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Abstract – The vertical component of the plasma drift, especially the evening-time pre-reversal drift,

constitutes an important aspect of the nighttime electrodynamics of the equatorial ionosphere. Over the
years, several studies using measurements and models have been performed to understand the characteristics of this process and its implications for the development of the instabilities leading to the plasma bubble
formation and ionospheric scintillation. However, the Brazilian region presents some unique features that
bring some difﬁculties for the vertical drift prognosis, which is required for the scintillation forecasting.
These features are mainly related to the geomagnetic ﬁeld lines topology that presents strong differences
when compared to those of other equatorial longitudes. In this work, some of the difﬁculties for the prereversal vertical drift modeling and estimation are discussed; also, a dataset containing long-term observation (2001–2009) is compared with a widely used empirical model. The results show an intrinsic trend of
underestimation by the model, which seems to be independent of latitude and seasonality thus suggesting
an additional contribution arising from sources other than solely the geomagnetic topology. Also, the
results indicate that the deviation can vary in the range of 0–40 m/s and the percentage error enhances with
increasing values of pre-reversal vertical drift peak and reduces with increasing F10.7 values, thereby,
indicating a clear possibility of meridional winds contribution which is not included in the empirical model
used and may account for these differences.
Keywords: Pre-reversal vertical drift / Equatorial plasma electrodynamics / Ionospheric modeling

1 Introduction
The vertical component of the plasma drift is the prime
mover of the phenomenology of the nighttime ionosphere over
the equatorial and low-latitude regions. This vertical plasma drift
is responsible for the transport of the plasma across the geomagnetic ﬁeld lines resulting in a redistribution of the electron
density with latitude around the geomagnetic equator. Moreover,
during its evening pre-reversal stage, certain values of the
vertical drift impose a condition sine qua non for the development of instabilities and the subsequent rising of Equatorial
Plasma Bubbles (EPBs) which may, in turn, cause scintillation
in transionospheric radio signals (Abdu et al., 2009).
As a consequence, any forecasting scheme for predicting the
occurrence of EPBs or ionospheric scintillation must rely on
some knowledge about the behavior of the evening-time
*
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pre-reversal vertical drift (PRVD) that sets the conditions for
scintillation occurrence.
Along the years many studies concerning the PRVD features
were published either using ionospheric sounding data or numerical modeling. Abdu et al. (1981) using ionosonde data from Fortaleza (geographic longitude: 38° W) and Jicamarca (geographic
longitude: 77° W) showed that the pre-reversal vertical drift
magnitude is largely dependent on the magnetic declination
angle, which varies with longitude. Over the Brazilian region,
the magnetic ﬁeld declination is westward and attains the largest
values within all equatorial extension, thus requiring additional
efforts in the vertical drift modeling task.
Batista et al. (1986) compared the vertical drift obtained from
ionosonde data over two stations with manifestly different magnetic declination angle, namely, Fortaleza (geographic longitude:
38° W; magnetic dip: 2°; magnetic declination: 21° W) in the
Brazilian territory and Huancayo (geographic longitude: 75° W;
magnetic dip: 0.6°; magnetic declination: 3° E) in the Peruvian
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territory. Further, they developed a numerical simulation code
that was used to discuss the longitudinal and seasonal asymmetries in the PRVD, exploring this distinct behavior over the
Brazilian region. They found that the magnetic declination and
the thermospheric winds are the major factors controlling this
asymmetric behavior (see Fig. 4 in their paper). Some more
works on the vertical drift modeling and other aspects are presented by Abdu et al. (1992), Tsunoda (1985), Pingree & Fejer
(1987), Fejer et al. (1991, 1995), Batista et al. (1996),
de Medeiros et al. (1997), Scherliess & Fejer (1999), Fesen
et al. (2000), Souza et al. (2000), Fejer et al. (2008, 2014), Alken
(2009), and Santos et al. (2013).
Among all the models already proposed, the most widely
used/mentioned is the Scherliess & Fejer (1999) empirical
model, which uses radar and satellite measurements to describe
the F region vertical drift on a global scale. It has been used, for
instance, as input for most of the general ionospheric models
such as the SAMI2 (SAMI2 is another model of the Ionosphere)
(Huba et al., 2000) and the Shefﬁeld University Plasmasphere
Ionosphere Model (SUPIM) (e.g., Bailey et al., 1997; Bravo
et al., 2017, 2019).
For historical reasons, most of these models and comparisons
with data mentioned above usually refer to Jicamarca radar measurements and show remarkable correspondence. Notwithstanding, over the Brazilian region the picture is slightly different,
because of the large geomagnetic declination angle, as mentioned
before (e.g. Abdu et al., 1981, 1992; Tsunoda, 1985; Batista
et al., 1986, 1996) and other factors to be addressed further in this
work. The Scherliess & Fejer (1999) vertical drift model, henceforth referred as SF1999, which is the most widely used vertical
drift model, is also based largely on Jicamarca radar data, thus,
some deviation may be expected when this model is used for
the description of certain phenomenon over the Brazilian region.
The SF1999 model is complemented at other longitudinal sectors
with ion drift meter data from AE-E satellite, and for this, the
cubic-B spline description of local time and longitudinal dependencies with four nodal points is considered. These nodes are
deﬁned at 0°, 90°, 180°, and 270°, so that the Brazilian territory
is placed inside the bin from the Paciﬁc to the Atlantic oceans.
Figure 1 illustrates the region inside this node (delimitated by
the vertical dashed white lines). The colored thick line along
the map represents the geomagnetic equator, and the colors
describing the curve correspond to the values of the geomagnetic
declination angle along the equator. The values of the geomagnetic declination range from ~ 19° W (dark red) to 10° E
(dark blue) and were obtained from the IGRF-12 model
(Thébault et al., 2015). IGRF-12 model may be accessed at
https://ccmc.gsfc.nasa.gov/modelweb/models/igrf_vitmo.php.
The symbols in the ﬁgure indicate the stations already mentioned
or to be cited along this manuscript, namely, Fortaleza (D),
Jicamarca (pentagon), Huancayo (plus signal), Cachimbo (X),
Boa Vista (o), Campo Grande (r), and São Luís (square).
The point to be emphasized in Figure 1 is that along the
geomagnetic equator, the values of declination are very close
to that of Jicamarca, except in the Brazilian territory, where
the declination presents a completely different feature, with
larger values. Hence, a given model such as the SF1999
which uses Jicamarca data may represent very coherently the
behavior of the pre-reversal vertical drift along the globe, except
over the Brazilian region, where some discrepancies might be
present.

In the next sections, some of the difﬁculties experienced in
the pre-reversal vertical drift modeling are discussed. Using
long-term ionosonde data from Brazilian stations, the values
of the PRVD peak velocities (Vzp) are calculated and compared
with the SF1999. The results suggest that the SF1999 usually
underestimates the pre-reversal vertical drift peak velocity over
the Brazilian region in most of the scenarios.

2 Conjugate asymmetry of the vertical drift
within the same geomagnetic meridional
plane
Abdu et al. (2009) presented some remarkable results
obtained during the Conjugate Point Equatorial Experiment
(COPEX) campaign. Among their several results one that is noteworthy in the context of the discussion presented here, is that
besides the longitudinal asymmetries, the vertical drift over the
Brazilian region was also found to vary between magnetic conjugate locations. During COPEX campaign (in 2002) ionosondes
were deployed at magnetic conjugate stations and at magnetic
equator, namely, Boa Vista (2.8° N, 60.7° W, magnetic latitude:
11°, green circle in Fig. 1) in the northern hemisphere and Campo
Grande (20.5° S, 54.7° W, magnetic latitude: 11°, green nabla
in Fig. 1) in the southern hemisphere and at the equatorial site
Cachimbo (9.5° S, 54.8° W, magnetic latitude: 2°, green X
in Fig. 1). Figure 2 exhibits three panels summarizing the results
of the vertical drifts obtained during the campaign period (that
lasted 66 days). Panels (a), (b), and (c) show the values obtained
at Cachimbo (equatorial station), Campo Grande (southern
conjugate point) and Boa Vista (northern conjugate point),
respectively, during evening-early night period. The gray lines
represent the vertical drift on individual days while the superposed red line is the average of all these values. The data was
registered between 10/05/2002 and 12/09/2002 (mm/dd/yyyy
format), which comprises equinox and summer/winter solstice
period in the southern/northern hemisphere.
The pre-reversal vertical drift over Cachimbo was stronger
than that at the low latitude conjugate sites, as to be expected;
however, the conjugate points do not behave in a symmetric
way. In fact, the southern station presented larger Vzp values
in 78.2% of the dataset as can be clearly noted by comparing
middle and right panels in Figure 2.
This asymmetry is not due to the topology of the geomagnetic ﬁeld declination, once both conjugate points present similar declination (14° and 15.1° over Boa Vista and Campo
Grande, respectively). Instead, Abdu et al. (2009) explain such
variation in terms of a northward trans-equatorial (i.e., meridional) wind. Otherwise the plasma motions caused by large scale
electric ﬁelds should be equivalent in both hemispheres. These
trans-equatorial winds are found to present a large day-to-day
variability. As a result, the lack of a more precise model or a
large dataset from conjugate points in the Brazilian region
brings in some difﬁculties in the development of adjustments.

3 Differences between theoretical and
measured off-equator values of the Vzp
If vertical drift data from an equatorial station is available, a
theoretical approach may be applied to estimate the values at
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Figure 1. Global proﬁle of the declination (colors) along the geomagnetic equator (curve) showing the larger declination (red) over the
Brazilian region. The dashed line delimitates the region between 90° W and 0° (i.e., 270°–0°). The green symbols indicate the location of some
stations that are mentioned along the text.

Figure 2. Vertical drifts calculated through ionosonde data for the equatorial station, Cachimbo (left panel), and conjugate point stations at
southern (middle panel) Campo Grande and northern hemisphere (right panel) Boa Vista. More details on this calculation are given in Abdu
et al. (2009).

off-equator latitudes. On the basis of considerations of ﬁeld line
mapping, assuming a dipole approximation, a purely zonal electric ﬁeld generated vertical drift, as in the case of the PRVD,
may be expressed as a function of geomagnetic

 latitude (h) in
cos3 h
d,
where
d
¼
the form of: V hz ¼ V eq
(e.g. Kendall,
2
z
1þ3 sin h
corresponds
to
the
value of the
1962). In this equation, V eq
z
vertical drift over the dip equator and V hz its values over a given
off-equatorial latitude h. An example of this procedure is presented in Figure 3, wherein the values of Vzp over Campo
Grande (off-equator), obtained from ionosonde during COPEX
campaign, are compared with theoretical Vzp values calculated
using the expression for d and the Vzp values obtained from
ionosonde over the equatorial station of Cachimbo.

The blue curve (CG-COPEX) corresponds to the Vzp values
obtained from the ionosonde measurements over Campo
Grande (dip latitude: 22.3°), and the red curve [CG-COPEX
(d)] to theoretical Vzp values calculated over CG using those
obtained from the ionosonde measurements over Cachimbo
(equatorial station) and the theoretical expression V hzp ¼ V eq
zp d,
with h = 22.3°.Additionally, the gray dashed curve presents
the values obtained from the ionosonde measurements over
Cachimbo (equatorial station), that is, V eq
zp for all the COPEX
days for reference.
As can be clearly noticed, this approach using V hzp ¼ V eq
zp d
overestimates the values of the V hzp for Campo Grande in the
large majority of the days (for 83.33% of the dataset). In the
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Figure 3. Comparison between the values of Vzp obtained over Campo Grande. Ionosonde measured values are presented in blue
(CG-COPEX), and theoretical Vzp values are presented in red [CG-COPEX(d)]. The theoretical Vzp values were obtained using the values from
ionosonde data over Cachimbo equatorial station and the expression for d. The gray dashed curve corresponds to the Vzp obtained from
ionosonde over Cachimbo and is provided for reference.

Brazilian territory the ionosondes are, most of the time,
deployed at off-equator stations, hence, the theoretical expression may be inverted to estimate equatorial PRVD peak, i.e.,
h 1
V eq
zp ¼ V zp d . These off-equator locations are mostly due to
the rapid changes of the geomagnetic ﬁeld along the Brazilian
territory. However, as a consequence of the results presented
in Figure 3, the values obtained for V eq
zp probably will be underestimated and this must be considered in any model for representing the vertical drift over the Brazilian region using
ionosonde data from off-equator latitudes.

4 Comparison between SF1999 model
(SAMI2) and long-term data over Brazilian
region
As mentioned in the previous sections, there are some difﬁculties in the task of pre-reversal vertical drift modeling over the
Brazilian region either using empirical or theoretical approaches.
Among the modeling developments along the years, the most
widely used is the SF1999 empirical model (Scherliess & Fejer,
1999), cited by over 500 papers up to present date. This model
uses a combination of the Jicamarca (green pentagon in Fig. 1)
incoherent scatter radar and Atmospheric Explorer E (AE-E)
satellite ion drift meter data that were applied to a Cubic-B spline
interpolation. The Jicamarca incoherent scatter radar data
included 502 days of observations (during the period of 1968–
1992), and the AE-E data were collected along a period of ~3
years (01/1977–12/1979). The data were divided into four
groups with longitudinal nodes located at 0°, 90°, 180° and
270°. Accordingly, the Brazilian region is contained in the longitudinal set that comprises the Paciﬁc-American sector (denoted
by white dashed vertical lines in Fig. 1). The longer period of the
Jicamarca data set in comparison with the data period covered by
the AE-E satellite, and the way in which the four longitudinal
sets were deﬁned, probably will imply better agreement of the
model values with Peruvian sector data or other places with similar geomagnetic topology as previously mentioned.
A preliminary comparison between the values of Vzp calculated from ionosonde data over Cachimbo, during COPEX

Figure 4. DVzp (COPEX-SF1999) over Cachimbo. The colored
circles represent, from blue to red, increasing values of DVzp. The red
dashed line corresponds to DVzp = 0, and the black solid line
indicates the trend of increase in the errors with seasonal transition
(equinox-summer solstice).

campaign, and the SF1999 values for the same location, as
obtained using the SAMI2 model, reveals that the model underestimates the values on 95.38% of the days with a slight trend of
increase in the errors as the data advances from equinox to summer solstice (southern hemisphere). This result was obtained
considering the ratio between the number of days with underestimation and the total number of days in the dataset. The increasing trend was found through a linear regression. These results
are summarized in Figure 4, where DVzp = Vzp(COPEX) 
Vzp(SF1999) are represented by colored circles with values
increasing from blue to red. The red dashed line represents the
equivalence level between model and data (i.e., DVzp = 0), and
the black solid line corresponds to a ﬁrst order polynomial
approximation, which elucidates the slight increase according
to seasonal change. Based on these preliminary results, which
refer exclusively to a solar maximum period, an investigation
with longer dataset seems to be desirable in order to investigate
how these discrepancies behave under different solar conditions.
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Figure 5. Vzp values as calculated from ionosondes data (black lines) and obtained from SF1999 model (red lines) for São Luís (a) and
Fortaleza (b) stations. The data comprises from maximum to minimum of the solar cycle 23.

However, being the solar ﬂux used in model the same from the
dataset, hence not a direct agent of the deviations, the following
investigation intends to verify what are the parameters involved
in controlling the magnitude of such errors, that is, in the
augmentation or reduction of the errors.
For the sake of a more detailed comparison, a broader set of
ionosonde calculated Vzp values, covering a period from maximum to minimum solar conditions (2001–2009) over two stations was used to juxtapose with the SF1999 (SAMI2). The
equatorial station of São Luís (2.6° S, 44.7° W, dip latitude:
0.80° to 2.22°, green square in Fig. 1) and the low latitude
station of Fortaleza (3.72° S, 38.53° W, dip latitude: 5.14° to
6.59°, green triangle in Fig. 1) were chosen because a large
dataset covering the same equinox-summer solstice transition
period (October–December) was available at both stations. This
dataset corresponds to geomagnetic quiet conditions in order to
minimize the number of parameters that may cause deviations
from expected values. The number of days complying this condition was 460 and 601 for São Luís and Fortaleza stations,
respectively. The Vzp was calculated considering an average
of the real height of the F layer (hF) for the speciﬁc frequencies
of 5 and 6 MHz. The effects of recombination for the cases
when the hF was below 300 km were taking in account in
the calculation of the Vzp. The recombination effect was retained
though a term bH, where b is the loss coefﬁcient, and H is the
scale height, i.e., Vz = d(hF)/dt  bH. The calculation of bH is
performed assuming the neutrals O2 and N2 in the O+ loss processes, i.e., b = k1[N2] + k2[O2]. The rates k1 and k2 are related
to the reactions O+ + N2 ? NO+ + N and O+ + O2 ? O2+ + O,
respectively. According to Anderson & Rusch (1980) these
rates can be assumed as k1 = 7  1013 cm3/s and k2 = 2 
1011(Tn/300)1/2 cm3/s, where Tn is the neutral temperature.
The values for O2, N2 and Tn were obtained through the
MSISE-90 model (Hedin et al., 1991). The values of H were
calculated according to H = Ne(dh/dNe), where Ne and h are
the electron density and altitude of the F layer.
Figure 5 shows the Vzp values calculated from the available
ionosonde data (black line) over São Luís (a) and Fortaleza

(b) stations for the years from 2001 to 2009, and the SF1999
model (red line). The number of days available in the dataset
for each of the years is exhibited in the upper right region of
the panels. Some lacks of data occurred during the years of
2007 and 2008 for São Luís station and in 2002 for Fortaleza.
The results based on SF1999 (red lines in Figure 5) were
obtained using the exact values of F10.7 and geomagnetic
indexes (ap index is used in SAMI2) for each day. Notwithstanding, the values are underestimated in the large majority
of the days for both, equatorial (a) and low-latitude (b) stations,
as may be clearly veriﬁed by investigating the Figure 5.
The decrease in the magnitudes along the years in both
cases (data and model) is controlled by the solar activity decline
from 2001 up to 2009. The dominance of the solar conditions
over the equatorial pre-reversal vertical drift intensity was
already explored by other works (e.g. Abdu et al., 2010; Santos
et al., 2013).
In order to verify explicitly the differences between the
SF1999 results and the ionosonde calculated Vzp values, a dayby-day DVzp for each of the stations, São Luís (SL-SF1999)
and Fortaleza (FZ-SF1999), was calculated and is presented in
Figure 6. The results are plotted as a function of the day of the
year (DOY) in order to verify if some seasonal trend may exist.
The colored circles correspond, from blue to red, to increasing
values of DVzp, and the red line indicates the level in which
SF1999 results and ionosonde calculated Vzp values are the
same (i.e., DVzp = 0). As already pointed out by the results in
Figure 5, the DVzp values are predominantly positive, meaning
an underestimation of the SF1999 (e.g., SL-SF1999 > 0 )
SL > SF1999). This difference seems to vary mainly in the range
0–40 m/s, which is a large deviation. Moreover, these differences
occurred in the entire period, without any explicit seasonal tendency, which is unexpected to some extent, once the unequal
magnetic declination would suggest an increase in DVzp for later
DOY (Abdu et al., 1981).
According to the results, the SF1999 empirical model presents a continuous and consistent underestimation of Vzp over
the Brazilian sector. This underestimation apparently is not
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Figure 6. DVzp calculated for the equatorial São Luís (a) and the low-latitude Fortaleza (b) stations. The colored circles indicate, from blue to
red, increasing values of DVzp. In both stations SF1999 underestimated the values for the large majority of the days (i.e., DVzp > 0).

Figure 7. Bivariate distribution of f for the Vzp values obtained from ionosonde data for São Luís and for the F10.7 index (panels a and b) and
similar results for Fortaleza (panels c and d) stations, respectively.

merely related with seasonal, magnetic declination, or solar ﬂux
conditions, instead it seems to be, somehow, an inherent feature.
In order to derive more information in an attempt to clarify
the reasons for this underestimation we analyze the statistical
distribution of the DVzp. The percentage error f between
SF1999 and the ionosonde calculated Vzp values was used for
this investigation, i.e., f ¼

jV zpðSL or FZ Þ V zpðSF1999Þ j
V zpðSL or FZÞ

 100, and its

values (numbering 460 and 601 for São Luís and Fortaleza
stations, respectively) were arranged in 60 bins.
With the values of f a more detailed procedure is to produce
a bivariate histogram (60 bins in each dimension are assumed)
in which two distinct parameters are considered to collate
with f, namely, the ionosonde calculated Vzp values (for both
stations) and the F10.7 values (the ranges assumed were
0  |DVzp|  100 m/s and 0  F10.7  300 s.f.u.).
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Figure 8. Statistical distribution of Vzp obtained through sounding data over São Luís (panel a) and Fortaleza (panel b) stations.

Figure 7 exhibits four panels wherein the results are grouped
in such a way that the bivariate histograms related to the equatorial station, São Luís, considering the ionosonde calculated
Vzp values and the F10.7 index, are presented in the panels
(a) and (b), respectively. In the case of the low-latitude station,
Fortaleza, same disposition was used in the panels (c) and (d).
The color bar indicates the frequency, i.e., the number of occurrences, which increases from blue to red colors.
First, considering the results of the Vzp as obtained from
ionosonde data as a parameter, that is, panels (a) for São Luís
station and (c) for Fortaleza station, it is possible to argue that
the percentage error (f) presents, for both stations, a trend for
enhancement as the real Vzp values increase. However, the
larger majority of f does not concentrates in the regions of larger
real Vzp values, but instead in the ranges of ~10–40 m/s for the
equatorial São Luís station (a), and ~5–25 m/s for the lowlatitude Fortaleza station (c). When F10.7 is used as a parameter, i.e., panels (b) and (d) for São Luís and Fortaleza
stations, respectively, it is possible to realize that the percentage
error (f) presents a trend of increase according to decreasing
values of F10.7 for both stations. The larger concentration of
the occurrences of f, for both stations, was found to be restricted
to within the range: 66  F10.7  100 s.f.u.
The increase of the percentage error in case of larger values
of Vzp indicates that the SF1999 usually presents more modest
values, and that over the Brazilian region the Vzp may attain larger values than over the Peruvian region, where most of the data
used in SF1999 were collected. The larger percentage error in
case of lower F10.7 suggests a substantial role of the meridional
winds that may change the vertical drift pattern.
It must be noticed that while the increase (decrease) in the
percentage error according to enhancement of the Vzp (F10.7)
values is a very expressive result, the frequency of occurrences
is, probably, an intrinsic consequence of the dataset statistical
distribution which behaves exactly in the manner as may be
veriﬁed in Figure 8.
As can be clearly noted, the values of Vzp typically concentrate around 40 m/s and 25 m/s for São Luís and Fortaleza stations, respectively. Similar results may be obtained in terms of
F10.7 solar ﬂux index (not shown here). Hence, the results of
the occurrence frequency presented in the panels of Figure 7

are a consequence of the statistical trend of the data, and not
directly related to some model deviation. The dataset shows that
the distribution of the Vzp values over São Luís and Fortaleza is
concentrated exactly in the same region where the SF1999
model also concentrates large percentage error. Due to this is
reasonable to assume that the model is underestimating at any
level of Vzp values, however, most of the occurrences are related
to values around 40 m/s (25 m/s) for São Luís (Fortaleza).
These results are closely related to the arguments presented
in Abdu et al. (2006, 2010) concerning the role of meridional
winds in the nighttime low-latitude ionospheric electrodynamics. Abdu et al. (2010) demonstrated that during low solar
ﬂux conditions (e.g. F10.7 < 100 s.f.u.), the meridional winds
close to the time of the pre-reversal enhancement are mostly
equatorward over the Brazilian region (see Fig. 7 in their paper)
either as found from Vzp values calculated from ionosonde data,
or from the Horizontal Wind Model (HWM93) (Heelis et al.,
1996). Hence, this equatorward component of the neutral wind,
which presents distinct characteristics over the Brazilian region,
may be the adequate candidate to explain the dissimilarities (i.e.,
the increasing values of (f) connected either with increasing
values of Vzp or decreasing values of F10.7.

5 Conclusions
The vertical component of the ionospheric plasma drift
plays a crucial role in the electrodynamical processes over the
low-latitude region, being responsible for transporting and redistributing the plasma and accounting for instability processes.
The instability processes which take place in the low-latitude
nighttime ionosphere depend highly on the features of the
vertical drift during the evening hours, i.e., the pre-reversal
vertical drift, being its maximum value, Vzp, an excellent parameter to measure this contribution (e.g., Abdu et al., 2006
and references therein). Thus, any approach towards the prediction of instabilities such as the plasma bubbles and scintillation
occurrence must rely upon accurate knowledge about the
vertical drift and Vzp values. Along the years, data from different
locations and several models have been analyzed in the
attempt of a better understanding and a reliable prognosis of

Page 7 of 9

J. Sousasantos et al.: J. Space Weather Space Clim. 2020, 10, 20

the behavior of Vzp over the Brazilian region. The most widely
used model for the evaluation of the pre-reversal vertical drift is
the Scherliess and Fejer empirical model (Scherliess & Fejer,
1999) which is based on Jicarmarca radar and AE satellite data.
Notwithstanding, the Brazilian region differs considerably from
Peruvian region in terms of the geomagnetic ﬁeld topology, and
hence, an asymmetric behavior is, to some extent, expected.
Some additional complexities for the pre-reversal vertical
drift modeling over the Brazilian region (besides the geomagnetic declination already discussed) include its asymmetric
magnitudes within the same magnetic meridian, that is, between
conjugate points (e.g. Fig. 2 or Abdu et al., 2009) and the deviation between the theoretical and the data-based calculations (e.g.
Fig. 3). Based on the measurements over the Brazilian region
and its peculiar aspects, an investigation on the differences in
Vzp values between the SF1999 model and those calculated from
the data was performed. First, an initial analysis, using COPEX
data obtained at the equatorial station of Cachimbo and the
SF1999 representation for the same days (under the same
day-by-day solar and geomagnetic conditions) was performed,
which showed that the model underestimated the Vzp values
in ~95% of the days (Fig. 4). Once this initial dataset was composed of only 66 days of data exclusively under high solar ﬂux
conditions, a broader dataset covering low to high solar cycle
conditions (2001–2009) over two different stations under quiet
geomagnetic conditions was employed. The equatorial station
(for the period under analysis) of São Luís and the low-latitude
station of Fortaleza were chosen due the data availability and
geomagnetic positions. A total number of 1061 days (including
both stations) was evaluated to verify the performance of
SF1999 as compared to real data over the Brazilian region in
an attempt to improve its representation. Major results emerging
from this analysis may be summarized as follows:
1. The SF1999 empirical model underestimates the Vzp
values in ~98% (i.e., 450 days) of the cases for São Luís
station and ~92% (i.e., 554 days) for Fortaleza station,
indicating a predominant underestimation trend by the
model (e.g., Figs. 5 and 6).
2. The underestimation seems to be independent of seasonal
inﬂuences suggesting that some additional factor may be
present, besides that of the geomagnetic declination control (e.g., Fig. 5).
3. The difference DVzp over both stations usually lays in the
range of 0–40 m/s, hence, model results may present a considerable deviation from the observed values (e.g. Fig. 6).
4. A bivariate statistical distribution analysis reveals that the
percentage error (f) between the SF1999 and the ionosonde calculated Vzp is enhanced (reduced) as the ionosonde calculated Vzp values increases (decreases) and
with the F10.7 values decreasing (increasing) (e.g. Fig. 7).
5. The concentration of f occurrence seems to be a consequence of the statistical distribution of the parameters
and not the result of a physical process (e.g., Fig. 8).
6. Based on the trend in f tendencies, the meridional winds
are the most adequate candidate to explain the model
deviations, once its orientation is predominantly equatorward during low solar ﬂux conditions in the period of the
pre-reversal vertical drift causing an increase of the Vzp

values. These results are in good agreement with those
presented in Abdu et al. (2006, 2010), however using a
considerably wider dataset.
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