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AB~iTh,~OT

~fa1ue r~ a1 totH i electron content of the icnoaphe
re , obta ined at the Observatoric del Ebro by the
Pa rftd ay rotation method , have b’~en ana lyzed to
study electron production rates. Dali:? values of
the electron production ra te , integrd ted with
rei~pect to he ight thr ough the ionosphere ,were de
termined at sunrise for the period August 1973 —

July 1974, by a method that make s use of a two
components model atmosphere. ~ Fourier analysis
of the results indicates an annua l and a semian-
nual variation of the production rate values. A
comparison with results of other authors seems
to indicate a latitud inal dependence of the semi.
annual variation; no similar effect was found
for the annual variation.
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1. INTl~ODUCTION.

In a previous report (AU.erc~.- and Galdón , 1~74)we ga
ye results of total electron content of the lonoephe
re for a period of’ ~ix months. The data were derived
every 2,5 minutes from the a1gnc~1 of the geostationa
ry satellite INTELSAT II—P3 by the Pa rRdsy rotation
meth od . An ana ].ysiE sirailar to the one de~ crlbed by
Garriot and Smith ( 19 65) ,  was applied to the sunrise
period date in order to obtain daily va lues of the
integrated ionization rate of the ionosphere for an
overhead sun.
In the present work we use a more eof5atioate~ me-
thod to obtain riore accurate va lue r of the integra-
ted ioniz~ition production ra te fer a zenita l angle
of the sun of 9C2 , (Q90) . Iii the follcwinr ~ sections
we de ci’lbe the me thod. of pna 1~rsip , in which a two
component model of the neutral atmos phere has been
incorpora ted. The model ,whose dec ci iption is given
in 2.2, is uae~ in 2.3 and 2.4 to obtain an expres—
d o n  for the phototonization rate for ~ra z lng inci-
dence. itn expression for the ionizRt ic~n loss rate is
also obtained in 2.5. The forr~ lse obtained in these
paragraphs are used in 2.6 to obta ir the theoretical
tota l electr on content given by the model for the
sunrise period . The part 2.7 contains the method to
obt**in the integra ted ionization production rate by
comparing the theoretic al end t i e  experim enta l da ta
of the total electron content. ~(e give in section 3
the results of the production rate found at the Ob—
eervatorio del Ebro by the application of the method
d•ecribsd. Ite mean value as we ll aa its seasona l ya—

-
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n ations are compared with the results of other au-
thors and its implication~ are discussed. Pinally ,aeo
tion 4 containo the conoluesions drawn from the pre-
vious discussion.

2. I~1ETIIOD OF ANALYSIS.

2]. THE CONTINUITY EQUATION .

The determination of Q90 Is done by comparing the ex
perimental data of total electron content (TEC) dedu
ced through the Faraday rotation method for the sun-
rise period, to t1~e theoretical values, deduced from
a mode1of th~ ionocp1icre , at the same period.
The model is besed on the well—known continuity eque
tion for electr ons:

:q-I -V INy) (1)

were q and 1 are reopective].y the production and
b a a rate, N the electron density and the drift
velocity of the ioziization , produced by all the dif-
ferent forces.
This equation is valid at  any height , z , of the io-
nosphere, so that it O~~fl be integrated over all hei-
ghts. Before doing it, we assume that only vertical
derivative s contribute to the value of the divergen-
ce. Then, the divergence term can be neglected when
integrated over all he ights. This is equiva lsnt to
assume tha t the T.E .C. is not modified by changee in
the electronic profile , due to vertical movements of
ionization. In the real ionosphere , vertical move—

• mente of ionization do have an ind irect effect on
the electron content , because the loss coefficient

• -- -- - -. ~~~— 
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diminishes with Increasing heliçhts. Never theless, this
effect is very small at sunrise conditions, f irst of
all because the loss itaelf is very small, and secon
dly bea cause , due to the rapid increase of the elec-
tron content during this perica, most of the ioniza-
tion preasent at a given time , has been produced lit-
tle time before. If the movement is not very fast,the
displacement of this ionization should not be big
enough to produce appreciable changec on the loss ra-
te. In fact, at middle latitudes, at sunrise, only an
E—~7 moverient of’ ionization could affect subatantialy
the total electron content , because of the strong gra
dient of electron density in that direction at that
period. But, unless there are strong electric fields,
that we do not expect, this movement Is impeded by
the geomagnetic flel, whose direction lays on a plane
almost perpendicular to the E—V 1 directiom .
The integration of the two meinbres of the equation(l)
with the conditions just assumed gives

dNT :0- P (2)

Where NT is the total electron content, and Q and P ,
re spectively the integrated production and loss rate .

2.2 NDUTRk L ATLLO~3PHLllE.

The two tenina of the second member of equation (2) de-
pend very strongly on the propertie s of the neutral a~
mosi here tha t receive s the ionizing radiation. To aol-.
ye equation (2) is then necessary, to establish a mo-
del of neutral atmosphere from which expressions for
the different terries can be deduced.
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The model we have adopted is an aproxir~ation of that
of Jecchia (1971). ‘Jo have found some relatively aim
pie formulae that give a repre:-entation of the neu-
tral atmosphere, similar to the Jacchis model for
the sa me boundary conditions. The formulae are valid
f or an exospheric temperature range at least between
about 7002 K and 10009 K that corresponds to the tern
penature variation during the considered period.
The lower limit of validity of the model proposed is

= 120Km. The temperature at this level is not
keep constant as in other models. On the contrary,
we make it dependent of the exospheric temperature,
in order to obtain a better fitting to the experimen
tab da ta .
A list of the variables tha t are use on the formulae
is given below:

m = molecular weight
K = Boizinan constant

= exospheric temperature
P = temperature at height z

= tempe rature at he ight zo (depend. en P~ )
g = gravitational acceleration
n(X) = numerical density of the X component at height

S

no(x) = numerical density of the X component at helgbt
S~~ (depends on T_ )

C = constant = 910
b parer.~eter (depends on T. 

)
k parameter (depends on T~ end on m)
a parameter (depends on T~ and on m)

Al]. the variables, as well as the temperature and den—

• sity at the Z0 level, can be obtained from the exoaphe
rio temperature, T~ , through the formulae given in I~~

-_ _ _  --- •- •- -~~~- - -
- - - .7
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pendix .
The exospheric temperature , depends on thc solar radla
tion and the geonagnetic activity, and the method to
calculate :t Ia the saite as in the Jacchla model .
The temperuture distribution with height is given by
the equation

I T._ ( T._10)e zo ) (3)

were = 120Km . To and b depend on P and are ob-
tained through the equations given In i\ppendix.
In fig. 1 a comparison between the tempera ture distri-
bution given by (3) and the Jacchia (1971) modei is
given for two different exospheric t~~iperatures. As
can be aoen, In both caces the curves are very simi-
lar.
ic aa~ju,i~ the neutral atmo~piure to be composed by
thr e~ e1eL~ent~3,O,Q2,I~9. Later on i:e shall see that the
contribution of 02 to the tot~1 electron content va-
riation ii~ really negligible so that only 0 and N2
shall be taken into account In the analysis of the da
ta , nevertheless, in this part , the three elements
are considered.
We asauL?te, as usual, that the three elements are in
diffusive equilibrium, so that the density distribu-
tion with height, z, of each component is given by

(
~ )

n:no (T0IT)e (m y9s’T dz

To obta in an expression of the integral tha t appears
in the exponential, we aproximate the relation gil
through the sum

- -_ _ _ _  
•.
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gil :C/T .f (z-z 0) (5)

where C ié a constant and f (~ — z0) a function who-
se integra l i8:

J ( z_ z& dz :ln L [F(z_z o)J
~~1 (6)

with

F(z_z e)= 1,k (z_ z 0)e~~~~ 0~ (7)

where,ash~~been indicated, Ic and a are two parame-
ters that can be obtained from T, through the for
mu].ae of Appendix.

• ‘~Iith the 3e aproxiniations , the integral of eq . 4 be—
o ome s

dz C/( b T~) (~~(1/11b(Z Z0) ), Ifl( F(Z~~Z 0))~~
K/m

and the lensity

mC 
~ .41+ mC ~

~=~ j bKT• I bKT~ e KT~ F(z -z.) 
(8)

We put

-
- 

(9)

that has the form of a scale height of tempera ture
T. and aoeleration of gravity equa l to 0.
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If we call

~ bH~ 
(10)

and substitute P (~ — z~) by it2 expression(t),the
equation 8 become a

n 
(Z •••Zo

~1+ k(Z_Z.)e
S(z -z0) (11)

with P given by (4).
In Tables I we give the values of log n for the three
components, obtaine l by eq. 11 for difIerent exosphe
n e  temperatures. ~.lao the corresponding values of
the Jacch±a (1971) model ~nd the relative difference
between both models are shown, ~s CaII be seen the dif
ferences between the models are not greater than 2~
till very high altitudeF , and then are greater than
10% only in regions were the d~neIty is lees than
20cm. Phe contribution of this region to the total
ionization of the ionosphere is so small that, even
if the errors in the determination of the density of
the componens are very hI~;h, the results are not af-
fected.

2.3 P}i0T 0I O1~IZA’flUN .

~ts it is well knov,n, most of the free electrons in
the middle latitude ionosphere , are produced by pho—
toioni7.atiOn.

In a mixture of gases, the photoinnization rate of
each component, qj , proc’ureO by a monochromatic ra
diation of flux ~ is ~iv~n by

-

~~~~~~~~~~
~-
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-1o Jn ds
q~4~o1~n1

e t a t  
~ 

I (12)

where and are respectively the ionization and -

absortion cross sections of tie j component and nj
the numerical density. The sun~~l is extended to all
the components and the integral is taken along the
ray path.
Since the ionizing radiation of the atmosphere is not
monoohr onatic , eq. 12 cannot be applied directy, be—
oaune the cross sections depend on the wave length.To
use tha t equation, we have found an equivalent cross
section for the total ionizing flux. The ionizing
spectrum has been divided into intervals of narrow
bandwidth, so that the cross sections can be conside-
red constant inside them. The cross section data co-
rresponding to each interval, °~k 

, as well as the so
lan radiation flux for the same frequecl.es, t~k , ha-
ve been taken from Kookarts ( 1973) and a weighted
mean, ~ , of the crooa sections has been taken for
each element so tit8t

~~~~~~~ °‘k~ k
where ~~ is the tots]. ionizing solar flux. Then
equation 3.2 can be used taking ~ as cross section
and #T as the ionizing flux. The value~ of the absor
tion cross sections foun d for t h e  three elements
are :

~ :6.17 1ö 18cm~
2 

; a :11.5 10 18cm 2 ; a :13.391O~~cm 2
0 N2 02



— 10 —

The va lues for 0 and N 2 are higher than those of
Smith (1968)

a = 5.7 io_18 
cm

2 a :7.4 1O~
8
cm

2
0 / N2

and lower than those of Yeb ci s7. (1060)

a =7.32 1O 16
cm

2 ; a :14.1 iO~~ cm
2

0 N2

2.4 GR1~ZING fl~eIDi~iJCJ ;.

2.4.1. bsortion of radi~~;ion.

The optical depth, t:adnds , in eq. 12 gives
the ray absortion a1ong~ the path.
Since we have tc~ obtain tht~ ionizstiozi at the sun-
rise period,grazing incidence of the ra~1stion has
to be considered , ~e shall assume that the ray path
is a straight line.
In f i g .2 , 0 represents the centre of the earth,0—S
the line joinnin;~ the centre of the earth with the
sun, 1~TII the surface of the earth and ii the earth r~
dius. Vie shall calculate the absortion of the ray
till the point P. To do i~, we shah , rind an expreB
sian of t ite density in a point P ’ of t:~~ ray path ,
that  can be integrated along the ray path.
Prom ~~~~ 2

p:(z .R )si n~ :(z . R)s in X
if we call

h ... R+z . (13)
H

we obtftin
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z’ - z~:H•(h ~~~ -h ) =H~ h(~~~-~ -1) .(z-z • )

To find the density in F’ it j~ enou~iL to aub3t itute
— z0 I n the different tt~rmn of the expression of

n (d r. 11). Por we obtain

T
;Y_ T

E1
T._T.e 

-1)

The term to be~ subtracted in this equation is always
smaller than ]. (and much smaller when the altitud
is higher) so that only the f irst  terms have to be
retained in the development of the paver and the
equation becoiies

-1) 
e

_ Z _ Z )
)

The substitution of z ’—~ 0 in the other te:ms of eq.
1]. is straightf orward , and doing

—~- - - . b = B  ; —i-— - s :S ~i-. •b - s : G
• 1•

H
.
h (

~~
4

~~~ A

_ t )  : A ~1 T, TR

it giv.e

_ _ _ _- _ _ _ _ _ _ _  
_ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  L
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I - L.h -.i~— -B(z-;) -BA -S(z-z ,) -SA

~ :nTnTle H• e H. ,
~ e e .k(z -z.)e ez ...

~ 
R

(14 )

-G(z-z.) -GA -Stz-z ) -SA -G(z-z .) -GA
•TR k(z _z.)e e •ke Ae .TRke Ac

The do that appears In t is (of. fig. 2)

ds:~~~~~~ 
(R.z)sinX dA

s i n A

or, according to (13)

ds: H h sin~ cosec2A dA

with the limits of the integral of -r O~<At X

To osloulate the integral we ascuir~e that H~ is in
dependent of A and its value is equa l to the one
that corresponds to A = X • Since R >> z in the r~
gion where most of the ionization is acci~ulated,the
sum R + z is taken as constant and equal to 6.700
Km. With these conditions, we find the fo11~~ ing ex—
preasion for the optical depth

- -B(z-z ,) -S(z -z,)
‘r=K, K 1e H. .1(2 e •K 3 (z -z ,)e

(15)
-G(z-z )  -S(z-z,) -G(z-z )

•K 4 (z-z ,). •K~.



-14 = 

- 

3
where

K0 :H.h sin k aa n.T. T.

x . A
K~ :je 

j:i cos ec 2 A d A

~ 2 TRJ e cos ec 2 A dA

K 3 :kje
SA 

cosec2 A d A

K 4 =T R kf e~~~
’ cosec2A dA

K~ :kjAe
Stt cosec 2A d A

K6 ~
‘R kf Ae~~ ” cosec2A dA

All these integrals arc independent of z and can be
obtained by a numerical integration. The integrals Xl
to K4 have the sa me I or~i and only differ in the
constant coefficient that multiply the factor

A U  ~~~~~ ~,~ ~~~~~~~~~~~ 
—

The products K0 Kj ( i.il, ~) have the form of the Cha~
man function (ofr. 0hapi~ n 1931). In fact , K0 K1 is
the Cha pman function for a scale height H~ • This
means that integrals ‘K2 to K 6 give the mo~.ifioa—
tion of present model as compere vrith a (~hapm. .n it—
yer.

-
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2.4.2 Production ran.

The expression for the production rate is easily ob-
tained by substituting the optical depth of eq. 15,
Into eq. 12. For the productior ra te of the j oo~~
ponent it given

Z Z ,r- j~—j -b(z-z .)-E1 K,1e 1 [K 11
.K21

e .1 K31(z -z.).q. :~~ O~.rtej • t jj
(17)

S ~z-;) -(b- s11(z-z. ii•K 5 )e •(K41t
z-z,),K61

)e 
j

were nj is a function of height and is given by(ll) .
To compare the ionization production rate of the
three oomponents,0, N2 and 02, the distribution cur-
ves of q,j with height have been obtained for seve-
ral exospheric temperatures assuming an ionization ef
uiciency equal to 1. The results are shown in fig.3.
For the solar flux , the va lue 0: 5.24 1010 cm’2s 1

has been taken, that corresponds t’ the sum of the
fluxes for the different wave lengths between 910 and
00 ~ given ho Kokarta (1973).
As OH!! be seen,the contribution of the 02 production
rate to the total ionization is very small,so that it
can be neglected1 fo~ the calculation of the total
electron production.
For such a calculation we have assumed that the ioni—
zation efficiency of the atomic oxigen is equal to uni
ty and that of N2 equal to zero, that is
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The first hipothesis agrees r.ith the experimental re
suits (of. Thitten and Poppoff (l~r7l). The second
one is an aprox :i.matior. based , fir~it of all ,on the
fact tha t only small nuz~ber of 1~2 Ions have been
found in the thermosphere (cfr. for instance Narolal
(1973)). This indicnteE that 

~~ 
ions disappear so

quickly tha t its contribution to the total ioniza-
tion is negligible. On the other hand tb.e reactions
for the N~ ions dineppearance, do not produce other
long life ionB that could contribute to the ioni,~a—
tion.

.~V/itki these assumptions, the prc,ductlon rate of elec-
trons ia practically the o~me as the ionization pro-
duction rate of the atoriio oxI~en. Its expression is
the same of eq. 17 rith the j component being the
atomic oxigen and the sun of the exponential being
extended to 0 and N2~
In order to compare with the experimental data we

need the total electron content. The production rate,
q , baa the n, to be integrated , to oh-tam the inte-
grated production rate Q. Thin integration yields

.T b 
] e H .4.k.. ~~z.)e

S0J~~~
j  

K

(18)

dz

-_ -~~~~~~--~ ---- - If I __
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where we put Q
~ 

to indicate the d~ penci’~nce of the
zenite l angle of the sun thr ough K~ and where all
dependence of z hos been explic i ter~.
In fig. 4, the curveo Q ( 

~ 
) between 85Q~~X~l009

are shown for tv.’o exospheric temperstures. These
curves are obtained from eq 13 considering the up-
per limit of integration z~~= 500Km since, as it
can be seen in the curves of fig. 3, the production
rate above this region is almost zero.
The two curves of fIg. 4 are almost parallel. This
means that both curves can be reduced to a common
one if the~’ are nornisllzed by a convenient factor.
Smith (1968), with a model of an isothermal neutral
atmosphere, with tv~o component~. whose production
profiles are derived from the Chapnan theory, found
that, normalizing the Q curves with rerpect to
Its value for ‘~~ 902 , the shape of the curves
Q / Q9o is almost tndepenth’nt of the concentration
relation of both comp )nentn . Ve have applied a simi
lar normalization to the present model and have
f ound that the curves Q / (

~c~i, are almo st independen t

of the exospheric teriperature. This cen be seen in
f 1g. 5 whert~ the cu~’ves corresponding to exospheric
tempera tures T~ = 7OO~

’F and T~ ~1O0O~ K are shown.
This property of the quasi-independence of Q / Q90
from the exospheric temperature, shall be utilized
later on to deduc e the va lue of Q9~~

2.5 ION IZATIOII LOSS RATE..

As it La known moot of the 0~ ions desap—
pear through the process of reactions

0’. N 2 —~ No
’ 
• N a) (19)

NO.. — N .O b)
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fig. 4. - Integrated ionization production rate
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The ion 0~ is d ominant in the region between about
200 and 500Kn , where most of the ionization is pre-
sent. It seems then reasonably to conclude that rosa
tion 19—b is much more x’npid then reaction 19—a, so
that, as a first aproximation , we can assume that
the ionization loss rate Is eaun]. to the rate of oc-
currenc e of reaction 19—a .
According to this, the ionization loss rate is

I:C~nI~O~n1N2j (20)

where C8 is the loan coefficient of reaction 19—a
and n [ X J indicates concentration of the X ele-
ment.
As we have sa id , eq. 20 is only an approximation but ,
since during, the ouxirlse period the Ionization loss
is very small, an error in it~ determination cannot
be very important.
Because of the neutrality of the ionosphere, we can
also approxIn~ te n [0~ } n [ e ] and eq. 20 beco
me a

I t f l n [e] (21)

where
fl :Co fl [ N2]

For the variation of fl with height, we have used the
simple model

- z -z I
fl =f )~e H.N2 (22)

whore H.51.12 Is the s,ale height of ~!2 correspon—
dina~ to the temperature T~ • The use of the varia-
tion of the N2 density given by the more sofisti—
oated model of this report to oalculate fl , would
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oomplicate the calculation without apreciably Ir~cre
asing Its accuracy .
The value of the coefficient 1~ , that appear In eq.
22, has been obta ined from the v~l~e of (3 at a height
of 300Km, given by Smith (1068), ~~~~ S.~ so~~~~’.

2 • 6 TOTAIa ELl~0~~ ON CO1IT1~NT VARIAT IOH .

With the simplification related to the movement term ,
and taking into account eq. 21 and 22 , the continuity
equation (1) becomes

_ z -z.
•N~

ZI t) zq(z,t )_n.e H.N2 N(z.t) (2 3)

where the dependence froir the z and t variable has
been shown. The expression for q (z,t) is given in

eq. 17 and dependens on t through the zenita]. angle
of the sun.
To oox~pare with the experthental total electron con-

tent data, we have to solve the continuity equation

(23) and celcula te afterwards, the integral
for the different  values of t at which data have

been recorded.
To solve eq. 23, we fix as the initial moment, t0,the

time when ~ =1002, since the photolonization is prac

tically zero for greater values of x and the experi-
mental total electron content U8Ually do not Increase

before this time.
Using a method similar to the one utilized by Smith
(1968) the total electron content is divided into two

parts , the nighttime ionization, or ionization present
at the initial moment tz t0, and the ionization pro-

duced from this moment onwartis. Botit parts oan be

~ii~TiT~Iii



— 2 3 —

treated separately because of the linearity oi. .q.
23.
The second part of the electron content can be found
by numerically solving eq. 23 with the initia l cond i
tion N(z,t0) 0, and integrating afterwards N(z,t)
with respect to z. For the nighttime ionization, we
assume that its evolution during the time between
1002~ X ~~, 872 (at which the calculat ions are exten-
ded) Is the same as during the hour befor e the ini-
tial moment t= to (or ~~= 1002). The limit of ~ =879
is imposed because the validity of the aproximation
(21) Is questionable after that time. In the flg.6
an exemple of the variation of T1~J’ from ~n hour be-
fore ~ ~~ lO02 is shov~n. As it can be seen, the vari~
tion till X =1002 can be f it te J. by a etr ’~Ight line
of negativs slope . If no new ionization where produ
oed , the electron content, N~ , at any time , t , of
the interval lO0 >~ ~ ~ 872 should be

NP :N T -b (t - t .)

where N p0 is th~ electron content at  the Initial
moment, to, and —b Ic the slope of the fitted li-
ne. N~ is, then,the amount of ionization present
at time t , due t~, the nighttir ’ie Ionization ; adding
it to the ionization produced from the initial mo—
ment, t0, till tiale t , we obtain the total elec-
tron content at this time.
The elope —b is obtained by fit t ing a straight line
to the experIiiiental TEC data. NT0 can be obtained di
reotly from the records or by the procedure that we
give below.

1W . —
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2.7 INTEGRATED PROJ)UCTIO II RATE; pon )~ 902

If we subnti~ute q (z . t)  by q(z . t)/  Q90, equation
23 becomes

- z-z.a NR
(Z ,t) q(z .t) H- fle N2 NR (Z .t ) (2!.)

with

NR (z t) :-!.~!~
z-.

t)
Q90

Solving this equation with the initial condition
NR (z,to) = 0, inutead of Np (t) we obtain

NIR : NT 1 ( t J /QgO

where Np1 indicates the total electron content pro
duced by photoionization fro~t the initial moment to
till time t. Then, the total electron content is:

NT (t )  : NT~ 
b it _ t .)•Q9ONTR(t)

and putting
N TC (t)=N T(t) .b(t _ t .) (25)

results
NTC (t ) :N

~~
.QgO NTR (t ) (26)

that gives Q90 as the slope of. ~~~ linear correla-
tion between the values of Np0 and NTR.
The values of N~0 are obtained by correcting the
experimental data of TEC for the nocturne 1 ioniza-
tion, as it is ehown in fIg. 6. The are the th±
oretical values of TEC normalized wit~t respect to
Q9o, obtained by solving eq. 2~.
The correlation of the se series of value s gives allo

11
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the TEC at the initial moment Np0.
The use of eq. 24 instea(i of eq. 23 h~n the edvan—
tage tha t the va lues of N TR depend on the
relation that, as we have ind ioated ,is alnoat Inde
pendant of the exospheric temperature , T~ , from
which the parameters of the equation are derived.
On the other hand, in eq. 24, ~ valuec are subs-
tituted by q/Q90 and, while q. directy depends
on the solar flux , qJQ9o is independent of this pa
rameter. Also the dependence of q on the produc t
of the oxigen cross section and the oxigen density
at the z0 level ( 6os - 

‘~oe~ ) is stronger than de-
pendence of V’QgO on the same product. There—fore,

any error in the determination of these parameters
has mi~oh lees influence in the value of Qq0 it is
calculated by eq. 24 that if it is done by eq.23.

3. RE~ULPS.

3.]. VALUE3 A~ OB$ERVA~ 0RIU DUJ EBRO.

The method just described has been applied to the
TEC da ta obtained in the Observatoric del Ebro du—
ring the period ~.uguat 1973—Jul y 1974 , to deduce
daily values of Q9~ 

As we have seen, this requires
the determination of daily values of NTR dur ing the
interval ~OOQ~~ X~ 872 which, in turn , requires
the determination of the exospheric temperature

for the same interval. As we have already said,T1.
has been osloulated by the method given by Jaochia
(1971). In this method , it is assumed that there is
no semiannual variation of the exospheric temperat3~
re. On the contrary, in his model of 1970, Jaochia
incorporates a semiannua l variation of T. to so—
count for the semiannual variation of density dedu-
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ced fro~i the satellite drag data. The semiannua l va—
rir~t1on of T~ , calculated accor ling to the Jacchia ‘~

‘

(1970) model, gives a maximum oscilation of ± 402
for the period ..~uguet 1973— July 1974. The incorporR
tinri of this variation to Ta, would not change sub B
tantial].y the results obtained in this report , since,
as has been shown , the influence of T~ on the Q90
calct~lation is very small in the method used. For the
same reason, we have neglected the small variation of
T~ during the interval l00~ X3 872 and have taken
it as constant equal to its value at ~ = 90°.

In fig.7 some examples of the representation of
the Np0 and N T~ values are given. The slope of these
lines is the value of Qgo. In som e cases it seems that
N TR only etarto increasing several minutec af ter  ~ =1009
In these cases two linear correlations have been obta l
ned , the first one including all the points while in
the second one the points before the first four increa
sing values, have been eliminated . In general both co-
rrelations are very similar and only ~n few case s where
the first one gives an absurd result (

~ qo
(0) the dif-

ference has been significant. Therefore, the aeo~nd co
rrelatton baa been taken as the valid one in determi-
ning Qgo.
The values of ~!qo obtaine l for t lw whole period August
1973—July l97~ are shown ix, fi~ . 8 where also the run
ning mean of 27 days of thece va1ue t~i is given. The smo
othin~ of th? Q9~ value s has been used to eliminate
tha possible inf1uenc~ of the rotation period of the sun.
&lthoug’t there is ~-i certa in dispersal of the points, so
me sort of semiannual variation is clearly appreoIst~d
that is better seen in the runn ing mean curve. In this
curve, one maximum oooura about the 20 of October and
another one at the end of February or beginning of
Mar&i. This ecoond one seems to be a little lower. The

~
ff_ -
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minimum at the end of Jw ie or tie beginning of July
is also lower that the one at about 12 of January.
The minimum of oumi ter is less sharp than the one in
winter perhaps because of a bigger dispersal of the
values since the month of Ivlarch. The dispersa l may be
caused by reflections of the incom1n~ wave In an obs-
tacle placed towards the west of the receiving ante—
nn~ . The oat~ ll1te had a shift  towards the west and
we have to nove the antenna in that direction, so that
the values of the last months can be a little affected
by reflections in the mentioned obstacle.
If the difference between the values of sunraer an~
winter is significant, it could indi” it~ the existence
of an annual variation , be~ides the semiannual one,al—
though smaller than that.

~n harmonic analysis of all the poInts gives a mean
value of Q90 = l.O1O~ cm

2 ~~ a first harmonic of am—
plitude 15% of the mean value and a second harmonic of

20% amplitude. If the two harmonics are expressed In
the form R cos (k~ t +~ ‘k), the phases are ~,=29.62
and ~~~~= 185.39 beginning on January 1st , tha t corres-
ponds to an annua l variation wi th  maximum on December
lot and minimnu on July 1st, and a semiannua l varia-
tion with maxima on 28 Septe t~tber and 2~ —30 ~iarch,and
inininia on 28 December and 20 June.
In fig. 9 the running mean and the curve resulting of
the two harmonios are represented for comparison.

3.2 COLIPARISON ~II~II OTHER AU~HOR$.

3.2.1 Mean value

Smith ( 1968) ana 1y~eu the Fa rad ay rotation data obta l.
ned in Hawaii (2l!~N) with a model of Isotermal neutral
a tmosphere of two componente (N 2 and 0),  based on data

~ffi
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of the Cira (1465 ) mode l, and whose produc tion prof I
le he deduces from the Chapman the ory . He find s a
mean value of Q90 1.7 1O~ oE2 ~~ for the period
Sept . l964—~Luguut 1966 tha t include -’ minimum of 

~2lar cycle. ~lith the same me thod , Spurling ( 1972)find s
daily values of Q90 in Bribie Island (272S 1532E)
for the period 0ct69—Sept.1970 of high solar activity.
The days running mean of these values remains bet-
ween 2.10 and 3.3.10 oE2 ~~~~. The differences of the-
se values with the value 1.0 lo~ o~i

2 ~l obtained at
Ebro, can be due to a latitud inal variation of
th9t diminishes with increasing latitudes and to a
variation with the solar cycle.
Tyagi and Mitra (1970), with da ta of the Ba—C satelil
te, find for DelhI (28.62W) suiiimer ~9O value s fro m
O.931O~ for very low eol~r activity to 2.8 io9~~

2 g1
for high solar activity. These a uthors assume an lao—
therim~il atmosphere of only one component and do not
oonsider the nigh time ionization, so that the values

of Q90 should probably be a little higher. Assuming
a 30’4 ions due to nightir~e ionization, that is about
the one calculated in this report, the minimum value
of Qgo should be 1.3.1O9c~

2
~~ slightly higher than

the value of obtained at Ebro; these results are in
agreement with the latitudinal variation.
Other authors, employing in general, an isothermal
neutra l a tmosphere of only one component, find the in
tegrated produotion rate for an overhead sun (Qo) ~~
order to compare their results with the ones at Ebro,
we calcula ted the va lue of Q0 tha t correspond s to our
mean value of Qgo for an exospheric tempera tur e

= 7709K , tha t is the mean tempera ture during the
period oover ed by our data . The obta ined value is
Qo 097 iob0~~ 2 ~~~~~~ slightly higher that the one
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1

found by Titheridgo (196(i) 0. ~L 10 ~crn
’ ~~ and lower

than the value~; of Garriot and smIth (1065)
1.4 1o10o~

2 ~~~~~
, Taylor (1t’)6~) i. i~~

0
~~2 ~~for thir

teen summer days and 2.4 i~~ c~ 2 
~~f or eight wint!r

days, Majid and flhuriw~-la (197.~) 1.7 l~, 1.0 10 
0

and 1.45 1010 ~~~ ~l respectively for winter, summer
and equinoxes during a minirnu~i of solar activity and
2.7 ~~~~ 1.87 lO

10and 2.A lU~~c~
2 ~~ for the same

season s and high solar activity,  and Koster (1976)
be tween abou t 2. 6 iob0~~ 2 

~~for low solar activity,
and 6 io10&2 &f or a maximum of the sola r cycle.
The lowest value of Q

~ 
mentioned above , Is that of

Titheridge (1966), an~ oorre~pnnds to a station of
the southern hemisphere , .ttuckland ( sub ion. 342~~) du
ring a period of lo. solar activIt~”. All other values
belong to the northern hemisphere and, except for the
da ta of Taylor (1965), oorreopc ’nd to latitudes well
below tha t of Ebro: Kooter ( 1Ci76) at Legon ( 5 2 6 2 W) ,
Garriot and ~mit1 ’ (l ’465) at  Hawaii (suh ion .2OQN) and
Mnj id and Bhur iwala (1976) at Karachi (2 52N ) .  The va—
luo s given by Taylor (1961), although correspond to a
latitude of 48QN greater than the one at Ebro, they
were obtaineddurlng a period of high sola r activity.
This expla ins that his valuer are bigger ti an the
Ebr o’s, of lower latitud, but obtained in a period of
low solar activity.
Rao (1967) obta ins the production ra te , q 0, for  an
overhead sun, in the maximux i of the F layer , from TEC
data c~erIved from the the signal of the Bc—C eatel]i—
te. The satellite signals were recorded in Urbana(402N)

dur ing the period Au~uet—~epte 1Lber 1965 of low solar
activity. He finds = 0. 63E~ l0~ FL~ ~~~~. Assuming a
Chapman layer with only one component , the production
rate in the maxi~ium of the layer, q0 , can be related

with the integrated produotion rate for an overhead

-- — — —•- 

~

—
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- 

- —



— 34 —
sun, Q

~ , end the scale heigh, H , through the equa-
tion 

~~ 
= e H q0 , were e = 2.718. JtFlcunhing a value

of sca le heigh H = 50Km , correc’pc nding to the oxigen ,
we obtain Q 0 = 0.87 1010 ~~~ ~1 

, very near to the va-
lue of ~bro (of similar latitude). The similar ity is
higher if we consider that in the Qo calculation of T.Tr
bana the nightime ionization hkis not been takeii into
account.

3 • 2.2 Annual and aeinicnnua 1 var iRt lon .

i~.mong all the authors ju st ment i ned , only Smith (1961~)
and 3purlin~; (1972) employ a model of two components to
deduce the ionization production rate,and neither of
them find aignific~nt periodic variations of Q • With
re spect to the rest of the authors , we have already men
tinned that Taylor (1965) finds higher va lues in winter
than in summer, but the number of days anelizeci is so
small that it is difficult  to draw any final conclu-
sion. i~.1oo Majid and i3huriwala (197tS) find higher va-
lues in winter tan in summer, Independently of the so-
lar activity. They find that at an:’! level of solar ac—
tiviy the Q values in equinoxes are lower than In
winter and higher than in summ er , wha t indicates an an-
nual variation with maxirnurt: in winter and minlmw i in
suIn~er. At the came result arrive Risbeth and Setty
(1961) considering the eleotropie density variation
during sunrise at f ix  heights, obta ined with a ion o—
sonde of vertical Incidence .
Results more similar to ours are obtained by Titherid—
ge (1974). This author finds , for ~. period of inoxea—
sing solar activity , a semiannua l variation of Q

~ 
with

maxima In 1o roh-.Apr I]. and ue ptenber—Oc tober, superim-

posed to an annual variation with nu’xlmuni in January—
February, for the etationi’ of liawail and Stanford (sub

--
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ion 342N). For the southern station of Auckland, he
finds only the semiannual variation. Although this au
thor finds values of and not of Qc0, the varia-
tion of both parameters should be similar.
Koeter (1976) performs an harmonic analysis of the de
ta given by Titheridge and those obta ined by himself
in the equatorial station of Legon. He finds a first
harmonic (annual variation) ol’ amplitude between 12
and 22% of the mean value in t~-e northern stations
and only of 3)) in ~uck 1and. The emplitud .: of 15~ found
for Ebro, agrees with the values of the northern sta-
tions. Por the seeond harmonic (semiannual variation)
he finds values betvteen 8 and lu for the four sta—
tirns, about half of the 20)’ aniplitud e of Ebro. With
re~pect to the phases he finds for the first harmonic
2332 for ~tuoklanO and between —142 and l9~ f or the
others. The Ebro reault , 29. 6° , is still comparable
with the northern stat lane. The phase a of the second
harmonic~ for the northern stations are very similar,
161 and 162~ , reachnig 172Q In ~uck1an , that is the
nearest va lue to the 1852 o~ ~bro0 !~1so !~uckland Is
the only statiob , among the four analyzed by Koster,
whose semiannual variation Is bigger than the annuel
one , the same that happens in Lbro.
A1be~’oa and Galc1~n (1974), with a model of only one
component , obta ine~l daily values of Q0, by f i tting a
second de gree polynomial to the ~.t... data at sunri
se at the Observa t orlo del hhr .~. The variation of
for the ~irat six months o~ 197A was different from the
one found In the pre sent report. A more recent study
of the method seems to indica te that the secon d de-
gree polynomial aproximation, did not exprees the va-
riation of the TM~ at sunrise with enough accuracy to
obtain the value of Q0 thr ough the procedure there in-
dicated. In fact, the coefficient of the second degree

_ _  - - I—.
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term that was used in the dete~~minatIon of Q0, was ye
ry sensitive to the Interval ir. which the f i t t ing  was
perfor~ied. In some oaseu the inclusion (or exclusion)
of only one value of TEC was enouglit to produce a
ohange of the coefficient . On the other hand, the first
value taken f or the fitting, was the nearest to the mo-
ment at which ~ = 100 9 . Thit many times,at this point,
the TEC is still decreasing, so that the coefficient
of the first degree term of the polynomial 19 negati-
ve . Au a ooneequene~i the coefficient of the second de
gree term has to be bigger to be able to fit the ~.n
creasing part ~f the curve. This negative coefi’ieient
has a seasona l variation and its effect  is different
on the different seasons.
As an indication 01’ this seasona l variation, the slo-
pes of the straight lines f i t ted  to the values of T~C
during the hour before to >~:lOO9, are given in fig.
10. i~s can be seen, in April and I~Iay, the slope is mo
re negative than in winter, a renult that can justify
the form of the curve found by the mentioned method .
If, the values of TEC are oorrecte-~ for the nighttime
ionization (through a similar procedure to the one
adopted in this report) before the f i t t i ng  of the poiz
nonija]. then, different valu n of Q0 arc obta ined. The
results obta ined by this metho d , are a little more si
mila r to those of the pre~;ent report .  ThiL~ seems to
Indicate tha t , although the electron loss at eunrise
is very small , it a f fec ts  the sha pe of the electron
content variation during this period, so that not al-
ways can be eoourately represented by a second degree
polynomial.
Another oauae for the discrepancy of the results found

by both methods, may be the already mentioned when
explain the dispersion of the values of the last
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analysed months. That is, the distortion of th3 ele~
tron content curve, due to reflections of the Incom—
ming si gnal by an obstacle not far  from the receiving
antenna, and that was more effective during the last
months, The curves of fig. 11 seem to confirm this ex
planation. whey are the runnirt~ mean curves of Q0 and
Q90 for the period August—December 1973, obte ine~1,ree
pectively, by the methods described in the 1974 re-
port and in the pre~ rnt one. Jr it car. be seen, the
vari&tion of both ourven Is veiy similar in this pe-
riod , in which the uentione~ distortion was not pre—
cent .

3.3 ESCU .

In fig. 12 besIdes the Q9() rtwnhit~; mean curve , we
shor the values of the exospheric temperature , T~ ,
used in this report , with its running mean of 27 days
and the mean da ily so]~ar flux in 10.7 ciii, 

~
‘10.7 as

well as its rwming mean for three solar rotations ,
F10.’7
As con be seen , besides the var i~ tior~ clue to the so-
lar rotation, the daily solar flux has another small
variation during this period , with the winter values
slightly lower tha n those of surniier . ThiF. last small
variation is better apprecia ted in: the running mean
curve .
The var iation of the exospheric temp erature and its
running mean is, as expec’te~., similar to the variation
of the solar flux.
Abou t the Q90 curve, perhaps the differenc e between
the two maxima could be related to the difference of
solar activity of the two periods. To the same cause
oould be attributed the difference between the ye—
lues of August and January , although such differen—
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ceri lire ~.o cm ~,)J.  ;hr 1 n~ ~ () ‘ -

~~~~ salon can he drawn
from them. But ‘1iha t aect~s clear is tha t neither the
solar flux nor the exospheric temperl ture chow a
seasona l Yar istion tha t can expleit. the kind of se—
miannual variation of the Q90 values.
It seeris that We are left with the only c:~~lanatIon
tha t the sha pe of the Q90 curve should be attributed
to changes in the r~tmoe pher&c c oir .p cr i  t i cn , wi th an
incre~ise of the [0] / [N2] concentration relation in
the maxima of the curve .
The experimental ciatti of v tmospherlr compcsition seems
to agree with such var~ ationa with max in ’s in equi—
noxe~ and minima lit auv~mer and winter (Mayr and Mahe—
jan (1c7 1), Von :-.shn ( 1972), Jacchia (1~ 7 d ) ) .  As men-
t ioned in a previous report (.~‘~lber c~ and Geld6n ,1974)
the annua l varlati w can be cause l by transport of
atomic oxigen from the au~r~mer to the winter hemisphe-
re caused by the heating of the a tmos phere of the sun
mer hemisphere . The semiannua l variation can be pro-
duced by a similar rlech* nism, with a hc~ ting source
in the auroral zones, that prnduce~ a displacemen t of
air rich in atomic oxigen towards lower latitudes
(Mayr and Volland 1971 and l~ 72) . This hee ting sorce
can be related to the ~emi~innua l variation of ge omeg—
netic activity . In fac t , Strickland and Thomae( 1976)
have f ound evidence of transport of 0 f rnr  high to
low latitudes, at hight altitudes, during mapnetie
storms, and Pr~ls and Pricice (1976) have deduoed ,from
data of E~RO 4, enhancement of the N2 density in re-
gions of high and middle latitudes durinr periods of
increasing magnetic activity. -

An increase of the [01 / fN2] relation, shall also
produce en increase in the density of icnizationj ow,
in the Obeervatorio del Fbro, the p~axima of the to-
tal electron content , always have been found at •quj
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noxes (Gald6n 1968 , Ga ld 6n and Alberca( 1970)) and ,
with the exception of a year of very high solar so
t ivity , tile stuiwte r values have a lways been higher
than the winter ones . ~uch ro~ult s seems to support,
the idea tha t the email winter anomaly of the va—
m e n  of Q9~ 

moy not be significant. We may also no-

tice that, from the stations analyzed by Koetsr,on—
ly Auckland has a semiannual variation of Q bigger
than the annual one (as is the case of Ebro) , and
it is also the station that do not present winter
anomaly in the value s of the tota l electron content ,
another similarity with Ebro.
The results of Titheridge ( 1974 ) suggest a latitudi
nal variation of the amp].ltud of the annua l and se-
miannua l variat ion of Q • The results of Ebro seem
to confirm this suggestions as far a s the semian-
nual variation is concerned , but do not agree for
the annual one. Nevertheless, it is to be noticed
the great difference of longitude between the sta-
tions analyzed by Titheridge and the Observatorlo
del Ebro. If there in a longitudinal variation of
Q90, it is still possible tha t a latitudinal depen-
dence of the amplitude of the annual variation could
be compatible with the Ebro results.

4. ~ ONCLU~I~~j .~~

A method has been develope d to obta in da ily values
of the integra ted ionization rate of the atomic ozi—

gen , Qgo, from total electron content data.
The me thod has been applied to the data recorded at
the Observa*orio del }~bro during the period August
1973—July 1974 and da ily values of Q90 for this pe-.

— - ~~~~~ _ _ _ _ _ _ _  -
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n o d  have been obta ined.
The mean value of them is Q90 = 1.0 10~ cffl2
the da ily values show a semiannua l variation with
maxima on October and on February—March and min ima
on January (the sharpest one) and on suimner. The
October maximuni is slightly higger than the Februa
ry—March one aM the minimum of summer i’ slightly
lower than the winter one.
The difference between the two maxima could be due
to a variation of the solar activity that, dur ing
the analyzed period shows a minimum In February and
March . To the same cause could be attributed the dif
ference between the Q~~ values of August and Janua-
ry. However, the differences In both, the solar ac-
tivity and the Q90 values,are too small to draw f 1—
nal conclusions.
An harmonic ana lysis of the values gives a first
harmonic of l5~ amplitude of the mean value , with
maximwi on Decetiber the let and tiinimui.~ on June the
let. The amplitude of the second harLlonic is 20%
with maxima on September the 28th and L!arch the
29th—3Oth , and minima on December the 2~3th and June
29th.
These tempora l variations of Q90, seems to be caused
by changes in atmospheric composition, since cannot
be explained by parallel variat ion of other geophysi
cal parameters. These variations indicate an increa-
se of the concentration relation [0] / [N2) In the
maxima of the Q90 curve.
The comparison with results of other authors agrees
with a latitudinal variation of the meen value of

Q90, with maximum towards the equator and also with
the Q~jj variation with the solar activity.

~~tea from more stations at different latitudes are

_ _  
_ _ _  

_ _ _ _ _ _ _
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needed to establish a latitudinal dependence (if any)
of the Q90 ae~sonal variations. ~iIth the few data we
have, it may be said tentatevily that, al middle la-
titudes, the amplitude of the se~iiaztnua l variation in
creases with latitude. On the other hand , the results
of Ebro taken In conjunction with the results of other
stations, do not seem to support the idea of a regular
latitudinal dependence of the annual v9ri3tIon, unless
there is also a iongi t ud ina l effect.

- _
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APPENDIX

PARA i~rE?E1~ Mr PH: ATI~O~JPiIE1~I’) L1OD1~L.

The lower limit has been fixed to a ha ight of Z0 =

= 120 Km. and the data at this level are Indica ted
by the subindex 0.
If T~ is the exospheric temperature , the tempera-
ture profile with height is given by

I :I_ (I._T.)e
_b (2_Z ) (A—i) -

and the numerical density of the j component by
( ofr . 2.2 for its deduction

~~ [

~
.]

1~ 
e IE1 (z 

_Z•~l k( )
Sj (z_z.)) (i~—2)

where

H ,1 : ( KT..) /(m~C) and )1.:1,1/ (bH.1)

with K — Bolzman constant and mj molecular weight
of the j element. -

Prom the six parameters of (A-.l) and (A—2),one is
oonatan t, another two depend only on T~ and the
other tkree are function of T, and nj. The value
of T. is obtained by the method given by Jacohia
(1971).

_ _ _  — 

~~~~
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The formulae for its obtention are :

C :910

b :0,028-T, 10~~

T~ :212,4 .T_ (0,20994 -0.6 10 ’ (T_ -1))

S. :(8,42.T (2 ,75 10 6 (T~ -1)- 7,52225 10~~
),

•1m~/ lfi-l )(&822 .T_ (2,2985 10 6(T~ -1 )- 5,0127

-0.5 10~~ (T ~ -1)~ )lO~~

k
1
:

for the 0 : (1,25,1,510 I’1_ )i0 I’

N2 (0.83,ç (2 505 10 ”,0,510 6 (T , —imi o ’

“ “ 02 : (_8 ,76,I.(3.4 1375 10 2 -3,9154 10~~ (I_ -i)).

.(1/3) 4,6 1Y8 (T ~ -1)~ ) 1o~I’

Log n•
ii

for the 0 : 11.1212 -T~(t,75O88 10 ’ -2,4465 IO~~ (1, -1))-

-(7/6 ) 10~
0(T~ -1)~

N2 11,0755.T~(1,16895 io~ -1,2137 10~~(T~ -1)).

•(13/3)10 10 IT

02 l0,1168,T (1,45949 10’~ -1,51335 10 6(T~ -1)).

.5,5 10~~
°(T~ -1)~

The temperatures are given in degrees Kelvin, the - - -

heights in Km and the densities in particles per am’.

—

~~~~~~~~~~~
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J~1 32 T(II I P) = 700,c K

T LOG N J~ o L02 I:

150 503.0 ~.3l7U 9.31(~4 C
160 540.3 ~.9952 8.9’47 — 0
1U0 595.1. 8.4263 fl,41~’9 — 2
200 651,1 7.g~99 7, :’~ ’ — 2
220 654.7 7.4222 7, ’~1~~ —
240 670.2 G.°5 30 1
260 680.4 6.4°66
280 607.2 6.o4~6 1
300 691.6 5. 6098 c~.r,iiy , 

2
520 6j 4. 5 5.1757 5.12-~~’ 2
340 696.4 4.7463 ,1 •7~~~~~ 2
360 6”7.6 4.3210 -

~ .3?~;” 2
3:~0 6°i.4 3.8993 3.~ C~ ? 2
400 699.0 3.4009 1
420 699.3 3.0654 3.0672 1
440 699,6 2.652r 2.G~ 2i~. — C
460 699,7 2.2431 2. 24~ 5 — 1
480 699.8 1.8360 1.8316 — 1
500 699.9 1.4314 1.425(1 — 1
520 699.9 1.0293 1.0234 — 1
540 700.0 0.6297 0.6240 — 1
560 700.0 0.2325 0,2279 — 1

_ _ _ _ _ _ _  - ~~~~~~~~~~~~~~~~~
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Ii -~~ 28 T(IIIP) = 700.0°K

L~~ 1 J~
_ -1.~ LC~ T

150 5 03. 0 10.5149 1-.51.’~6 —

16u 5 4 0.3 iL. 02y1 1~ . 02~
; 0

18u 595.1 9.526 5 9.52 15 — 1
2CC 631,1 ~.U71C 9. u:~ c~ — 2
22t ’~ 65 4 .7 8 .6435 ~.65’.’8 — 1
240 670.2 8. 2515 0. 2?~ — 1

680.4 7.0512 7.0550 1
:~~ u 607.2 7.45~

.4 7.4~j 4 6  1
7.U51t~; 7.’)(lG 2

320 694.5 6. 675n ~. 6~ ,~7 2
34~ 696 .4 6.2977 6 .3070 2
360 697. 6 5.9253 5.~~~40 2
3~ () 690.4 5.5560 ~~~~~~ 2
400 699.0 5.1896 5.1~ 51 1
420 699.3 4.0258 “ ,829C 1
440 G9~.6 4.4647 4.4655 C)
460 699.7 4.1059 4.1C~1C — 1
480 699.8 3.7494 3,7A~ ” — 1
500 699.9 3.3952 3.5090 — 2
520 699.9 3.0432 5, C-5~ 4 — 2
540 700.0 2.6933 2 . 66~ 5 — 2
560 700.0 2.34~6 2.35~1 — 2
500 700.0 1.9999 1.fl109 — 2
600 700.0 1. 6562 1.6~ 81 — 2
620 700,0 1.3146 1,5070 — 2
640 700.0 0.9750 0.9700 — 1
660 700.0 0.G37~ 0.3545 — 1
680 700.0 0.3016 0.3011 — 0

Iff_
~~ -
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LI — 16 T(I1:F) = ?Oo,o °K

Z )
~ 0 ii  J...C 1,~;.

iso sos. 0 10.3,190 10, :~ 54 1
160 540 ,3 10.1721 10.177-i 1
181) 595.1 9.5692 9.8698 0
200 6 .51,1 9,6007 9.5986 — 1
220 654.7 9.3505 9.3407 — 1
240 670.2 9.1117 901110 0
260 680,4 3.8806 8.C; 32 1
700 607.2 0.6551 8.6603 1

0 691.6 0.4339 8.4410 1

S ~~~. 694 .5 8.2159 8. 2215 2
T~~) 696 .4 8.0005 8. 0100 2
5 0 697. 6 7.7o74 70 ’U’72 2

690 ,4 7.5761 ~~~~~~ 2
690, 0 7.3667 7,3755 2

4 : 0  6~ 9, 3 7.1580 7. 1q62 2
44 ~ 6 )9, 6 6. %5o3 6. ¶-~~02 1
460 699.7 6.7473 6 .7L 14 1
4~ 0 699.8 9.5457 6 .5/ 158  1
500 699.9 6.34.13 6.5415 0
520 699,9 6.1402 6.1384- — 1
540 700,0 5.9403 5,9367 — 1
56L 700,0 5.7417 5,7363 — 1
580 700,o 5.5442 5.5574 — 2
600 700.0 5.3479 5~ 33~ % — 2
620 700,0 5.1528 5.1450 — 2
640 700,0 4.9588 4.9493 — 2
66o 700,0 4 .7659 4. 7502 — 2
680 700,0 4.5742 4.5646 — 2
700 700,0 4.3336 4,374:~- — 2
720 700.o 4,1940 4.1857 — 2
740 700.0 4,005 5 3 0 9985  — 2
760 700,0 3.8181 5.8122 . — 1
780 700.0 3,631% 3.6274 — 1
800 700,0 3.4464 1,44Y~ — 1
820 700,0 3.2622 3.2614 — C )

840 700,0 3.0790 3.0800 0
360 700.0 2.8967 2.8°~ 6 1
880 700.0 - ).7155 2.7201 1
900 700.0 2.5353 2.SA1S 2
920 700.0 2.3561 2,3636 2
940 700,0 2.177% 2.1055 2
960 700,0 2.u006 2.0100 2
980 700.0 1.824~ 1.8)40 2
1000 700.0 l.649() 1.65S~6 2
1050 700~0 1.2149 1.2220 2
1100 700,0 0,7865 0,7875 0
1150 700.0 0.3639 0.3546 — 2



— 5 0—

LI 32 T(n :i? ) = 800.O°’<

Z T LoG I~ Ji~C

150 548.7 9.3798 9~ 37~1.3 — 1
160 594,2 %~ 0775 9, o7~ 5 — 1
180 662;1 8.5527 8.5464 — 2
200 707.5 8.0844 8.076 — 2
220 738,0 7,6471 7,6467 — 2
240 750.5 7.2294 7.2262 — 1
260 772.2 6.8252 6.0256 u
280 781.3 6.4307 6.4342 1
300 787.5 6.0435 6.0493 1
320 791.6 5.6620 5.6693 2
34C 794,4 5.2850 5~ 2~330 2
360 796.2 4.9119 4.9197 2
380 797.5 4.5422 4.5~ 92 2
400 798. 3 4.1755 4.1513 1
420 798.9 3.8116 3.8150 1
440 799.2 3.4503 3.4527 3.
460 799.5 3.0915 3,0923 0
480 799.7 2.7350 2 .7344 — 0
500 799.8 2.3308 2.3792 — 0
520 799.9 2.0289 2.026 7 — 1
540 799.9 1.6791 1.6770 — 1
560 799,9 1.3314 1.320() — 0
580 300.0 0.9858 2.9856 — 0
600 800.0 0.6423 0.643~) 0
620 800.0 0.3008 0.3047 1

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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M = 28 T(INP) = 800.0°t1

Z T LOG H J~0 LUG 11

150 548.7 10.3656 1u.36~’i — 1
160 594.2 10.0964 10.0935 — 1
180 662.1 9.6315 C ,6257 — 1
200 707.5 9.2185 9.2111 — 2
220 738.0 8.8338 3.8277 — 1
240 750.5 8 ,466% 8.4.637 — 1
260 772.2 8. 1122 8. 1123 0
280 731.3 7,7662 7.7694 1
300 787.5 7.4266 7.4323 1
320 791.6 7.0925 7. 0995 2
340 794,4 6 ,7623 (i.76( 9 2
360 796~ 2 6 .435 6 6 .4431 2
380 797.5 6,1118 6 .1166 2
400 798.3 5.7907 5.7962 1
420 790.9 5.4721 5.47~ 8 1
440 799.2 5.1557 ~.1575 1
460 7 9.5 4.8415 4,34 1-; — 0
480 799.7 4.5294 1.5272 — 1
500 799.8 4. 2193 4.2152 — 1
520 799,9 3.9112 — 1
540 799.9 3. 6049 5.5932 — 2
560 799.9 3.3006 3.2931 — 2
580 800.0 2,9980 2,9903 — 2
600 800.0 - 2.6973 2.62°8 — 2
620 300.0 2,3983 2,3°16 — 2
640 800.0 2.1011 2,0955 — 1
660 300.0 1.8056 1.8016 — 1
680 800,0 1,5113 1.5096 — 1
700 800.u 1.2197 1.2195 — 0
720 800.0 0.9293 0,9311 1
740 800.0 0.64u5 0.6443 1
760 800.0 0.3533 0,3509 1
780 800.0 0.0673 0.0749 2

‘
1

- 

.

~~
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16 T(INF) = 800.0°P~

0 T LOG IT J~O LOG 0
150 548.7 10.3633 10,3647 0
160 594.2 10.1930 10.1’ 70 1
130 662.1 9.9099 9.9110 0
200 707.5 9.6635 ¶‘.6624 — 0
220 738.0 9.4372 9.4361 — 0
240 758.5 9.2234 9.2237 0
260 772.2 9.0178 9.0203 1
280 781.3 8.8153 5.8228 1
300 787,5 3,6230 8.6294- 2
320 791.6 8.4311 8.4339 2
340 794.4 8~24].8 8.2~05 2
360 796.2 8.0547 8.0633 2
380 797,5 7.8694 7.13784 2
400 798.3 7.6858 7,5(43 2
420 798.9 7.5036 7.5112 2
440 799.2 7.3227 7.32~.1 2
460 709.5 7.1432 7.148() 1
4~80 799.7 6.9648 6.9621 1
500 709.8 6.7876 6.70’1 0
520 799.9 6.6116 6.6113 — 0
540 799,9 6.4366 6.4345 — 1
560 799.9 6,2623 6.25 0 — 1
530 800.0 6,0899 6,0846 — 1
600 800.0 5.9181 5,911.4 — 2
620 800.0 5.7474 5.7~95 — 2
640 800. 0 5.5776 5.5689 — 2
660 800.0 5.4088 5.3996 — 2
680 800.0 5.2410 5.2315 — 2
700 800.0 5.0741 5.0647 — 2
720 800.0 4.9083 4.8991 — 2
740 800,0 4.7433 4,7311.8 — 2
760 800.0 4.5793 4.5717 — 2
780 800.0 4.4162 4.4007 — 2
800 800.0 4.2541 4.2489 — 1
820 800.0 4.0929 4.0891 — 1
840 800.0 3.9325 3,9304 — 1
860 800.0 3.7731 3.7726 — 0
880 800.0 3.6145 3.6158 0
900 800.0 3.4568 3.4598 1
920 800.0 3.3000 3,3046 3.
940 800.0 3.1440 3.1502 2
960 800.0 2.9880 2.°96 4 2

* 980 800.0 2.8347 2.843. ’ 2
1000 800.0 2.6813 2.6~07 2
1050 800.0 2. 3014 2.3115 2
1100 800.0 1.9266 1.9348
1150 800.0 1.5568 1,5600 1
3.200 800.0 1.191% 1.1866 — 1
1250 800.0 0.8318 u.8142 — 4
3.300 800.0 0.4764 0.4425 — 13
1350 800.0 0.1256 0.0711 — 12
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LI = 32 T(flIP) = 900.0°K

Z LOG H J k C  LOG IT

150 590.6 - 9.4782 %. “10A — 2
160 644.1 ‘3 .1402 0,1053 — 1
130 725.0 8.64-72 0.6425 — 1
200 780.3 8.21~ G 0 .209 5 — 3.
220 818.2 7.8166 7.011~i — 1
240 844.0 7.4385 7,/1 %6 0 — 3.
260 861.7 7.0746 7.0740 0
280 373.8 6.7207 6.72~.3 1
300 882.1 6.3742 6.,(2r7 3.
320 807.8 6.0334 6.0391 1
340 3(11.6 5.6971 5.7033 2
360 13~ 4 .3 5.3646 5.3707 2
380 8~6.1 5.0353 5.0406 1
400 897.3 4.708% 4,7130 1
420 89~.2 4,)850 4. 077 1
440 898.8 4.0635 1.0545 0
460 899.2 3.7443 3.7435 — 0
430 399.4 3,4272 3.4242 — 3.
500 CO~.6 3.1122 3. 1093 — 1
520 899,6 2. 7”92 2.7942 — 1
540 R99.~ 2 ,4982 2 .-192~ — 1
560 899.9 2.1790 1~’~ — 2
580 899.9 1.8718 1,O~ 57 — 1
600 900.0 1.5663 1.5r ’~ — 1
620 900.0 1.2627 1.2~T3 — 1
640 900.0 0.9600 — 1
660 900.0 0. 6603 o,0~ °6 — o
680 900.0 0.3625 ( .~ 631 0
700 900.0 0.1)65° 0.0605 1

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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hi = 28 T(INF) = 900.0 °I<

Z P LOG ~1 J~ 0 LOG i;

150 5 9 0.6  - 10.4044 10.% ( l t O — 2
160 644.1 10.1473 1o.141i — 1
180 725.0 9.71u0 9.7043 — 1
200 780.3 9.3232 9.3217 — 2
220 818.2 8.9767 .fl71~ — 1
240 844.0 8.6442 :;,64].;~ — 3.
260 861.7 8.3246 ( 3. )242  — 0

280 875.8 8.0141 o,0161 1
300 332.1 7,710) 7.7143 1
320 887.8 7,4116 7.1170 1
340 891.6 7,1170 7.1232 2
360 894.3 6.8257 6.8321 2
380 896.1 6,5373 6 .5433 1
400 897,3 6.2514 6.2566 3.
420 898.2 5.9678 5.~ 717 1
440 898,8 5.6863 5,SoBo 1
460 899.2 5,4068 5,407 5 0
480 809,4 5.1292 5.1284 — 0
500 899. 6 4,3534 4,051() — 1
520 899.7 4,5794 4.5755 — 1
540 399.8 4,3070 4.3021 — 1
560 390,9 4. 0364 4 . 1506 — 1
580 39(~,9 3.7674 0 ,7612 — 2
60u 900.0 3,5000 3 ,4 f ~37 — 2
620 900.0 3.2342 3,2222 — 1
640 °U0,O 2,9699 2.~~u4G — 1
660 900.0 2,7072 2,702~ — 1
6o0 900.0 2 ,4460 2 ,4 4 3 0  — 1
700 900.0 2.1°63 2.1048 — 3
720 900.0 1.~~282 1.9262 — 0
74tj 930.0 1.6714 1.6731 0
760 900,0 . 1.4162 1,4195 1
730 900,0 . 1,1624 1.1671 1
800 900.0 0,9100 0,9156 1
820 900,0 0.6591 0. 6657 2
840 900.0 0.4095 0,4165 2
860 900. 0 0.1613 0.1651 2

- L~~~~~
-
~~~
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= 16 2(11(F) = 900.0°K

0 P LO(’ IT J. .0 11
150 590.6 10.3735 10,3723 —

160 644.1 10.2092 10.2142 1
180 725.0 9.9384 9.9409 1
200 780.3 9.7082 9.7091 0
220 818.2 - 9,4998 9.5007 0
240 844.0 9.3043 9.3068 1
260 861.7 9.1186 p.1224 1
280 873.8 8.9391 8.91.13 1
300 882.1 8.7640 8.77u5 2
320 887.8 3.5923 3.GOol 2
340 891.6 0.4232 8.4318 2
360 894.3 8.2563 {;.2653 2
380 896.1 8.0911 8.1002 2
400 897.3 7.9275 7.9362 2
420 898.2 7.7653 7.7733 2
440 898.8 7.6043 7.6114 2
460 - 899.2 7.4446 7.4504 1
480 899.4 7.2859 7.?903 1
500 899,6 7.1283 7.1311 1
520 899.7 6.9717 6.97~0 0
540 899.8 6.8161 5.0157 — U
560 899.9 6.6615 6,6565 — 1
580 899.9 6.5073 6,504 3 — 1
600 900,0 6.3551 6.3502 — 1
620 900,0 6.2032 6.1~71 — 2
640 900,0 6.0523 6 ,O~. 51 — 2
660 900.0 5.9022 5.8943 — 2
680 qoo,o 5.7~3O 5.7.

~~5 — 2
700 flOO.0 ~.6O47 5. 51~~ — 2
720 900.0 5.4573 5.44.34 — 2
740 900.0 5.3106 5.3020 — 2
76u 900.0 5.1648 5.1566 — 2

— 780 900. 0 5.0199 5.0124 — 2
800 900.0 4,875 7 4.8691 — 2
820 900.0 4.7324 4.7269 — 1
840 - 900.0 4.5899 4.5857 — 1
860 900.0 . 4.4481 4.4454 — 1
880 900.0 4.3072 4.3059 — 0
900 900. 0 4.1670 4.1673 0
920 900.0 4.0276 4.0295 3.
940 900.0 3.8889 3.8925 1
960 900.0 3.7510 3.7561 1

* 980 900.0 3.6139 3.6204 2
1000 900.0 3.4776 3.4052 2
1100 900.0 2.8067 2.8172 3
1200 900.0 2.1536 2,1580 1
1300 900.0 1.5176 1.5c3~ — 3

- - 1400 900.0 0.8980 - 0.8523 — -10
1500 900.0 0.2942 

- 
0,203.8 — 19
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M = 32 T(I1TF ) = 1000.o °b<

T Lo~ H J.5~.0 LOG i’

150 628.5 9.4666 9.4512 — 3
160 680.7 9.1893 9,1~ 11 — 1
180 783.5 8.7215 5.7187 — 1
200 848.9 8.3172 0.3143 — 1
220 894.6 7.9481 7.~ 461 — 1
240 926.5 7.6012 7.6006 — 0
260 948.7 7.2591 7.2702 0
280 964.2 6.9474 6.9502 1
300 975,0 6.6334 5.6374 1
320 982. 6 6.3251 6.3000 1
340 987.9 6.0213 6.0266 1
560 991.5 5.7212 5.7264 1
380 994.1 5 .4242  5.4209 1
400 995.9 5.1299 5.1337 1
420 997.1 4.8300 4.8407 1
440 998.0 4,5484. 4 ,5490 0
460 993.6 4.2609 4.2608 — U
480 999.0 3.9753 i.9738 — 0
500 999.3 ~.6u17 ~~~~~~~~~~~~~~~~ — 3.
520 999.5 3.4099 3.40~ 0 — 1
540 999.7 3.1293 %.1~51 — 1
560 999.8 2.8515 2.8462 — 1

580 999.8 •2.5749 “j
, 2.5695 — 1

600 999,9 2.2999 ‘ 2.2Q 17 — 1
620 999.9 2.0266 ~?.0219 — 1
640 1000.0 1.7549 1.7511 — 1
660 1000. 0 1.4848 1.~t0Y1 — 1
680 1000.0 1.2163 1.2119 — 0
700 1000 .0 0.9493 0.9191 0
720 1000.0 0.6338 O.6o55 o
740 1000.0 0.4199 0.4230 1
760 1000.0 0.1575 0.1~19 1

— ______ . .~ . .;
~~

— .
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= 28 ‘i~(Iiii~) = 1000.0°~

2 LOG IT J~.0 LOG H
150 628.5 10.4352 10.4207 — 3
160 689~7 10.1(369 10,17(1 — 2
1130 733.5 9.7705 9,7655 — 1
200 843,9 9.4126 (

~,.‘W75 — 1
220 894.6 0.0869 fl.0327 — 1
240 926.5 8.7815 8,7768 — 1
260 948.7 3.4896 0,4387 — 0
280 964.2 0.2072 8.2081 0
300 975, 0 7.9315 7.9341 1
320 982.6 7.6615 7,5540 1
34u 957.9 7. 3~’5~ 1.3 91 1
360 091.5 7.1323 7,1057 1
330 994.1 5.5722 6.2764 1
400 995,9 6.6144 5,6181 3.
420 997,1 5.3583 5,0517 1
440 99:3,0 6,1052 6.1071 3.
460 999.6 5,9535 5. 054 1 o
430 999,0 5, 6034 5. 662y — 0
500 999,3 5,3551 5,3533 — 1
520 099.5 5,1o85 5,1~~ 5 — 1
540 990.7 4,8631 4, 8593 — 1
560 999,8 4,6195 4. 0150 — 1
580 999.8 4.3773 4.3724 — 1
600 999,9 4.1366 4.1315 — 1
620 999.9 3.8973 3.2(124 — 1
640 1000,0 3,6595 3. 6550 — 1
660 1000.0 3,4230 3.4193 — 1
680 1000,0 3,1879 3.1651 — 3.
700 1000. 0 2.9542 2.9526 — 0
720 1000.0 2.7218 2.7215 — 0
740 1000.0 2.4907 2.491~ 0
760 1000.0 2,2609 2,2635 1
780 1000 ,0 2 .0325 2. 0364 1
800 1000.0 1.8053 1,~ iO4 1
820 1000.0 1.5795 1,5~5~ 1
840 1000.0 1.3549 1.3615 2
860 1000.0 1.1315 1.1 134 2
880 1000.0 0.9094 0.9161 2
900 1000.0 0.6885 0,6044 3.
920 1000.0 0.4688 0,4734 3.
940 1000.0 0.2503 0 .2529 1
960 1000.0 0.0331 ~~~~~~ — u

—
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= 16 T(INP) = 1000. 0 °K

Z P LOG N JAC LOG H
150 628.5 10,3811 10,3762 — 3.
3.60 689.7 10.2204 10.2213 0
180 783,5 9.9589 9.9615 1
200 848.9 9.7407 9.7425 1
220 894.6 9.54.60 9,5477 0
240 926.5 9.3657 9.3680 1
260 948.7 9.1951 9.1983 1
280 964.2 9,0311 9.0354 1
300 975.0 8.3719 8.8772 1
320 982.6 8.7162 8.7223 2
340 987.9 8.5632 8.5699 2
360 991.5 2.4124 8.4193 2
350 994.1 8.2633 8.2703 2
400 995.9 3.1158 8.1224 2
420 997.1 7,9695 7.9757 2
440 998.0 7.8245 7.8298 1
460 998.6 7.6805 7.6845 1
480 999,0 7.5376 7.5407 1
500 999.3 7,3956 7.3975 1
520 999.5 7.2546 7.2551 0
540 999,7 7.114~ 7.1136 — 0
560 999.8 5,9753 6.9730 — 1
580 999.3 5,8370 6.~’3 32 — 1
600 999,9 6,69 24 6.~~°~4 — 3.
620 999.9 o.5627 6.~ 5G6 — 2
640 1000,0 5,42 6 ’~ ~.41~7 — 2
660 1000,0 6.~.918 ~.2~330 — 2
680 1000.0 5,1575 ~.1189 — 2
700 1000,0 6,0240 h.~ 14~1 — 2
720 1000,0 5.3912 ~.~ 82U — 2
740 1000.0 5.7593 “.75~1 — 2
760 1000.0 5, 6280 5.5102 — 2
780 1000,0 5,4976 5.42~~’ — 2
800 1000,0 5,3676 5~ 3ro.y — 2
820 1000.0 5,2588 r) 2 3) 1 — 2
840 1000.0 5.1105 5,]( i4t3 — 1
860 1000.0 4.9529 4,~ 785 — 1
880 1000.0 4.8561 4.8532 — 1
900 1000.0 4.7299 4.7255 — 0
920 1000,0 4,6044 4,6u46 0
940 1000,0 4,4797 4.4815 1
960 1000.0 4,3556 4.3590 1
980 1QOO,0 4.2321 4.2372 1

3.000 1000,0 4.1094 4.1160 2
1100 1000.0 3.50~6 3.5178 3
1200 1000.0 2.9179 2.9293 3
1300 1000,0 2 ,3454 2.3468 0
1400 1000,0 1.7878 1.7676 — 5
1500 1000,0 1.2444 1.1899 — 12

- fly - ~~~~~~~~~~~~~~ -~~
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