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Chemical Fluctuations and Incoherent Scattering Theory 
in the Terrestrial D Region 

G. KOCKARTS AND J. WISEMBERG 

Institut d'A•ronomie Spatiale, B-1180 Bruxelles, Belgium 

The continuum theory of incoherently scattered electromagnetic waves is modified in order to include 
possible effects of thermally induced chemical fluctuations. These fluctuations are taken into account by 
introducing fluctuating parts in the production and loss terms of the continuity equations. An equivalent 
ionospheric model is developed for three types of ionized species, i.e., electrons and negative and positive 
ions. A matrix formulation gives simultaneous access to fluctuating parts of each charged component. 
Numerical results indicate that chemical fluctuations are important over the height range where negative 
ions are comparable or greater than the electron concentration. Strong enhancements of the incoherent 
scatter cross section occur for frequency shifts smaller than approximately 20 Hz. A simple approxima- 
tion is given for the contribution of chemical fluctuations. 

INTRODUCTION 

Incoherent or Thomson scattering is a powerful tool for nu- 
merous investigations of the upper atmosphere [see Evans, 
1969; Bauer, 1975; Alcaydd, 1979; Walker, 1979]. Recently, ad- 
ditional interest was given to the contribution of large radars 
to middle atmosphere studies between 10-km and 100-km alti- 
tude [see Harper and Gordon, 1980]. In particular, measure- 
ments by Harper [1978] indicate that an ion component of the 
incoherent scatter spectrum is observable below 80-km alti- 
tude, where negative ions progressively become dominant. 

The continuum theory of Tanenbaurn [1968] for a collision- 
dominated incoherent scatter spectrum has been modified by 
Mathews [1978] and by Fukuyarna and Kofrnan [1980] to in- 
clude the effects of negative ions. Hydrodynamic equations 
used by these authors are essentially identical to the equations 
adopted by Tanenbaurn [1968]. The major difference comes 
from the introduction of a continuity, momentum, and energy 
equation for a negative ion, and following the arguments of 
Dougherty and Farley [1960], the spectrum is considered as a 
result of thermal fluctuations of the ambient electrons. Conti- 

nuity equations are, however, written without production or 
loss terms. 

When electron thermal fluctuations are present, it is con- 
ceivable that such fluctuations also induce fluctuations of the 

production and loss terms. In the present paper these terms 
are kept in the continuity equations for the three charged spe- 
cies, and a matrix formulation is developed to investigate 
which effect can produce results on the incoherent scatter 
cross section. Since production and loss terms depend on 
physical mechanisms influencing the lower D region, it is nec- 
essary to have a quantitative evaluation for the various pro- 
duction or loss rates which are proportional to charged par- 
ticle concentrations. An equivalent ionospheric model is 
therefore constructed in section 2 by using the signal flow 
graph theory developed by Wisernberg and Kockarts [1980]. 
With such a model, a theoretical expression is deduced for the 
incoherent scatter cross section in section 3, and this ex- 
pression reduces to the results of Mathews [1978] and Fu- 
kuyarna and Kofrnan [1980] when chemical fluctuations are ig- 
nored. An application to the lower D region is presented in 
section 4, where it appears that the incoherent scatter cross 
section is strongly enhanced for low-frequency shifts in the 
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height region below 75 km. Since the enhancement essentially 
depends on the ratio between negative ions and electrons, it 
can be concluded that mesospheric incoherent scatter obser- 
vations provide an excellent tool for the determination of the 
negative ion abundance. 

2. EQUIVALENT IONOSPHERIC MODE• 
More than 100 ion-neutral reactions involved in the con- 

struction of a detailed theoretical model of the terrestrial D re- 

gion lead to several types of negative and positive ions. Inco- 
herent scatter theory is, however, more tractable if only three 
types of charged particles are to be considered. It is therefore 
useful to reduce a multicomponent model to an equivalent 
model which consists of electrons e, positive ions X +, and neg- 
ative ions X-. Such a reduction is rather easy when the de- 
tailed model is constructed by using a signal flow graph tech- 
nique as described by Wisernberg and Kockarts [1980]. 

Five equivalent processes are sufficient to reproduce the to- 
tal negative, positive, and electron concentrations if equiva- 
lent or effective reaction rates can be deduced from a multi- 

component model in which the external production rate ¾e 
(cm -3 s -•) for electrons and positive ions is given. These reac- 
tions can be schematized as follows: 

input -• e + X+; Te(Cm -3 S -•) (1) 

neutrals + e --• X-; nJ•e (cm -3 s-') (2) 

neutrals or light + X- -• e; n_L_ (cm -3 s-') (3) 

e + X + -• neutrals; a/i/i+ (cm -3 s -•) (4) 

X- + X + -• neutrals; a_n_n+ (cm -3 s -•) (5) 

where the concentrations of positive ions X + and negative ions 
X- are given by n+ and n_, respectively. The electron concen- 
tration n e can be affected by attachment processes with an ef- 
fective loss rate Le (s-') and by electron-ion recombination 
with an effective rate ae (cm 3 s-'). Negative ions can be lost by 
collisional detachment, by photodissociation, and by photode- 
tachment with an effective loss rate L_ (s-') or by ion-ion neu- 
tralization with an effective recombination rate a_ (cm 3 s-'). 

In presence of j different positive ions with concentrations 
n/+ and i different negative ions with concentration n•-, an 
equivalent model is obtained if effective rate coefficients Le, 
L_, ae, and a_ are available such that n+ = •j n/+ and n_ = 
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TABLE 1. Effective Rate Coefficients for the Equivalent Model 

z, km ¾e, cm-3 S-• Le, s -• L_, s -1 O•e, cm 3 S -• 

50 3.20(-1)* 4.65(+ 1) 2.89(-3) 3.00(-6) 
55 1.73(-1) 1.38(+1) 5.79(-3) 3.00(-6) 
60 9.94(-2) 3.98(0) 2.13(-2) 3.00(-6) 
65 6.19(-2) 1.08(0) 8.11(-2) 2.99(-6) 
70 3.23(-1) 2.71(-1) 4.78(-1) 2.95(-6) 
75 3.11(0) 5.24(-2) 2.23(0) 2.34(-6) 
80 1.11(1) 1.16(-2) 4.99(0) 7.34(-7) 

*For 3.20(-1), read 3.20 x 10 -•. 

Y•i ni- with n+ -- ti e + n_. The effective electron-ion recombina- 
tion and ion-ion neutralization rates are given respectively by 

and 

where a i is the electron-ion recombination rate of the j-type 
positive ion and % is the ion-ion neutralization rate between 
the/-type negative ion and the j-type positive ion. Numerical 
values for L, and L_ cannot be found in such a simple man- 
ner, since one has to take into account the various loops lead- 
ing from electrons to negative ions and vice and versa. Never- 
theless, these quantities can be deduced from signal flow 
graph theory. Wisernberg and Kockarts [1980] have shown 
that the net electron production rate P, resulting from an ex- 
ternal input production ¾, associated with numerous chemical 
processes is given by 

Pe = ¾eT(e,--,lv) (8) 

where T{e,-4m represents the transmittance from the external 
input to the steady state electrons. When the net electron pro- 
duction rate (8) is equated to the total production rate result- 
ing from processes (1) and (3), the effective loss rate L_ for 
negative ions can be written 

L_ = ¾e(r(e,__•riv)- 1)/(Xr/e) (9) 

where 2, -- n_/ne. The net electron production rate (8) is also 
equal to the total electron loss rate resulting from processes (2) 
and (4). The effective electron loss rate Le is therefore given by 

Le----' ¾eT(e,--,lv)/ne -- ae n+ (10) 

or 

Le = XL_ + (¾e/ne) -- a•n + (11) 

when the transmittance in (10) is replaced by its expression re- 
sulting from (9). All transmittances were computed in the 
model of Wisemberg and Kockarts [1980] and particularly 
T{e,-•m. Using (6), (7), (9), and (11), one obtains the numerical 
values for Le, L_, and ae given in Table 1, which also provides 
the external input ¾e at 5-km height intervals in the lower ion- 
osphere. The average ion-ion neutralization rate a_ is not 
given in Table 1, since all % ion-ion neutralization rates were 
taken equal to 6 x 10 -8 cm 3 s -• in the Wisemberg and Kock- 
arts model, leading therefore to a height-independent value 
a_ ------ 6 X 10 -8 cm 3 s -•. Table 2 gives the neutral temperature 
Tn, the electron concentration ne, the ratio X -- n_/ne, and the 
mean molecular masses rn+ and rn_ for positive and negative 

ions, respectively. The last two quantities are given since they 
are necessary for computing incoherent scatter cross sections. 
All values in Tables 1 and 2 have been computed directly 
from the detailed ionospheric model. With the data of Table 1 
it is, however, possible to compute independently the electron 
concentrations and • values of Table 2. When all effective 

rates are known, it is easily shown that processes (1) to (5) 
lead to steady state electron concentration given by 

ne 2 = ¾e/[(1 -{" X)(O• e -{" XO•_)] (12) 

The ratio X between negative ions and electrons is obtained 
from (11) under the form 

Le [ he(1 -{" •)•e• --1 h-• •-_ 1 + •_- _j (13) 
This expression is identical to equation (18.12) of Banks and 
Koekarts [1973], which can be written with present notation 

2•-- •__ 1 + (1 + X)L_ne 4- L_ ' (14) 
When numerical values are introduced in (13) or (14), it ap- 
pears that an excellent approximation of 2• is given by 

• -- Le/L_ -- n_/ne (15) 

Such an expression indicates that the ratio 2• is mainly con- 
trolled by electron attachment and detachment processes and 
that recombination processes play a negligible role. This prop- 
erty will be used in the numerical computation of the incoher- 
ent scatter cross section which is derived in the following sec- 
tion. 

3. CONSERVATION EQUATIONS AND INCOHERENT 
SCATTER CROSS SECTION 

According to Dougherty and Farley [1960] the average dif- 
ferential scattering cross section for backscattering can be 
written as 

O(Wo +- w)dw = re2L3ne'ne '* dw (16) 

where o is the average power scattered through 180 ø per unit 
solid angle, per unit incident power, per unit volume, and per 
unit frequency range. The angular frequency of the incident 
wave is Wo, the Doppler shift is w, and re = 2.82 X 10 -13 cm is 
the classical electron radius. Scattering is assumed to occur in 
a volume L 3 as a consequence of electron density fluctuations 
whose ensemble average is given by netMe t*, ne t* being the 
complex conjugate of tie'. This ensemble average is a function 
of the Doppler shift co and of a wave number k which is twice 
the incident wave number, in the case of backscattering. 

Electron density fluctuations in the lower ionosphere can be 

TABLE 2. Parameters of the Equivalent Model [Wisemberg and 
Kockarts, 1980] 

z, km Tn, K he, ½m -3 • ---- n_/n e m+, amu m_, amu 

50 271 1.50(-1)* 1.53(4) 55 61 
55 261 7.20(-1) 2.34(3) 55 61 
60 247 6.11(0) 1.86(2) 54 61 
65 233 3.39(1) 1.34(1) 53 61 
70 220 2.64(2) 5.67(-1) 48 61 
75 208 1.14(3) 2.35(-2) 42 55 
80 198 3.86(3) 2.32(-3) 32 39 

*For 1.50(-1), read 1.50 x 10 -•. 
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deduced from conservation equations [Tanenbaum, 1968; Sea- 
sholtz and Tanenbaum, 1969; Seasholtz, 1971; Mathews, 1978; 
Fukuyama and Kofman, 1980]. All previous computations im- 
plicitly assume that electron thermal fluctuations have no ef- 
fect on the production and loss terms in the continuity equa- 
tion. However, the effective electron lifetime becomes shorter 
in presence of negative ions, as can be seen from the effective 
loss terms given in Table 1. At 50-kin altitude the electron ef- 
fective lifetime is of the order of 2 x 10 -2 s, whereas it reaches 
a value of the order of 100 s at 80-kin altitude. In order to in- 

vestigate the effect of thermally induced chemical fluctua- 
tions, we start from the 13-moment approximation of the con- 
servation equation [Schunk, 1975, 1977]. When charged 
particles essentially exchange energy with the ambient neutral 
components and when magnetic field effects and Joule heat- 
ing are negligible, the continuity momentum and energy 
equations can be written for each s-type ionized component as 
follows: 

Ons+ V ß (nsus) -- Ps- n•J-,s (17) 
Ot 

Ous 1 
+ u.Vu+ Fs qs E 

ms ms 

20t 

•sn [V2R s .•_ •V(V' Us) ] •' --Psn(ll s -- Un) (18) 
n•rrts 

_-.. 3n•md% K(Ts- Tn) (19) 
ms + mn 

where ns is the s-type particle concentration, us is its drift ve- 
locity, and Ps and Ls are the production and loss rates, respec- 
tively. In the momentum equation, Ps -- n•KTs is the scalar 
pressure of the s-type particle with temperature Ts, mass ms, 
and electrical charge qs' F s is any external force acting on the 
s-type particle, E is the electric field, •sn is the viscosity coeffi- 
cient of species s in the neutral gas n with drift velocity 
temperature Tn, and mean molecular mass mn. The thermal 
conductivity •sn refers to interactions between charged parti- 
cles and the ambient neutral gas, and •tsn is the electron or ion- 
neutral momentum transfer collision frequency. We follow 
the technique of Tanenbaum [1968] by assuming that the con- 
centrations n•, pressures ps, and temperatures Ts are composed 
of static components (n•o, P•o, T•o) and small fluctuating com- 
ponents (ns', Ps', Ts') proportional to e •(•'-k•). The conservation 
equations are only considered along the vertical direction z, 
and the neutral gas is assumed at rest (ll n •- 0) as well as the 
static components U•o for the charged particles. In addition, 
the vertical components Fs', E, and us' for the external forces, 
for the electric field, and for the Charged particle velocities are 
all proportional to e i(•'-k•). With these assumptions it is pos- 
sible to linearize the conservation equations (17) to (19). 

When the production and loss rates resulting from proc- 
esses (1) to (5) are introduced in the continuity equation (17), 
one obtains the following matrix relation between the fluc- 
tuating concentrations ns' and drift speeds us': 

n,' /n •o 

A n_'/n_o __k u_' (20) 
n+'/n+o u+' 

when three types of charged particles are considered, i.e., s -- e 
for electrons, s -- - for negative ions, and s -- + for positive 
ions. The matrix A given by (A5) in the appendix depends on 
the effective loss rates L, and L_ defined for the equivalent 
ionospheric model in section 2. It should be noted that with- 
out production and loss terms in the continuity equations, ma- 
trix A reduces to a unitary matrix. In such a case, all following 
results can be easily transformed to obtaifi the formulation de- 
veloped by Mathews [1978] and by Fukuyama and Kofman 
[1980]. 

The linearization of the three energy equations (19) leads to 

p,'/n•o u,' n,'/neo 

p_'/n_o -- ikQ u_' + R n_'/n_o 

p+'/n+o u+' n+'/n+o 
(21) 

where Q and R are diagonal matrices whose elements are 
given by (A6) and (A7) in the appendix. 

Finally, it is shown in the appendix that the linearization of 
the three momentum equations (18) combined with ex- 
pression (21) leads to 

u,' n,'/n•o 

u_' + -•-D n_'/n_o = • T F_' k2KT, 
u+' n+'/n+o F+' 

(22) 

where matrices C, D, and T are given in the appendix by 
(A15), (A14), and (All), respectively. Combining (22) with 
the continuity equation (20), it is possible to express the con- 
centration fluctuations by 

net Fe t 

n_' -- i X(CA+D)-•T F_' 
kKT, 

n+' F+' 

(23) 

where X is a diagonal matrix with real elements n•o, n_o, and 
n+o, respectively. 

Since the incoherent scattering cross section is proportional 
to the ensemble average of the electron fluctuations, we define 
a concentration fluctuation matrix N by 

ne t 

N -- n_' [n/*n_'*n+'*] (24) 

n+ t 

where n,'*, n_'*, and n+'* are complex conjugate quantities. 
Using relation (23) between concentration fluctuations ns' and 
perturbing forces Fs', (24) leads to 

N = (kKT,)-2HFH + (25) 

where tho force matrix F is defined in a similar way as N and 
H + is the Hermitian conjugate matrix of H •given by 

H = X(CA + D)-•T (26) 

By analogy with a theory developed by Barakat [1963] for op- 
tical instruments, F can be considered as an input coherency 
matrix leading to an output coherency matrix by the action of 
a transfer function matrix H. The ensemble average value 
ne'n•'* required in (16) for the differential cross section is sim- 
ply the first element of matrix N. 
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Computation of the elements of matrix N requires an ana- 
lytical expression for F which can be obtained from the fluctu- 
ation-dissipation theorem [see $easholtz, 1971] relating the 
applied force matrix F to an impedance matrix Z by the rela- 
tion 

KT• 
F--2-•-•/(Z + Z +) (27) 

where the impedance matrix Z is by definition such that 

•_' =Z ¾_ (28) 

F+' ¾+ 

F, -- n•ou,' is the resulting flux density fluctuation for the s- 
type species. Comparing (28) with (23) and using the continu- 
ity equation (20), one obtains 

Z -- tc:KT, W (29) 

with 

W--(•,o)-'T-'(C + Da-')X-' (30) 

where all matrices in W have been previously defined. Com- 
bining (25), (27), and (30), the concentration fluctuation ma- 
trix can be written 

N--(2•r)-•L-3H(W + W+)H + (31) 

where W + and H + are Hermitian conjugates of W and H, re- 
spectively. The first diagonal term of N is the ensemble aver- 
age n,'n,'* required in the differential scattering cross section 
given by (16) in which the volume term L 3 will be eliminated 
by the L -3 factor in (31). When N{,.,) is the first diagonal ele- 
ment of N computed without the L -3 factor, the differential 
backscattering cross section (16) is given by 

o(OOo q- oo) doe -- r,2N{,.e> doe (32) 
, 

The other diagonal elements of N represent ensemble average 
fluctuations of negative and positive ions, respectively. Non- 
diagonal terms give cross-spectral density fluctuations. The 
matrix formulation previously developed provides a simulta- 
neous access to these quantities. 

4. APPLICATION TO THE TERRESTRIAL D REGION 

The present formulation takes into account chemical fluctu- 
ations which are thermally induced on the production and 
loss terms in the continuity equation. When this equation is 
written without these terms, matrix A given by (A4) or (A5) 
reduces to a unitary matrix, and the differential backscattering 
cross section (32) becomes identical to the expression given by 
Mathews [1978] or by Fukuyarna and Kofrnan [1980]. Al- 
though our mathematical formalism is different, it is not nec- 
essary to repeat here a discussion of the influence of negative 
ions on mesospheric incoherent scatter spectra in absence of 
chemical fluctuations. 

The general backscattering cross section (32) requires a 
knowledge of effective loss rates involved in matrix A, concen- 
trations of ionized species, temperatures, neutral and ionized 
mean molecular masses, neutral concentrations, and collision 
frequencies. The characteristics for the ionized components 
are given in Tables I and 2. Temperatures of the ionized spe- 
cies are assumed equal to the neutral temperature. The total 
neutral concentration and mean molecular mass are taken 

from the U.S. Standard Atmosphere (1976), and the electron- 
neutral and ion-neutral collision frequencies are computed 
with the expressions of Banks and Kockarts [1973]. All com- 
putations are made for an incident frequency fo -- 935 MHz, 
which corresponds to the incoherent scatter station at Saint- 
Santin (44.6øN, 2.2øE). 

Figure 1 shows the incoherent scatter cross section com- 
puted at 60-km, 70-km, and 80-km altitude as a function of 
the frequency shift fo +- f. Solid curves refer to the left-hand 
ordinate, which corresponds to a normalized cross section. 
Dashed curves refer to the fight-hand ordinate, which corre- 
sponds to real cross sections expressed in terms of the classical 
electron radius. The factors 2rr are introduced by the relation 
o• = 2rrf between angular and linear frequencies. These cross 
sections have the usual characteristics, with an ionic and an 
electronic component separated by a plateau. At low-fre- 
quency shifts, normalized cross sections are, however, larger 
at 60-km and 70-km altitude than at 80 km, where the elec- 
tron concentration is nevertheless higher. Such an apparently 
anomalous phenomenon does not appear for the real cross 
section (dashed curves). Whereas the cross section is almost 
independent of frequency shifts below 30 Hz at 80-km alti- 
tude, a sharp increase still occurs at 60-km and 70-km alti- 
tude. Table 2 indicates that negative ions become important 
below 70-km altitude, where the effective loss rates Le and L_ 
begin to play a significant role in the introduction of chemical 
fluctuations. 

The practical importance of thermally induced chemical 
fluctuations is shown in Figure 2. Total cross sections com- 
puted from the full equation (32) are indicated by solid lines, 
and cross sections obtained with the theory of Mathews [1978] 
and Fukuyama and Kofman [1980] are represented by dashed 
lines. Values are again given for 60-km, 70-km, and 80-km al- 
titude, but frequency shifts are limited to +_50 Hz in order to 
give a clear picture of the central portion of the spectrum in- 
cluding zero-frequency shift. The contribution of chemical 
fluctuations is negligible at 80 km, but at altitudes where •, be- 
comes comparable or greater than l, extremely large differ- 
ences are obtained between otota• and OMFK. This is particularly 
true for small frequency shifts. Depending on the values for •, 
and n e, the present ionic spectrum always converge• at some 
frequency shift toward the spectrum of Mathews [1978] and 
Fukuyama and Kofman [1980]. Chemical fluctuations only en- 
hance incoherent scatter cross sections at small frequency 
shifts. Interpretation of observed incoherent scatter spectra 
below 80-km altitude in terms of chemical fluctuations re- 

quires a frequency resolution of the order of 1 Hz to 2 Hz in 
order to identify sharp peaks such as those computed here 
around 70-km altitude. Narrow spectra have been observed in 
the mesosphere at Arecibo [Harper, 1978; Ganguly, 1980]. Val- 
ues for the parameter A have been deduced by Ganguly et al. 
[1979], but it is not obvious from published spectra that fre- 
quency resolution was sufficient to extract an effect related to 
chemical fluctuations. 

Imerpretation of experimental spectra is easier when a 
simple analytical formula is available for the incoherent scat- 
ter cross section. Using the cross section OMFe given by Math- 
ews [1978] and Fukuyama and Kofman [1980], we approximate 
the present cross section or by 

or-- Oc + OMF}C (33) 

where Oc represents the contribution resulting from chemical 
fluctuations. It tums out that an excellent approximation for 
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Fig. 1. Incoherent scatter cross sections as a function of frequency shift for an incident frequency of 935 MHz. Solid 
curves correspond to normalized cross sections (left-hand scale). Dashed curves (right-hand scale) correspond to cross sec- 
tions expressed in terms of the classical electron radius r,. Calculations are made for three altitudes with the equivalent 
ionospheric model deduced from detailed computations of Wisernberg and Kockarts [1980]. 

Oc is simply given by 

n•'f Le (34) o C -- 0O2 • q- (Le q- L-) 2 

This approximation is also valid at zero-frequency shift, as 
can be seen on Figure 3 where the total cross section at f -- 0 
is shown as a function of height. The solid curve corresponds 
to results obtained with our detai.led formulation; OMFK corre- 

sponds to the results given by Mathews and Fukuyama and 
Kofman. When negative ions are completely ignored, one ob- 
tains curve labeled o+. The dotted-dashed curve Oc is obtained 
with (34) for 0O -- 0. It appears that our app?oximation for 
chemical fluctuation fits the detailed calculation below 75-km 
altitude, where negative ions become important. The fre- 
quency shift dependence given by the approximation (34) is 
able to reproduce the spectra of Figure 2 as long as chemical 
fluctuations are important. Therefore a measured spectrum 

with high resolution in frequency shift should give immedi- 
ately an accurate value of X -- L,/L_, since the effective loss 
rates are directly proportional to the width of the ionic com- 
ponent. 

The total scattered power PMFI• per unit volume has been 
derived by Mathews [1978] and by Fukuyarna and Kofrnan 
[1980] in the absence of chemical fluctuations. Furthermore, 
Fukuyarna and Kofrnan [1980] also deduced an approximate 
expression Pi•vK for the ion component. Since the chemical 
part Oc given by (34) is easily integrable, we approximate the 
present total power Pr by 

Pr = Pic + P•i•i• (35) 

with 

P,c '- n•L,/(L, + L_) (36) 

This total power is shown as a function of height in Figure 4, 
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Fig. 2. Incoherent scatter cross sections at 60-, 70-, and 80-km altitude as a function of frequency shift. Solid curves 
correspond to present results (Ototal) , and dashed curves (OMKF) are obtained from expressions given by Mathews [1978] and 
by Fukuyama and Kofman [ 1980]. 

where PMFK is given for comparison. When chemical fluctua- 
tions are neglected, ionic powers with and without negative 
ions are indicated by Pi• and Pi+, respectively. The chem- 
ical part Pic becomes almost identical to PM• below 65 km in 
the present ionospheric model. Below this altitude the total 
power is approximately a factor of 2 higher than the value ob- 
tained without chemical fluctuations. It appears again that 
chemical fluctuations play a significant role in the height 
range where X becomes comparable to or greater than 1. 

5. CONCLUSION 

The continuum theory of incoherent backscattering is ex- 
tended to include possible effects of production and loss terms 
in the continuity equations. Chemical reactions can be consid- 

ered as probabilistic processes which induce additional fluctu- 
ations of the particle concentrations. Such fluctuations are su- 
perimposed to the classical thermal fluctuation which results 
from collisions between particles without any change of the 
identity of the particles. When production and loss terms are 
considered in the lower D region, it appears that the switching 
reactions between negative ions and electrons are sufficiently 
fast to induce a fluctuation of the electron concentration 

which is capable of modifying the classical incoherent scatter 
spectrum based on pure thermal fluctuations. The ion com- 
ponent of the backscattering cross section is strongly en- 
hanced for frequency shifts below 20 Hz at altitudes where the 
ratio X between negative ions and electrons is greater than 1. 
As a consequence, high-resolution measuremens should pro- 
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Fig. 3. Vertical distribution of incoherent scatter cross section for 
zero frequency shift; atota I and oMxcF have same meaning as in Figure 
2; o+ is obtained in the absence of negative ions, and Oc represents 
chemical fluctuations approximated given by (34). 

APPENDIX: MATRIX EXPRESSIONS 

The equivalent ionospheric model described in section 2 
leads to the following one-dimensional continuity equations: 

On, + (n,u,) ---- ¾, + n_L_ - n,J.,,- Ot (A1) 
., 

On_ 
•-I- (n_u_)--- n,l.,,- n_L_ - n_n+a_ (A2) at 

On+ + (n+u+) = ¾e- rt+rteøte- n+n_a_ (A3) o--T 

where the various production and loss terms are obtained 
from (1) to (5) in section 2. Concentrations ns are assumed to 
have a steady state component n•o and a fluctuating com- 
ponent ns' proportional to exp [i(oot - kz)]. The continuous 
component of us is assumed to be zero, but the fluctuating part 
is also proportional to exp [i(oot - kz)] [Tanenbaum, 1968]. 
Substituting ns and us by their expressions in (A1) to (A3) and 
neglecting second-order fluctuations, one obtains the matrix 
equation (20), where A is given by 

vide a direct determination of the ratio 3,, since the shape, 
width, and amplitude of the backscattering spectra influenced 
by chemical fluctuations essentially depend on the electron 
and negative ion loss rates Le and L_. These two quantities al- 
low a direct determination of 3, with (15) which is very accu- 
rate over the height range where negative ions play a signifi- 
cant role in the lower D region. Furthermore, the total power 
of the incoherent scatter spectra is increased by a factor of 2 
below 70-kin altitude for the ionospheric model adopted in 
the present calculations. The ionic power is, however, in- 
creased by a much larger factor, which may reach 2 orders of 
magnitude at 65 kin. These facts should make the experimen- 
tal detection easier when sufiScient frequency resolution is 
available. 

Fig. 4. Vertical distribution of total power Proton. Results of Math- 
ews [1978] and Fukuyarna and Kofrnan [1980] are indicated by solid 
curve P•sFxc. The corresponding ion component is labeled PiMFK, 
whereas Pi+ gives the contribution of positive ions. Effect of chemical 
fluctuations is represented by curve Pio which becomes identical to 
the total power P•svxc below 65-km altitude. 

oo - i(L, + a,,n+o) iL_3• -ia,,n+o 
ß iL,/3• oo - i(L_ + a_n+o) -ia_n+o 

-ia•n,o -ia_n+o oo- i(a•n,o + a_n_o) 

(A4) 

with 3, = n_o/n,o. It has been shown in section 2 that all losses 
resulting from recombination processes are negligible com- 
pared to the effective loss rates Le or L_. Although matrix A, 
can be used in its form (A4), it is easier to adopt the approxi- 
mate expression 

oo- iLe iLe 0 

A -- oo -• iL_ oo - iL_ 0 (A5) 
0 0 oo 

where 3, has been replaced by (15). 
In the linearized energy equation (21), Q and R are diago- 

nal matrices whose elements are given by 

Q(s,s)-- (5/3)msVs:/( iøø + os) (A6) 

and 

R(s.s) --' (3/5)osQ(s.s) (A7) 

with V, 2 -- KT•o/ms and os-- 2mst'sn/(ms + mn) + (5/2)k2V•/ 
(Cs•'sn) when the thermal conductivity Xs in (21) is taken from 
Tanenbaum [1968], cs being a numerical constant between 1 
and 2. 

Maxwell's equation relating the displacement current to the 
current density is used in the same way as Tanenbaum [1968] 
for expressing the electric field in the momentum equation 
(18). After linearization one obtains the following matrix 
equation 
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(G + J) 
Ue' I pe'/neO1 
u_, + -- 
u+' L+'/n+oJ 

k2KT•o 

Fe 

(AS) 

where G, V, and T are diagonal matrices and J represents the 
coupling resulting from the electric field. The diagonal ele- 
ments of V and G are given by 

V<•,•--' ms Vs 2 (A9) 

and 

Gts, s • =-w:k-: V s -: -I- iw[4(3dAG,,) -l 

+ tGnk -2 Vs -21 (A 10) 

where the viscosity •/s in G has been replaced by Tanenbaum's 
[1968] expression with a numerical constant ds between 1 and 
2. The temperature matrix T is given in terms of non- 
fluctuating parts T•o by 

1 0 0 

T = 0 T,.olT_o 0 (All) 
o o T,,o/T+o 

The electric field coupling matrix for different temperatures of 
the ionized components is given by 

j _- x-,#_,- #_,- + 

+ x)-,#_'- + x)-,#+'- 

(A12) 

with fls -- (kho) -l. The Debye length for each species is de- 
fined by hso -- [eoKT•o/(n•oe•)] 1/2, where eo is the free space 
permittivity and e is the electron charge. 

When (21) is introduced in the momentum equation (A8), 
one obtains 

Uet 1 ne'/n,,o 1 Fe' 
C u_' + •-D n_'/n_o = k'•K•T (A13) 

u+' n+'/n+o I F+' 
where D -- V-IR is a diagonal matrix whose elements are ob- 
tained from (A7) and (A9) such that 

Dts, s> = os/(iw + as) (A 14) 

Matrix C is a combination of previously defined matrices. Its 
expression can be written 

C -- G + J + i•0V-IQ (A15) 

where G is given by (A10), J by (A12), V -l by the inverse of 
(A9), and Q by (A6), respectively. 
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