
-4)A35210 A NE W MODELUOSTHE GEOMAGNETIC VARIAT[ON IN THE UPPER I/
ATMOSPHERE( ) SMIHSONIAN ASTROPHYSICAL OBSERVATORY
CAMBRDGE MA J W SOWEY SEP 83 AFG-RB3-0253

IbNCLASSIFED F19628-81-K5033 FG 12/1 N

LmhhhImI



jI~II ~ .2

1111.2 5 14 1111.6

MICROCOPY RESOLUTION TEST CHART
NATIO*AL WbAU O $VAlNOAROS - e943 - A



~N I

ko

45 :7 1

$44 Y,

x~

CAS MA



I

' V
'N ~ *N'j" ~'% ' N

N' - N'

A"

-0
5

~ -q
I ~

~

-r
<N~'*'N~ il

"-~-e
'2.' "N - 4

' ' -~ 4'

4 - ' N

.~' 'S

N'

- -? N ~ F, A'

'N

N

F -~ F
~ %4~

"-F -' - ', N

* t)'N~ 'N ' Id' N

-' -' 'NfN~ 1*~
.. > ~ i1~

-' N, -

4

N~t~-. -~

'~' j N~ 7 ANN N N4~

S4 'N o,.: A: ~ ~ 'F'"-

~ 'Fkj~ v'S 'N -. 44 *'~~ 'Ic.
4"<"#' "INN%

. A - -

* 't - t . -
,- A

--v w . ' -'N

~ +t; 4 '

* *> - - -,



Unclassified
SECURITY CLASSIFICATION OF THIS PAGE (When Dal Ernteredj

REPORT DOCUMENTATIONT PAGE eF s R ONSREPOT DO MEHTTIONPAGEBEFORE COMPLETING FORM

I. R.ORT3UMBE 1Z.RECIPIENT'S CATALOG HUMMER
AFGL-TR-83-0253

4. TITLE (And Stitle) S. TYPE Of REPORT & PERIOD COVERED
Final Report

A NEW MODEL OF THE GEOMAGNETIC VARIATION Fil RepostIN TE UPER AMOSPERE1 April 1981-15 August 1983IN THE UPPER ATMOSPHERE
4 PERFORMING ORG. REPORT NUMBER

7. AUTHORJ S CONTRACT OR GRANT NUMUER(sJ

Jack W. Slowey F19628-81-K-0033

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT. TASK
Smithsonian Institution AREA A WORK UNIT NUMBERS

Astrophysical Observatory 62101F
60 Garden Street, Cambridge, MA 02138 669007AJ

11. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE
Air Force Geophysics Laboratory September 1983
Hanscom AFB, Massachusetts 01731 13. NUMSEROF PAGES

Monitor/Dorothy F. Gillette/LYD 12
14. MONITORING AGENCY NAME & AODRESS(fI differnt from Controlling Office) IS. SECURITY CLASS. (of thl report)

Unclassified

IS.. DECL ASSIFI CATION/ DOWNGRADING
SCHEDULE

it. DISTRIBUTION STATEMENT (of thle Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20. it different from Report)

III. SUPPLEMENTARY NOTES

It. KEY WORDS (Continue on reverse aide if neceaary and Identify by block number)

Empirical model, geomagnetic variation, thermosphere, exosphere,
upper atmosphere.

20. A% ARACT (Continue on reverse side if neceeary and identify by block number)

A new empirical model of the geomagnetic variation in the earth's
thermosphere and exosphere is presented. The form of the new model is
similar to that developed earlier by Jacchia et al. from ESRO 4 mass
spectrometer data. It differs from the earlier-T-rmulation in that it
incorporates the variation with local magnetic time, allows the shape

DD J 1473 EDITION OF NOV61 IS OBSOLETE Unclassified
SECURITY CLASSIFICATION OF THIS PAGE (I111in ON&a Eeft

LP



Unclassified

SECURITY CLASSIFICATtON Of THIS PAG*(Whon Date Bate,.d)

20. (cont.)

-402 of the latitudinal response to vary with the level of geomagnetic
disturbance and includes a latitude-dependent term in the thermal
component of the variation. A new index of disturbance is also
introduced that is designed to take into account the effect of
the prior heat input associated with geomagnetic activity. The
model parameters are essentially those deduced from analysis of
the ESRO 4 mass spectrometer data. Some refinement of the parameters
is to be expected, especially in regard to separation of thermal and
mass transport effects in low latitudes.

Unclassified

SECURITY CL ASi FIC ATION OF THIS PAGEI("fin Dole FnteoEd)



CONTENTS

Page

SECTION 1.0 INTRODUCTION.... . . . . . . . . . . . . . . . . . 1

2.0 NATURE OF THE VARIATION . . ... .. . .. .. . ... 2

3EEECS. FOR O. OD. . . . . . . . . . . . . . . . . . . . I

FIGURES

FIGURE 1 Logarithm of N, density at a height of 250 ku as measured
by the OSS mass spectromter . . . . . . . . . . . . . . 3

2 Global isotherms of the relative temperature increase due
to geomagneticodisturbance . . . . . . . . . . . . . . . 6

3 Latitude profiles of the relative temperature increase *7

Accession For

NTIS GRA&I
DTIC TAB C
UnannlZounce~d
Justification

D stributionI
Availability Codes

Avail and/or
Dist jASpeffial

iiZi



A NEW MODEL OF THE GEOMAGNETIC VARIATION IN THE UPPER ATMOSPHERE

Jack W. Slowey

Harvard-Smithsonian Center for Astrophysics
Cambridge, Massachusetts

1.0 INTRODUCTION

Large variations in the density of the thermosphere and exosphere in
association with geomagnetic disturbances were first detected by Jacohia
(1959, 1961) in the drag on artificial satellites. Densities obtained from
the analysis of drag were then used extensively to study and model this
geomagnetic variation in the upper atmosphere. Model development based on
drag analysis culminated with the model derived by Jacohia je al (1967)
that was subsequently incorporated, with only slight modification, in the
1972 CIRA reference atmosphere and other general models of the upper atmos-
phere derived from drag analysis.

The models of the geomagnetio variation based on drag analysis were
extremely simple in form and usually represented the variation as being
uniform over the globe. As it turns out, the geomagnetic variation is
extremely complex in form but, while this was certainly suspected, the drag
data revealed few details because of their poor resolution. It was not
until data from 1n &LJu accelerometer and mass spectrometer experiments
became available that the geomagnetic variation could be modeled in any
detail. Te process is still far from being complete, however.

There are, at present, two models based on h4h-resolution data in
use. One of these in that of Jacohia Al al (1976, 1977) that is inoorpo-
rated in Jacohia's most recent general model of the thermosphere and exo-
sphere (1977). The other is that of Hedin A& al that is Incorporated in
the SI8 model (1977a, 1977b, 1979). Here, we will describe initial of-
forts directed toward extending and improving the model of Jaochia st aL.
In this, we have four main aims. These are: 6

1) To incorporate the variation with local magnetic time. As it is
now, the model includes only the man variation with latitude.
The local time variation is extremely complex, but the ina fea-
tures are quite significant and can be included without too much
difficulty.
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2) To allow the form of the variation to vary with the level of
disturbance. Slowey (1981) has shown the latitudinal form of the

variation to broaden in high latitudes with increasing levels of
disturbance. This effect appears to be related to a shift in the
location of some of the heat input. Hong (1982) has reported that
the polar cusp region shifts significantly toward lower latitudes
for larger disturbances.

3) To allow for the prior heat input in establishing an index for the
level of disturbance. The Kp geomagnetic index admittedly leaves
much to be desired as an indicator of disturbance in the atmos-
phere. It is increasingly clear, however, that there is much to
be gained by taking account of the persistence of the effects of
disturbance. Theoretical calculations such as those by Fuller-
Rowell and Rees (1911) and the semiempirical models of Hedin eA al
(1981) indicate that the disturbance history over the preceding 5
days is probably significant.

4) To correct what is now seen as a rather serious flaw in the
original model in not permitting an increase in exospheric temper-
ature at the equator. The effect at the equator was modeled en-
tirely in terms of an nequatorial wave* of density that was as-
sumed to originate in high latitudes and progress towards the
equator. While it is clear from the mass spectrometer data that
such a wave is a significant component of the low latitude
response, it is now equally clear that a thermal component also
exists in low latitudes. Separating the two components in data
from a single height or from a limited range of height, which was
all that was available to us until recently, is extremely diffi-
cult, however, and a final determination of the relative impor-
tance and extent of the equatorial wave will depend on future
analysis of data from lower heights.

2.0 NATURE OF THE VARIATION

In figure 1 we show a plot of molecular nitrogen density measured
during a portion of one orbit of the Atmosphere Explorer-C satellite by the
OSS mass-spectrometer. The data were collected during a period of rela-
tively high geomagnetio activity (1.5 hours earlier, Kp was 6+) and when

, the satellite was in a nearly circular orbit. Since the height varied so
little, in was safe to reduce them to a single height for purposes of
analysis and that is the way they are shown here. The abscissa is the time
in minutes, starting from an arbitrary zero point. The scale of the or-
dinate of the Ns number density is not shown, but it represents the change
in the logarithm of the number density. The maximum density here corre-
sponds to a change of 0.5 in logso n(Ns), an increase by a factor of more
than 3 in number density, relative to the density at the origin of the
plot. The smooth curve at the top of the figure is the (adiabatic invari-
ant) geomagnetic latitude plotted on the scale at the left of the figure.
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Figure 1. Logarithm of NS density at a height of 250 km as
neasured by the 033 mass spectrometer on Al-C during a portion of
orbit 4919. The abscissa in the time In minutes from an arbi-
trary zero point and the ordinate in not given (see text). The
smooth curve is the Invariant geomagnetio latitude with ordinate
scale on the left.

The strong dependence of the gemagetic variation on geomagnetic lat-
itude is well established and we can see it In orbit after orbit of the A£-
C and other satellite-borne mass spectrometer data, not only in N. but in
all constituents. Not all constituents behave the way Ns does, however,
and this is another important aspect of the geomagetio variation. The
behavior of the lighter constituents, such as He, is just the opposite of
that of NA: their Uber densities derese where those of ia Increase.
And the density of atomic oxygen, which is of primary importance as far as
total density is concerned throughout most of the thermosphere, my either
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increase, decrease or remain unchanged. In addition to a purely thermal
effect, there is another factor involved in which the molecular mass is
very important. We shall represent this factor in terms of a variation in
the height of the homopause.

The variation is also clearly not just dependent on the geomagnetic
latitude. There are two distinct maxima in the data of figure 1 that
represent separate regions of enhancement in the vicinity of the auroral
oval. As the figure demonstrates, there is also an appreciable over-all
asymmetry with respect to geomagnetic latitude.

3.0 FORM OF THE MODEL

The model of Jacochia 91 Al represents the density and composition
changes that occur in association with a geomagnetic disturbance by a local
increase in exospheric temperature and a proportional increase in the
height of the homopause. The increase in the height of the homopause is a
convenient device by which to represent an effect (the inverse variation of
the lighter constituents) that may actually be due more to wind-induced
vertical diffusion. Superimposed on these two effects is the "equatorial
wave" referred to in the introduction, in which the number densities of all
constituents increase in the same proportion and that is centered on the
equator. We will adopt the same representation here and model the change
in the logarithm of the number density of the species i as the sum of three
components:

AG log ni = AT log ni + AH log ni + Ae log ni  (1)

where AT log ni Is the thermal component, AH log ni is the component due to
the change in the height of the homopause and Ae log ni is the component
due to the equatorial wave. The thermal component AT log ni is to be
evaluated from an atmospheric model assuming an increase in exospheric tem-
perature AGT given by

&GT, - AF(0, ).) (2)

where A is the amplitude given by

A-57.5Kb[1+O.O27exp(O.4Kb)] , (3)

as in the earlier model, and F(O..) is given by

F(0,).) - a* +a*, sinnO+

oos2 '0(a, I sin ). + a& cos X) +

sin 20(a 8 s sin). +ass cos).) +

sin4 Osin20(ag1 sin ).+a3 cos), (4)
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where 0 and X are the geomagnetio latitude and local magnetic time, respec-
tively. To take the effects of persistenoce into account, we assume Kp' in
equation 3 to be the weighted mean of the lagged 3-hourly Kp geomagnetlo
index taken over the 41 values in the preceding S-day interval as follows:

.Kp (ti).-(-e

K'(t) - t i t.. - (5Pt-€ (T

tim 5 (tti-

where t is the time in days, a - 1.0 d-1 and z is the time lag given by

-0.OS +0.1 soss 0 (day) (6)

In equation 4, the first two terms represent the mean latitudinal variation
of the increase in exospheric temperature. The remaining three terms
represent the variation of the temperature increase with local magnetic
time (LMT) in low, middle and high latitudes, respectively. To introduce a
variation in the mean shape of the latitudinal variation with the level of
disturbance, we take n in equation 4 as

n -5.0 -K/$3.0 (7)

A preliminary determination of the remaining parameters in equation 4 wasmade by a least squares fit to values of the exospherio temperature in-

crease inferred from Ns measurements made by the ES04 mass spectrometer.
Exospheric temperatures were obtained from Ns densities by inverse interpo-
lation in an atmospheric model. The temperature increase was taken to be
the difference between the exospheric temperature corresponding to the ob-
served Ns density and that corresponding to the density computed for quiet
conditions from the 3SR04 "quiet time" model of von Zahn 21 al (1977). The
resulting coefficients are

as, - .14253+00 as - .8137E+00 (8)
all - .1184E+00 ass - -.3604E-01
a,, - -.7354E-01 ass - .10383+00
a, - .3706E+00 ass - -.14413+00

The isotherms of the relative temperature increase as given by equa-
tion 4 in the case where KI - 3 (n - 4) are plotted over the globe in
geomagnetic coordinates in Agure 2. As can be seen, there is a considera-
ble asymmetry with respect to the pole. The maximum is between 6h and 9

h

at a latitude of about 80 degrees. This probably reflects both Joule
heating by the westward auroral electrojet and particle precipitation in
the cusp region. The extent of the asymmetry can perhaps be better seen in

figure 3, where the profiles for 6 h and 1 8 h LHT - near the extremes - are
plotted together with the mean latitudinal profile. Of course, the differ-
ence in high latitudes as seen by an orbiting object would tend to be
smoothed out over intervals on the order of a day because of the earth's
rotation. This would not be the case in low latitudes, however, and it Is
interesting to note that, even with the poor resolution of satellite drag,I.'



Roemer (1971) was able to detect this asymmetry in densities deduced from
drag. _ _ _ _,,,_ _

0O
h

6 h 1 h

12
h

Figure 2. Global isotherms of the relative temperature increase
due to geomagnetic disturbance as given by equation 4 for Ki - 3.
The coordinates are geomagnetic latitude and magnetic local tIse.

We should point out that a geomagnetic disturbance will alter the
atmospheric temperature profiles, so that the procedure we have outlined of
entering exospheric temperatures in a static model to determine the effects
on the number densities is not strictly valid. There will be a height
dependence that we have not accounted for that becomes an important consid-
eration at lower heights. In this connection, we have developed disturbed
temperature profiles that give good results in representing observed den-
sity variations at heights as low as 150 k1c. We have also developed ex-
pressions to represent the effects of these disturbed profiles on the num-
ber densities analytically. These expressions are rather involved, so we
will not repeat them here, but they represent an Integral part of the
thermal component of the geomagnetic variation as we would model it.

Concerning the other two components of the geomagnetic variation, we
would include them in the form given recently by Slowy (1983). Specifi-
cally, we would compute the component due to the change in the height of
the homopause from

AR log ni - aiAsll, (9)
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Figure 3. Latitude protiles of the relative temperature increase
for I - 3 as given by equation 4 far 6 h and 18h LNT. The
profile of the mean latitudinal variation is also shown.

where AZH (meters) is to be computed from

AzH-22.OA0 ;T. (10)

where AC;T. is given by equation 2, and the milea are:

a(Ar) - +3.07 x109 (mksa) (11)
tA(O,) -+1.03x10-1 (mksa)
a (NS) - 0.0
ucO) -- 3.75xl0-' (mica)
*(He)--6.30x10-s (mksa).

The component due to the equator'ial wave would be computed from

Alognj-Aelogp-5.2x10-AoosxO (12)

where p is the total density and A is given by equation 3. As was menr-
tioned in the introduction, wsom work remains to be done to better separate
this component tram the thermal component in low latitudes. Suitable data
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are available from both mass spectrometer and accelerometer experiments.
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