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ABSTRACT

A multiple regression model, which defines relationship between two vari-
ables, is used to perform a statistical analysis of the relationship between
the stratospheric QBO and the neutral density of the D region (N,D) at
altitudes of 75 km and 90 km for Singapore station. While performing the
analysis, the solar maxima and solar minima epochs of the sun for 21st,
22nd and 23vd solar cycles (SCs) are taken into account. Before applying
the model for the statistical analysis of the relationship, the stationary of
the variables is investigated by using the unit root test. The relationship
between the variables is also investigated by using the co-integration test.
The relationship between N, D measured at 75 km altitude and QBO ob-
tained at altitude of 10 hPa is observed that it is positive for solar maxi-
mum epoch at 21st and 23rd SCs and for solar minimum epoch at 21st SC
and is negative at the other epochs. The relationship between N, D meas-
ured at 90 km altitude and QBO is observed to be negative at both the
solar maxima expect for solar maximum of 23rd SC and the solar min-
ima epochs. The relationship between variables is positive for both phases
(east and west) of QBO. Thus, QBO leads to a statistical change in the
N, D. It may also give rise to changes on the ion chemistry of the D region.

1. Introduction

The region that includes the lower part of the ion-
osphere, at an altitude of approximately 50 to 100 kilo-
meters, is referred to as the lower ionosphere. The
D-region, that makes up a significant portion of the
lower ionosphere, can be considered as a complex tran-
sition region from the neutral atmosphere to the iono-
sphere that are characterized by the plasma properties
[Kero 2008]. One of the most important characteristics
of this region is the electron density. As the rates of the
chemical processes in the D-region of the ionosphere
are relatively low, advection and convection significantly
affect the distribution of electron density in this region
[Kazimirovski and Kokoruov 1995]. Thus, the structure

and composition of this region cannot be completely
determined, without the clarification of the role of the
atmospheric motions on all scales; particularly, its in-
teraction with ionospheric processes, and its role in ini-
tiating the vertical transport of gas components, in the
case of large scale circulation. This region is especially
sensitive to meteorological influences, which may lead
to variations in the electron concentration of magni-
tude’s order. It should be noted that the normal system,
which is determined by absorption of the solar radia-
tion (both daily and annual cycles), has been perturbed
sometimes by large scale waves from the troposphere
[Kazimirovski and Kokoruov 1995, Krivolutsky 2009].
The Quasi-Biennial Oscillation(QBO),which is one
of the meteorological effects on the D-region, is the
quasi-periodic oscillation of the wind between the east-
erlies and the westerlies in the tropical stratosphere,
with a mean period of 28 to 29 months [Heaps et al.
2000]. The QBO generally originates in the equatorial
region and moves with a velocity of approximately 30
m/s in the eastward direction and 20 m/s in the west-
ward direction. Even though the maximum amplitude
of the QBO is at the level of 10 hPa, it can vary from
100 hPa to 2 hPa. The QBO can extend up to the
Mesosphere and Lower Thermosphere (MLT) beyond
the stratopause with the help of waves. On reaching the
mesosphere, the QBO generates a new oscillation
called the Mesospheric Quasi Biennial Oscillation
(MQBO) [Baldwin et al. 2001]. From this region, the
QBO can extend up to the F-layer of the ionosphere,
along the geomagnetic field lines of the Earth [Chen
1992]. The QBO as energy and momentum are carried
by inertia-gravity waves, gravity waves, equatorial waves
(Kelvin and Rossby gravity waves), and planetary waves
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from lower stratosphere to the lower ionosphere. (see
Figure 1) [Baldwin et al. 2001].

In this study, the effect of QBO on N_D, is investi-
gated statistically to determine the structure and the
mixture of this region. In this context, a multiple re-
gression is used to explore the structure of the irregu-
larities and the underlying effects caused by QBO in
N, D. The relationship between N, D and QBO is in-
vestigated by using the multiple regression model. Sta-
tistical analysis method used in the study, the results
and discussion, and the conclusion are presented in Sec-
tions 2, 3 and 4.

2. Analysis process

A multiple regression model has three statistical
parts in this study. The first one is the unit root test that
analyzes the stationarity of the variables. The second
one is the co-integration test that proves the relation-
ship between the variables. The third one is the regres-
sion model that designates the value of the relationship
between the variables.

In the unit root test, stationarity properties of vari-
ables are primarily examined. In order to examine the
statistical relationship between the variables, the series
must be stable. If the series are not stable, with the
mean and the variance changing with time, then these
series are made stationary by calculating the first order
of difference of QBO and N D (D(QBO), D(N _D)).
There are three basic tests that are commonly used in
the statistical studies for stationarity, namely Aug-
mented-Dickey Fuller Test (ADF), Phillips-Perron Test
(PP) and Kwiatkowski-Phillips-Schmidt-Shin Test
(KPSS). ADF is widely used for investigation of the
presence of the unit root in the time series. The equa-
tion including the lagged values of the dependent vari-
able is defined by adding a constant and a time trend as
follows [Enders 2008, Sagir et al. 2015]:

k
Ay, =u+Pt+8y,_, + 2 oy, +e,, (1)
ji=1

where vy is the dependent variable, p is the mean value,
B is the coefficient of time trend, 4 is the difference
processor, t is the time trend, € is the error term and k
is the number of lags. The ADF test is based on the es-
timation of parameter 8. If the parameter § is different
from zero, it means that the series is not stationary. If
the parameter is equal to zero, it means that the series
is stationary. The PP Test, which is developed to con-
trol the high degree of correlation, is a unit root test
that does not include the restrictive assumptions about
the error terms. In the PP test, the lagged values of the
dependent value are not sufficiently included to elimi-
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Figure 1. The atmospheric waves affecting to spread of the QBO
[Mohanakumar 2008].

nate the auto-correlation in the model. Instead, it is
adapted by the Newey-West estimator [Enders 2008].
The KPSS Test expresses that the series are stationary
under the null hypothesis. The KPSS statistics depends
on the error terms obtained from regression provided
by exogenous variables of the time series [Kwiatkowski
et al. 1992]. For each test, the series is proved to be sta-
tionary when the absolute value of the test values of
the variables is greater than MacKinnon critical value
[Enders 2008].

When two time series are not stationary and there
is a stationary-linear compound in the variables, a co-in-
tegration relationship is considered. The co-integration
analysis is used to estimate a relationship between the
non-stationary time series. The presence of the co-in-
tegration indicates a relationship between the variables.
The Engle-Granger analysis is widely used in the co-in-
tegration analysis [Engle and Granger 1987]. In the first
stage of the Engle-Granger method, a relationship be-
tween the variables is estimated by the Ordinary Least
Square method (OLS). After the variable coefficients
are estimated by OLS, the error terms of the regression
are investigated to see whether or not the series is sta-
tionary [Sagir et al. 20157.

Before performing the analysis, the QBO is con-
sidered to be the wind. The effects of the eastern (the
negative sign values of QBO indicated by DummyE in
Equation 2) and the western (the positive sign values
of QBO indicated by DummyW in Equation 2) side of
the wind are added to the model through dummy vari-
ables. The model is defined as follows:

Nl’lDt =

¢ +B,D(QBO,) + B, DummyW, + B, DummyE, +e€,
(2)

where, c is constant and fB,, B,, and B, denote coeffi-

cients of variables.

In statistical model, a dummy variable is a variable
that marks or encodes a particular attribute. It is often
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for 75 kmaltitude
—A-NnD .
solar max —%-QBO solar min
9,0x16* 0 gexid £
88x16'! 2 gaxd] / \ [
o« A L10 L10
g 8,616 ) &2,(16‘- \ / / \ / v o
~ F -]
g 84x16- o &m_ / 10 ;
3 2 5
8.2x16* [ 20 7,8xld‘- / - z
8,0x16* - \ -
0 ead] ""‘f\(— [ 40
7,8x10" - - - - . -40 - -
™  Ap80  Feb81  Dec8l  Ot-82 Ot84  Awss  JuS6 Apr-87
9,0x16* - - : . £
9,0x16*{
e Z o A N
8x10'- A + A / 10
g6x19'] * \ / \ / / \ 0
A | A L D
T seat] saat \ / / \ / 0 3
2  saas] 84t \ \ L 3
z e
8,0x16 8,210 / L-30
N [0
7,8x16* 80x16" - - - .
Nov-94 Sep-95 Ju-9% May-97
3
9.2x10* 9,2x10* [0
90x14'] 906 [10
© 88x16*] N
T 88a \ / 8
g 1 [
Q  86ud 86x16" /\ 10 g
< saat] 84 X %
82x16* \ [
8,216 L 40
Aug99 Apr-00 Dec-00 Aug-01 80 Aug-07 Apr-08 Dec-08 Aug-09
Time (year) Time (year)

Figure 2. The variation with years of relationship between QBO and N, D calculated at 75 km altitude in solar maximum (left-side) and

solar minimum (right-side) epochs for 21st, 22nd and 23rd SCs.

called binary or dichotomous variable as it takes just
two values, usually 1 or 0, to indicate the presence or
absence of a characteristic. Using Equation (2), the re-
lationship between QBO and N D is computed for
solar maxima and solar minima epochs.

3. Results and discussion

The QBO data used in this study are obtained from
the website http://strat-www.met.fu-berlin.de, from
Singapore station for the geographical coordinates
01.22N and 103.55E. The N_D values are obtained
monthly from the website http://ccme.gsfc.nasa.gov/
modelweb/models/nrlmsise00.php for the NRLM-
SISE-00 atmospheric model for the same coordinates as
that of the QBO data, at the local time 1200 (L'T1200),
and at altitudes of 75 km and 90 km, respectively. Here,
the N, D is expressed by the sum of N, O,, and O, which
are the primary components of the atmosphere.

The data used (both QBO and N D) are determined
so as to cover the entire month at the time interval

09/1978-12/1982, 06/1988-04/1992, 01/1999-12/2001
for solar maxima epochs and at time interval 01/1984-
12/1987, 02/1994-08/1997, 01/2007-12/2009 for solar
minima epochs (21th, 22nd and 23rd SCs). The solar
minima and maxima epochs are calculated by taking the
previous and next years of the year that sunspots are at
lowest and highest values, respectively [Kirov et al. 2014].
The results are obtained by using given equations in
Section 2 and taking reference from Enders [2008].

As aresult, there is a continuing relationship between
QBO and N, D. However, this relationship changes ac-
cording to altitude and SCs . The results of unit root test
and co-integration test are shown at the tables for 21st,
22nd, and 23rd SCs at both 75 km and 90 km altitudes.

3.1. The analysis results for N, D measured at an alti-
tude of 75 km

Figure 2 shows the variation of N, D measured at
75 km altitude with QBO in solar maximum (left-side)
and solar minimum (right-side) epochs for 21st, 22nd
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and 23rd SCs. In the solar maximum case, there is a pos-
itive relationship between N D and west-directional
QBO for all three SCs.

It is observed that there is a positive relationship
between N D and east-directional QBO for 21st SC.
However, there is a negative relationship between vari-
ables for other SCs. In the solar minimum epoch, a pos-
itive relationship is observed between both the
west-directional and east-directional QBO and N D for
all the SCs.

Unit root test results

The purpose of the unit root test is to test the sta-
tionary nature of the variables. Because of the impor-
tance of the unit root test, it is supplemented with three
separate tests (ADE, PP, and KPSS). In this test, the QBO
and the N_ D values recorded for each of the test types at
the top of Table 1 need to be greater than the MacKin-
non critical values or the absolute values at the bottom
of the table. Table 1 tabulates the results of the unit
root test between the QBO measured at 10 hPa altitude
and the N_D obtained for 75 km.

As shown in this table, the N, D variable is signifi-
cant at a level of 1% in the ADF and the KPSS tests,
while it is significant at a level of 10% in the PP test.
This indicates that the N_ D variable is stationary. How-
ever, QBO is not stationary, so it has been made sta-
tionary by taking its first difference (D(QBO)) [see Sagir
et al. 2015]. D(QBO) variable is significant at a level of
5% in ADF , PP and KPSS tests.

10 hPa

Variables

ADF PP KPSS
QBO -1.95 -1.65 0.10
NnD -5.14 -3.32 0.49
D(QBO) -4.15 -4.07 0.20
The level MacKinnon [1996] critical values
of significance ADF PP KPSS
1% -4.243 -4.243 0.216
5% -3.544 -3.544 0.146
10% -3.204 -3.204 0.119

Table 1. The unit root test results at an altitude of 75 km.

Co-integration test results

The co-integration test results are listed in Table 2
for altitude of 75 km in solar maxima and solar minima
epochs. Since the ADF values are greater than MacKin-
non critical values as the absolute values, in case of
both solar maximum (|]—4.69|>|—2.65|) and solar mini-

mum (|—5.94/>|—2.65|) there are a relationship between
the QBO and the N, D. Meanwhile, since the p-values
are smaller than 0.05 for both epochs (solar maximum
and solar minimum), there are also a relationship at a
level of 1% between the QBO and the N, D. Looking
at both comparisons (ADF-MacKinnon and p-values-
0.05), a relationship between the QBO and the N D
have been observed in the 1% level of significance that
is the most significant level.

Solar maximum Solar minimum

Regression

model ADF p-value ADF p-value
Model -4.69 0.000 -5.94 0.000
The level

. MacKinnon [1996] critical values
of significance

1% -2.65
5% -1.95
10% -1.61

Table 2. The co-integration test results for 75 km.

Regression analysis results

Table 3 lists the results of the regression analysis
for N D measured at an altitude of 75 km. Ordinary
Least Square (OLS) method estimates are consistent in
the presence of heteroskedasticity, but the standard er-
rors are no longer valid. The white heteroskedasticity
(White Het.) Test is a test for heteroskedasticity in OLS
residuals. The null hypothesis of the White Test is that
there is no heteroskedasticity, and the value of this vari-
able must also be larger than 0.05. The Durbin-Watson
Test for serial correlation assumes that is stationary
and normally distributed with mean as zero. It tests the
null hypothesis that the errors are uncorrelated and the
values of variables need to be between 1.5 and 2.5.
Probability (F-statistics) (Prob. (F-statistic)) tests the
overall significance of the regression model and the
value of this parameter must be smaller than 0.05 [En-
ders 2008, Sagir et al. 2015].

Values for the last three rows located on the bot-
tom of the table show significance of established model
and coeflicients in this model. The values given in paren-
theses in the first five rows of the table refer to the sig-
nificance of the coefficient obtained. The statistical
significance of these values are shown by * sign outside
the parentheses.

When the coefficients in Table 3 are investigated,
itis observed that there is a negative relationship for 22nd
SC in the solar maximum epoch and for 22nd and 23rd
SCs in the solar minimum epoch and there is a positive
relationship in other epochs. While increase of 1 meter



QBO AND D-REGION NEUTRAL DENSITY

Solar maximum

Solar minimum

Coefficents
21st 22nd 23rd 21st 22nd 23rd
8.41x10%° 8.25%10%° 8.70x102%0 8.10x10%° 8.45x10%° 8.63x10%°
c (Constant)
(0.000)*** (0.000)*** (0.000)*** (0.000)*** (0.000)*** (0.000)***
6.13x10"7 -5.0x10"7 5.70x10'7 8.68%x10'7 -3.63x10" -6.19%10"
B, D(QBO)
(0.015)** (0.022)** (0.009)*** (0.004)*** (0.010)*** (0.040)**
8.54x10%0 8.52x10%0 8.73x10%0 8.11x10% 8.44x10%0 8.70x10%°
B, (DummyW)
(0.000)*** (0.000)*** (0.000)*** (0.000)*** (0.000)*** (0.000)***
8.41x10%° 8.25x1020 8.70x10%° 8.10x10%° 8.45x10%° 8.63x10%°
B; (DummyE)
(0.000)*** (0.000)*** (0.000)*** (0.000)*** (0.000)*** (0.000)***
0.113 0.998 1.47 0.385 1.001 1.052
AR (1)
(0.555) (0.000)*** (0.000)*** (0.024)** (0.000)*** (0.000)***
R? 0.82 0.77 0.86 0.72 0.85 0.84
Adj. R? 0.79 0.74 0.84 0.68 0.82 0.81
Durbin Watson 1.851 1.991 2.027 1.602 2.011 1.923
Prob. (F-statistics) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000)
White Het. (0.611) (0.116) (0.945) (0.305) (0.688) (0.094)

Table 3. The regression model results for 75 km altitude. (*),(**),(***) represents the significant level at 1 %, 5%, and 10%, respectively.

per second of QBO in the solar maxima epochs for 21st
and 23rd SCs causes an increase of 6.13 X 10! m? and
5.7 X 107 m?, it causes a decrease of 5.0 X 10" m? in
22nd SC. Whereas increase of 1 meter per second of
QBO in the solar minima epochs for 22nd and 23rd SCs
causes a decrease of 3.63 X 107 m™ and 6.19 x 10" m?,
it causes an increase of 8.68 X 107 m?in 21st SC. The
correlation coefficient (R?) in the analysis carried out
with the whole set of the QBO is higher than those
Danilov [1998] who investigates relationship between
QBO and electron density.

It is observed that B, (DummyW) and 3, (Dum-
myE) coefficients indicating wind direction are having
positive effect on N, D in both solar maxima and solar
minima epochs. This positive relationship can be asso-
ciated with carrying positive/negative ions and neutral
particles upward of QBO through waves abovemen-
tioned based on sentence expressed by Lastovicka [2006]
“The meteorological influences play an important role
in the overall ionospheric variability [e.g., Forbes et al.
2000, Rishbeth and Mendillo 2001]”. This results ob-
tained are fully consistent with Danilov [1998] for B, co-
efficient, while B, coefficient are partly consistent with
Danilov [1998]. The impact rate of these coefficients is
close to each other. Although Adj.R? value varies with
the solar cycle, it is expressed that about 68%- 84% of
changes in N, D according to this model can be explained
by QBO. The remaining portion (approximately 32%-
16%) can be explained by the other effects which are

not including to model here (such as, lightning, earth-
quakes, tides) of sub-atmospheric origin. The results ob-
tained are supported that the ion-generation processes
that occur in the lower ionosphere are closely related
to the chemistry of neutral components and to mete-
orological processes [Krivolutsky 2009].

3.2. The analysis results for N, D measured at an alti-
tude of 90 km

Figure 3 shows the variation of N D calculated at
90 km altitude with QBO in the solar maximum (left-
side) and solar minimum (right-side) epochs for 21st,
22nd and 23rd SCs. In the solar maximum epoch, there
is a positive relationship between N, D and west-direc-
tional QBO for all three SCs. While there is a positive
relationship between N, D and east-directional QBO for
21st SC, a negative relationship is observed for 22nd and
23rd SCs. In the solar minimum epoch, there is a posi-
tive relationship between N D and west-directional
QBO for all three SCs. While there is a negative rela-
tionship between N D and east-directional QBO in
23rd SC, a positive relationship is observed in 21st and
22nd SCs.

Unit root test results

Table 4 lists the results of the unit root test of
the QBO and N, D variables, measured at 10 hPa and
at an altitude of 75 km, respectively. It can be seen
that the variables are not stationary for all the three
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for 90 kmaltitude
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Figure 3. The variation with years of relationship between QBO and N, D calculated at 90 km altitude in solar maximum (left-side) and

solar minimum (right-side) epochs for 21st, 22nd and 23rd SCs.

tests. In order to make the variable stationary, their
first differences (D (QBO), D (N, D)) were considered.
As a result, the variable D(QBO) is statistically signif-
icant at 1% in the ADF and PP tests, while it is statis-

10 hPa

Variables

ADF PP KPSS
QBO -2.63 -2.63 0.078
NnD -7.22 -3.65 0.040
D(QBO) -7.36 -7.36 0.084
D(N,D) -5.30 -4.50 0.080
The level MacKinnon [1996] critical values
of significance ADF PP KPSS
1% -4.243 -4.243 0.216
5% -3.544 -3.544 0.146
10% -3.204 -3.204 0.119

Table 4. The unit root test results for 90 km.

tically insignificant in the KPSS test. The variable NnD
is the same as the variable QBO. Thanks to the vari-
ables D(QBO) and D(N, D) are significant according
to two tests (ADF and PP), they are considered to be
stationary.

Co-integration test results

In Table 5, the results of the co-integration test for
N_D measured at an altitude of 90 km for solar maxi-
mum and the solar minimum epochs are listed. Since
the ADF values are greater than MacKinnon critical val-
ues as the absolute values, in both solar maximum
(|—4.24/>|-2.65|) and solar minimum epochs (|-5.71|>
|-2.65|) there are a relationship between the QBO and
the N_D. Meanwhile, since the p-values are also smaller
than 0.05 for both cycles (solar maximum and solar
minimum), there is relationship between the QBO and
the N D. Looking at both comparisons (ADF-MacKin-
non and p-values-0.05), a relationship between the
QBO and the N D has been observed in the 1% level
of significance that is the most significant level.
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Regression analysis results

The regression analysis results for N D, measured
at an altitude of 90 km, are listed in Table 6. If the re-
sultant value is smaller than the Probability (F-statistic)
(Prob. (F-statistic)) value of 0.05, it indicates that the
developed model is significant. It is observed that {3,
and P, coefficients indicating wind direction are having
positive effect on N, D and this effect is very close to
each other in 21st and 22nd SCs. Such as B, coefficient,
it is observed that effect on N D of B, and B, coeffi-
cients is also higher in the 23rd SC than 21st and 22nd
SCs. Although Adj.R? value varies with the SC, changes
of about 50% - 75% in N D can be explained by QBO.
This result shows that QBO can disturb to lower iono-
sphere via troposphere based waves as expressed to
introduction [Kazimirovski and Kokoruov 1995, Krivo-
lutsky 2009]. According to the coefficients in Table 6, it
is observed that there is only a positive relationship in
the solar maximum epoch for 23rd SC and there is a
negative relationship for all remaining cases. Change of
1 meter per second in QBO (B, coefficient in the Table 6)
in both solar maximum and solar minimum epochs for
21stand 22nd SCs gives rise to a decrease of about 1.36 X
10'* m? —13 x 10'® m™. However, this change in the
23rd SC causes an increase of 2.32 X 10 m? in solar
maximum epoch and brings about a decrease of 1.98 X
10'® m? for solar minimum epoch.

Values for the last three lines located on the bot-
tom of the table show significance of established model

Solar maximum

Solar maximum Solar minimum

Regression

model ADF p-value ADF p-value
Model -4.24 0.0001 -5.71 0.000
The level

. MacKinnon [1996] critical values
of significance

1% -2.65
5% -1.95
10% -1.61

Table 5. The co-integration test results for 90 km.

and coefficients in this model. The values given in
parentheses in the first five lines of the table refer to the
significance of the coefficient obtained. The statistical
significance of these values are shown by * sign outside
the parentheses.

When results obtained for both altitudes (75 km
and 90 km) are compared, as expected, it is found that
occurring change in N D by QBO is higher about 10
times at 75 km altitude than 90 km altitude in 21st and
22nd SCs. But, this change is higher about 1000 times at
90 km altitude than 75 km altitude in 23rd SC.

4. Conclusion

In this study, the underlying effects and the changes
in the N, D caused by the stratospheric QBO are inves-
tigated using a multiple regression model. Also, both the
solar maxima and the solar minima epochs are taken into

Solar minimum

Coefficents
21st 22nd 23rd 21st 22nd 23rd

6.54x10"° 6.49%x10%° 8.22x102%2 6.80x10" 6.62x10" 7.67%x10%2
¢ (Constant)

(0.000)*** (0.000)*** (0.000)*** (0.000)*** (0.002)*** (0.000)***

-9.75%101¢ -1.36Xx10'° 2.32x10% -1.30%x10" -8.58%x10'° -1.98%x10'°
B, D(QBO)

(0.075)* (0.031)** (0.011)** (0.065)* (0.055)* (0.018)**

6.56x10" 6.74x10" 8.36Xx10%2 6.67x10" 6.62x10" 7.89x10%?
B, (DummyW)

(0.000)*** (0.000)*** (0.000)*** (0.000)*** (0.000)*** (0.000)***

6.54x10"° 6.49%x10%° 8.22x102%2 6.80x10" 6.62x10" 7.67%x10%2
B; (DummyE)

(0.000)*** (0.000)*** (0.000)*** (0.000)*** (0.000)*** (0.000)***

1.635 0.523 0.495 0.815 0.557 0.543

AR (1)

(0.000)*** (0.003)*** (0.032)** (0.003)*** (0.003)*** (0.000)***
R? 0.78 0.67 0.58 0.59 0.63 0.67
Adj. R? 0.75 0.56 0.50 0.51 0.58 0.61
Durbin Watson 2.143 2.059 1.823 1.997 1.970 2.030
Prob. (F-statistics) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000)
White Het. (0.243) (0.670) (0.356) (0.919) (0.568) (0.509)

Table 6. The regression model results for 90 km. (*),(**),(***) represents the significant level at 1 %, 5%, and 10%, respectively.
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consideration at the evaluating of the relationship be-
tween variables. The results are as follows:

- The explainable rate is higher at 75 km altitude
than at 90 km altitude.

- The explainable rate of the effect on the N D of
QBO is 79%, 74% and 84% and 68%, 82% and 81% in
the solar maxima and the solar minima epochs for 21st,
22nd and 23rd SCs at 75 km altitude, respectively.

- The explainable rate of the effect on the N D of
QBO is 75%, 56% and 50% and 51%, 58% and 61% in
the solar maxima and the solar minima epochs for 21st,
22nd and 23rd SCs at 90 km altitude, respectively.

- The relationship between variables is positive for
both direction of QBO at both altitudes.

- The relationship between QBO and N_D is posi-
tive for 21st and 23rd SCs in solar minimum epoch and
for 21st SC in solar maximum epoch at 75 km altitude.
In the remaining cases, relationship between variables
is negative.

- While the relationship between QBO and N, D is
positive for 23rd SC in solar minimum epoch, it is neg-
ative in the remaining cases at 90 km altitude.

It is noted that, none of these statistical studies
provides any physical mechanism to determine the ap-
parent relationships, but the QBO through the atmos-
pheric waves [Pancheva et al. 1991] may have a greater
effect on the N D in the D-region, which is considered
as weakly ionized plasma. Apart from causing a statis-
tical decrease in the N, D due to the QBO, it is also may
give rise to changes in the ion chemistry of this region
[Krivolutsky 2009]. This change would become physi-
cally and chemically by interacting with the carrying
momentum by QBO of neutral components in D-re-
gion. Thus, neutrals turn into ions by means of colli-
sions and various chemical reactions or vice versa, and
N_D number may be changed. Thus, QBO, that is one
of the meteorological influences, can play an impor-
tant role in the lower ionospheric N, D.
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