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ABSTRACT

The new NRLMSISE-00 model and the associated NRLMSIS database now include the

following data: (1) total mass density from satellite accelerometers and from orbit

determination, including the Jacchia and Barlier data; (2) temperature from incoherent

scatter radar, and; (3) molecular oxygen number density, [02], from solar ultraviolet

occultation aboard the Solar Maximum Mission (SMM). A new component, "anomalous

oxygen," allows for appreciable O ÷ and hot atomic oxygen contributions to the total mass

density at high altitudes and applies primarily to drag estimation above 500 km.

Extensive tables compare our entire database to the NRLMSISE-00, MSISE-90, and

Jacchia-70 models for different altitude bands and levels of geomagnetic activity. We

also investigate scientific issues related to the new data sets in the NRLMSIS database.

Especially noteworthy is the solar activity dependence of the Jacchia data, with which we

investigate a large O ÷ contribution to the total mass density under the combination of

summer, low solar activity, high latitudes, and high altitudes. Under these coflditions,

except at very low solar activity, the Jacchia data and the Jacchia-70 model indeed show

a significantly higher total mass density than does MSISE-90. However, under the

corresponding winter conditions, the MSIS-class models represent a noticeab_i-e

improvement relative to Jacchia-70 over a wide range of FreT. Considering the two

regimes together, NRLMSISE-00 achieves an improvement over both MSISE-90 and

Jacchia-70 by incorporating advantages of each.



1. Introduction

The NRLMSISE-O0 empirical model of thermospheric composition and temperature is

now available for access and Use by the scientific and operafiona] communities (Appendex,

subsection A.4). This paper compares the new model to the standard scientific (MSISE-90

¢'[Hedin, 199 I]) and operational (lacchia-70 [.Iacchia, 1970]) empirical modds presently in use,

through statisticaI comparison with the previous MSIS database and with the newly added data

sets that make NRLMgISE-00 unique. We then address scientific issues related to the newly

added data.

This milestone fulfills our initial goal of preserving and continuing the line of MSIS-class

models. Empirical models of the then-nogphere and upper mesosphere are an indispensable tool

used by the operational and upper atmospheric r e_earch communities for data analysis,

initialization of detailed physics-based modds, and mission and instrument design. For over a

decade, the mode!g of choice among _eien_ist_ have been the Mass Spectrometer - Incoherent

Scatter Radar (MSIS-class) models of upper atmospheric composition and temperature: MSIS-86

[Hedin, 1987], which ranged upward from 90 kin, and MSISE-90, which extends from the

ground to the exobase. Some research communities continue to use the CIP.A-86 climatology,

which consists of two overlapping specification< _able_ generated from MSIS-86 for the

thermosphere (altitude z > 100 kin; http://nssdc.gsfc.nasa.gov/space/model/atmoslcosFax2.html))

and tabled based on averages of global data compilations for the meso;phere and below (z < 120

kin; http:llnssdc.gsfc.nasa.gov/space/model]atmos/cosparl .htmd). Operational communities use

the Jacchia-class models or in some eases, zhe extremely limited US Standard Atmosphere

(http:llns_dc,gsfc.nasa.govlspace/model/atrnoslusstanflard.btml) The database underlying

operational Jacchia models (1970 and earlier) consists of totJ mass density derived from orbital
£:a..4

decay of objects which flew during the 1961-70. Past MSIS-class mode.Is derived from over two-

decades of data on composition, temperature, _d total mass donalD', rather _an from orbital

dynamics.

For estimating tote/mass densiLy, r_heNRLMSISE-O0 model and its underlying database

are at least comparab]e to the Jacchia-class models, given the inclusion of numerous orbital drag

(F. Barlier, private communication to A. Hedin) and accel_ometer data sets (F. Mottos, private

communication). A notewor&y addition to the database is the actual orbital decay data on which
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:heJacchiamodelsareprimarilybased.Themodela.Isoincorporate_recentdataon temperature

and molecular oxygen number density, [02]. The new data sets _e extensive in size, spafia]

range and the time p_iod covered and represent significant departure_ from the MSIS database

used to produce previous generations of the mode, l.

This upgrade ]s important because the MSIS and Jacchia models do not depend on

cale.ndar year and cannot directly track any gradual changes in the atmosphere due to

anthropogenic or solar infiu_ces. The only way in which e.mpirical models can maintain

currency with the recent state of the atmosphere i_ by continually adding recent data to the

daiaba_e and then modifying the parameter set. In addition, in._trumentation and data processing

methods have improved and ha_,'e become more diverse, potentially alIowing _he addkion of

higher order term_ and reducing th e uncertainty of the mode] coefficienm. To accommodate new

data, the formulation of the mode] and the methodology for generating it have become more

robust (Appendix).

One chmnge is particularly worthy of mention. The inclusion of drag data in a neutraI

a_mospheric mode/has required us ro account explicit]y for high altitude O* and hot atomic

oxygen component.s, which might contribute appreciably to drag under some conditions (Section

4. l). As a result, the N'RLMSIS formulation now explicitly includes a component, called
,_.

"anomalou_ oxygen," to accou_e contribution of these species to _atell]te drag at high

altimde._ and permits the user to compute both the "thermospheri c mass density" (or "total

neutral mass density") provided by pas_ generations of MSIS and an "effective" mass density,

which denotes the sum of the the_"mospherjc mass density and the anomalous oxygen

contribution at altitudes near the exoba__e.

To introduce the new model, So.ion 2 describes the newly added data sets and their

relatio_hip to the previous database. Section 3 pre_ents statistical comparisons of NRLMSISE-

00, MSISE-90, and Jacchia-70 with the N_LMSIS database. The statistical tables significantly
.v/

augment a previou_ report on drag and accelerometer data [Hedln, 19gg]. Secdon 4 discusses

important scientific issues related to the new data and model, and Section 5 discusses our

conclusions regarding NRLMSISE_00 and the direction of %ture development. The Appendix

summarizes the formulation, generadon, and access of the new model and addresses the use of

orbital drag and accelerometer data to generate NRLMSISE-00.
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2. TheNRLMSIS databaseandmodel

2.1.Relafion._hip to past models

NRLMSISE-00 retains the calling sequence and arguments of MSISE-90 and earlier

MSIS moflels-_n the remainder of the paper, we will often exclude the designation "g-00" for

the sake of brevity. One can usefully interpret the NR.LMSIS model as a flexible, semi-empirical

view of its extensive underlying database. That is, the model takes statistical variability into

acconnt while interpolating among, or extrapolating, the underlying data sets to estimate

composition and temperature for times, geophysical conditions, and locations not covered

specifical}y by the database. As with earlier versions of the MSIS-class models, the NR.LMS!S

database includes ground-, ro,.ke_-, and satellite-based measurements. The data underlying

MSISE-90 cover the period 1965-83 an%pcriv om incoherent scatter radar (ISR), mass

spectrometer,, _;olar ultraviolet (UV) occultation, pres._ure gauge, falling sphere, and grenade

detonations. Until now, the database has not included either drag measurements, on which the

Jacchia models wee based, or satellite-borne accelerometer data. The new NRLMSIS upyacle
•__._

includes those data sets.

Both the MSIS and Jaechia models are sensitive to the level of geomagnetic activity and

provide an estimate of the average upper atmospheric state under geomagnetic storm conditions.

However, at high latitudes and high geomagnetic activity, the databases are sparse, and as

statistical averages the models do not capture the local stru_ure and shorter time sea.los

associated wi_h any particular storm. The NRLMSISE-00 model remains a statistical aw_rage,

but the database now contains more data coy,ring extremes of location and forcing.

2.2. Expanded database

The most important upgrade has been the addition of recent data sets and new categories

of dare to augment the NRLMSIS database _nd model:

(a) Satellite drag [Jacchia, 19"70; Barlier, 1978; Hedin, 1988]: orbit determination (!961-1971);

(b) Accelerometer (Hedin, 1988; F. Marcos, private communication): Atmospheric ExpIorer

(A.E-C, D, E) MESA [Champ_n and Marcos, 1973], Air Force SETA [Rhoden et el., 2000],

CACTUS [BoudJoon et el., 1979], San Marco-5 [Ardum'/i et el., 199"/]]:



(c)Incoherentscatterradar(ISR)-e×ospherictemperatureCYex):MillsloneHill(I981-97;

[Buonsa.ntoand Poh]man, 1998]),Ar_¢ibo(I985-95;[Me]endez-Alviraetel.,1998]

(d)[SR -Lower thermospherictemperature(Tlo,_):MillstoneHill(1988-97;Ooncharenko and

Salah [1998].

(e) Solar Maximum Mission (SMM) 02 density data derived from occultation of _olar UV
w-"

emissions [Aik[n et el., 1993].

Ingesting the drag and accelerometcr data on total mass density (p) promi._es to remove a

postulated deficiency of MSIS for orbital tracking applications. With the inclusion of the Jacchia

data, the mote extensive and welI-documented NRLMSIS database should equal or improve the

statistical predictions of p and of drag over those of the Jacchia models. We expect to tes_ this

hypothesis by applying the model to op_,-a_ional precision orbit determination and prediction

[K_now_"eset el., 2001]. An important point is that the new data on total mass density also
/

influence the mode] coefficients for both temperature _d composition. These differences should

become apparent as NRLMSIS is comp_ed to addltJonal data sets.

The incoherent scatter radar data directly influ_ee the model temperature, which is the

core of the MS!S formulation. Further, the new data cover an appreciable fraction of a solar

cycle or more and are vital for both testing the existing models and producing new versions. The

methods of ,_roces_ng ISR data have also undergone significant improvemen_ over the last

decade, increasing the qu_ity of the inferred ionospheric prope_ies [Oonzale;___and Sulzer, 1996].

This factor imparts high value to our new data sets.

The Millstone Hill data on lower thermospheric temp_amre (Tto_) cover 100 km _<z
/-

_<130 km [Goncharenko and Salah,- I998]. In this regime, the neutral temperature is

approximately equal to the ion temperature, so that extraction of the information is

straightforward_ . These hig q.)h ualjt ' data permit us to check and reinforce key .MSIS temperature
_"_','_'._--t_c£._,.._ ¢-._-.--_-.

model parameters and _ important m defining the model at the mesopause..

The SMM mission provided data on the molecular oxygen number density [02] over the

altitude range 140-200 k'm and over a wide range of solar activity. Prior to SMM, direct

measurements of [02] above 150 .kin were not available a_ high solar activity. The SMM

occultation measurements suggest that dissociation may increase sufficiently to keep thi_ d_sity
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nearlyconstantaE200km assolaractivityincrease._[Kayser,1980;Aikin etel, 1993]. These

dataarenowpartof theNRLMSISdatabaseandwill beimportantin determiningdependenceon

thesolarextremeultraviolet(EUV)flux andonmagneticactivity.As aresult, the data should be
J

particularly useful in future analysis of het_er EUV proxie_ (e.g., Lean et el. [2001]). On the

other hand, the longstanding conflict between mass spectrometer and solar UV occultation

measurements of thermospheric [O.,] has had a profound effect on NRLMSIS, because the

occultation data do no_ follow diffu;_ive equilibrium, contradicting mass spectrometer data [Aildn

et el., 1993]. At the same time, the latter could be biased toward high value_ by recombination

of atomic oxygen within the instrument. As an example, the two sources disagree on avfirage by

a factor of two or more at 200 kin. The SMM data set has therefore required alterations in the

formulation of .NrRLMSIS (see Appendix) and has significantly influenced the dependence of

[02] estimates on Fro7 (Section 4.2).

3. Statistical comparisons of models to data

A key component of this paper is the presenter_ion of coarse statistical measures (bias, _,

and standard deviation, (J) to gauge the agie_ment of the commonly used empirical upper

atmospheric models (MSISE-90 and, Jacchia-70) and the new model, NRLMSISE-00, with the

NRLMSIS database. G:neraIly, the bias is the weighted mean of the residuals (dl - m_} between

_he data set {di } rand the corresponding mode] estimates {mi }, thereby measuring their systematic

differences. The weiehting factor for a given data point is the squared reciprocal of the attributed

error, and angle brackets "( )" deno:e the weighted mean. Positive bias (}) indicates that a model

underestimates the me_ared density values on average while negative bias signifies

overestimation. The ._ta_dard deviation is ({(di - ml) 2) - _32)_'sand measure._ a model's coverage of

the time scales and phases implicit in the data. However, _ a.Iso reflects the noise implicit in the

data _ets, so that the standard deviation can be somewhat ambiguous. When the three models are

compared with identical data _ets, the relative values of _ should give an indication of _he

a_eement of the various models _ith measured time scale_ and the associated phases.

The NRLMSIS database consisu of two components: the complete da_a eels a/cquired

from the various sources and the subset of da_a "selec'_ed" _o generate the mode. Hedin et el.
e

f] 977] described the selection process, which was desired to ensure the wides_ coverage of the

hyperspace of subroutine arguments while satisfying constraints imposed by computing and
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storage limitations. Hedin's method also avoids dominance of _he model coefficients by only a

few large data sets, although this can also be accomplished by proper weighting of data-model

residuals in computing X'. In order to insure against domination of NRLMSISE-O0 by the new

data sets and to maintain consistency with past MSIS versions, we have performed a similar

selection from the new data.

The tables of (!3, _) values include both the model generation database and the complete,

newly added data sets. For temperature T, the cables show ]3 -=(Ti(data) - Ti (model)) and q -

(([Ti(data) - Ti(model)] 2) - J32)'a. For species number density and total mass density, we have

computed the bias as !3 = exp(log=(p_ (data)/Pi (model)) -I to provide an average fractional

density bias and have computed the standard deviation as o" = ((logd'{ Pi (data)/Pl (model)}) -

_32)'a. The number of tables is sufficiently large tha_ they have been placed in the AGU

Electronic Dataset A.rchSve for access by interested readers. In our discussion below, we denote

these tables by A l(a)-(c) to Ag(a)-(c), where "A" a/gnifies "archive" and (a)-(c)denote,

respectiv_y, quiet (A;, _<I0) and active (Ap-> 50) geomagnetic eondition._ and the union of-all

geomagnetic condition; ("all" data). The tables abbreviate the nannes of the models to N00

(NRLMSISE-00), M90 (MSISE-90), and J7O (Jacchia-70). The tables cover total mass density

(p), temperature, and individual species (excluding anomalous oxygen). For the tables relating

to quiet conditions and to all data, the calculations u;ed only data points deviating from the new

model by 15 × the associated error, or less. For active conditions, the database was sufficiently

_parse that all high activity points were used to construct the tables. Finally, for "all" and Ap >

50, we used the 3 h_rap inputs to the NRLMSISE-00 ("N00") and MSISE-00 (':MgO") models,

while for quiet conditions, we used the daily Ap input.

The bi_ and standard deviation are coarse measures, and are useful primarily for simple

error analysis. Statistica2 differences among models often appear to be moderate and are not

consiatent across all data sources, pote.nti_ly masking trends _d systematic differences. Relative

to our database, the most obvious difference; among the mode]._ involw the standard deviation

of the model-data residuals. While _ is comparable among the models regarding temperature and

total mass density, NRLMSISE-00 shows better performance for composition, especially a_

Nti_de increases. The latter effect also occurs for exospheric temperature but is not pronounced.

For Jacchia-70, the best temperature results relative to the M._qIS-class models occurred for the



combinationof loweraltitudes_d satellite-basedobservations.Ai highgeomagneticactivity,

comparisonswith thedatashowedsimilaror degradedperformanceof all modelsrelativeto the

low geomagneticactivitycases.

Considerationof keydriversor variationsmakesthedifferencesamongmodelsmore

apparent(e.g.,seethenextsectiononvariationswith the._olarEUV flux, as represented by

Fro.7). In addition, comparisons of the models for selected data sets can sometimes be

illuminating, if the user has "knowledge of tho_e particular data sets, if the data sets derive from

the same or aimilar sources, or if particular altitude or geoma_etic activity ranges are

emphasized. As an example and as an introduction to Section 4. ! on anomalous oxygen

contributions to total ma_as density, Table 1 below compares the Jacchia data set to the three

models. As indicated above, the table sh hat the biases and standard deviations of the three

models are comparable in magnitude; tkisegpecially trne for p, across all aceelerometer and drag

data sets. However, two additional, secondary features appear. First, the Jacchia model shows a

consistent negative bias, on average overestimating the Jacchia data. Section 4.1 shows that this

;.is ljke.ty attributable to a nonoptimaI match with Flo.v variability of the data. Second, at high

geomagnetic activity, the standard deviations of the M90 and J70 models are consistently higher

than that of NRLMSiS. This suggests tl_at the new model handles spatial and seasonal

variability somewhat better thmn the other models a_ elevated geomagnetic activity. In neither

case, however, does 13or _ allow us to mal:e a strong inference.

Table 1

STATISTICAL COM.PARISON OF EM'PIRICAL MODELS TO JACCHIA DATA

.&p

I

i<i0

All

Altitude

200- 400

Points

6236

400- 800

800-1200

> 1200

200- 400

400- 8O0

800-1200

10041 -0.07

_ 5585 0.01

15 0.20

10456 I-0.07

16021 -0.08

9373 0.01

N00

-0.06 0.I7

0.23

0.23

0.09

0.17

0.25

0.24

Mgo

:o!oI°
6 0.17

-0.08 0.26

0.03 O.27

0.27 0.10
.q

-0.06 0.17

-0.1)7 0.27

0.04 0.27

J'70

-0.04 0.17

-0.07 0.25

-0.05 0.23

-0.18 0.05

-0.07 0.19

-0.09 0.28

-0.07 0.25



> 50

> 1200

200, 400

400- 800

800-t200

24 0.22

304 -0.05

441 -0.01

282 0.07

0.12 0.30 0.ll -0.20. 0.13

0.23 -0.07 0.23 -0.12 0.25

0.36 0.01 0.39-0.17 0.42

0.35 0.05 0.39I-0.1410.39

4. Scientific and technical issues

4. t. A.nomalous oxygen and solar activity

4.1.1. Background

,./"
As _hown by Hectin [1989], both the Jacchia model and data from the neutral mass

specL-ometer aboard Dynamics Explorer-2 (DE-2) indicated that an appreciable hot atomic

oxygen population could be present at high latitudes and altitudes (> 600 kin) during the

.summer. The DE-2 measurements showed mn elevated oxygen component under moderate to
J

high solar activity, consistent with suggestions by Yee et al [1980]. that a hot oxygen geocorona

might exist with temperamr_ of - 4000 K. For low ;olar acdvi:y, at high _titudes and summer

high latitudes, LheJacchia-70 model showed significantly higher total mass density (and helium

concentradon)- than did MSIS-85. Hedin hypot.hesized that a h0i oxygen geocorona could cause

se discrepancies.

Recent a.nalyse_ of ISR data by Olliver [1997] and Oliver and Schoendorf [1999] have

argued for a small, but non-negligible, hot oxygen component (emphasizing altitudes around 400
/

kin), especially at Ngh[ and at the solstices durin_ solar minimum. Schoendorf et al. [2000] have

developed model profiles of hot oxygen for use in mnalyzing incoherent scatter radar data, e.g., to

derive T_x (Section 4.3). While the ISR sites are somewhat lower in latitude than our region of

interest (see below), a broadening of the investigations by Oliver et al. should significantly

augment the present under_t_ding of the hot oxygen component rand could guide our fhmre

up_ades of NRLMSIS.

The emphasis on hot atomic oxygen changed s.ignificantly when Keating eta]. [19_8]

analyzed neu,a-al _d ion ma._s spectrometer measurements aboard the Midcourse Space

Experiment (MSX), wbJch flew in a sun-s_chronous (near-polar) circular orbit at approximately

900 krn during the most recent soJar minimum. Based on comparisons of the JaccNa-70 and
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fl_.fu.2/-:_..._

MSIS-86 models, similar to those of Hedia(_eating etal. showed that the measured O*

concentration could account for the discrepancy in the respective mode] estimates of [He] and
/

total ma_s density. -_'-"-,//_-_--_----t..4"

In response to these developments, t.he NR.LMSIS model now includes an "anomalous

oxygen" (AO) component, which represents any appreciable, persistent O* and hot O

populations at higher altitudes (> 500 kin). The functional form of the anomalous oxygen model

profile is similar to that of an isothermal Chapman layer, with an adjustable magnitude and scale

height (or temperature_kAppendix A. l). The data used to evaluate these parameters were simply

o
thud Barlier{___..IB}data abov.. 600 kin. At the same tim_, we e×cluded the ._ummer JB

data above 600 }_"nfrom the data sets used tO dete_wr_ne the He and "cold" O components of the

model. "_zb-iie tl_e Winter data-above 600 km are common to He, cold O, and anomalous O, our

tests have shown small differences betwee'n NR_MSISE-00 and MSISE-90 for these data,

indicating lets influence if the additional oxygen component on the new model during winter at

high altitudes. Surprisingly, the Jacchia -70 model appears to a_ee less well with the lacchia

data und_ such conditions (next subsection).

Our anomalous oxygen data se_ doe_ not include _he high altitude, spin-mode DE-2

neutral mass spectrometer data [Hedin, 19_9] for several rea__ons: _-_----_ 7_-_
;J' /

(i) The drag data should account for both O* ions and hot O atom_ while the DE-2_am

account only for the neutral atoms. Therefore, the DE-2 data could bias the fit against the O +

component detected by the MSX analysis.

(2) Relieving the hot oxygen component of DE-2 data is dependent on using a model for the

cold oxygen component.

(3) The DE-2 data have further limitations: small number of points (425) above 600 kin, high

_o]ar activity (average F_0.7 above I90), and narrow _emporal coverage (only fall-winter of

i981-2).

Fo_unately, a comparison of the Jacchia-Barlier data to the DE-2 data for high latitudes

and elevated solar activity (81-day average: (Fl0,7) > 150), shows good qualitative agreement,

implying that the drag-based dam set has capm.red the elevated neutral density implied by DE-2

A tanta.lizing result is that the fi_ of the NRLMSIS anomalous oxygen component to the high-
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altitudeJacchia-Barliertotalmassdensitydatayieldedaneffectivetemperatureof approximately

417'7 K _ 3 %. We do not hold this to be definitive, given the !imitation._ of our high altitude drag

data set, and we have therefore chogen to maintain this parameter at 4000 K, in line with

previously cited references on hot oxygen. Note that suela a temperature would seem to be too

high for oxygen ions to form the primary component of our anomalous oxygen model. Clearly

we need more data on, and modeling oL neutral and ionized atomic oxygen at high altitudes to

develop a faithful representation of the atmosphere near the exobase.

4. i .2. Comparison of models with high a.ltkude Jaechia data

Comparison of models with the lacchia data above 600 km reveal both anticipated and
, f

unexpected feature._. First, the high altitude Jacchia data ._upport the observations.of Keaing et

a]. [1998], regarding a significant enhancement in total m_s dendty over pas_ MSIS-cl_;

models, for the combination of low solar activity, high altitude, and high summer latitudes.

However, thi._ difference decreases rapidly with increasing Fro7 and decreeing al.titude, and

surprisingly, the Jacchia-70 model signific_tly overestimates the obse,wed density at very low

Fl0._. Further, as a function of F_0.v under _e corresponding winter conditions, MSIS-cla.;s

models generally a_ee better with the Jacc_a data than doe_ the Jacchia-70 model itself'. As a

result, NRLMSISE-00 achieves improvements over both MSISE-90 and Jacchia-70,

incorporating advantages of each.

Figures 1 and 2 compare the (previous day) Fro.7 - dependence of the to'_al mass density

from four _ources: (1) the Jacchia data get on total mass density (data denoted h_e by Pd), (2)

the corresponding NRLMSISE-00 model value_ (p,,,,), (3) the MSISE-90 model values (PM), and

(4) the Jaechia-70 model values (p j). The Iacchia-70. model values provide a baseline, since the

Jacchia models are the standard of the ast:'odynamics community for e_timating orbital drag. The

figures depict bin-averaged differences of natural loga"ithms, log_.(p.,_/p_) denoted by solid lines,

1og=(pM/pj) denoted by dashed lines, and log_(pJpj), located at the centers of the +1_ vertica]

bars (_ = standard deviation). The averaging bins are 10 F_0.7 units, and both ab;oi_ and

ordinates are averages over individual bins. The number at the center of a vertical bar is the

approximate base 2 logarithm of the number of points in the co_esponding bin. The solid

horizontal line at an ordinate of 0.0 repre;ents the bin-averaged Jaechia-70 values. When a

vertical bar is approximately centered on the horizontal line, the Jacchia-70 model is in good

12



agreementwith thedatain Ehegivenbin. Significantdisplacementof averticalbarfrom the

horizontallinesignifiespoorperformancebylacchia-70.

Figure 1(a) shows the solar activity dependence of p above 900 km for the combination

of summer and high latitudes (IE3I>_45°); lhe MSX data of Keating et el. [1998] correspond to

(previous-day) F10.v = 71, altitude z = 900 km and 0 = 80.6 ° (N). For low to moderate solar

activky (75-175), the Jacchia-70 mode] captures the trend and magnitude of the data somewhat

better thm'l does NRLMSISF_.--00. A comparison to MSISE-90 verifies the enhancement observed

by Keating, but this effect diminighes as Flo.v approaches 130. Unexpectedly, as Fi0.v decreases

below 75, the ]'acchia-70 model overestimates the total measured mass dengity by an increasing

amount, tn fact, below FiD.v - 75, NRLMSISE-00 appears to agree with the Jacchia data better

than does Jacehia-70, while above - 130 the differences between the two models are relatively

small. For the entire data subset containing 694 points, we may also compare the u_aal statistical

measures, i.e., sta'_dard deviation, _, and bias } - <log=(pdlpmod-a)}, where "moclel" signifies
i

NRLMSISE-09, MSISE-90, or Jacchia-70, where brackets indicate an average over the data

subset, and where the contribution of each clamm to bo_h averages has been weighted by the

squared reciprocal af the attributed error. The va.lues of ([3, _) are (-0.08, 0.22) for NRLMSISE-

00 and (-0.10, 0.24) for Jaachia-70, implying no particular advantage to either model, in spite of

the differences in Fibre l(a). MSISE-90 has (_3, G) = (0.19, 0.29), indicating a ;ystematically

Iow average denaity estimate and a poorer match of the observed Ft0.7 dependence.

Figure l(b) show_ the situation for Jaechia'_ data set during summer at high latimde_ in

the altitude range 600-900 km (10_5 points). Comparisons with MSISE-90 show that the effect

observed by Keating et al. has decreased considerably in both peak value and the operative range

of Fl0.v. Moreover, NRLMSISE-00 appears to give better agreement with the dependence of the

daa on F]0.7 than does Jaech.ia-70, and agree_ especially well with the da_a at low solar activky.

The statistical measures are (I3, cy) = (-0.08, 0.25) for NRLMSIS versus the Jacehia-70 values of

(-0.02, 0.31). MSISE-90 has values of (0.05, 0.34.), primarily due to poorer agreement at low

solar activity. Notice that the bias (_) values of the models are insensitive to the ;triking

differences in variation with F_0.v and actually attribute a modest advantage to Jaechia-70,

while _ gives a coarse indication that NR_LMSISE-00 does a better jo5 matching the F10.7

d_endence.
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Inwinter,for thesamecombinationof latitud= and altitude, the MSIS-class models

generally outperform Jacchia-70 when compared to the Jaechia data set as a function of Fm._.

Figure 2(a), for z _>900 km, shows that the Jacchia model gives somewhatbetter agreement at

low F10.7 but varies oppositely with the data as Fj0.7 increases. At F_0.v = 98, the NRLMSIS and

MSISE-90 models do show a 45% overestimate, but this is based oll only two data points. In fact

for F}o.7 in the range 80 - 120, only 19 data points were available, making the low F_0.;, range

difficult to evaluate. Across the entire range of solar activity, the diff_2rences among models show

up in the model biases: (13, c_) = (-0.06, 0.19) for NRLMSISE-00 and (-0.12, 0.20) for MSISE-90

versus the Jacchia-70 values of (-0124, 0.15).

Figure 2('b), for z = 600-900 kin, shows similar but tess extreme differences in bias, with

(13, _) = (-0.14, 0,19) for NRLMSISE/00, (-0.22, 0.21) for MSISE-90 and (-0.20, 0.20) for

Ja=chia-70. The biases are closer primarily becau._e the number of data points decreased with

increasing F_0.7, for which the deviation of Ia=.=hia-70 from the Jacchia data was also increasing.

The respective 13and o"values for NR.LMSISE-00 and Jacchia-70 are remarkably _imilar,

especially for the cases in Figure 1, demonstrating that statistical averaging can mask qualitative

differences. Such filtering of model estimates by averaging over one or more arguments might

explain the comparable performance of MSISE-90 and Ja==hia-70 for "special permrbati ons

(SPy' orbit determination [Marcos et al., 1998]. The SP calculation fits a derailed numericN

propagator (including drag) ro space object observations covering a fit span of severn days and

acr_ co filter the density mod_l over the fit span [Neal et al., 1998]. In addition, one of the fitting

pm'ameters is _he "ballistic coefficient," which multiplies the atmospheric density in the drag

mrm; adjusting the ballistic coefficien: corrects the model bias over the fig span [Marcos et al.,

1998]. On the other hand, the d_ailed differences among models play a large role in the

important function of orbit prediction, for which no observations of the space object are

available.

4,2. Soiar ultraviolet occuhadon vs. mass spec_ometD"

A._ indicated above, we _Jave inc_ded Ihe UV occultation observations of [O-,] by the.

Solar Maximum Mission ($MM: [Aikin et al., 1993]) in gmerating the new model. We have
c,.

also included UV occukation data derived from a second band (channel 19) on the AE-E EUV$

instrument Prior to NR.LMSISE-00, mass spe=r.rometer data wets more numerous than were
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solarUV o6cuhationdataandthereforehadastrongerinfluenceonthemodelprofile of [02] in

thelower_ennosphere.Furthermore,theUVoccultationdatawereavailableonlyat verylow

a]titudes(_<150k.m),wherecomparisonsbetween[hetwodatasourceswerelessdefinitive

[Aikin etal., 1993].Asaconsequence,theMStSE-90profile of [O2]is in approximatediffusive

equilibriumabove- t50krnfMeieret ai,200I],whereasobservationsbysoIarUV oecultation

differ from diffusive equilibrium by an increasing amount a.a altitude Jncrease._ within the range

t40-240 km - a ]ongsta.nding controversy [Aikin eta.!., 1993, mud references therein]. Genera]

circulation models and other detailed che_stry,'dynamics models a.]so depart from diffusive

equilibrium in the lower and middle uhermosphere [Meier et a/., 2001 ].

The SMM UV data also show weaker sol_ activity dependence th_ do the mas_.
......... . __,wC .......... " .... " "

spectrometer data [Aikin etaI., 1993]. As a result o_ r._h_sediff_enees, we have modified the

parmmete_zation of the lower thenno,phiit altitude profiles of O, and O to allow more

flexibiiity in NRLMSISE-00, a_ described in the App_dix. The model can now accommodate

solar activity dependen_ departures from diffusive equilibrium in the lower thermosphere. Figure

3(a) _hows that_he new model compromises b:tween the two data sour:es in the altitude -o,"

125-225 k.m covered by the SMM data. Above this region the NRLMSIS [O2] profile

approaches diffusive _qui21brium, and below this region, the two data _ources agree _ the

a(mosphere approaches a fully m_ixed _tate.

Fi_are 3(b) shows the dichotomy between the newly added data .:rod the previoualy

existing data, from which the MSIgE-90 model (hofizont_J line at 0.0) was gen_ated. The low

",,fl_itudeAE-E UV occultation data (labeled D and E) extended 'the solar aciivity dependence of

the ),_SISE-90 database These data m"e rea._onably consistent with MSISE-90, with ma_._

specu'ome_er data, and wi_h low a.l_itude, low F_o7 AE-C UV occulta6on data (Pqgure 3(a) and

[Aikin etal., 1993]). On the other hand, the newly added SMM data and the rocket _d AE-E

U'V occultation data at 150 km (lab_lDd K, M, and F and W, respectively) are not generally

oou_istent with the M_ISE-90 model, although these da_a appear to be consistent with each

other. Figures 3(a) _d ('b) show that _he magnitude of the disagreement depends on bo_

_timde and F10.7, as indicated above.

, Fibre 3(b) _so v_rifie_ that the S.__,9,'idata on [02] depend more weakly on F_0._ than

does MSISE-90, which did not inc],ade tho;e data. Figure 3(c) demonstra_.e_ that the new
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NRKMSISE-00 model fits the [02] database far better than MSISE-90, primarily because of the

adjustment to the profile in the region of transition from a fully mixed state to diffusive

equilibrium.

This leaves open the question of accuracy for both mast spectrometry and solar UV

occultation. Before the NRKMSIS models can properly portray the altitude dependence of [O_],

the community must resolve _his fundamental conflict of the two major data classes. Note in the

Appendix that the [O] profile in the lower thermosphere ha_, also changed to accommodate bo_h

the SMM data and the mass spectrometer data on total oxygen number density, [O] + 2[02]. The

latter data are our primary _ource of information to set the [O] model in NRI_2_SISE-00.

Comparison of the new model with our total oxygen data shows an improvement in ._tandard

deviation, but the new model is quite similar to MSISE-90 regarding total oxygen content.

4.3 Exospheric temperature

The Millstone HiI1 and Arecibo incoherent scatter radar data on e:_ospheric temperature

(T=) a.r_igh quaIity and extend zhe NRLMSIS database well into the I990s. The_e data derive

from fitting a model of ion heat balance and chemistry to the ion temperature profile (Ti(z)),

using ISR ob_e_ables and parameterized models of neutral axygen and temperature [e.g.,

Buonsmnto and Pohlman, 1998]. The retrieval of T._: from the ISR data did not include a ho_

oxygen component [Schoendorf etal. 2000]. The newIy added MitI_tone Hill data, shown in

Figure 4(a), cover the period 1981-97. The data include the June, 1991, geomagne'fic storm with
J

maximum {Flo.7, a_,} - {250,300} (see Litvin etal. [2000] and references therein) and another

period around October 29, 1991 with maximum {P_o.7, _) - {270, 235}. Litvin etal. pointed

out that during the most intense storm period of June, 1991, molecular ions dominated the

chern.istry, requiring a modification in the algorithms used to retrieve T,._ ; a similar situation

apparently occurred in late October. Even after rS.is correction, however, T=,_ranged significantly

below the predictions of MSISE-90 for both periods. In fact, given that the difference was

greater in October, 1991, when Fi0.7 was higher (Fig_are 4(a), abscissa - 275), the elevated Fio.7

mighE _so be a factor in the lower value of T..,.

Figure 4(b) shows the variation of the new A.recibo ISR data with previous day F_0._;

these data al_o include periods of high geomagnetic activ!ty, with some dMty Ap v_ues well over

50. Interestingly, MSISE-90 provides a somewhat better fi: at high solar activity (> 240) than
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dotsNRLMSISE-O0,suggestingthattheresponsetosolarforcingmightvarywith latitude.

Unfortunatelyrelativelyfew datapointsweavailableat._uchhighvaluesofF}0.7andfine

databasehasnotsupportedretrievalofameaningfullatitude-Fto._couplingterm.Indeed,noclear

advantage for either mode] emerges from comparison with the _tire Arecibo data set on upper

theanospherie temperature, which covers the lastthirty-five years.

The findings by Millstone Hill under elevated geomagnetic activity in 1991 led naturaiIy

to a search for Arecibo measurements that intersected with Mi!lstone Hill data during 199 l. Two

such periods occurred early in the year (mid-Janua.ry and mid-March). At t.ho_e times Fro7 was

high (I 80-275) while A v was low to moderate (< 35). During the_e periods, r'he temperature bias

relative to NRLMSISE-00 had the same sign m both ISR site-_ - negative for mid-Janu.ary with

(FlgiT- 180-220) ah-d po_i_i-ve f-ormi-d-March when _Io7 - 240-275). The respective biages were

also similar in magnitude, though 20 - 40 % ies_ than the biases during the June and October

storm periods. The similarity of biases at the two .hires during lower geomagnetic activity points

to a global error source in the model; an example is the use of F20._ as a proxy for the solar EUV

flux, which drives variability of the _hermospheric density on time scales of a day or longer. Bass

e_ el. [1996] and Rhoden e_ el. [200(J], respectively, have used drag and accelerometer dma to

explore o_h_ proxies as candidates tO augment or replace F_0.7. On the other hand, the differing

signs of _:hebias during _hese lower geomagnetic ac_vi_y periods contrasts with the decidedly

negative bia__ obsm"ved during mid- and late 1991, when maximum ap was ve_ high.

Mos_ importantly, the new ISR and total mass density data, when combined with the

previous MSIS data se_s, have changed the solar activity dependence of the temperature in

NRLMSISE-00, relative to that of MSISE-90 (and M$IS-86), esp_cia.lly a_ ,higher altitudes.

Figure 5 show_ the difference in mean exospheric temperature estimates produced by the models

as a function of latitude and (Fl0_). The NRLMSISE-00 T_ is above that ofMSISE-90 on/y at

low latitudes mud for moderate to low (FreT) and then by only a few degrees. As _olaz w"Jvity

increa._es above mode rare values, the NRI_MSISE-00 value of T= falls below that Df MSISE-90

by a stea_[ly increasing amount, reaching - 40 K at (P_0._) > 220 and high latitudes, 1_1> 45".

TNs difference i_ less pronounced at tower ladmde_, a__we might expect from Eigure 4(b). The

mean to_al m_s density behaves similarly _o the temperature. Checks of the individual

NRI2MSISE-00 data _ets on composition, temperature, and density have generally confirmed this

behavior.
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4.4. Mesosphere inversion layer_

Mesosphere inversion layers (MIL) are regions of enhanced temperature (AT - 15-50 K)

which have been observed in the upper me_osphere and at the mesopause at low and mid-
,....--"

latitudes and primarily at night [Meriwether and Gardner, 2000]. Present theory attributes the

phenomenon to enhancemen_ of tidal structure through interaction with gravity waves;

ultimately, a more comprehensive database of 24-hour observation; in the mesosphere and iower

thermosphere will be needed to confm'n and complete the theory. Quantitative analysis of the

ME. phenomenon is weI1 beyond the scope of the present paper and the empirical model; here

we merelypoint out NRLMSISE-00 does exhibit the shape of an upper ME_. near the mesopause

at low latitudes during the nighttime. Under these conditions, this feature is more prominent in

the new model than in MSISE-90 and warrants merition. Figi3re 6(a) shows a comparison of

MSISE-90 and NRLMSISE-00 under these conditions whiIe 6(b) shows a similar dayside

comparison. The structure becomes less apparent at mid-latitudes, covers a broader altitude

range, and appear to be less prominent at midnight than do the annual mean upper MIL profiles

shown by Meriwether and Gardner. In thi_ region, the NRLMSIS database contains only a few

rocket observations (- 60 temperature values), which do not appear to have sufficient

information to cause this behavior in ehe model. The figure ._hows primarily that the formulation

is sufficiently flexible to capture MIL stru_ures in data _et_. Outside of the addition of new

MiIlstone Hill LTCS data in the 100-130 "hrnaltitude range, the only major difference from r_he

MSISE-90 modeI is the impositiofl of hydrostatic equilibrium over a wider range (80-300 kin).

The latter factor pJus the lower ozder tides in the model apparently have acted in concert to

produce the MIL-like ._tructure. Generating realistic ME, profiles with NR.LMSIS awaits

upgading the model with the recent, extensive database of ground- and space-based

observations of the upper meso_phere and mesopause.

5, NRLMSIS .Model - Present and Future

The new database underlying the N'P-.LMSISE-00 mode] incorpo_tes data on tota.I ma.;s

density (orbksl drag and satdlite acce]erometers), recent incoherent scatter radar observations

covering more than a solar cycle, and sate]fire-borne FIoW occu]tation measurements of [O2j

from SMM. The mode/interpolates among newly added and past data sets, often incorporating

stren_hs or features of each data set. As a result, the exospheric temperature in £rRLMSISE-0O
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nowshowssomewhatweakerdependenceonF_0.7relativetoM$ISE-90. In the lower

thermosphere, the model compromises between mass ,_pectrometer and ultraviolet occultation

data in terms of the ahimde dependence of [O.,] but fol]ow_ the weaker solar activity dependence

of UV occu]tation dat._ mote closely.

The incorPoration of satellite-based da_a an total mass density ha._ allowed the inclusion

of a new componem - "anomalous oxygen" - to correct the model estimates of total density at

O ÷high ahitude._ (near the exobase). Thi_ reco_izes the conclusion of Keatmg eta]. [1998] that

can dorr_nate drag under particular conditions and, through similar ana/ysi_, the conclusion of

Hedin [1989] that hot oxygen could be important to drag. Comparison of NRLMSIS and the

_tandard operational and scientific models to the oibit-based data of Jacchia at high altitudes ha_

reveAed significant differences in the seasona.I and solar activity dependence of the models. The

new model appear_ to provide advantage_ over both lacchia-70 _d MSISE-90 for estimating

totaJ mas_ density.

The broadening of the database, along with commen_s by users and plans to replace or

augment the Fro.7 input with a superior index of the solar chromospheric extreme ultraviolet

(EUV) flux, have led to modifications in the model formulation:

1) A new coupling term between F_0.7 and mean F_o.7 (Appendix A. 1) to permit more r"lexibili_y

in representing the dependence on solar EUV.

2) Anomalous oxygen model in upper thermosph_e to allow for incre_ed drag under some

conditions;

3) Upended representation of [O;](z) in the lower thermosphere to allow more general and

higher altitude departures from diffusive non-equilibrium and weaker solar activity

dependence [A/kin et al., 1993];

4) New [O](z)parameterizafion in the lower the.anosphere to compensate for changes in the

new definition of [O2](z), primarily when fitting mass spectrometer data on total oxygen

cont_t, [O] +2[02];

5) Hydrostatic equilibrium constraint over a wider altitude range to tie the upper and lower

atmospheric regions together self-consistently;

6) Nonzero thermal diffusion factor for At.
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Item(5) is particularlyinteresting,in thatNRLMSISE-00producesatemperature

_ra-uc'turesimilarto a mesosphere inversion layer under some condiCions (e.g., equamria.1 region

at night, law latitudes), even though our most proximate new temperature data are above the
f

mesopause (altitude range 100- 130 km [Goneharenko and Salah, 1998_). We attribute this effect

to the self-consistent imposition of hydrostatic equilibrium across Lhe mesopause, in combination

With T.heinteraction among Iow order tides. Presumably the next generation NRI_.MSIS model

will provide a more accurate climatology of the M'IL when the relevant sateIIite- and ground-

based data are added to the database.

An underlying theme of this paper and of our future work is the dependence of the upper

atmosphere on the solar EUV flux, which is the primary driver on time scales of a day or longer.

Section 4 shows that the dependence on the Fl_.7 solar EUV proxy is diff_ent for the respective

empirical models favored by operational and scientific communities. The new NRLMSISE-00

model appears to incorporate advantages of both model clmases and therefore helps to close the

gap between these models. In addition, the atmospheric calibration method of Marcos etal.

[1998] and a follow-on implementation in terms of ultraviolet remote sensing use n_.ar-real-time

atmospheric data _o improve density e_imation for the "present" epoch [Nicholas et al., 2000].

Ultimate/y, however, _he operaional community _eeks a be_ter predictive capabilky. Marcos er

ai. [l 998] have ahown that the most likely route to this goal i._ through better solar EUV inputs to
u/

Ehe models, such _ that by Lean et al. [2001]. Under funding by the NASA Li_'ing With a Star

Program, we are now pursuing this approach.
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Appendix: NRLMSISE-00formulation, constraints, generation, and distribution package

A. 1. Formulation
J

The Appendix of Hedin [ 1987] defines the ahermospheric portion of the MSIS-class

models, for which the fundamental variable is the temperature T(z). The Bates-Walker

temperature profile variables [Walker, 1965] are the exospheric temperature, T_ ; the

temperature at I20-kin, Tl2o; and the temperature gradient h) z_b--=120 km These v_iables have

the form (e.g., for T_,_)

Z,o=T  o[I+ ,

where the overbar signifies a global and temporal mean and the function o(m) includes constant,

spherical harmonic, and harmonic terms, some of which are coupled and whose coefficients and

phases represent the spatial and temporal time scales inherent in the data. In addition, G(L)

contain_ polynomial or exponential terms in the solar EUV proxy (Fro7 and (Fro'7), the 81-day

average) and in geoma_etic activity.

is the number density at 120 km

For chemical species i, the Bates-Walker profile variable

The subscript on G distinguiahes among unique coefficient sets for respective thermospheric

variables in the model. The Bates-Walker profile represents _pecies in [h_rm¢l and diffusive

equilibrium and includes thermal dWfusion. Below a species-dependent ahitude in the range 1_i0-

450 k.m, the model profiles differ from diffl._sive equi]ibriumby progressivdy greater mounts aa

z decreases, transitioning to a fully-mixed state at a turbopause zh - 100 kin. In that region,
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MSIS-class model._modify thedensityprofiledue totheeffectsofchemistry,dynm'aics,and loss

and flow proces._es.

The NR_LMSISE-O0 model incorporate_ the following raodifications of the equations in
,,,I

Hedin [1987]:

(I) The solarEUV dependence includesanew crosstermwith coefficienlB = 0:

O(So1_r)= A A_F(_+B,_(F))+ C (m:)2+ D a(F>+ _.(_,(F>F,

where (FIe.7)isthe8l-day,tirae-centeredaverageofF_o._,A(F) = (Fio._}- 150,and ,fl/== F:o.7-

(Fl0._).

(2) The "anomalous" oxygen model profile, [Oa](z), represents nonthermal oxygen specie;

(e.g., O÷ and hot oxygen) inherent in the Jacchia and Barlier dam ._ets at higher altitudes (k 600

kra) and is similar to an ionospheric Chapman layer (e.g., Cotton et al., [t 994]),

[%](z)= [Oa]% e p lZ(z .T ) c

wh_e the geopotenfial height is _(z, Zlb) = z - Zlb, the scale height is H(z, T) m_
kT

rag(z)
, ra i_ th_

mass of atomic oxygen, and the constants are C = 75 k.m, z_ = 550 kin, T_= 4000 K, zl_ = 120 kin,

and [OaJ(zlb) (set by data) = 6.0 x 10_ cma.

(3) Equations (A20a) and (A20b) of Hedin [1987] define a lower thermospheric density

multiplier C_ in Equation (A12a); the purpose ofthi._ factor i_ to sirau]ate chemi._try and d),n_c

flow offers on various specie._. For [O] and [O,] this factor now takes the form

l+e×p [(z-zc)/I"I c " '

where R = Ri (I + af A(F)) and i = O, O 2 . The constants are Ro = - 0.045, R% - - 0.78,

ar = 0.029, H_ (O) = - H= (O_ = 21.2 km (Note: oppo,qte sign_), and z:(O) = z:(O2) = 129.4 krn.

(4) Consistent with Bank_ and Kockarts [i973], the thermal diffusion faetor_ in N'RLMSISE-00

are c_ - -0.38 (i = He, H), 0.t7 (i = At), 0.0 (other species). This represents a change from

MS!SE-90, which had c_ = -0.4 (i = He, H) and 0.0 (other species). Parlor [1979"1 and (private

/'l
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communication, I998) sugge._ts the following values: -0.38 (IT), -0.28 (H2), -0.27 (He), 0.17

(Ar), 0.I2(O_-.),-0.08 (O), and 0.1 (N2).

A.2. Constraints

For altitudes 0 < z < zlb - 120 kin, the fundamental variables define nodes and gradients

of the temperature profile, while pressure and density are defined by hydrostatic equilibrium and
,....--

_he idealgas law [Hedin, 1991]. As mentioned above, diffusive equilibrium no longer holds for

the MSIg-cl_s models below altitudes - 300 kin. Because we fit the Lemperature and individual

Species separately (different coefficient sets), the MSIS-class models do not maintain hych'ostatic

equilibrium apriorL For this reason, the mode] generation process imposes an approximate

hydrostatic equilibrium constraint in the region 80 - 300 kin. This couples tbe lower and upper

atmospheric regions, modifying _ome details of previous MSIS versions. Finally, since the new

data all relate to the the,,'mosphere, NRLMSISE-00 retained the MSISE-90 coefficients below

while constraining coefficient v_ues in the range 72.5 - 110 km to give a total mass density at

the ground in a_e_dnent with MSISE-90.

A.3. Model generation

_J" Generating a new version of the mo_lel require; calculation of optimal values far the
!

_'o_' /- 2200 nonzero coefficim-ats. Even though only a subset of the MSI$ database is used to evaluate
e, ° I ,.i " s

[ fHedin et al., 1977], the number of data points is still quite sizable (- 3 x I0 ), rendering an

/[ i_lu_ive Levenberg-Marquazdt calculation [Preis etal., 1992] compute-intensive and
!

_L_mbersome. Because the NR.t._MSIS thermospheric data are separable by mass number

(species, temp_ature, total mass densky), one can partition the process into a series of separate

Levenberg-Marqu_dt (LM) Z" minimization calculations for coefficient and data subsets for

different altitude regions, magnetic activity level, and scales of variability. Each complete series

of LM coefficient calculations (presenr.ly numbering fif_y-two) constitutes one "grand" fitting

cycle. The grand cycles repeat antil the coefficient s_t is stable rHedin, 1987]. This approach has

minimized memo_ requirement._ and maximized computing speed. We eliminate severe oudiers

by selecting only data points whose _siduals are less than a specified multiple (5-15) of the

observational uncertainty.
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Thenewdragandaccelerometerdatarepresenta_ignificantdeparturefromthe above

picture.In thepresentcase,thetotalmassdensityprovidedbythemodelis asecondaryor

inferredquantity,givenbythesumof speciesmassdensities,apparentlyrequiringthat all of the

speciescoeffici_ts varysimultaneouslytofit thedata,whichareextensive.To avoidthis and

otherproceduraldifficulties,onecantakeadvantageof thefacethatdifferentthermospheric

speciesdominatethemassdensityin differentaltitudetenons.Specifically,for N,_.,Oz, andHe,

wehaveusedtheMSISE-90modelto determinethealtituderangeswherethere_pectivamass

fractionsaregreaterthan50 %,therebysplittingthedatainto_ubsets.Wehaveaddedthesedata

subset5to thedatabasessupportingtheindividualspecie_coefficientsandhavecombinedthe

calculationsof coefficientsfor N: andexospherictempe.furore(T=,).As describedinSection4.1,

wehaveextractedthehighaltitude(_>500h-n)_lacchia and Burlier data to compute the

coefficients associated with anomalous oxygen species and have excluded the _ummer-high-

e&imde Jacchia and Burlier data in determining the standard thermospheric constituents.

A.4. Distribution Package and Access

The present NRLMSISE-00 distribution package is an ASC]7 file containing the model

source, a test driver, and the expected output of the test driver. Users may acquire the file via

two methods:

(I) download from our web_ite: http://uap-www.nrl.navy._l/models_web/msis/msis_home.h_n

(2) send e-mail to NRLMSIS'E-00@uap2.nfl.navy.mi] (no subject or message), which will result

in a reply with the file as an attachment.
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Figures
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Natural logarithm of totM mass densny (data and model values) v_. previou_-_ay F,o.7 for the _-'. -9
combination of summer, high latitudes, and high atfithdes: (a) z _>900 km and (b) 600 krn ._<z_ ''G"

_<900 kin. The density values are normalized to the/acchia-70 model and are averaged in

bins of i0 F_0.7 units. Vertical bars correspond :o the _+Icyrange of Jazchia data within each

bin; the 7acchia-70 model values fall on the hofizontaI line at 0.0. NRLMSISE-00

corresponds to the solid curve and MSISE-90 to the dashed curve.

Same as Figure 1 for the combination of winter, high latitude_, and high altitudes: (a) z >

900 km and (b)600 hm _ z _<900 kin.

(a) Lower thermospheric profile of [02]: lode of ratio to MSISE-90 values. Averaging

interval: 2 kin. Solid curve: NR.LMSISE-00 values. Letters _d symbols identify individual

data sources (Acronyms: Atmospheric Explorer missions, A.E; Solar Maximum Mission,

SM2Cf) - Solar Ultraviolet Occultation: (K) S?vLM, (A) AE-C, 100 kin, (B) A.E-C, 130 krn,

(V) A.E-C, 150 h-n, (D) AE-E, t00 "kin, (E) A.E-E, 130 kin, (F) AE-E, 150 kin, channel 19,

(W) AE-E, 150 h-'n, channel 06, (M) Rocker; .Ma,_s S_pectrometer: (C) AE-C, (O) AJ_-D, (I)

AE-E, (+) Rocket.

(b) Natural logari_m of lower thermospheric goal vs. mean F_o.7, averaged within bins of 10

flu_: unit_. The plot show_ the me.:m of dare vMues normalized by MSISE-90. Vectic-a] bars

correspond to the _'_4-Io"range of normalized [02]values within each bin. MS[SE-90

conespond_ to the horizontal line at 0.0.

(c) Smme as (b), but with data normalized to NRLMSISE-00, which corresponds to the '

horizontal fine at 0.0.

T== vs. F_.0.7(previous day), averaged over bin._ of I0 flux units: (a) Millstone Hill data (1981 -

97) and (b) A.reeibo data (i985-95). The quantitie_ pIorted are, respectively, differences of

data (vertical bars) and of NRLMSISE-00 model vmlues (solid curve) from MSITSE-90

(horizoma.I line at 0.0).

Exospheric temperature difference between NRLMSISE-00 and MSISE-90, averaged over

longitude and time, as a function of latitude and (F_0._).
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°
Examples of temperature profiles resembling mesosphere inversion lay_.rs, produced by

NRLMSISE-00 (solid curve) and MSISE-90 (dashed curve). Conditions: (a) local time 2100

hr and (b) local time 1000 hr, both at 0 UT, day 90, latitude 5 °, longitude 315 °, Fjo._ = (F_0._)

= 150, Ap = 4.
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In0-oducrionto tab]esin AGUElectronicDatasetArchive:

Tablesof Empirical ModelComparisonswith theNRLMSI$ Database

Thefollowingtablescompareall dmasetsin theNRLMsIs databasetothe

corresponding values of s_veral empirical models: NRLMSISE-00 (MOO), MSISE-90 (M90), and

laechia-70 (I70). The tables provide values of the bias or mean residu_ ("MEAN") and standard

deviation ("SD") as functions of geomagnetic activity (quiet, high, and all levels). The tables

include both the modet generation database and the complete, newly added data set._ (desig-na_ed

by foomotes). For _emperature T, the tab]e_ show a mean residual -- (Ti(data) - Ti (modH)) and

o"--- (([Ti(data) - Ti(modeI)] "_)- f)_ in units of Kelvin. For species zmmber density and to'_ mass

density, we have e×pressed the mean residu_I _ an average fractional density bia._ [3 =

exp(log,_(pi (data) lPi (mode])> -I, and have computed the _tanda.rd deviation as ff =

((log_a{ pi (data)/Pi (model)])- _2) ,,_

The accompanying paper, "N_R.LMSISE-00 Empirical Model of ihe Atmosphere:

Statk_ica.1 Compaz'isons and Scientific Issues," (I. M. Picone, A. E. He din, D. P. Drob, and A,. C.

Aikm, J. Geophys. Res. xx×, 200x), and references therein provide background on the data sets.

Aceompanying the data set same is a descriptor; abbreviation_ include "acceI" (acce]erometer),

"drag" (drag from orbit determination), "NMS" (neutral mass spectrometer), "IMS" (ion mass

spectrometer), "ISR" (incoherent scatter radar), and "UV occ" (solar ultraviolet occultation).
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T_b!e l(a), Comparison of models to drag, acce!eromezer, and roc2et database on

to_ai mass density for quiet geomagnetic _ctivity (A_ _ 10}

D_a Set T ALT PTS MOO Mg0 J70

MEAN SD M__AN $D MKKN SD:

Jac=hia 200 - 400 6235 -0.06 0.17 -0.06 0.!7 -0.04 0.17

drag 400 - 800 10041 -0.07 0.23 -0,08 0.2_ -0.07 0.25

BOO -1200 5586 0,0! 0.23 0.03 0.27 -0.05 0.23

>!200 15 0.20 0.09 0.27 0.!0 -O.IB 0.05

Barlier !20 - 200 2005 0.03 0.22 0.02 0.22 -0.07 0.22

drag 200 - 400 9343 0.04 0.21 0.04 0.20 0.03 0.22

400 - 800 28S0 0.!2 0,32 0.!0 0.32 0,17 0,33

Cac:u_ 200 - 400 52722 -0.05 0.13 -0.06 0.!3 -0.09 0.15

accel 400 - 800 52!79 -0.05 0.!9 -0.04 0.19 -0.07 0.22

SETA 79 120 - 200 3792 0.03 0,07 0,06 0.07 -0,03 0.05

accel 200 - 400 443i -0.04 0,17 -0.03 0.16' -0.04 0.17

SETA _2 120 - 200 51329 -0.02 0,08 -0.03 0.09 -0.12 0.0_

accel 200 - 400 54765 0.01 0.13 0.02 0.14 0.00 0.14

SETA 83 120 - 200 44115 -0.09 0,0_ -0.!0 0.08 -0.17 0.08

accel 200 - 400 5388_ -0,0! 0.16 -0.04 0,16 -0.03 0.17

SETA B4 !20 - 200 405_5 -0.12 0.08 -0.16 0.09 -0.24 0.08

acce! 200 - _00 57258 -0.09 0,43 -0.12 0.43. -0,1l 0.44

San Marco-5 120 - 200 1882 0,37 0,!5 0.29 0,35 0.37 0.!5

acce! 200 - 400 26070 0.18 0.20 0.14 0.19 0,19 0.30

400 - 800 4392 0.!0 0.34 0,12 0.33 0.4_ 0.52

AEIC MESA !20 - 200 23145 0.!0 0.i7 0.12 0.18 0.00 0.19

accel 200 - 400 12433 0.03 0.30 0.03 0.30 -0.0i 0.30

AE-D MESA 120 - 200 !5797 0.01 0.15 -0.03 0.15 -0.01 0.i5

accel 200 - 400 4427 -0.05 0.20 -0,06 0.20 -0.04 0.20

AE-E MESA_ 120 - 200 25461 0.04 0.!2 0,O1 0.12 -0.03 0.14

accE! 200 - 400 15190 0.07 0.24 0.02 0.23 0.03 0.25

rocke_ 80 - 120 233 -0.0_ 0.!6 -0.05 0.17 -0.12 0.!9

grenade

zocket %0 - i20 161 0.17 0.23 0.16 0.24 0.02 0.28

gauge

rockeu drag 80 - !20 135 0,03 0.19 0.05 0.!7 -0.02 0.19

(sphere)

shuuu!e 80 - 120 6! -0.05 0.20 0,00 0.2! -0.!! 0.!6

accel 120 - 200 30 0.!6 0.24 0.21 0.22 -0.08 0,23

" complete drag and acceierometer da_a gels used for ca!culazions
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Table l(h). CemDarison of morels to £rag, acce3erometer, and rocke_ database on

toEal mass _ensi_y for high geomagnetic activity (A_ _ 50)

Data Se%" ALT PTS MOO M�0 J70

MEAN SD MEAN ED MEAN SD

Jacchia 200 - 400 304 -0.05 0.23 -0.07 0.23 -0.12 0.25

drag 400 - 800 44! -0.01 0.36 0.01 0.39 -0.17 0.4_

900 -!200 282 0.07 0.35 0.05 0.39 i0.!4 0.39

Barlier !20 - 200 83 -0.09 0,!9 -0.10 0.20 -0.12 0.20

drag 200 - 400 323 -0.!i 0.22 -0.14 0.25 -0.13 0.23

400 800 105 -0.12 0.47 -0.14 0.49 -0.18 0._

Cactus 200 - 400 11497 O.O& 0.20 0.04 0.!9 -0.09 0.!8

acce! 400 - 800 4336 0,05 0.3! 0.08 0.31 -0.15 0.29

SETA 79 i20 - 200 43!0 0.00 0,i! 0.0l 0.1l 0.01 0.09

acce! 200 - 400 4382 -0.08 0.14 -0,07 0,14 -0.03 0,i5

SETA 82 !20 - 200 2!519 -0.04 0,!2 -0,i0 0.!4 -0.0_ 0.13

acce! 200 - 400 39907 -0.05 0.15 -0,!0 0,!8 -0.05 0.14

£ETA 93 !20 - 200 !4664 -0.09 0.09 -D.09 0,0_ -0.!0 0.09

accel 200 - 400 28103 -0.01 0.13 -0.04 0.!4 0.00 0.!3

SETA 84 !20 - 200 49_8 -0.03 0.12 -0.i0 0.30 -0.17 0.10

accel 200 - 400 14799 0.0_ 0.52 0.0_ 0.55 -0.03 0.52

San Marco-5 200 - 400

accel 400 - 80_
365 0.29 0.!4 0,28 0.14 0.45 0,15

15 -0.24 0.4! -0.!8 0.41 -0.03 0.41

AE-C MESA 120 - 200 4394 0,!9 0.27 0.21 0.26 0.!7 0.28

_cce! 200 - 400 1653 0.02 0.97 0,00 0.96 -0.05 0.97

AE-D MESA 120 200 199 0,25 0,!3 0.15 0.!2 0.19 0.!4

acce3 200 - 400 4! 0,07 0.I_ 0.0! 0.Ii 0.01 0.13

AE-Z MESA 120 - 200 473 0._0 0.!4 0.!? 0.15 0.12 0,21

accel 200 - 400 133 0.i3 0.38 0.14 0.39 0.!0 0.36

rocket B0 120 2 -0.22 0.0! -0.27 0.02 -0.27 0.02

grenade

rocket SO - 320 12 0.49 0.12 0.3_ 0.!0 0.24 0.!0

gauge

rocket drag B0 12D 2 0.25 0.01 0.27 0.0D 0.20 0.0!

(sphere)

Com_!ese drag and acceIer_meter data sets used for calcula_ioms
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Table l(c). Comparison of models to drag, accelerometer, and rocke_ database on

_ota! mass density across all geomagnetic activity !evils

Data Set T ALT PTS MOO M�0 J70

MEaN SD MED-H SD MEAN SD

Jacchia 200 - 400 10456 -0.07 0.17 -0,06 0.17 -0,07 0.!9

drag 400 - 800 i6021 -0.08 0.25 -0.07 0.27 -0.09 0.28

800 -1200 93?3 0,0! 0,24 0.0_ 0.27 -0.07 0.25

>1200 24 0.22 0.12 0.30 0.1! -0,20 0.13

Burlier 120 - 200 3285 0.0! 0.22 0.00 0.Z3 -0.08 0.22

drag 200 - 400 14782 0.01 0.2i 0.01 0.2! D.00 0.22

_00 - S00 4550 0,07 0,31 0.08 0.32 0.!! 0.33

Cactus 200 - 400 52504 -0,05 0.!4 -0.04 0.13 -0.09 0,!7

a=ce! _00 - 900 55760 -0.05 0.20 -0.01 0.20 -0,I0 0.25

SETA 79 120 - 200 30611 0,0! 0.!0 0.04 0,09 0.00 0,09

a_cel 200 - 400 3206? -0.07 0.15 -0.05 0.24 -0.04 0.16

SETA 82 120 - 200 48445 -0.04 0.!0 -0.06 0.1! -0.i0 0.10

acce! 200 - 400 5"652 -0.03 0.14 -0,04 0.15 -0.04 0.14

SETA 53 120 - 200 57350 -0.07 D,09 -0.1D 0.09 -0.!5 0.09

acce! 2D0 400 54761 -0.01 0,16 -0.04 0.16 -0.02 0.17

_ a4 _2o - 2_o 5_{G -0.!2 0.0_ -0.i_ o 0_ -0.n o.0_
accel 200 - 400 44985 -0.09 0.40 -0._! 0.42 -0,11 0.42

San Marco-5 120 - 200 2935 0.3S 0,!3 0.29 0.!4 0.34 0.14

accel 200 - 400 41076 0.21 0.IB 0.17 0.17 0.22 0.29

400 - BOO 72_5 0.1Q 0.32 0.13 0.32 0.32 0.51

AE-C MESA 120 - 200 54353 0.!I 0.17 0,!4 0.i7 0,06 0.19

accai 200 - _00 35942 0.03 0.30 0.03 0.30 -0.0_ 0.30

AE-D MESA 120 - 200 28499 0.01 0.!6 -0.03 0.15 -0.01 0.15

accel 200 - 400 _i_0 -0.05 0.20 -0.0_ 0.20 -0.04 0.20

AE-2 MESA !20 - 200 4379B 0.05 0.!2 0.02 0.!3 -0.02 0.15

acce] 200 - 400 249B2 0.0_ 0.24 0.05 0.24 0.04 0.25

rocke% a0 - 120 3i0 -0.02 0.16 -0,03 0,i6 -0.ii 0.!B

granada

rocket 80 - 120 247 0.21 0.24 0.20 0.25 0.07 0.27

gauge

=ocke_ draZ 80 - 120 201 9 05 0,3! 0,09 0,27 -0,0! 0.28

{sphere)

shuttle 80 - 120 13_ -0.07 0.!9 0.00 0.20 -0.!i 0.17

acce! 120 - 200 52 0.0_ 0.23 0.13 0_.2! -0.!! 0.21

* Complete drag and acce=erometer _a=a sezs used for c_iculations
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Table 2(a). Comparison of models to temperature da_abase for quiet levels of

geomagnetic activity lap _ !0)

Data Set ALT PTS MOO M�0 J70

MEAN SD MEAN 50 MF_ SD

Arecibo

Mil1_one

Hill

ISR

St. Santin

ISR

AE- E N'ATE

N-ME

!20 - 200 20 5.12 7@.23 -2.87 82.36 9.85 94.93

200 - 400 32 2_.09 44.19 27.60 44.91 20.63 43,72

400 - 799 42 72.16 94.17 79.40 94.31 75.!7 91.21

Te×* 110 31.69 41.19 33.69 39.46 53.17 70.50

Tax** I86 -1.46 37.93 -3.86 38.90 -16.72 70.56

T,x_'" 1545 1.50 43.67 -1.84 41.23 -31.96 70.78

i00 - 130 _ 2498 -0.88 45.55 -3.34 43.58

T=x' 287 41.01 50.81 25.4! 48.55

T,_'T 232 -3.94 46.00 -30.15 47.06

T='" 3082 3.30 47.74 -16.68 50.41

T=x 303 6.15 44.78 -12.72 45.41

4.57 50.76

55.51 78.11

-30.77 83 15

-9.50 84.09

11.95 90 46

Ta_ 33 -36.21 48.46 -35.25 48.81 -28.82 65 62

20O - 400 8_ -16.24 57.98 -32.77 66._4 37.10 78 07

120 - 200 219 -39.52 111.i8

200 - 400 2!2 -37.12 105.89

-44.33 !!3.93

-41.93 i07.7e

120 - 200 !85 -28.58 103.34 -30.22 ]06.5g

200 400 213 -23._4 94.36 -2_.24 94.36

320 - 200 329 -22.56 50.93 -29.09 52.23

200 - 400 1003 -36.07 59.99 -32.18 70.39

120 - 200 140 -7.83 52.33 -5.79 55.20

200 - 400 82 -25.98 65.35 -32.SI _9.2_

200 - 400 1723 -2.38 !10.07

400 - 800 a68 15.43 134.32

-21.19 !09.37

-4.14 133_26

-10.61 !11 94

-9.05 !i0.01

-!2.58 107 _3

7._9 i07.97

-10.31 57.84

-24.35 78.65

11.39 59.69

0.52 59.28

-32.02 134.02

-33.12 &50.76

wel

¢

¢¢¢

Prior to !985 (Data used to generate MSZSE-90, h_LMSISE-00)

3985-95 IDaca used _o generate NP..LMSISZ-00)

!985-95 (Entire new daze set)

Prior to 1981 (Data used to generate MSISE-90, NELMSISE-00)

1981-97 [Da_a use4 to generate NRLNSISE-00)

192!-97 (Entire new data set)

1988-97 (LTCS 2-15: Concharenko and £a!ah [_998])
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Table 2[b). Comparison of models -o temperature dauabase for high geomagnetic

activity (Ap _> 50)

Data Set ALT PT$ MOO M90 J_0

ME_-N SD ME__N SD MF,A_N SD

Arecibo 120 - 200 12 -37.51 75.25 -45.49 72.28 -86.99 66.!_

i_R 200 - 400 8 12.16 27.86 !2.98 24.93 -22.05 41.9S

400 - 799 8 1.55 48,31 13.96 46.43 -70.II 55.65

T,×** 25 1.61 46.99 12.93 46.08 -43.05 56.16

T= "*_ 109 8.68 43,36 18,66 43.96 -60.08 56.61

Millstone I00 - !30 _ 97 -19.24 54.54 -19.18 49.92 -2,20 62.75

Hill T=x' !0 33.34 _8.20 44,33 36.52 -6.35 57.86

!SR T_" 130 3.83 !2!.B4 -4i.76 149.71 12._3 140.34

T="' 456 0._5 !14.99 -46.39 !38.8! 10.31 125.3B

St. gantin T= 6a -2!.43 79.14 -24.68 80.20 -66,08 88.B_

ISR

Malvern 200 - 400 ? -4_.84 83.52 -5!.66 84.04 -21,08 80.30

!SR

AE-C RATE !20 - 200

NMS 20O - 4OO

62 -37,87 83.71 -40._2 83.71 -7.5_ _0.37

60 -232,70 259.42 -239.63 2BI.59 -248,31 266.39

AE-D NATE 120 - 200 14 23.31 _6.07 _9,94 42.61 48.59 65.00

h_S 200 - 400 25 -22.25 93.83 -19.14 !00.I! 118.77 113.96

AE-E NATE 120 - 200 25 -28.85 39.79 -32.13 40.37 -37.16 41.07

IW-MS 2D0 - 400 103 -90.40 152.53 -B6.75 155.4_ -144.90 !57.64

DE-2 WAT$ 200 - 400

NMS 400 - a00
337 -457,83 602.70 -470.71 600.32 -395.19 53!.19

190 -22.90 169.04 -37.49 173.60 43.21 189.20

" Prior uo !985 (Da=a used :o generate M$!EE-gO, NRLMSISE-00)

*_ 1985-95 (Data used _o generate NRLMS!SE-00)

**_ 19_5-95 (Entire new da_a se_)

I Prior _o !981 (Data used _o generate MSISE-90, _L_SISE-00)

tt 1981-97 (Daua used _o generate NRLMS!SE-00)

tit 1981-97 (Entire new da_a set)

_988-97 (LTCS 2-151Concharenko and Sa!ah [1998])
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Table 2(c). Comparison of models _o temperature da=aba_e acros_ all levels of

geomagnetic _c=ivity

Data Set ALT PTS MOO M�0 JT0
MEAN SD ME__N SD MEAN SD

Arecibo

iSR

120 - 200 55

2OO 40O 98

400 - 799 I01

T=x • 172

Tex*" 411

T_ **_ 3882

3 2_ 80.48

26 28 42.01

44 97 80.91

31 i2 46.2s
2 87 37.57

2 87 42.04

-3.45 83.86

28.99 4!.97

58.03 79.32

36.19 _5.!9

5.12 38.57

4.40 41.44

-9.39 87.31

18_82 51.BB

37.90 89.82

34.79 79.02

-26.29 57.73

-44.64 70.79

Mi!!s=one

Hill

ISR

!00 -!30' 5352 -1.54 46.02

Te_' 559 _1.35 5a.15

T_ 'r 583 -2.89 59.14

T_× TM 6459 4.76 55 74

-2.70 44.57

30.50 54.37

-24.72 67.77

-!!.90 60.29

11.53 52.27

5!.30 87,22

-20.90 94,93

-4.27 88.18

S_. Santin

ISR

T,x 642 -!.48 47 26 -16.83 46.57 -2.88 86.92

Jicamarca

ZSR

T=x 52 -26.93 53 90 -24.84 54.29 -38.47 80.54

Ma!vern

ISR

200 - 400 170 -20.82 71.20 -32.21 70.36 22.85 86.92

AE-C N.ATE 120 200

_g 2O0 - 4O0

598 -39.19 101,03

5_i -72.89 117.05

-42.19 102,61

-73.10 118.07

-7.73 I01.78

-49.73 127.07

120 - 200

200 - 400

345 -26.49 96.02

437 -31.Bi !01.96

-24._2 99.18

-28.17 ID!.51

-5.34 101.72

10.90 124.55

AE-E NATE

NMS

120 - 200

200 - 400

664 -17.45 63.78

2158 -33.18 70.59

-22.81 63.88

-27.12 71.50

-10.82 59.29

-34.88 81.97

120 - 200

200 - 400

185 -6.70 55.47

iii -17.05 79.76

-6.02 60.40

-23.69 84.06

4.44 53.49

2.30 78.43

120 - 200

200 - 400

400 - 80O

13 -76.32 548._9

&2!7 -20.49 ia3.93

2213 5.37 !42.22

-91.71 549.02

-3!.02 143.27

-5.85 142.15

-24. ,<4 523,7!

-36.83 165.84

-19.93 159.57

Prior _o !985 (Data used to generate MSISE-90, NRLMS!$E-00)

1985-95 (Data used to genera=e h?,LMSISE-00)

1985-95 (Entire new data set)

Prior to 198! (Data used _o generate MSISE-90, N_LMSiSE-O0)

1981-97 (Data used to generate N-_LM$!SE-00)

1981-97 (----hnhir_new da_a so=)

1988-97 (LTCS 2-15: Concharenko and Sa!ah {!99_])
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Table 3(a), Comparison of models =o dazabase on N_ concentration for c£!ie-.

geomagnetic activity (Ap -< i0)

Data Set ALT PT$ M00 M�0 J30

MEAN ED MEAN ED MEAN ED

AEROS-A 120 - 200 10g" 0.09 0.16 0.ll 0.16 0.!0 0.15

N_,S 200 - 400 14018* 0.!0 0.3! 0,05 0.31 0.22 0._5

400 - 800 453!' 0.24 0.53 0,17 0.53 0.90 0.79

000-6 200 - 400 69 0,11 0.17 0.0! 0.16 -0,05 0.25

NMS 400 - 800 1S49 0.14 0.25 0.05 0,25 0._9 0.63

San Marco-3 120 - 200

NME 200 - 400

9 0,05 0.12 -0.0i 0.!l -0.04 0,14

76 0.14 0.25 0.07 0.25 0.!4 0.28

S_. San_ii 80 120 272 -0.07 D.43 -0.05 0.45 -0.23 0.40

ZSR

......... ._rec ibo

AE-C N_TE

m_s

80 - 120 21! -0.17 0.27 -0.!7 0.27 -0.22 0.23

120 - 200 !0 -0.24 0.12 -0.!4 0.!0 -0.20 0.16

200 - 400 1726 0.09 0.31 0.05 0.3! 0.40 0.55

400 - 800 234 0.26 0.40 0.1B 0,39 1.0B 0._9

120 - 200 479 -0.06 0.15 -0.02 0.15 0.00 0.!9

200 - 400 949 -0.01 0.27 -0.04 0.27 0.16 0.35

AE-D OSS

NMS

120 - 200 256 -0.03 0.16 -0.06 0,16 0.0! 0.i8

200 - '400 238 -0.12 0.36 -0.17 0.37 0.02 0.50

120 - 200 610 0.00 0.18" -D.01 0.16 -0.03 0.20

200 - 400 1305 0.07 0.22 -0,01 0.22 -0.01 0.34

400 - 800 B3B 0.09 0.26 -0.04 0.25 -0.14 0.36

Rocke_

L_ oct

120 - 200 i 0,32 0.00 0,27 0.00 0.13 0.00

Kocket B0 - _20 !9 0.01 D.30 -0.02 0.30 -0.22 0.31

120 - 200 225 -0.08 0.30 -0.08 0.30 -0.18 0.29

200 - 400 _7 -0.12 D.24 -0.i! 0.25 -0.12 0.26

200 - 400 1230 -0.12 D.31 -0.!4 0.32 0.01 0.45

200 - 400 1955 -0.3_ 0.23 -0.43 0.23 -0.37 0.40

400 - 800 520 -0.26 0.45 -0.33 0._3 -0.19 0.64

ZISCAT 80 - 120

[SR Averages

_Entire da=a so:

23 -0.08 0.17 -0.04 0.21 -0.15 0.11
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Table 2(b). Comparison of models _o database on N2 concentration for high

geomagnetic activity (A_ _ 50)

Data Set ALT PTS MOO Mg0 J_0

MEAN SD MEAN SD MEAN SD

AEROS-A 200 - 400 3090" -0.22 0.86 -0.21 0.86 0.02 0.92

_S 400 - 800 !0!5 _ -0.i0 0.92 -0.09 0._4 0.52 1.30

OGO-6 200 - 400 £ 0.09 0.23 0.04 0.22 -0.23 0.33

NM._ 400 - 800 22_ 0.51 0.57 0.39 0.60 0.79 0.98

St. Santin 80 - !20 34 0.00 0.36 0.00 0.35 -0.17 0.3!

ISR

Arecibo 80 - !20 3! -0.25 0.!8 -0.26 0.21 -0.29 0.19

ISR

AE-C RATE 200 - 400 150 0.32 0.56 0.28 0.57 0.69 0.96

_s 400 - 800 12 0.29 0.7_ 0.38 0.86 2.79 0.95

AE-C OSS 120 - 200 128 0.07 0.17 0.08 0.17 0.17 0.!9

h_S 200 - 400 191 0.15 0.31 0.12 0.34 0.25 0.54

AE-D OSS !20 - 200 27 0.29 0.!0 0.23 0.09 0.36 0.16

_S 200 - 400 2£ -0.05 0.23 -0.i0 0.25 0.52 0.38

AE-E MACE 120 - 200 26 -0.01 0.16 0.08 0._5 -0.0i 0.19

h_S 200 - 400 145 0.24 0.3_ 0.21 0.37 -0.13 0.39

400 - 800 54 0.24 0.20 0.18 0.20 -0.28 0.25

ESRO-4 200 - 400 231 0.08 0.33 0.07 0.36 0.26 0.50

A_S

DE-2 NACS 200 - 400 570 -0.30 0.36 -0.36 0.36 -0.15 0.50

lq_S 400 800 253 0.30 1.79 0.!0 1.74 1.59 2.2!

.Enuire daua seu
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Table 3(c). Comparison of models to database on N2 concentration across all

geomagnetic activity levels

Daua Set ALT PTS MOO Mg0 j70

ME_M SD MEaN SD MEAN SD

AEROS-A i20 - 200 130 • 0.09 0.15 0.ii 0.15 0.!2 0.16

N_S 200 - 400 383_2" 0.04 0.34 0.04 0.34 0.21 0.49

400 - 800 !2342 _ 0.!! 0.56 0.!2 0.56 0.69 0.91

OGO-6 200 - 400 135 0.09 b,19 0,01 0.!S -0.ii 0.34

_S 400 - 800 3576 0.13 0,26 0.08 0.26 0.57 0.68

San Marco-3 120 - 200

A_ 200 - 400

16 -0.02 0.14 -0.07 0.34 -0.!l 0.18

121 0.12 0.21 0.06 0.2! 0.09 0.24

S_. Sancin 80 !20 558 -0.08 0.4! -0.05 0,42 -0.23 0.3B

iSR

Arecibc 80 - 120 403 -0.!7 0.28 -0,17 0.28 -0.23 0.25

!$R

AE-C MATE !20 - 200 I0 -0.23 0.12 -0.!2 0.!0 -0._0 0.16

NMS 200 - 400 3149 0.!0 0.33 0.09 0._4 0.43 0.61

400 - 800 472 0.2_ 0.45 024 6.46 1.20 0,81

AE-C OSS 120 - 200 i!80 -0.05 0.!6 -0.02 0.!7 0.02 0,21

_5 200 - 400 2271 0.0! 0.28 0.00 0.28 0.1? 0.42

AE-D OSS 120 - 200 507 0.00 0.!6 -0.04 0.!6 0.05 0.18

_S 200 400 462 -0,13 0.35 -0.!5 0.37 0.I0 0.6!

AE-E MACE 120 - 200 1076 -0.01 0.19 -0.0i 0.!7 -0.03 0.21

N_S 200 - 400 27!2 0.07 0.25 0.01 0.25 -0.07 0.35

400 - 800 163_ 0.08 0.26 -0.02 0.26 -0.17 0.37

Rocket 120 - 200 2 0.02 0.26 0.02 0.23 -0.07 0.19

liltoct

Rocke_ 80 - 120 32 -0.05 0.33 -0.08 0,35 -0.27 0.35

NMS 120 - 200 297 -0.06 0.30 -0.06 0.29 -0.16 0.29

200 400 116 -0.20 0.55 -0.19 0.55 -0.21 0.50

ESRO-4 200 - 400 2621 -0.!0 0.32 -0.!! 0.34 0.08 0.47

DE-2 NACS 200 - 400 497! -0.37 0.27 -0.39 0.26 -0.3! 0.44

NM.S 400 - 800 1544 -0.26 0.47 -0.32 0.47 -0.05 0.7!

EZSCAT B0 - !20 42 0.0O 0.17 0.01 0.18 -0.16 0.14

iS_ Averages

"Entire data set
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Table 4(a . Comparison of models to database on _eta! e×ygen concentration

{O.202)for quiet geomagnetic activity (Ap _ I0)

Data Set

AEROS-A

ALT PTS MOO Mg0 j70

M-_ ED MEAN SD M-Cr_W SD

!20 - 200 1!4" 0.24 0,!0 0.21 0.!0 -0.13 0.ii

200 - 400 12021* 0.13 0.24 0.14 0.25 0.00 0.29

400 - a00 8725* 0.12 0.37 0.!i 0.37 0.16 0.]B

200 - 400 67 0.06 0.!2 0.06 0.!! 0.12 0.!5

400 - 600 1828 0,!_ 0.!6 0.[7 0.16 0,17 0.20

San Marce-3 120 - 200

h_£ 200 - 400

21 -0.1D 0.!2 -0.!3 0.!i -0.23 0.i0

62 -0.04 0.16 -0.06 0.!5 -0.09 0.17

AE-C NA_ 200 - 400

NNS 400 - 500

163_ -0.09 0.18 -0.1D 0.!7 -0,15 0.22

272 -0.!2 0.22 -0.15 0.20 -0.!3 0.24

AE-C OSS 120 200

hT_;S 200 - 400

AE-D OSS !20 - 200

A._ZS 200 - 4O0

AE-E NACE 120 20D

NMS 200 - 400

4OO - 500

ESRO-_ 200 - _D0

DE-2 NACS 200 - 400

_S 400 - 600

*_ntire data set

330 0.13 0.16 0.08 0.16 -0.15 0.24

S73 0.05 0,24 0.04 0.24 -0 oa 0.29

206 0.15 0.14 0.08 0.14 0.02 0.22

2!4 -0.03 0.25 -0.05 0.26 -0.!I 0.31

292 -0.09 0.!4 -0.32 0.!3 -0.26 0.17

1411 -0.i0 0.19 -O.ll 0.!9 -0.05 0.23

893 -0.15 0,!8 -0.!7 0.17 -0.08 0.18

!263 -0.37 0.24 -0,37 0.24 -0.26 0.27

2090 -0.!2 0.17 -0.12 0.!6 -0.09 0.25

1381 -0.06 0.24 -0.09 0.24 -0.08 0.25
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Table 4[b). Comparison of models _o database on to_a3 oxygen concentration

(O+202)fo- _ high _oma_ne_ic activity levels (Ap -> 50)

Data SeE ALT P?S NO0 M�0 j70

ME__N SD M_ SD M_ SD

AEROS-A 200 - 400 209&* 0.05 0.49 0.07 0.50 -0.!0 0.60

_S 4DO - _D0 _559 _ -0.!2 D.50 -0.0_ 0.5! -0.!B 005_

OOO-E 200 - 400 12 -0.01 0.%4 D.0! 0.16 0.04 0.25

_S 400 - 6OD _37 O._B 0.18 0.19 0.%9 0.!8 0,22

AE-C NATE 200 - 400 203 -0.05 0.32 -0.05 0.32 -0.19 0.4!

.N>._S 400 - _00 _3 -0.2_ 0.!_ -0.29 0,13 -0.25 0.i7

AE-C OSS 12D - 200 !_2 0.23 0.18 0,!5 0.19 -0._5 0.2B

NMS 200 - 400 i_9 0.!2 0.30 0.ii 0.3i -0.1B O.4_

.....XE_ _SS E20 = 20_ 20" 0-722 0:17-- 0:02: O:_& -0_05 O_25

_S 200 - _00 l0 0,08 0.!9 0,00 0.20 -0,15 O.3B

AE-E MACE 120 - 200 7 -D.06 0.!5 -0.01 0,!5 0.05 0.27

NM_E 200 - 400 133 -0.04 0.32 -0.0_ 0.32 0.08 O._3

400 - 500 40 -0._D 0.20 -D.!2 0.20 O.0! 0.21

EERO-4 200 - 400 234 -0.!l 0.23 -0.!! 0.22 -0.2_ 0.3e

h_S

DE-2 A'ACS 200 - 400 $63 -0.16 D.23 -0.i6 0.24 -0.29 0.39

NM.S _00 - _00 389 -0.0_ 0.2_ -0.0_ 0.27 -0.25 O.39

_Entire data set
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Table 41c). Comparison of models co database on toua! e×q/_n concentrat_on

(O+20:)across all geoan_gnetic ac,zivity !evels

Data Set ALT ?T$ MOO M90 J';'0

M-'AN SD MEAN SD M_ SD

AE.RO-_-A 120 - 200 135 * 0.23 0.i0 0.23 0.30 -0.12 0.I_)

NMS 200 - 400 309_! • O.0a 0.25 0.!0 0.25 -0.07 0.34

900- 800 22474" 0.01 0.38 0.04 0.3B 0.03 0.43

OGO-_ 200 - 400 156 0.0_ 0.__4 0.0! 0.!_ 0.05 0.2!

_qM_S 400 600 3391 0.16 0.i_ 0.!7 0.!_ 0.15 0.22

San Marc_-3 i20 - 200

.X_._S 20O - 400

3_ -0.!! D.16 -0.14 0.14 -0.23 0.13

106 -0.05 0.14 -0.0& O.Z4 -0.09 0.16

AE-C NATE 200 - 400 3153 -9.09 0.!9 -0.09 0.!9 -0.16 0,25

NMS 400 - 500 521 -0.!! 0.22 -0.12 0.21 -0.!3 0.25

XE-C 095 120 - 200 949 0.!_ 0,23 O.OB 0.23 -9.14 0.29

_S 200 - 400 2253 0.OB 0.25 0.0_ 0.25 -0.08 0.33

AE-D DES 120 - 200 392 0.35 0.!5 0.05 0.!5 -0,02 0.23

N_S 200 - 400 394 -0.03 0.24 -0.05 0.2_ -0.!4 0.32

AE-E NACD 120 - 200 545 -0.10 0.14 -0.13 0.13 -0.25 D.19

N_..$ 2D0 - 400 285i -D.!! 0.21 -0.!1 0.21 -0.04 0.2_

_00 - 600 i730 -0.1S 0.19 -0.i_ 0.!5 -0.07 0.20

ESRO-4 200 - 400 2592 -0.15 0.25 -0.15 0.25 -0.27 0.32

NMS

DE-2 NACS 200 - _00 514! -0_13 0.17 -0.!3 0.17 -0.14 0.30

A_..S _00 - 600 3525 -0.09 0.23 -0.09 0.23 -0.!2 0.2_

*En_irs da_a set
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Table 51a Comparison of models _o database on helium cencentration for cluiet

geomagnetic activity (A_ K i0)

Da_a Set

AEROS-A

NNS

ALT PTS MOO M90 J7 0

MEA_N _D M_ SD MEAN SD

!20- 200 96" 0.71 0.32 0.74 0.32 -0.45 0,37

200 - 400 11814" 0.24 0,,_2 0.22 0.32 -0.06 0.90

400 - 800 _543 _ 0,19 0.38 0.16 0.3B -0.13 0.79

200 - 400 35 0.20 0.15 0.1O 0.!S 0,25 0.3_

400 - BOO 1994 0.23 0,!9 0.2! 0.19 0.63 0.42

San Zarco-3 120 - 200

NMS 200 400
!3 0.45 0.2? 0.4_ 0.28 0.06 0.19

91 0.15 0.21 0.14 0.22 -0.13 0.33

AE-C NATE 200 - 400

NMS 400 - 800

A_C OSS 120 _ 200

NMS 20D - 4 00

1706 -0.30 0.17 -0.32 0.18 -0.34 0.76

23_ -0.29 0.1g -0.32 0.!g -0.02 0.73

339 -0.09 0.27 -0.08- 0.2B -0.54 0.79

828 0.09 0.22 0.04 0.2! -0.29 0.92

AE-D OSS 120 200 192

NMg 200 400 22?

AE-E NACE 120 - 200 257

N_S 200 - 400 !4!6

400 - 500 845

ESRO-4 200 - 400 !!19

N-MS

-0.09 0,27 -0.12 0.27 -0.19 I.!I

-0.23 0.3B -0.26 0.37 -0.24 . I .25

0.!2 0.22 0._0 0.22 -0.08 0,50

-0.06 0.18 -0.07 O.IB -0.21 0.46

-0.08 0.19 -D.!O 0.20 -0.14 0.41

-0.13 0.32 -0.!4 0,3! -0.34 1.06

DE-2 _ACS 200 - 400 1971

NMS 400 - B00 1844

800 -1200 312

-0.13 0.16 -0.13 0.16 -0.12 0.71

-0 .!_ 0 .16 -0 .14 0.16 -0.25 0 .56

-0.06 0.20 -0.!0 0.19 -0.28 0.39

_En_ire data set
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Table 5(b). Comparison of models [o Database on helium concentration for high

_eomagnetic act< ; 50).v. ty [A_ Z

m_D._a Set ALT PTS MOO M90

M_AN SD MEAN SD

AERO$-A 280 - 400 2092" 0.31 0.95 0.28 0.95

.NMS 400 - 800 1566" 0.26 !,00 0.25 !.00

OGO-$ 200 - 409 13 0.03 0,09 0.02 0,12

N_B 400 800 140 !._O 1.49 !.41 1.50

AE-C NATE 200 - 400 !74 -0.30 0.3! -0.32 0.3!

NMS 400 - 800 I_ -0.30 0.23 -0.3S 0,22

AE-C OSS 120 - 290 146 -0.06 0.45 -0.06 0.46

.NMS 200 - _00 202 -0.06 0.44 -0.OB 0.46

J7 0

MEAN SD

-0.11 !,15

-0.1B 1 .Ii

0.45 0.41

1.82 1.39

-0:33 0.80

0.12 0.54

-0,60 0.S9

-0.36 !,02

AE-D 0£9 !20 - 200

......... h_S -- 200 : 4-0'0
:ts -o.oB 0.31 -0._6 0.30 0.02 0.59
33- =0.2-0- 0.3-i ,d.2-#- 6..f_ -c_._7 0.65

AE-E NACE 120

k_9 200
409

- 200

- 400

- BOO

8 0.i_ 0.!i 0.16 0.12

131 -0.03 0.21 -0.06 0.20

49 -9.13 0.12 -0.15 0.13

0.79 0.26

0.20 0.49

0.02 0.28

ESRO-4 200 409 211 -D.17 0.34 -0.18 0.34 -9.40 0.76

DE-2 NACS 200 - 400

_k_!..S 400 - 800

800 -1200

496 -0.16 0.26 -D.!7 0,26 -0.40 0.54

572 -0.13 0.29 -0.12 0.33 -0.45 0.6i

44 -0.17 0.!7 -0.!9 0.!8 -0.50 0.41

*Entire da_a sez
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Table 5(c) . Comparison of modsls to database on helium cencenZration across all

geo_.agne_ic activity levels

Data Set ALT PTS M00 Mg0 JT0

MEAN SD MEAN SD MEAN SD

AEROS-A 120 - 200 !13 _ 0.72 0.3! 0.76 0.31 -0.45 0.36

.N_4S _ 200 - 400 30166" 0.22 0.33 0.21 0.34 -0.16 ,0.89

400 - BOO 21840" 0,16 0.35 0,14 0.3_ -0.15 0.77

OGO-6 200 - 400 68 0,!9 0.!5 0.14 0,14 0.40 0.43

NMS 400 800 3532 0,23 0.20 0.22 0,15 0.57 0.43

San Marco-3 120 - 200

b_S 2O0 -400

26 0.45 0.23 0.43 0.23 0.04 0.19

!45 0.13 0.19 0.ii 0.20 -0.i0 0.32

AE-C NATE 200 - 400 3277 -0.30 0.19 -0.31 0,!9 -0.35 0.74

_S 400 - 800 513 -0.29 0.!9 -0._2 0.!9 -0.06 0.7!

AZ-C OSS 120 - 200 954 -0.07 0.39 -0.07 0.33 -0.57 0.81

_S 200 400 2219 0.05 0.29 0.03 0.26 -0.27 0.92

AE-D OSS 120 - 200 365 -0.0B 0.30 -0.11 0,29 -0.!7 l.!0

_S 200 - 400 435 -0.24 0.35 -0.2? 0,33 -0.34 1.29

AE-E NACE 120 - 200 518 0.!2 0.25 0.I0 0.25 -0.03 0.52

NM.S 200 - 400 2_!9 -0.05 0,!7 -'0.06 0.17 -0.14 0.47

400 - 800 !661 -0.05 0.I_ -0.09 0.!7 ' -0.08 0.39

ESRO-4 200 c 40C 244_ -0.14 0.3! -0.16 0.31 -0.42 1.03

N_S

DE-2 NACS 200 - 400 4851 -0,i2 0.!8 -0.!2 0.18 -0.i8 0.67

_S 400 - 800 4_20 -0._3 0.i9 -0.13 0.20 -0.32 0.56

_00 -1200 673 -0.09 0.!8 -0.'11 0.iB -0.35 0.40

"Entire data set
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Table 6(al, Comparison of moda!s to database on argon concentration for quiet

geomagnetic activity [A_ _< 10)

Data Set ALT PTS MOO Mg0 JT0

M_-AN SD MEAN SD MEAN SD

AEROS-A 120 200 !09' 0.47 0.22 0.45 0.23 0.23 0.19

hLMS 200 - 400 8565* 0.38 0.4B 0.32 0.48 0.27 0.73

San Mar=o-3 120 - 200 11 0.5S 0,2! 0.50 0.20 -0.10 0.23

A_MS 200 - 400 6_ !,3B 0.29 I.!5 0.28 0.54 0.3S

AE-C MATE 200 - 400 341 0.38 0.40 0.33 0.42 0.52 0,79

NMS

AE-C OSS 120 - 200 299 -0.!0 0.38 -0.07 0.3@ -D.20 0.47

h_S 200 - 400 3 6.90 0.56 _.53 0.59 13.55 0.59

AE-D OSS 120 - 200 159 0.69 0.BI 0.72 0.82 0.45 0.79

N-MS

AE-E NACE 120 - 200 3!3 -0.03 0.18 -0.01 0.!8 -0.25 0.24

.N'MS 200 - 400 336 0.15 0.26 0.!0 0.25 -0.!3 0.31

Rocken 120 - 200 !!I -0,13 0._6 -0.15 0._4 -0.42 8.67

NM5

ESRO-4 200 - 400 1038 -0.15 0.40 -0.!B 0.40 -0.12 0.78

NM_S

DE-2 NACS 200 - 400 1029 -0.01 0.43 -0.16 0.44 -0.!i 0.7B

_S 400 - 800 15 5.00 1.08 3.70 1.10 9.19 0.99

*Entir8 data sez
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Table 6{b). ComDarison of mo_e!s tc database on argon concentration for high

geomagnetic activity l_vels (A= _ 50)

Data __e_ ALT PT$ MOO M�0 J70

MEAN 5D MEAN SD MEA-N SD

AEROS-A 200 - 400 1723 • 0.58 1.53 0.57 1.52 1.12 !.81
NMS

AE-C MATE 200 - _00 47 0.54 0.4i 0.58 0.42 0.12 0.67
NMS

AE-C 05S 120 - 200 !13 -0.01 0.50 0.14 0.50 0.43 0.64

h_5 200 - 400 4 74.95 2.16 69.97 2.01 88.57 1,91

AE-D O55 120 - 200 !I 4.5! !.25 4.27 !.25 3.27 1.25
NM5

AE-E MACE !20 - 200 !3 -0.18 0.13 -0.!5 0.12 -0.46 0.21

h_5 200 - 400 58 0.55 0.79 0.SS 0.76 -0.07 0.69

ESRO-4 200 - 400 223 -0.06 0.60 -0.07 0.59 0.55 1.07
.kTM_

DE-2 NAC$ 200 - 400 4_5 0.12 0.73 -0.09 0.76 1.27 1.12

h_3 400 = 800 Bl !,!_ 1.00 0.45 I._0 12,77 1.22

*Entire data set
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Tab!e 5(c). Comparison of models to database on a_gon concentration across all

geomagnetic activity levels

Data Set ALT

AEROS-A !20 - 200

A_S 20O - 400

San Marco-3 120 - 200

NM_S 20O - 4O0

AZ-C NATE 200 - 400

N_S

PTS MOO Mg0 JT0

MEAN $D M.CAN SD MEAN SD

!30 _ 0.43 0.23 0,45 0..23 0.24 0.20

22539" 0.2B 0.50 0.28 0.50 0.40 0.87

22 0.5_ 0.19 0.5l 0.18 -0.04 0.23

109 1.30 0.27 1,15 0.27 0.49 0.34

895 0.51 0.37 0.51 0,39 0.7_ 0,85

AE-C OSS 120 - 200

NNS 2O0 - 400

AE-D OSS 120 - 200

802 -0.0B 0.43 0.00 0.44 -0.02 0.59

25 2.53 2.10 2.57 2.!4 3.37 2.46

2a? 0.56 0.77 0.6l 0.78 0.40 0.79

AE-E NACZ 120 - 200

_S 200 - 400

Rocket B0 - 120

_S !20 - 200

200 - 400

546 -0.0_ 0.25 -0.05 0,25 -0.28 0.29

7!9 0.16 0.39 0.14 0.39 -0.13 0.46

23 -0.35 0.54 =0.3B 0.53 -0.58 0.52

168 -0.14 0.52 -0.!4 0.49' -0.36 0.55

_0 -0.34 0.02 -0.27. 0.03 0.05 0.02

ESRO-4 200 - _00

.,N-N._S
2351 -0.19 0.4.4 -0.19 0.44 0.00 0.B9

DE-2 NACS 200 - 400

X_S 400- 800
3045 -0.05 0.52 -0.15 0.53 0.23 0.96

170 !.22 1.0l 0.64 i.!0 8.32 1.17

_Entire data sez
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Table 7[a) . Cemparison of models to database

geomagnetic activity [A_ _ i0)

Data Set ALT PTS MOO

MEaN ED

SY_ t i20 - 200 427941 -0.!9 0.37

UV Occ 120 - 200 913 -0.08 0.25

20C - 400 13043 _ -0.23 0,62

AE-C OSS !20 - 200 60 -0.02 0.22

N_S 200 400 23 0.07 0.42

AE-D OSS !20 - 200 229 0.24 0.34

US 200 - 400 7! 0.I! C.36

AE-E OSS 120 - 200 1!2 0.24 0.22

ATM,S 200 - 400 i_ 0.21 0.26

Ro=ket 120 - 200 ii -0.12 0.30

Absorption

Rocket 120 - 200 211 0.12 0.35

h_S 200 - 400 29 =0.!3 0.57

on 02 concentration for quiet

M�0 J70

ME_ SD ME,A/g SD

-0.40 0.37 -0.63 0.4!

-0.37 0.29 -0.66 0.35

-0.47 0.71 -0.69 0.7B

-0.i0 0.24 -0.29 0.23

0.00 0.38 -0.!2 0.43

0.19 0.34 0.01 0.36

0,13 0.35 0.05 0.42

0.1S 0.22 -0.12 0.25

0.22 0.26 -0.06 0.28

-0.i6 0,26 -0.41 0.32

-0.02 032 -0.39 0.34

-0.27 0.47 -0.55 O.44

AE-C E_$S 100 47 -0,09 0.22

UV Oec 130 20 0.26 0.19

150 6! 0.19 0.2B

AE-E EUVS i00 !14 0.03 0.33

LTV Occ 130 77 0.01 D.19

150 _ 72 -0.21 0,!8

150 _ 152 -0.06 0.20

-0.05 0.23 -0,20 0.26

0.27 0.20 -0.16 9,21

0.08 0.28 -0.23 0.3!

-0.02 0.34 -0.06 D.32

-0,03 0.18 -0.43 D.21

-0.33 0.17 -0.56 0.24

-0.19 0.19 -0.47 0,25

Enlir¢ c]ata set; rows not marked re]me to Jle sub_--_ofda;a s"_]e=led _o gen=rate mode].
SolarMaximum Mission

-"Cl_annel]9

Channel 06
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Table 7(b). Comparison of models _ database

geomagnetic ac_ivihy (A; _ 50)

Data Set ALT PTS MOO

MEAN SD

SbZM_ 120 - 200 4i36 t -9.25 0,55

U'V Occ !20 - 200 183 -0.!2 0,_4

200 - 400 17801 -0.82 3,";7

AE-C OS_ 120 - 200 2 0.32 0.23

.ARMS 200 - 400 1 1.28 , 0.D0

AE-C EDWS i00 _ 0.0B 0.22

UV Occ !30 1 0,26 0.00

150 7 0.32 0.39

AE-E EUVS 100 a 0,22 0.19

b-V Occ !30. 8 0.09 6.15

150" S 0.84 I. 61

!50 "_ 15 -0.04 0.29

on 02 concentration for high

M�0 JT0

MEAN SD MEAN SD

-0.49 0.61 -0.69 0,65

-0.44 0.46 -0.67 0.56

-0.B8 3.B3 -0.92 3.8S

0.23 0.20 0.42 0.09

!.00 0.00 0,_0 0.00

0.06 0.20 -0.26 0,15

0.19 0.00 0.00 0.00

0.!! 0.39 0.2? 0.38

0.07 0.14 -0.05 0.12

0,04 0.16 -0.45 O.21

0.44 1.67 -0.19 1.63

-0.21 0.30 -0.53 0.35

T Emir_ data set; rows not marked relate to the s'abs¢t of da:a selected to generate mode].
So]a.r Maximum Mis._ion

" Channel ] 9

3 Ch_nnc] 06
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Table 7 (c Comparison of models co database

geomagnetic _c_ivity levels

on 02 concentration across

Data Set ALT PT_ MOO M90 J70

MEAN ED MEAN ED M_AN

S_ _ 120 - 200 51BB6 i -0.!9 0.37 -0.42 0,40 -0,69

_ Occ 120 - 200 209! -0.09 0,27 -0.3B 0.32 -0.66

200 - 400 27225 t -0.25 0,61 -0.52 0.72 -0,_2

all

SD

0.44

0.39

0._0

AE-C OSS 120 - 200 160 0.07 0,2_ -0.02 0.2B -0.13 0.36

h.'MS 200 400 66 0.i4 0.39 0.06 0.37 0.03 0.4_

AE-D OE-c 120 - 200 376 0.24 0.34 0.19 0.34 0.05 0.38

ALMS 200 - 400 139 0._ 0,32 0.13 0.33 0.!6 0.45

AZ-E O55 120 - 200 256 0.2_ 0,22 0.22 0.22 "0.!!

NM3 200 - 400 47 0.15 0.29 0.15 0.29 -0.!6

Rocke_ 120 - 200 14 -0.07 0.30 -0.12 0.2g -0.3_

AbsorlDti_n

0.25

0.32

0.32

Rocket B0 - !20 37 -0.!7 0.45 -0.22 0.45 -0.44 0,51

N_..S 120 - 200 295 0.09 0,34 -0.04 0.31 -0.38 0.33

200 - 400 44 -0.19 0.55 -0.32 0.45 -0.5_ D._2

AE-C EUVS i00 121 0.00 0.23 0.04 0.24 -0.!6

D'V Occ 130 54 0.2B 0.21 0.26 0.21 -0.09

150 130 0.19 0.31 0.0_ 0.3i -0.!5

AE-_ ED-qS i00 249 0.08 0.30 0.03 9.3! -0.05

LTV Occ 130 !75 0,00 0.20 -0.03 0.19 -0.43

150 _ 163 -0.!8 _.20 -0.32 0.19 -D.56

1503 300 -0.05 0.21 -0.!S 0.20 -0.48

0.25

0.24

0.3S

[3.29

0 .22

0 .29

0 .27

I Solar Maximum Mission

2 Channel ]9

"_Channel 06
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Table 8(a), Comparison of models _o database on atomic nitrogen concentration

for _uie_ seomagne_ic activity levels (A_ _ !0)*

Data Set ALT PTS M00 Mg0 JT0

M_AN SD MEAN _D MEAN SD

AE-C OS_ 200 - 400 380 -0.1i 0.44 0,1! 0.44

NMS 400 - 800 !994 -0.05 0.30 0.19 0.3!

AE-D OSS 200 - 400 2160 -0.42 0.29 -0.29 0.30

R_S 400 - 800 87! -0.3_ 0_35 -0.16 0.36

AE-E OS_ 200 - 900 3998 0.04
NM$

0.27 0.!2 0.2?

DE-2 NACS 200 - 400 159 -0.75 0,72 -0.73 0.68

,_--M-= 400 - _00 74 -0.62 0.50 -0.59 0.47

* Jacchia-_0 model does not cover atomic niuro_en
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Table B(b). Comparison of models to database on _zomic nitrogen concentration

for high geomagnetic activity (A; >- 50)*

Data Se_ AL2 PTS MOO Mg0 J70

M-L_N SD MEAN SD MEAN SD

AE-C OSS 200 - 400 21 -0.15 0.38 -0.02 0.40

NM..S 400 - 300 335 0.0C 0.38 0.!e 0.40

DE-2 NACS 200 - 400 54 -0.73 1.i3 -0.69 !.0B

B_S 400 - 800 26 -0.07 1.27 -0.06 I..19

* Jacchia-70 model does not cover atomic nitrogen
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Table 8(c}. Comparison of models co database on atomic nitrogen concentration

across all zeomagne_ic activity levels"

Data Set ALT PTS MOO Mg0 J70

MEAN SD MEaN _D MEAN SD

AE-C OSS 120 - 200 2 -0,96 0.25 -0.96 0.29

N_S 200 - 400 670 -0.12 0.41 0.09 0.42

400 - 800 4538 -0,07. 0.32 0.!7 0.33

AE-D OS5 200 - 400 3B44

_S 400 - 800 !659

0.31 -0.28 0.31

0.39 -0.19 0.39

AE-E OSS 200 - 400 7!25

A_S

0 !6 0.30 0.23 0.30

DE-2 NACS 120 - 200 103

h_S 200 - 400 903
40O - 800 258

-0 44

-0.61

-0 .46

0.63 -0.38 0.63

0.81 -0.59 0.78"

D;73 =0.4a 0.70

- Jacchia-70 model does no_ cover atomic nitregsn
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Table 9{a) Comparison of models to database on atomic hydrogen _ _ "- con.en_.at_on

for quie: _eoma_ne_i¢ activity levels (A= E i0)*

Da_a Set ALT PTS M00 M99 $70

MEAN SD MEAN SD MEAN SD

AE-C B!MS 200 - 400 !756 0.03 0.30 0.05 0.31

IMS 400 800 466 0.06 0.40 0.08 0._,

AE-E BIMS _20 - 200 9 2.?B O.l_ 2.93 0.!2

IMS 200 - 400 1113 0.02 0.28 0.00 0.2_

400 - 890 515 -0.D_ 0.31 -0.05 D.32

* Jacchia-70 model does nDt cover azomic hydrogen
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Table 9(bl. Comparison of models _o database on a:omic hydrogen concentration

for high geomagnetic activity levels CA; _ 50)"

Data Set ALT PTS MOO Mg0 JTO

ME_M SD M-_ SD M_.N

AE-C 9ZMS 200 - 400 220 0.04 0.59 0.04 0.60

ZNS 400 - _00 65 -0,0! 0.37 -0.02 0.36

SD

AE-E BZMS 200 - 400 71 0.16 0,_8 0.13 0.47

IMS 400 - 800 33 -0.19 0.29 -0.!_ 0.29

*'Jacchia-70 model does no_ cover atomic hydrogen
/
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Table 9(c] . Comparison of models to database on a_omic hydrogen concentration

across all geomagnetic activity !evel_*

Data Set ALT PTS MOO M�0 JT0

MEAN _D MEAN SD h_E_N _D

AE-C BIMS 200 - 400 3735 0.06 0.32 0.07 0.33

!MS 400 - @00 942 0.03 0.38 0.03 0.3B

AZ-E BIMS 120 - 200 16 2.10 0.31 2.24 0.31

INS 200 - 400 22_5 0,01 0.30 -0.0! 0.30

400 - 800 1084 -0,i! 0.34 -0.07 0.35

* J_cchia-70 model _oes not cover atomic hydrogen
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POPULARSUMMARY

A new global, upper-atmospheric model is presented. This model is intended to replace

previous models utilized in such applications as satellite orbit prediction. The new model

termed the NRLMSISE-00 model, together with an associated database, NRLMSIS, is

based on total mass densities from satellite accelerometers, satellite orbits, temperature

determined by incoherent scatter, and molecular oxygen densities from the SMM solar

occultation experiment. Extensive comparison is made with earlier upper atmospheric

models such as MSIS and Jacchia-70. Model dependence on solar and geomagnetic

activity is demonstrated more clearly than previous models. This model should become

the standard for use in satellite orbit prediction.


