
Journal of Atmospheric and Solar-Terrestrial Physics 63 (2001) 1559–1569
www.elsevier.com/locate/jastp

Zonal neutral winds at equatorial and low latitudes
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Abstract

Fabry–Perot interferometric (FPI) measurements of thermospheric zonal neutral winds at Arequipa, Peru (16:7◦S; 71:5◦W;
−2:7◦ dip), and Carmen Alto, Chile (23:1◦S; 69:4◦W; −10:2◦ dip), were collected during the solar minimum periods of
September–October 1996 and 1997. The data set included 39 nights from Arequipa and 14 nights for Carmen Alto, with
8 nights of simultaneous observations. Analysis of averaged results found the peak evening zonal neutral wind speed of
∼127 ± 15 m=s eastward for the Arequipa observatory, which is located near the magnetic equator, to occur between 21:30
and 22:30 LT. In contrast, the peak evening zonal winds of ∼100 ± 10 m=s eastward observed from Carmen Alto, which is
located near the crest of the equatorial ionization anomaly (EIA), occurred ∼0:5–1 h later. These measurements represent the
>rst case of groundbased FPI observations of the so called equatorial temperature and wind anomaly (ETWA) over such a
small latitude range in the same longitude sector. This reduction in speed of ∼20–25% at Carmen Alto relative to Arequipa
is attributed to increased ion drag at Carmen Alto caused by the higher electron density within the EIA region at altitudes of
220–300 km. Model studies were conducted using electron density and neutral atmosphere parameters form the parameterized
ionospheric model (PIM) and the mass spectrometer incoherent scatter (MSIS) models, respectively, to calculate the ratio of
ion–neutral collision frequencies at the two sites. We found that the increase in electron density within the EIA was su@cient to
account for the observed reduction in the zonal wind. Thus, this analysis con>rms the dominant role of ion drag in modulating
thermospheric dynamics at equatorial latitudes. A comparison of the FPI results with the predictions by two current neutral
wind models, the Horizontal Wind Model-90 and the NCAR Thermospheric Ionosphere Electrodynamics General Circulation
Model (TIEGCM), reveals that neither is able to reproduce accurately the latitude dependence reported here. Model re>nements
for electrodynamics and improved resolution are suggested. c© 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The equatorial ionization anomaly (EIA) is characterized
by a local minimum in ionospheric densities at the magnetic
equator with two crests on either side at 12–20◦ dip latitude
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353-6463.
E-mail address: mendillo@bu.edu (M. Mendillo).

(N or S), depending on solar Fux levels. Martyn (1953)
suggested that the cause of this anomaly was an up-
ward E × B drift of the equatorial ionospheric plasma,
followed by diGusion along magnetic >eld lines to
lower altitudes at higher latitudes. Subsequent mod-
eling (e.g., Anderson, 1973) veri>ed the electrody-
namical origin of the F-region equatorial trough and
tropical crests that dominate low latitude ionospheric
morphology.
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Hedin and Mayr (1973) suggested a corresponding equa-
torial neutral wind and temperature anomaly in the same
region. The eGect of the enhanced ion densities within
each crest is increased ion-drag which reduces the neutral
wind speed and increases neutral temperatures at the crests.
Raghavarao et al. (1991) provided the >rst observations of
this eGect in this analysis of neutral wind and temperature
data from the Dynamics Explorer-2 satellite. The in situ
observations were made by the wind and temperature spec-
trometer (WATS) instrument sampling in the 300–450 km
altitude range. The zonal winds exhibited a broad maxi-
mum centered on the dip equator, with minima on either
side at 15–20◦ dip latitude. These two minima were nearly
collocated with the crests of the EIA, and the maximum
was located at the trough of the EIA. Their results showed
neutral winds speeds reduced by as much as 50–60 m=s at
the crests at 12:00 and 19:00 LT. In a subsequent study,
Raghavarao et al. (1998) describe the average local time
variations in the zonal winds versus latitude during the low
solar Fux period of 1981–1982. They calculated diGerences
in the wind velocities at the crests (located at 16–18◦ dip
latitude) and trough of the ionization anomaly for both day
and night periods. The magnitude of the diGerences was
found to be proportional to the EIA peak electron density,
with the zonal wind values at the crest usually half the
equatorial values. They compared these diGerences with the
NASA Horizontal Wind Model (HWM-90) and found that
it did not portray the observed morphology under the solar
maximum conditions studied.

To date, the behavior of low latitude zonal winds has
been studied by comparing ground-based FPI measure-
ments at only a few sites, i.e., Arequipa, Peru (16◦S;
−3◦ dip latitude), Arecibo, Puerto Rico (17◦N; 29◦ dip lat-
itude), and Sao Jose dos Campos (23◦S;−16◦ dip latitude),
Brazil. Fig. 1 shows the locations of these sites. Biondi et
al. (1990) compared Arequipa Fabry–Perot neutral wind
measurements near the magnetic equator in the Peruvian
sector with simultaneous measurements at Sao Jose dos
Campos within the EIA of the Brazilian sector. They found
the winds for the three nights examined to be similar in
magnitude, thus suggesting a negligible latitude dependence
as sampled at longitudes on opposite sides of the continent.
Winds at nearly the same geographic latitudes in opposite
hemispheres were compared by Biondi et al. (1999), us-
ing the FPI observatories of Arequipa and Arecibo. They
also compared their measurements with results from the
TIEGCM model. Qualitative areas of agreement were
found, but there were also periods of considerable diGer-
ences that were attributed to the very diGerent ion drag at
the two sites. Thus in both Biondi et al. (1990, 1999) stud-
ies, it was noted that the large diGerences in the evening
and nighttime plasma density pro>les at Arequipa and the
other two locations (−3◦ dip versus +29◦ and −16◦ dip,
respectively) would produce diGering ion drag eGects.

Wu et al. (1994) investigated the local time and longitudi-
nal variations of thermospheric neutral winds using DE data,

Fig. 1. Locations of the FPI sites at Arequipa and Carmen Alto with
respect to geographic and geomagnetic coordinate systems. Also
shown are Arecibo and S.J. dos Campos, sites used in previous FPI
studies. The Equatorial Ionization Anomaly (EIA, often called the
Appleton Anomaly) refers to low F-region electron densities near
the geomagnetic equator (0◦ dip latitude) in comparison to crests
found in the 12–24◦ dip latitude range in both hemispheres.

averaged in bands of ±9◦ in geographic latitudes. While
their analysis method suppressed latitude eGects, the work
is an interesting review of thermospheric winds and the role
of ion drag. For example, in the South Atlantic magnetic
anomaly (SAA) region (∼20–40◦W) the zonal winds were
slowest, probably due to the larger plasma densities of the
SAA and the southern EIA crest falling within their latitude
bin (see Fig. 1).

In this study, we report the >rst ground-based FPI neutral
wind measurements from two low latitude sites in the same
hemisphere and in the same longitude sector. These mea-
surements sample simultaneously the thermospheric winds
at two locations (dip latitudes −10:2◦ and −2:7◦) during
times when peak F-region densities at the two sites diGers
by nearly an order of magnitude. Therefore, reduced neutral
winds would be expected to occur at the site closer to the
crest of the EIA.

2. Observations

Fabry–Perot interferometers (FPI) in Arequipa, Peru
(17◦S; 71◦W;−2:7◦ dip latitude), and Carmen Alto, Chile
(23◦S; 69◦W;−10:2◦ dip latitude), provided neutral wind
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Fig. 2. FPI neutral wind measurements during September–October,
1996–1997. (a) Arequipa (b) Carmen Alto. The thin lines indicate
individual days and the thick lines indicate the average.

data for this study (see Fig. 1). Measurements from the Are-
quipa FPI were from September to October 1996 and 1997,
while measurements from Carmen Alto were available
only for September–October 1997. Only nights with low to
moderate geomagnetic activity (Kp¡ 4) were analyzed.
The Arequipa FPI acquired data at approximately

20–30 min intervals with a measurement error of ∼15 m=s
for each line-of-sight Doppler determination. The observing
sequence was a cycle of observations at 30◦ elevation that
included the zenith and four azimuthal directions that were
shifted in azimuth by 14◦ counter-clockwise relative to the
cardinal positions. This was done to facilitate bistatic si-
multaneous measurements with Carmen Alto, the subject of
a separate investigation. The zenith measurements are used
to generate a zero wind Doppler reference for use in the
Doppler shift determinations utilizing the fact that horizon-
tal thermospheric wind component speeds are generally one

Fig. 3. (a) Averaged neutral winds at both sites. (b) Same as (a)
but for 8 common nights. The common night data are representa-
tive of the larger data set and will be used in subsequent model
comparisons.

to two orders of magnitude larger than the vertical compo-
nent, whose nightglow average is taken to be close to zero
velocity. Meriwether et al. (1997) provides more details on
the measurement technique and wind calculations.

The Carmen Alto FPI had a detector of greater sensitivity
than the Arequipa FPI instrument. It acquired data at ap-
proximately 10 min intervals with a measurement error of
∼ 10 m=s for each point. Reliable measurements were ob-
tained at 30◦ elevation for the four cardinal directions, and
in the direction toward Arequipa at ∼351◦ azimuth. The
analysis approach adopted was to assume the neutral zonal
wind >eld was uniform over the instrument >eld of view.
The Carmen Alto FPI results were analyzed to produce av-
erage zonal wind speeds.

Fig. 2 shows the winds obtained at each site for the peri-
ods of study (see Table 1). Panel (a) comprises 39 nights of
data at Arequipa and panel (b) 14 days at Carmen Alto. The
averaged patterns are shown in Fig. 3(a). Since the Carmen
Alto site operated for only a 7 week period in 1997, there
were only eight nights in September (days 239–246) with
data available from both sites. We conducted several tests
to see if the common-night data were, in fact, representative
of the total sample, as might be expected for solar mini-
mum conditions at a single site. The results for the 8 night
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Fig. 4. Ratios of zonal winds observed at Carmen Alto and Arequipa
for the full and common data sets shown in Fig. 3. The common
night values, which show a smoother behavior than the larger
statistical sample, will be the basis for comparison with the models.

Table 1
Summary of FPI data used from Arequipa and Carmen Alto

All data Common data

Site Are Car Are Car

# of days 39 14 8 8
(1996–1997) (1997) (1997) (1997)

〈Kp〉 1.9 1.2 2.4 2.4
〈F10:7〉 82 90 95 95
Variability 35 22 35 22

(m=s)

average patterns are shown in Fig. 3(b). These averaged
curves behave almost identically to the ones showed in
Fig. 3(a), between 21:00 LT and ∼ 02:00 LT, as did the
night-by-night comparisons. Error bars in Fig. 3 are com-
puted considering the error in the individual measurements
and the error in the calculation of the average values for each
local time. Fig. 4 shows the ratio of neutral zonal winds at
the two sites for both data sets.

We conclude from Figs. 3 and 4 that the averaged zonal
winds at Arequipa are larger than the Carmen Alto winds
by ∼ 20–25%. Both stations show maxima between 21:30
and 23:00 LT, with peak values of ∼ 127 and ∼ 100 m=s
for Arequipa and Carmen Alto, respectively. In addition,
the Arequipa zonal winds show greater variability, as shown
visually in Fig. 2 and quantitatively in Table 1.

3. Ion drag e�ects in the 630 nm airglow region

Using plasma drift observations from the DE-2 satellite
combined with F-region dynamo theory, Anderson et al.
(1987) found the latitude dependence of the zonal thermo-
spheric wind component to be represented by the empirical

formula

U = UEQ cos(4�) (1)

at 23:00 LT during solar maximum conditions, where �
is the dip latitude and UEQ is the neutral zonal wind at
the magnetic equator. This representation of winds in the
EIA region had been suggested by Anderson and Mendillo
(1983) to explain the westward tilt of depleted Fux tubes
detected via ground-based airglow imaging (Mendillo and
Tyler, 1983).

Eq. 1 at 23:00 LT predicts a neutral wind ratio of
Ucar=Uare = 0:77 (applicable to solar maximum conditions).
Our FPI observations—during solar minimum conditions—
show a value of Ucar=Uare ∼ 0:85 at that time. Thus, the FPI
observations show a reduction in zonal neutral wind com-
parable to the empirical prediction, even for rather diGerent
solar conditions.

To examine the possibility that the diGerences in the
neutral winds at the two locations can be attributed to in-
creased ion-drag near the crests of the anomaly (Hedin,
1973; Raghavarao et al., 1991, 1998), we have calculated the
ion drag term in the momentum balance equation for both
locations. Ion-drag is de>ned as the force per unit volume on
the neutrals due to the collisional interactions of the neutral
gas with the plasma. It can be described mathematically as

F = 	�ni(U − V) (2)

where 	 is the mass density, �ni is the collision frequency
for momentum transfer from the neutral gas to the ions, U is
the neutral velocity and V is the plasma velocity. Assuming
that the only external force to balance the thermospheric
pressure gradient force (grad)P is ion-drag, the steady-state
momentum balance equations at the latitudes of the two FPI
observations are given as a >rst approximation by

grad Pare = [	�niU(1−�)]are;

grad Pcar = [	�niU(1−�)]car ;
(3)

where � is a polarization coe@cient, de>ned as V=U
(Rishbeth, 1971). For our calculations we will assume that
this coe@cient is similar for both sites. If the neutral pres-
sure gradient force and the mass density are assumed to be
the same at both sites, the ratio of the neutral winds at the
two latitudes of Carmen Alto and Arequipa becomes

Ucar

Uare
=
�areni

�carni
: (4)

The collision frequency is represented by Rishbeth (1972)
as

�ni = KniNi; (5)

where Ni is the ion concentration, and the coe@cient Kni is
the rate of momentum transfer per unit volume and depends
on the species involved. For the dominant O+ ions, Kni is
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given (Schunk and Nagy, 2000) as

Kni = 3:67× 10−17 × T 0:5
r [1− 0:064× log Tr]

2 (m3=s);

(6)

where Tr = (Tn + Ti)=2 is the average temperature of the
neutral particles and ions (in the nighttime ionosphere we
can assume that Tn = Ti). Substituting these values into
Eq. (4), the ratio of the neutral winds between Carmen Alto
and Arequipa becomes

Ucar

Uare
=
Niare

Nicar

(
Tare
Tcar

)1=2 (1− 0:064 log Tare
1− 0:064 log Tcar

)2

: (7)

To evaluate Eq. (7), electron density (Ne = Ni) and
neutral temperature values are needed as a function of
latitude for the ionosphere–thermosphere height region
that produces the 630 nm airglow measured by the FPI’s
(∼250–300 km). Eq. (7) points out that ion drag de-
pends far more strongly on plasma density values than
neutral temperatures (with the >rst temperature term dom-
inant over the second for the range of Tn found in the
low latitude thermosphere). For temperatures we used the
MSIS-86 predictions of ∼800 K at both locations, i.e.,
no latitudinal variation. The FPI measurements yielded
temperatures of 900 K at Arequipa; temperature deter-
mination at Carmen Alto was hampered by a loss in the
>delity in the instrument line pro>le with time, an essen-
tial requirement for instrumental characterization neces-
sary for temperature determination. Previous reports of
FPI temperatures found values ∼100–300 K higher than
MSIS predictions at low latitude sites (Biondi and Meri-
wether, 1985), and thus in using MSIS values there is a
small uncertainty introduced; this will be discussed further
later.

We have used the parameterized ionospheric model
(PIM) (Daniell et al., 1995) to calculate electron den-
sity values with Kp = 2 and F10:7 = 90 for equinox
conditions (day 264). To assess the role of the electron
density altitude distributions in Eq. (7), Fig. 5(a) gives
the modeled Ne at 250 km and Fig. 5(b) at 300 km for
several local times. The arrows mark the dip latitude lo-
cations of Arequipa and Carmen Alto. We see that Are-
quipa lies within a few degrees of the dip equator and
Carmen Alto lies, for this model, on the equatorward
edge of the southern crest of the ionization anomaly.
Fig. 5(a) and (b) predict that the EIA has pronounced
altitude dependence, and thus the ion-drag eGect upon
thermospheric winds in the 630 nm airglow layer can
be complex. For example, at 19:30 LT the Arequipa
and Carmen Alto Ne values are small, and their ratio is
∼ 1

10 at both heights. At 250 km the anomaly disappears
later in the evening, but persists throughout the night
at 300 km.

In addition to the latitude patterns shown in Fig. 5(a)
and (b), it is important to realize that FPI data come
from 630 nm airglow emission, the altitude of which

Fig. 5. PIM electron density pro>les: (a) at 250 km and (b) at
300 km, illustrating the diGerent behavior of the Appleton Anomaly
at bottom-side F layer heights for solar minimum conditions. Ar-
rows indicate locations of the sites. (c) Comparison of the centroids
of 630 nm emission (dotted curve) and peak electron density al-
titudes from PIM (solid curve), using Ne(h) pro>les at Arequipa
(+) and Carmen Alto (∗).

is not constant throughout the night. We determined
the peak airglow emission and centroid airglow heights
using standard F-region airglow theory (e.g., see Seme-
ter et al., 1996; Meriwether et al., 1997). The result-
ing volume emission rates versus altitude pro>les are
roughly Gaussian, and thus one can approximate the
centroid airglow height by the median height of the air-
glow layer. The peak electron density altitudes (hmNe )
and the centroid altitudes (hcen) are given in Table 2
for diGerent local times throughout the night. The cen-
troid altitudes obtained agree with previous calculations
for similar solar conditions (Meriwether et al., 1997).
Fig. 5(c) displays both the centroid airglow heights and
the peak F-region altitudes. It is interesting to note that
early in the evening, hmNe is signi>cantly larger than
hcen. This result was also found by Meriwether et al.
(1997) in their calculations of 630 nm volume emission
pro>les for Arequipa. This diGerence is greater for the
latitude of Arequipa, resulting in an even larger diGer-
ence in the electron density between Carmen Alto and
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Table 2
Heights of the Ne(h) peak density and the 630 nm centroid emission, with corresponding Ne values and integrated airglow brightness at
Arequipa and Carmen Alto

Time Height (km) Electron density (×105 cm−3) Column integrated

hmNe hcen At hmNe At hcen emission �630 (Rayleighs)

LT ARE CAR ARE CAR ARE CAR ARE CAR ARE CAR

19:30 450 390 310 290 10.0 14.0 0.8 3.2 9.8 47.3
21:30 360 310 260 250 9.8 12.7 2.5 6.3 96.5 206.6
23:30 290 290 240 250 8.7 10.7 5.5 6.6 180.4 154.4
01:30 300 300 240 260 6.2 7.9 3.47 4.6 114.3 82.4
03:30 320 310 250 260 6.0 3.9 1.7 2.11 49.3 40.5

Arequipa than that caused by the ionization anomaly at >xed
heights.

From Eq. (4), the ratio of collision frequencies represents
the ratio of the neutral wind values. From Eq. (7), this ratio
is equal to the electron densities’ ratio, if the temperatures
at both sites are equal. With this assumption, we calculated
the neutral winds’ ratio at the centroid height of 630 nm
and along a path through the altitude-dependent emission
layer. For the latter case, a weighted collision frequency is
calculated by

〈�ni〉=
∑

j �j�j∑
j �j

; (8)

where �j is the volume emission rate at the level j. Calcu-
lations are made every 10 km, from 200 to 320 km, except
early in the night (19:30 LT), where calculations were made
from 220 to 380 km.

4. Comparison with observations

Table 3 lists values of the ratio of calculated winds
(Ucar=Uare) using Eq. (7), with equal neutral temperature
values, for a local time range from post-sunset to pre-dawn.
In the last column of Table 3 we compare the model results
with the observed wind patterns for the common nights
shown in Fig. 4.

The observed wind ratios decrease smoothly from ∼1
early in the night to ∼0:6 prior to dawn. From Table 2 we

Table 3
Calculated and observed wind ratios using diGerent 630 nm emission heights

Time Calculated Ucar=Uare Observed Ucar=Uare

LT At 630 nm At 630 nm height Common nights
centroid emission weighted emission

19:30 0.25 0.3 1:05± 0:23
21:30 0.40 0.5 0:89± 0:16
23:30 0.83 0.85 0:90± 0:17
01:30 0.75 0.89 0:71± 0:23
03:30 0.80 0.84 0:62± 0:36

can see that at 19:30 LT theNe values at the centroid altitudes
are small at both sites. Ion drag eGects are consequently very
small, and hence the relative diGerence inNe does not impose
any latitudinal dependence upon the winds. Consequently
the winds are large at both sites and their ratio is close
to 1. Later on, when the EIA is fully developed and the
electron densities in the airglow layer reach their maximum
values (21:30–23:30 LT), the winds respond to ion-drag
and their ratio decreases. Thus, by midnight, the observed
and calculated ratios are comparable at ∼0:9. As described
in the next section, the ion drag mechanism involves a time
delay of the order of 1–2 h; the winds will not respond to
the inFuence of the ions instantaneously, and that inFuence
will be enhanced by the larger ion concentrations later in
the night.

5. Comparison with models

There are two types of thermospheric wind models
that are widely used by the aeronomy community: (1)
the empirical Horizontal Wind Models (HWM-87 and
HWM-90) (see Hedin et al., 1991), and (2) theoretical,
self-consistent, general calculation models, such as the
TIEGCM (see Richmond et al., 1992). We have exam-
ined both models to see if they portray the types of wind
speeds versus time and latitude found in our measurements.
Model outputs from TIEGCM came from runs simulat-
ing equinoctial conditions for low solar and geomagnetic
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Fig. 6. Thermospheric model outputs for equinox, low magnetic activity and solar minimum conditions: (a) TIEGCM winds, (b) HWM-90
winds, (c) TIEGCM Ne, and (d) PIM Ne.

activity (Fesen et al., 2000). The Fesen et al. (2000) results
represent state-of-the-art simulations for equatorial aeron-
omy. In particular, these runs were tuned to reproduce the
post-sunset electrodynamical drift patterns at Jicamarca,
Peru. Thus, they are well suited for additional comparisons
with the thermospheric neutral winds patterns described
here for the same longitude sector.

TIEGCM results for zonal winds at 300 km along the ge-
ographic meridian (75◦W) closest to the Arequipa–Carmen
Alto sites are given in Fig. 6(a); Fig. 6(b) portrays the zonal
neutral winds produced by the HWM-90 model for the same
equinoctial conditions with low solar and geomagnetic activ-
ities. The corresponding electron densities at 300 km from
TIEGCM and PIM are shown in Figs. 6(c) and (d). Re-
call that the equatorial and low latitude results from PIM
(Daniell et al., 1995) come from the parameterization of out-
put from the theoretical model of Anderson (1973), a model
that uses MSIS for thermospheric densities and temperatures
and HWM-90 for neutral winds. It is not a self-consistent
model and thus, while winds can re-distribute plasma, there
is no feedback of plasma ion drag upon the winds.

There is a rich set of comparisons to be made from the
model output shown in Fig. 6. Consider >rst the neutral

winds in panels (a) and (b). Fig. 6(a) shows that a negli-
gible latitude gradient in TIEGCM winds occurs through-
out the equatorial region. Thus, there is no “equatorial wind
anomaly” in TIEGCM. Yet, as Fig. 6(c) shows, electrody-
namical processes are clearly evident, with a well formed
Ne anomaly at 300 km having a trough at the geomagnetic
equator (∼11◦S) and crests at±20–25◦ to either side. While
the time dependence of the overall ion drag eGect upon the
winds appears to be correct, i.e., the wind speeds increase
as the plasma densities decrease, the model does not portray
the observed latitude eGect in zonal winds. For HWM-90
(panel b) there is a 10–20 m=s latitude gradient in the winds
between the Arequipa and Carmen Alto sites after 20:00 LT,
but in the opposite sense to that observed (Fig. 3). Also,
early in the night (∼ 19:00 LT), the HWM winds are 2–3
times larger than observed.

A comparison of Figs. 6(c) and (d), portraying Ne at
300 km from TIEGCM and PIM, respectively, shows that
the EIA pattern disappears after 22:00–23:00 LT in the
NCAR model, while it is still present until 03:00 LT in
PIM. This suggests that the electrodynamical drift, com-
puted self-consistently in the TIEGCM, might be insu@cient
to establish a latitudinal structure capable of exerting the
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Fig. 7. TIEGCM predicted winds and electron densities at 300 km and diGerent local times. Panels (a), (b), and (c), for F10:7=85, predicting
little diGerence in the zonal winds at the latitudes of the two sites. Panels (d), (e), and (f), for F10:7= 200, predicting a stronger latitudinal
variation in the zonal winds. As in Fig. 5 the arrows show the FPI locations.

regional ion drag eGects needed to reduce non-equatorial
zonal winds. It should be noted that the separation of the sites
(∼ 7◦ in geographic latitude) is of the order of the 5◦ latitude
grid used in the TIEGCM calculations (discussed further be-
low). In the Fesen et al. (2000) simulations, the calculated
vertical drifts were ∼15–20 m=s for the post-sunset period.
In another run in which the pre-reversal enhancement was
suppressed, the EIA did not develop but the winds showed
essentially the same uniform pattern as in Fig. 6(a).

As a further assessment of ion drag eGects in TIEGCM re-
sults at low latitudes, we examined the model output for solar
maximum conditions. In order to see the full trans-equatorial
development of the Appleton Anomaly, model results span-
ning >fteen gird points are used to cover the geographic
latitude range of ±40◦. Fig. 7 shows output for both solar
minimum and solar maximum conditions. Panels (a), (b)
and (c) show Ne and zonal winds at 300 km for solar mini-
mum conditions (F10:7= 85) and panels (d), (e) and (f) at
the same height for solar maximum conditions (F10:7=200).
We noted from Figs. 6(a) and (c) that equatorial winds re-
spond to the minimum in Ne and, via reduced ion drag, reach
a maximum approximately 2 h later. Thus the same time de-
lay is used in Fig. 7, with Ne at 19:00, 21:00 and 23:00 LT
and winds at 21:00, 23:00, and 01:00 LT.

Fig. 7 shows that the trans-equatorial crest-to-trough
ratios of electron density are of the order of ∼100 until
∼ 22:00 LT under solar maximum conditions, while under
solar minimum conditions this ratio is only ∼2–3. Thus, a
strong latitudinal dependence of zonal winds is predicted
only for solar maximum conditions. This dependence cor-
responds to the EIA ion drag conditions at the 630 nm
centroid emission height. It is interesting to note that the
diGerences in winds at the grid points corresponding to
Arequipa and Carmen Alto are very small in these solar
maximum simulations, probably due to the broad extent of
the ionization trough.

Returning to the solar minimum conditions of relevance
to our observations, we address the issue of why the PIM
electron densities used in our scaling analysis of ion drag
(Eq. (7) and Table 3) led to a satisfactory latitude gradi-
ent in winds, while the self-consistent model (TIEGCM)
did not. To do this we concentrated on the bottom-side pro-
>les where the 630 nm airglow signatures observed by the
FPI’s are generated. In Fig. 8, the Ne(h) pro>les at the same
grid points used by TIEGCM (Long 70◦W, Lat 17:5◦S and
22:5◦S for Arequipa and Carmen Alto, respectively) are
given at several local times from both models. The left pan-
els show Ne(h) from TIEGCM and the right panels Ne(h)
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Fig. 8. Ne(h) pro>les at solar minimum conditions from (a)
TIEGCM and (b) PIM at the same grid points: 75◦W, 22:5◦S (up-
per panel), and 75◦W, 17:5◦S (lower panel), showing diGering
electron density patterns in the 630 nm airglow nightglow emission
layer (see text).

from PIM. The time evolution pattern is clearly diGerent
for the two models at both Carmen Alto, upper panel, and
Arequipa, lower panel. At 250–300 km (∼ the centroids of
630 nm emission), the Carmen Alto TIEGCM electron den-
sities reach their maxima at 19:00 LT and decrease after-
wards. For the same altitude range, PIM Ne’s increase from
low values at 19:00 LT to maxima at 23:00 LT, and then
decrease. For Arequipa, the temporal behavior is similar for
both models, e.g., maxima in Ne at 23:00 LT. But diGer-
ences appear in the values of the electron densities; a broader
electron density range is portrayed by PIM, from ∼ 104

to ∼ 106 cm−3, while TIEGCM results are constrained to
2× 105 to ∼ 6× 105 cm−3. Carmen Alto PIM densities are
also larger throughout the night in comparison to TIEGCM
results. Thus, for the TIEGCM, there are no appreciable ion
drag eGects in the 630 nm airglow layer because the electron
densities are too low in magnitude and=or have no latitude
gradient over the region sampled. Fig. 9 summarizes the
comparison between the observed zonal winds (Fig. 3), the
theoretical TIEGCM results (Fig. 6(a)) and the HWM-90M
empirical model results (Fig. 6(b)).

6. Conclusions

We have compared thermospheric nighttime zonal neutral
winds at two latitude sites in the same longitude sector for
the >rst FPI ground-based study of the equatorial neutral
wind anomaly, >rst identi>ed in satellite data by Raghavarao
et al. (1991, 1998). The results after ∼ 20:00–21:00 LT
show consistently larger zonal winds at Arequipa, located
near the geomagnetic equator, in comparison to those at a

Fig. 9. Summary of zonal wind observations and simulations re-
sults. Solid and dashed lines represent Arequipa and Carmen Alto,
respectively, obtained from FPI observations, HWM-90 model, and
TIEGCM model.

site ∼7◦ further poleward (Carmen Alto). These >ndings
are consistent with those of Raghavarao et al. (1998) who
used in situ DE instrumentation that provided measurements
at heights that were generally higher than the 630 nm layer.

To verify that the latitude pattern of winds is caused by
ion drag eGects that anti-correlate with the behavior of the
equatorial ionization anomaly (EIA), we conducted sev-
eral scaling and computational exercises relevant to FPI
height-dependent airglow observations. Using a simpli>ed
form of the momentum equation for the neutrals, the ratios
of the zonal wind speeds at the two latitudes are given by
the ratios of the ion–neutral collision frequencies. These, in
turn, depend on plasma densities and neutral temperatures,
which we take from the PIM and MSIS models. The altitude
variations in the electron density patterns in the Appleton
anomaly proved to be the dominant cause of diGerences in
�ni at the various heights of the 630 nm layer sampled by
the FPIs. The wind ratios computed at the centroid heights
of 630 nm emission agreed best with the FPI observations
at the two sites.

We were unable to address the issue of the thermospheric
temperature anomaly (Peak Tn at Ne crests) reported by
Raghavarao et al. (1991, 1998) from our measurements at
the two sites due to FPI calibration problems at Carmen Alto.
Since the MSIS model gave essentially identical Tn values at
both sites, there were no Tn eGects on our calculated �ni. Even
if we assume that there is a Tn anomaly of 100–150◦K (as
reported by Raghavarao et al., 1998), the wind ratios change
only ∼ 5% due to the weak temperature dependence in the
�ni expression (Eq. (7)). Raghavarao et al. (1991) showed
that the pattern of zonal winds observed by DE-2 was not
present in the HWM-87 and HWM-90 models. Similarly
our FPI observational results disagree with the empirical
HWM predictions, presumably because the model did not
draw upon FPI data from such closely spaced stations at low
latitudes.
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Biondi et al. (1999) compared Arequipa FPI zonal wind
measurements with TIEGCM patterns for that site and found
that, while they agree in their temporal variations, the model
values run 20–50 m=s higher than the measurements. Here
we have extended such comparisons by using two FPI sites
and the most recent published TIEGCM simulations (Fesen
et al., 2000) for the low latitude ionosphere (see Fig. 9).
We >nd that the behavior of solar minimum nighttime zonal
winds in TIEGCM seems to be insensitive to electrodynam-
ics eGects upon the thermosphere. A comparison between
PIM and TIEGCM shows that the behavior of Ne is diGerent
under the same geophysical conditions, i.e., in PIM the EIA
persists during the night, while in TIEGCM it disappears af-
ter 20:00 LT. This diGerence has consequences for ion drag
upon the winds. This was veri>ed by noting that the zonal
winds obtained from simulations in which the pre-reversal
enhancement in the vertical drift was suppressed diGered
only slightly from the case with vertical drift present. Only
under solar maximum conditions did the TIEGCM yield a
latitudinal dependence in the wind (Fig. 7). We hope to ver-
ify this using multi-site FPI observations during the present
solar maximum period. Yet, we note from Fig. 7 that there
were very small diGerences in the TIEGCM predicted solar
maximum winds at the grid points corresponding to Are-
quipa and Carmen Alto.

Finally, the reasons for the shortfall in TIEGCM pre-
dictions of latitude-dependent zonal neutral winds at solar
minimum conditions are not obvious. De>ciencies in rep-
resenting ion drag eGects may result from Ne versus height
and latitude patterns not well portrayed by the TIEGCM.
More extensive model validations should be conducted us-
ing ionosonde or GPS=TEC data throughout the low latitude
region. The use of nested-grid methods (see Wang et al.,
1999) in future models, and considerably better latitude res-
olution in FPI observations, would be needed to accurately
portray low latitude ionosphere–thermosphere phenomena
at times of both solar minimum and maximum conditions.
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