilatingNmax-hmax-1EC data from the MHR. Error bars rep- drift-based wind, and between the winds from the profile data and
resent the standard deviation uncertaiffty, exhibits a depression e key parameter data. Millstone Hill h%S/ an magnetic dip angle
before noon and the wind shows fluctuations. The large errors ath.3” 70deg thus the neutral wind effect on Qvertical motion is rel-

LT result from the high windF., correlation (panel (f)). Panels (c)- 2lvely weak due tein I cos I ~0.28, whereasin I cos 1 ~0.50 for

(e) display comparisons between the origiValax-hmax-IEC data Shigaraki withI ~ 48, almost as large asn I cos I can become.

(diamonds) and those generated by the model for the best mafdfCeNe andhmax are less sensitive to wind changes at Millstone
The fitting is found to be excellent. Hill. A significant wind yields a smaller profile change, and our

Zhang et al.[2002] have shown in detail. and meridional attempt to get wind estimates from either the profile or the parame-
. ex . . .

wind results from the profile data for the both sites. Here we corff" data may have incurred large uncertainty. With the 48-km range

pare those results to th¥max-hmax-IEC parameter-fitting results resolution of Millstone HillN. data applied for the present study,

described above. We first examine the wifig-correlation coef- € accuracy of results may further worsen. Tiig.. data based

ficient (Figure 3). Both sites give generally small correlation coef2! such pro_ﬂles V_Vlth coarse height spacing may not be accurate
ficients for fitting either profile data (dotSNmax-hmax-IEC data €NOUGh t0 give reliable winds.
(diamonds), 0Ny ax-hmax data (crosses). There seem no signif:
icantly patterned differences among the correlations obtained wﬁhg'
the three types of data. A slightincreas@in generates higher [O]  Now that the derived’.x values from the two types of data are in
and [N] but lower [O)/[N:2], so a denser neutral atmosphere givegeneral agreement, and so are the winds, it is necessary to check if
rise to highehmax (diffusion lessimportant) through decreasing thehe calculatedV, profiles agree with each other and with the original
O loss time constant (life-time) and increasing the diffusive timexperimental profile. Three profiles are plotted for each of several
constant, and lower [O]/[) causes loweNma.x. Butawind change hours for Millstone Hill in Figure 5. The solid line represents the cal-
cannot duplicate & change, since a southward wind causgs.  culated profile based on assimilatiMg,ax-hmax-IEC data, and the
and hencéVm.x to increase (a higheWmax is a result of a higher dashed line represents the calculated profile based on assimilating
hmax, Where [O)/[N:] is larger), but no wind change can causehe profile data represented by circles. For most times, agreements
higherhmax and lowerNmax as carlex. are seen for the three profiles. This is not surprising because the
The inferredTex and southward wind, together with the 300-model driving forces (variables) derived do not differ significantly.
km [O]J/[N] ratio are shown in Figure 4T, values at Millstone However, there are cases, e.g., at 1400 and 1600 LT, when the profile
are basically lower than the MSIS values (solid line) but similar tassimilation (dashed line) reproduces well the original profile data
those given by the energy equation technigBater et al, 1970] (circles), while the parameter assimilation reproduces (solid line)
in a climatology study byBuonsanto and Pohimgni998]. Anin- well the original Ny,ax-hmax-IEC data but not the full profile data.
teresting noon (and pre-noon) depression is seen and resemblegtithese times, eithéf., values or winds from the two types of data
one reported bPliver and Salatj1988] with the MHR data and the show departures too (see Figure 4).
Thermospheric General Circulation Model. The Shigafakidoes This kind of ambiguity implies that the same set of key parameters
not show a depression around noon and is high in the afternoon, owgeuld pertain to differen. profiles corresponding different atmo-
the MSIS value. For 0800-1000 LT, our results for Shigaraki apheric conditions, and only two or three parameters is sometimes
similar to those given bPliver et al.[1991], based on the energy insufficient to give a unique definition of the ionospheric conditions
equation method for similar geophysical conditiofis,, the effec- even for theF, region. When this happens, other assimilation meth-
tive exosphere temperature, is rather high at 1300 LT and 1500 bdis or additional data should be considered. On the other hand, itis
reaching about 185K for reasons not quite clear to us. In fact, theoften desired for a physical model to reproduce the et¥irgoro-
F»-layer peak density is largely proportional to the [O}¥[Mensity file through fitting only key parameters.N. andhmax and having
ratio, because the Oproduction rate is basically proportional to [O] the correct plasma temperatures. Indeed, forXheprofile well
while its chemical loss coefficient is proportional to the moleculaabove theF, peak, if Nmax, hmax are forced to follow observa-
gas density [N], so a photochemical equilibrium solution of thetions by adjusting the solar EUV flux, neutral composition, and
electron density around the peak involves the term of [Q][M1  meridional wind, and plasma temperatures are set to observations,
this sense, the effective exosphere temperafiwean be regarded then the physics of the profile should be well determined, since the
essentially as a proxy for affecting the [O]AN\Nchange. EUV flux and [O]/[N:] effects and the wind effects have been sim-
But more meaningful than the absolute value§'gf is the fact ply represented by, individuallyV,ax and hmax, and the profile
that the Shigarakil., from the profile data (dots) and from theshape is associated with diffusion effects influenced by the plasma
Nmax-hmax-IEC Tex data (triangles) differ by less than 100 and temperatures.

Assuming that the EUV factor is knowd,.,, and meridional
winds can be simultaneously determined. We takefthéactor to

Profile Comparisons

so do theT, results for Millstone Hill. The [O]/[N] ratio differ- The shape of théV,. profile around and below the peak, how-
ences for the two types of data are small; smaller than the offester, does not depend on variations of the EUV flux, [O}][Aind
from the MSIS ratio. wind in a simple manner. It particularly depends on diffusion and

The meridional wind for Shigaraki is basically around the empiehemical loss processes, for which the height distribution of atomic
ical HWMMU values (solid line), and the profile data-based win@nd molecular densities and the neutral temperature are important.
(dots) agrees well with th&/,ax-hmax-IEC data-based wind. For Therefore additionaN. data (other than the parameters) should be
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supplied for inferring unambiguously the complete physics of tHe. Discussion

profile. For some particular conditions, disadvantages of using peak . . .
parameters may become a problem, €\g.sometimes varies little The accuracy of the absolute values of derived variables is a prob-

with altitude aroundk.,ax such that the “peak” height is either hard!€m beyond the scope of this work. As stateddyang et al.[2002],
to locate or loses its practical meaning; there are occasions (dfse inferredTe.x is essentially a proxy for affecting the [O]/pN
turbed periods and summer conditions) wheh @ay be depleted change sinceV. near theF: peak is proportional to the [O]/[N
to an extent that théVmax occurs at the peak of the lower-altituderatio during the daytime. If factors other than thermal expansion
molecular-ion layer; when an empirical method of dedudingx  have caused [O]/[M to change, oufl., becomes an “effective”
from the M3000F2 factor is applied, convenient for handling a larggcospheric temperature, of reduced physical significance, whereas
volume of historic data, it leads to an inherent uncertainty of 20-2go [O)/IN2] ratio is still meaningful. Ouflsy tends to be very low
km, on average. around noon at Millstone Hill and high in the afternoon at Shigaraki,

] ] suggesting that other factors have indeed affected [)ENd our
4. Various Key Parameter Fits results at these times may not be considered as a true estimate of

the exosphere temperature. The accuracy of the data and the as-

. Itis alsp desired to infer atmospherl_c |nformat|on from Certalgimilative model need also to be taken into account. Although the
ionospheric data, for example, to obtain winds frém.x and to

obtain Ty from Nuax or IEC. It is in particular the case when ph+ysics 'and chemistry are r.elatively simple during the.day.for the
data availability is limited for ionospheric data assimilation studie§ dominantregime, modeling errors due to effects of vibrationally
Here we investigate, in order to obtain one specific varidhilg ¢r  €xcited N and G, and in photoelectron production, cross sections
wind), which key parameteNuax, hmax OF IEC) or key parameter and reaction rates may bias our results.

combination yields the best results. We compare the parameter-As stated before, our EUVAC modification factfys of 0.79 has
based variable to the profile-based one for examining the goodnbesen obtained from the 2-variabl¢s-fr) search with the third

of results. As samples of this effort, Figure 6 shows the results feariable (meridional winds) set by a climatological model and not
inferring Tex at Millstone Hill and Figure 7 for inferring southward adjusted. Suchfz depends generally on the validity of the third
Wingis at Shigaraki. Tables 2-4 summarize the devigtions from thgriable, although we do see weak binary correlations betyigen
profile data-based parameters. We see that certain parametergof \yinds, the third variable, as indicated in Section 3.1.3. Using
their combinations deviate substantially from the profile result. this £, we obtain neutral winds in thé - f- search (Section 3.2).
4.1. Toyx and [O)[N2] This wind result is more than just a noisy version of the assumed

) ] o ) climatological winds, because our 0.79 factor is an optimal value
Table 2 gives the daytime average deviatio@gfin percentage, oniained by considering the individugik as well as the fitting error
defined as 108 | 1 —T.x(parametersyex(profile)|. For Millstone information for each hour

Hill, there appears significant deviation (4196) for IEC, which con In spite of the uncertainty for deriving absolute values of the vari-

tains electron density information over a wide height range but iqal usi de for the relative ch fih iabl
a height-integrated sense. Ff.ax, the deviation is 13%; adding 2P!€S: our conclusions made or the relative changes of the variables

humax Makes little difference (from 13% to 12% for Millstone). Thisin résponse to changes in the data type, from the profile points to
is not the case for Shigaraki where there appears 20% or 17% devatious key parameters, are still valid.
tions forNmax or IEC, and adding max t0 Nmax Causes a significant
reduction of the deviation (to 6%), suggesting the importance of t| .
hmax data for Shigaraki’s ;ssimil)atiog.g ’ P %e Conclusion

The balance heighti,) between the chemical loss and diffusion, ~ Assimilation of incoherent scatter radar electron density data
which the I peak height is located around, depends on the geégom Millstone Hill and Shigaraki into an ionospheric model has
magnetic dip anglé because the diffusion velocity is proportionalyeen performed to infer the solar flux, effective exospheric tempera-
tosin” 7. In fact, hy, ~ B/(dsin” I) whereg andd are O loss tureTe,. ([O]/[N2]), and meridional wind. These ionospheric model

gquugrr:gya?g%igglgﬁzggcf ?f'g'ggt Tﬁlefl:;?ntﬁeH!g;elrate Ofvariables are adjusted to give best match of the mdgeo the data.

changes in the ratig/d as a result off., modifications will give Wg explore the rel.ative accgracy of dgriving the;e three variabl.es
rise to largerhmax changes at Shigaraki than at Millstone Hill, orUSing complete altitude profiles of the ionospheric electron density
We can sayimax is More sensitive t@%, changes at Shigaraki. In as compared to just using key parameters of the ionospheric peak
general, the data S&fmax-hmax providesTe, values with a fairly (Nmax andhmax) and of the ionospheri¢’ layer electron content
good accuracy (small deviation), and adding IEC data does not se@EC). We find that:

to imprc_;vg the accuracy much. Table 3 shows the [Off [fdtio re- 1. With either the profile or key parameter data, the EUV flux
sults, similar to those in Table 2. Again, the data 8gfx-hmax  can be inferred with little ambiguity, given that background vari-
provides reasonable accuracy. ables such as the meridional wind are known.

42 Winds 2. The southward wind anf.x can be simultaneously derived
o i ) o from either type of data. The results, in particular the [O}[N
Table 4 is for the daytime average deviation of southwarggyits, are similar for the two types of data. The accuracy of the

winds (not the percentage but the absolute deviation defined\@s  result relies much on the accuracy faf.ax as well as the
|Wind(parameters)-Wind(profilg) Inferring winds fromAmax geomagnetic dip angle.

data alone contains 35 m's error for Millstone Hill and 15 m 3. A few kev ionospheric parameters are not alwavs sufficient
s™! for Shigaraki. The greater deviation at Millstone Hill is due to y P P Y

the larger dip angle, which yields smalken I cos I for inducing  © give a unique definition of iqnospheric conditiqns. Additional
vertical motion of ionization, so that the meridional wind can ndé@rameters or even a full profile data are sometimes needed. In
be so easily tracked as it can be for Shigaraki by¥hevariations. general, however, the key parameter fgif.x- Nmax seems to be
The 25 m s* average over both sites can be reduced to 16 n sa suitable assimilation data source, at least for retrieving the local
by addingNmax data. features of th& and meridional wind variation.
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Figure 1. The uniqueness of the inferred EUV flux. Left panels are
for Millstone Hill and the right for Shigaraki. Top panels areTex-
EUV correlation coefficients and the bottom for Wind-EUV. Dots
are obtained with the profile assimilation, diamonds wih .-
hmax-lIEC data, and crosses wiffi,ax-hmax data.

Table 1. EUVAC Factorfx for Different Assimilation Data Sets  Table 3. Percentage Deviations of Inferred 300-km [O}[Nrom
Nmax, hmax and IEC to Those from th&/. Profile®
@ Values are daytime averages.

Data Millstone Shigaraki Average
. Data Millstone Shigaraki Average
profile 0.80 0.78 0.79
Nmax-hmax-IEC 0.78 0.75 0.77 N b EC 1 6 9
Nmax-hmax 0.77 0.75 0.76 e Tmax

Nu)ax'hmax 13 6 10
Nmax 14 17 16
Table 2. Percentage Deviations of Inferr@@. from Nmax, Amax IEC 28 13 21

and IEC to Those from th#&/. Profile®
% Values are daytime averages.

Table 4. Absolute Deviations of Winds fromfVimax, hmax and IEC
to Those from théV, Profile*

@ Values are daytime averages in unit of m's

Data Millstone Shigaraki Average

Nmax‘hmax‘lEC 9

Data Millstone Shigaraki Average
Nu)ax‘hmax 12 6 g g
Nmax 13 20 17
IEC 41 17 29 Nu)ax‘hmax‘lEC 17 25 22
Nu)ax'hmax 22 10 16

hmax 35 15 25
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Figure 2. Assimilation results withVmax-hmax-IEC data set for
Millstone Hill and EUV flux is 0.79 times the default model val-
ues. (a) The inferred.x (dots and error bars; the solid line is
for MSIS model, (b) the inferred southward wind (dots and error
bars; the solid line is the default model values of horizontal wind
model(HWM)-like model for MU radar (HWMMU)), (c) original
hmax data (diamonds) and fitted values (dots), (d) origiValax
data (diamonds) and fitted values (dots), (e) original IEC data (dia-
monds) and fitted values (dots), (f) Wirldx correlation coefficient.
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Figure 3. The uniqueness of the inferred wind &fid indicated by
their correlation coefficient for Millstone Hill and Shigaraki. Dots
are obtained with the profile assimilation, diamonds wih .-
hmax-lIEC data, and crosses wiffi,ax-hmax data.
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Figure 4. Comparisons of inferred variables for different assim-
ilation data. Left panels are for Millstone Hill and right panels
for Shigaraki. Top panels are f@f.x, middle panels for 300-km

[O)/[N -] ratio calculated with the the mass spectrometer and in-

coherent scatter (MSIS86) model for the inferfed, and bottom

panels are for southward winds. Dots are obtained with the profile
data assimilation, triangles Witk ax -

hmax-IEC data, squares with

Nmax-hmax data. Solid lines in the top and middle panels are for

the MSIS model values, in the bottom panels they are ion drift-based
wind measurements for the left panel, and HWMMU model values

for the right panel.
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Figure 5. Profile comparisons for Millstone Hill at each hour from
0800 LT to 1600 LT. Circles are for measurements (the error bars
is an assumed 10% uncertainty for the data), solid lines are the best
matched model profile from the profile data assimilation, and dashed
lines are the best matched model profile frdfax-hmax-1EC data
assimilation.
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Figure 6. Comparisons of the inferréfl.. and [O]/[N:] for different
assimilation data over Millstone Hill, The top panel is . and
the middle panel for 300-km [O]/[N ratio calculated with MSIS86
model for the inferredx. Dots are obtained with the profile data
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Figure 7. Comparisons of the inferred southward winds for different
assimilation data over Shigaraki. Dots are obtained with the profile
data assimilation, triangles wifliax-hmax-IEC data, squares with
Nmax-hmax data, and crosses withn. data. The solid line is for
HWMMU model values.



