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Abstract. Optical observations of thermospheric winds and The model shortcoming is also attributed in part to the need
temperatures determined with high resolution measurementfr the model to include a hydrodynamical mechanism to de-
of Doppler shifts and Doppler widths of the Ol 630-nm equa- scribe the merging of the zonal wind with the meridional tidal
torial nightglow emission have been made with improved ac-winds that converge onto the geographical equator. Finally,
curacy at Arequipa, Peru (16.8, 71.4 W) with animaging  a conclusion of this work is that the MTM compressional
Fabry-Perot interferometer. An observing procedure previ-heating takes place along the perimeter of the pressure bulge
ously used at Arecibo Observatory was applied to achieve infather than within the bulge, an issue previously not appreci-
creased spatial and temporal sampling of the thermospheriated.

wind and temperature with the selection of eight azimuthalKe words. Atmospheric composition and structure (Air-
directions, equally spaced from 0 to 36@t a zenith angle Y ) P P

of 60°. By assuming the equivalence of longitude and local g.:_%vgr?gsaﬁre?::)d_n“;r?igﬁlnosggu?:ngggzF;gar:ﬁid?jgg)m Ics
time, the data obtained using this technique is analyzed tcg P y ' q

determine the mean neutral wind speeds and mean horizon-
tal gradients of the wind field in the zonal and meridional di-
rections. The new temperature measurements obtained witQ  |ntroduction
the improved instrumental accuracy clearly show the mid-

night temperature maximum (MTM) peak with amplitudes The midnight temperature maximum (MTM) is a low lati-
Of 25t0 200K in a." d|reCt|0nS Observed fOI‘ most n|ghts. The tude thermospheric phenomenon that has a |Ong history in
horizontal wind field maps calculated from the mean winds geronomy from the first detection in the early 1970s. Mod-
and gradients show the MTM peak is always preceded by arjing the MTM nighttime behavior and its structure still re-
equatorward wind surge lasting 1-2 h. The results also shownains a challenge with little success achieved thus far. The
for winter events a meridional wind abatement seen after theyew results reported in this paper show how the equatorial
MTM peak. On one occasion, near the September equinoxhermosphere dynamics contribute to the development of the
a reversal was observed during the poleward transit of theyTm phenomenon. None of the current physics-based nu-
MTM over Arequipa. Analysis inferring vertical winds from  merical models is able to reproduce the MTM phenomenon
the observed convergence yielded inconsistent results, callyith the amplitudes of 150-200K that are commonly ob-
ing into question the validity of this calculation for the MTM - served with the Arequipa Fabry-Perot interferometer (Faivre
structure at equatorial latitudes during solar minimum. Com-gt g|., 2006). The implication of the inability of grid point
parison of the observations with the predictions of the NCAR models such as that of the NCAR TIME-GCM (Roble et al.,
general circulation model indicates that the model fails to re-1988, 1994, 1996) to reproduce the MTM appearance indi-
produce the observed amplitude by a factor of 5 or more cates that the ion-neutral coupling between the low-latitude
This is attributed in part to the lack of adequate spatial res+_region plasma and the thermosphere is poorly understood,
olution in the model as the MTM phenomenon takes placeand the crucial interplay of the neutral dynamics with the
within a scale of 300-500km ang45min in local time.  packground ionosphere is not being represented correctly
within the model. The MTM represents an excellent test
Correspondence tal. Meriwether of current physics-based models and how well they simu-
(john.meriwether@ces.clemson.edu) late the low latitude thermosphere and ionosphere. The lack
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448 J. Meriwether et al.: Midnight temperature maximum

of success in modeling the MTM clearly has implications re- Herrero et al. (1993) with the MTM appearance occurring
lating to the application of such models for space weatheilater at night for the winter than for the equinoxes.
forecasting. The convergence of thermospheric tidal winds at the equa-
In this paper we present new Arequipa results on the lattor near local midnight causes a density maximum, and
itudinal distribution of the thermospheric winds observed atconsequently the MTM, through adiabatic heating (Herrero,
times when MTM events have been detected. Data acquired983; Colerico et al., 1996, 2002, 2006; Fesen et al.,1996;
with the high-resolution Fabry-Perot interferometer (FPI) op- Arduini et al., 1997; Faivre et al., 2006). The observed in-
erating at Arequipa, Peru (1B S, 715° W) are analyzed to  crease can be as much as 150-200 K. A so-called “pressure
yield 630-nm airglow intensity, thermospheric line-of-sight bulge” generated at the location of the MTM formation near
wind and temperature. Each of these three quantities is a cokthe geographic equator would cause an abatement or reversal
umn average over the line-of-sight path through the 630-nnof the meridional wind through back pressure.
nightglow layer generated by the F-region nighttime photo- The modification of the meridional wind component in-
chemistry. The peak emission altitude of the 630-nm volumeduced by the passage of the pressure bulge transports the
emission profile varies between 240 km (solar minimum) andplasma within the MTM region to lower altitudes creating en-
265 km (solar maximum), depending upon solar flux activity. hanced nightglow through the increased recombination of the
The increase in sensitivity achieved by the replacement oplasma. This enhanced 630-nm signature, called a “bright-
the photomultiplier detector with a cooled bare CCD cam-ness wave” (BW) by Colerico et al. (1996), has been seen
era exceeded one order of magnitude, thus significantly imwith all-sky imaging observations for stations located as far
proving the temporal resolution and measurement precisiorsouth as El Leoncito, Argentina (B S, 690° W) and as
for Arequipa FPI observations beginning in 2005. Imagingfar north as Arecibo, PR (18 N, 66.76° W) (Martinis et
Fabry-Perot interferometer observatories equipped with goodl., 2006; Colerico et al., 2006). The MTM phenomenon is
guality CCD detectors operating in the polar region have alsausually observed near midnight or the early morning hours.
experienced a similar rise in sensitivity. The new resultsWhen the MTM is detected visually through the feature of
achieved combined with earlier work using the technology ofthe BW, it is seen to propagate from west to east and from
image plane detectors have produced significant advances iihe equator toward the northern or southern polar region.
the understanding of the polar thermospheric dynamics (Aru- Results from NCAR TIEGCM modeling (Fesen, 1996;
liah and Griffin, 2001; Aruliah et al., 2005). One remarkable Colerico et al., 2003, 2006) generally fall short by about a
highlight of the European recent work using the bare CCDfactor of 5 in reproducing the 150 to 200 K MTM amplitude
detector is the detection of transient responses of the thermaeported by Faivre et al. (2006). Colerico et al. (2006) noted
sphere caused by abrupt changes in the ion-neutral couplinghat what appears to be missing in the modeling work is an
adequate prescription of the tidal forcing, namely, the lack of
the terdiurnal tidal wave at the model lower boundary.
2 Summary of the MTM phenomenon

The MTM peak and its linkage to a simultaneous ther-3 New observing approach to MTM studies

mospheric nighttime meridional wind reversal were first

detected with ground-based optical and radar instrumentémproving our understanding of the relationship between the
(Harper, 1973; Behnke and Harper, 1973; Burnside et al.fidal forcing and the resultant formation of the MTM requires
1981; also see review by Herrero et al., 1993). Examina-experimental studies designed to observe the MTM spatial
tion of the low-latitude ionosonde data by Nelson and Cog-structure and its relationship to the tidal dynamics. However,
ger (1971) revealed that the height of the F-layer often dis-such measurements must have improved temporal sampling
played a sudden descent of 50 to 100 km during the periodf the complex wind and temperature fields, combined with
00:00 to 02:00LT. This descent was found to be coincidentincreased spatial resolution, to be useful for comparison with
with a reversal of the meridional wind, as inferred from radar the modeling results. The improved Arequipa FPI sensitiv-
measurements of ion velocities by Harper (1973). The pheity achieved by replacing the photomultiplier with the CCD
nomenon was also observed in situ with the Neutral Atmo-camera has made this possible, even with the much weaker
spheric Temperature Experiment flown on the Atmosphericsolar minimum 630-nm intensities.

Explorer E satellite (Spencer et al., 1979). The global and Accordingly, we adopted a new observing strategy for the
seasonal phenomenology have been described by Herrerequipa FPI similar to that used by Burnside et al. (1981),
and Spencer (1982), and Herrero et al. (1983, 1993). Faivrevho studied the MTM dynamics at Arecibo Observatory
et al. (2006) studied the MTM climatology for the years cov- with observations in 1979 and 1980. Their approach fea-
ering the transition from the solar minimum in 1996 to solar tured an increase in the number of azimuthal directions from
maximum, 2001. This work demonstrated that there was lit-the 4 cardinal directions to 8 directions chosen &t iher-

tle dependence of the MTM amplitude on the phase of thevals from @ to 360°. The Burnside et al. results were ob-
solar cycle, and found a seasonal variation consistent withained during solar maximum when the 630-nm intensities
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Fig. 1. Schematic of the Arequipa Fabry-Perot interferometer instrument after replacement of the photomuliplier with a bare CCD detector.
The diagonal mirror shown is rotated©8bout the horizontal axis to shift the CCD camera view from the sky to the calibration chamber or
the reverse as selected by the computer. The swing mirror allows a view of the etalon chamber while adjusting the etalon plate alignment.

were at least five times brighter than those observed at Aresquare chip of 24m pixels in a 51%512 array). The im-
quipa during solar minimum. Moreover, the Burnside et al. ages were acquired withx2 binning to improve the signal-
wind measurement precision for each direction was morego-noise ratio. A schematic diagram of the modified in-
typically ~25ms™! for 120s integration, in contrast to the strument is given in Fig. 1. The FPI etalon is housed in a
~7-10ms® precision found for the improved Arequipa FPI temperature-controlled, sealed chamber filled with argon gas.
using the same exposure time, 120 s, during the 2005-2008 has a clear aperture of 10 cm, a spacing of 1.0cm, and an
nearly solar-minimum observations. objective lens focal length of 54.5 cm. The etalon fringe pat-

In the analysis of the data acquired by this technique, neutern is focused on the CCD chip, which is cooled by a four-
tral wind maps are generated by assuming that the tempostage thermoelectric cooler te85°C to decrease the dark
ral variation of the neutral wind field in the zonal direction signals to less than 0.0005 counts per pixel per second, con-
depends only on the local time over an interval of 30 min. siderably less than the unwanted background from the neigh-
These maps portray the divergence and vorticity of the therborhood lights. An automated filter changer (not shown) was
mospheric wind field over a latitudinal extent of.80nce  added to the optical path between the pointing head and the
the divergence has been determined, the vertical wind may#5® mirror (shaded rectangle), so that other spectral emis-
be estimated. An interesting finding reported by Burnside etsions besides atomic oxygen 630-nm can be observed.
al. (1981) was the correlation of downward vertical winds of  For nightglow observations, the line-of-sight of the instru-
2-5ms ! with the period of MTM heating, but this has not ment s directed upward by the diagonal mirror through a ver-
been confirmed in our analysis of the Arequipa data. tical tube (light dashed circle) to the two-axis (Az/El) point-

In summary, the new observing technique improves theing head on the observatory roof. For instrument finesse de-
ability to track the propagation of the MTM and to measure terminations, the diagonal mirror is rotatec®§8ashed rect-
its impact on the neutral thermosphere by using maps of thangle) to view the expanded beam from a stabilized HeNe
thermospheric winds observed. These maps can be comparéaker. Visual alignment of the etalon plates is achieved by
with the onset of the MTM peak structure and with the tem- rotating the silvered-glass swing mirror*t view the laser
poral variation of the inferred vertical velocities calculated fringe pattern. The pressure of the argon gas in the pressure
from the divergence. In this paper we describe the first re-housing is adjusted for optimum placement of the interfer-
sults obtained with the modified Arequipa FPI in 2005 and ence fringes on the CCD.

2006 utilizing this approach. The datataking software used previously (Meriwether et
al., 1997; Faivre et al., 2006) was completely rewritten, with
four intercommunicating processes providing enhanced ca-

4 Instrumental details pabilities. The M\STER process interprets a user-written
script language to provide instructions for the other three pro-

The Arequipa FPI described by Biondi et al. (1985) and cesses. The script language is similar to a subset of C with

Meriwether et al. (1986, 1997) was modified in February added statements to operate the equipment. Th&EQVA-

2004 by the replacement of the GaAs photomultiplier detec-TORY process executes instructions fromABrER to oper-

tor with a bare CCD camera (Andor Model DU412, with a ate the pointing head, and similarly, thel@ERA process
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Fig. 2. Image comparison of the HeNe laser (left) and 630-nm nightglow (right) interference patterns plotted by Analyze for observations
obtained on 7 April 2005. Vertical and horizontal cross-sectional cuts of the images are plotted to the left of and below each image. The
green cross in the laser image represents the chip center. A dark count image has been subtracted from the laser image.

operates the Andor CCD camera. FinallywALYzE plots  to produce an image with 25856 super pixels indicate that
the image data and provides a quick-look view of Dopplerthe wind speed and the temperature can now be determined
shifts and 630-nm intensities. Ephemeris calculations usingvith uncertainties of 7-8 ms and 20-30 K, respectively, in
the Naval Observatory code are performed bgsvER to a 120-s exposure.
determine the times for datataking start and stop for each
night. MASTER can also calculate the azimuth and zenith
angle of the Sun, Moon, and any of the planets atany time t&s  Data analysis: determination of the spectrum
help calibrate the pointing of the pointing head. At the close
of each night of observations the images are compressed anthe Arequipa nightglow images are analyzed using the
transferred by ftp to the analysis computer. method of annular summing spectroscopy described by
Figure 2 shows examples of images obtained from a HeNeCoakley et al. (1996), Mierkiewicz et al. (2006), and Nos-
frequency-stabilized laser and from the 630-nm nightglow.sal et al. (2006). By imaging the FPI circular interference
For a nightglow image with an exposure time of 120 s, which pattern onto the face of the thermo-electrically cooled bare
was used for the results described below, the difference becCD chip (high quantum efficiency) and then integrating the
tween peak and background for the 2 superpixels is typi-  nightglow images around the center of this pattern to convert
cally 10 to 12 counts. Each observing cycle included a darkthe image into a spectrum, the ratio of signal to noise is much
image, a laser calibration image, and images for 2 zenitimproved. The application of annular summing spectroscopy
(vertical) and 8 azimuthal directions froni @ 360" at 45 to analyze 630-nm nightglow images utilizes the fact that, for
intervals. The zenith angle used was’ 6Mo observations  the FPI, equal-area annuli correspond to equal-interval spec-
were taken within a 45cone centered on the Moon. This tral elements when measured in wavelength. However, as
precaution was adopted to avoid possible damage to the CClaoted by Conde (2002), optical aberration would affect the
detector; thus, operations of the Arequipa imaging FPI can beircularity of each order. Each of the two orders in the HeNe
continued through the full moon period. Scattered light from |aser image was examined at different phases of the interfer-
the Moon does not present a problem, although the backence pattern (by changing the etalon pressure) to detect devi-
ground continuum increases. ations from circularity. No significant distortion was found,
In summary, the modified FPI applied to the observation ofand therefore the analysis procedure becomes greatly simpli-
a~50 Rayleigh 630-nm nightglow signal using2 binning fied. This illustrates the advantage of using a high f-number
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(the ratio of focal length to aperture) for the basic optical de-and K would be~35 since there are- two orders imaged
sign. The optical aberration for a good quality lens becomesnto the CCD chip. For this value, the cross-sectional widths
less significant as the f-number is increased. The f-numbefor the outermost annular ring in the first and second orders
for the Arequipa FPI is 6.3. are 3.2 and 2.3 super pixels, respectively.

The laser calibrations and 630-nm nightglow images were By dividing the area ofig by K, the area of each annulus,
first processed to remove “hot” pixels (pixels with high A;, is determined. This is then used to determine the number
counts caused by cosmic rays or chip defects). These weref pixels for each annulus by dividing this value by the area
identified by searching for those pixels for which the ob- of each superpixel. The free spectral range for one order was
served response (counts) wa8 standard deviations above determined by fitting Gaussians to each laser peak of the one-
the average of the eight neighboring pixels. The high valuedimensional interferogram so that the spectral separation in
was then replaced by the average. There might be as margnnuli units could be determined from the peak positions of
as 15 such pixels in any one image. the two Gaussians.

This step was followed by the removal of the dark signal  The radius of thé-th outer annulus;, is determined using
and bias background. First, all of the dark count images obthe formular;=./iA; /7. The counts for all pixels within the
tained were averaged. Then, to avoid possible effects causeghnular spectral element defined by theandr;_; bound-
by slow temporal changes in the dark count contribution oraries are added to the counts of those pixels that are inter-
the bias, the averaged dark image was scaled to the averagedcted by the inner or the outer radial boundary of each spec-
value of the central pixel region (18A00) in each cycle’s tral element to get the total signal for that spectral element.
dark image. This corrected averaged dark image was subfhe number of pixels added for a spectral element using this
tracted from each of the nightglow images in a given observ-rule is compared with the number of pixels corresponding to
ing cycle (10 directions). This procedure reduces the noise4;. The total count generated in this summing operation is
that is introduced by the subtraction of each dark image fromcorrected by the ratio of; to the area corresponding to the
the 630-nm nightglow images. number of pixels summed. This normalization factor may

For the annular summing conversion of the detected image&ary from unity by a few percent.
into a spectrum, the center of the circular interference pattern As a check, we tried an alternative procedure of dividing
must be accurately determined, and laser images were useshch superpixel area (48<48 ) overlapped by the annular
for this purpose. The center of each laser image was detefing boundary corresponding tpinto 8x 8 mini-pixels, each
mined by using cross-sectional cuts af Hzimuthal inter-  with the number of counts determined by dividing 64 into
vals through the image center to get 24 spectra with peaks fofhe superpixel count signal. These mini-pixels are assigned
each order, as shown for the two cross-section cuts plotted ifo one side or the other of the ring boundary between two
Fig. 2. The data for each spectrum were searched within theinnular elements and included in the summing operation for
innermost order to find the two peaks, one on each half of thexne or the other of the two spectral elements. This refinement
slice relative to the center. An estimate of each peak positiordid not alter the previous results in any significant way. The
along the slice direction was determined by a Gaussian fit tacounts for all of the pixels in each of the1l7 concentric
the peak. Because the image is circularly symmetric, eachings used for each order are summed to obtain a spectrum as
pair of corresponding peak positions determines the pattergounts versus spectral channel number. Examples of the laser
center. The 24 sets of center coordinates determined by thignd nightglow spectra are presented in Fig. 3. Each peak in
procedure were averaged to obtain the final estimate of théne nightglow spectrum may be analyzed to determine the
pattern center coordinates. The results over successive lasioppler shift and Doppler broadening of the 630-nm line.
images showed that the precision of the center position deter- |n summary, the application of the imaging CCD detector
mined was<0.1 super pixel. The long-term drift over a ten- greatly improves the ratio of signal to noisel15x, for the
hour period caused by room temperature changes was founshectral profile of the 630-nm emission as compared with the
to be less than 0.3 super pixel. results from the previous mode of pressure scanning using

The next step in the analysis is the annular summinga photomultiplier for the detector (Meriwether et al., 1997;
procedure. Following the recommendations of Coakley etrajvre et al., 2006).

al. (1996), the maximum circular area of the nightglow im-

age, Ao, is divided intoK equal-area annuli. The choice

for K must satisfy the constraint that a sufficient number of6 Data analysis: determination of Doppler shifts and
spectral elements be chosen to ensure adequate sampling for Doppler widths

each order (Hernandez, 1986), i.e. greater than 14, to avoid

aliasing. This choice must also satisfy the constraint thatBecause the transmission of the optics decreases in the radial
the cross-sectional width of each annular spectral ring is atirection relative to the optical axis, a correction to adjust for
least 2 pixels (Coakley et al., 1996), again, to ensure adethis reduction of signal, which might be 10 to 15%, is neces-
quate sampling to avoid aliasing. Consequently, we choseary. There is also the possible reduction of the signal caused
the number of spectral elements for each order to-h& by the incidence angle not being perpendicular to the surface
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Fig. 3. Two examples of summed spectra for the lgsgand 630-nm nightglow imagéb) obtained for observations on 7 April 2005. The
exposure time for each image was 240s. The red dots in the nightglow spectrum represent the signal determined by the addition of the pixel
signals within each equal-area annulus. Seventeen data points were used in the analysis for each order. Temperature values determined |
the fit are indicated in the figure as 816.2 K and 822.4 K. Ninety annular rings were used for the laser plot to illustrate the line shape more
precisely; in the Fourier analysis described in the text, the laser profile would be determined using 17 annular rings. The finesse for the laser
interferogram is~8.0.

of the interference filter for the outermost annular elementswhich is performed by using the technique developed to an-
A correction function can be determined by the method ofalyze the Arequipa pressure scanning observations of the
flat-fielding, as described by Coakley et al. (1996), in which past (Meriwether et al., 1986, 1997; Faivre et al., 2006).
an uniform continuum source, such as early twilight, is ob-This analysis procedure is based upon a non-linear least-
served to measure the variation of the signal across the imsquares fitting procedure that is referred to as the Levenberg-
age. This correction is then applied to the two-dimensionalMarquardt algorithm (Bevington and Robinson, 1992). The
image before the annular summing operation is applied. ~ O(*D) nightglow spectral emission profile is modeled as a
An alternative approach that we chose to use is to deterGaussian source with four parameters: the spectral back-
mine the signal decrease observed in the laser spectrum, f@round (starlight and dark count), the 630-nm spectral in-
which the intensity decreases linearly from the innermost or-tensity, the Doppler broadening width, and the 630-nm peak
der to the outermost order. The slope of this decrease is usegbsition (Hays and Roble, 1971; Killeen and Hays, 1984).
to correct the spectral shape, using the fact that each laser The Fourier transform representation of the FPI instrument
fringe should have equal intensities, provided that the sourcefunction is determined from the laser image, and this func-
the laser scattering chamber, is uniformly illuminated. Fortion is applied to each of the two fringes of the nightglow
the inner order, the possible errors for the Doppler broadenspectrum (Fig. 3b). The sine and cosine coefficients of a
ings and Doppler shifts following this approach are estimatedcomplete Fourier series are used to represent the instrument
to be less than 10 K and negligible, respectively; the temperfunction over one free spectral range, as described by Meri-
ature for the outer order was found to k80 K higher with-  wether et al. (1997). Data analysis values for the four spectral
out this correction, but there was no change in the inferredoarameters are generated by application of the Levenberg-
Doppler shift. A justification for using this method rather Marquardt fitting algorithm to the observed 630-nm spectral
than the first approach is that the image for early twilight profile. Trial values are varied to minimize the differences
will have Fraunhofer structure that may affect the function between the data and the model. In Fig. 3b, the results of this
determined. There is also the possibility of a need to correcmodel fitting are compared with the spectral data points, and
for the non-linearity of the detector if the twilight continuum there is excellent agreement between the fit derived and the
intensity is too bright. For the approach used to be valid,observations.
it is necessary that the position of the interference image be The line-of-sight wind speeds are then determined from
adjusted to have the ring center of the interference pattern agthe 630-nm peak positions using the determined zenith 630-
proximately coincide with the optical axis. This avoids any nm peak position for each cycle as the zero Doppler shift
problems that might be introduced by the radial symmetry ofreference throughout the night. This approach is based upon
the optical attenuation. the fact that generally the amplitude of the vertical wind is
This step of correcting the spectral shape by this linearsmall (~1%) when compared with typical horizontal speeds.
function is followed by the analysis of the spectral profile, A spline approximation is applied to the set of zenith peak
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positions and times so that the reference zenith position at, — ou + dv

the time of each azimuthal direction can be estimated with an dy  ox
uncertainty of several mé. For each of the eight azimuthal ks = dv  du
directions, the line-of-sight speed at a given time is equal dy  ox
to the offset between the peak position determined from theg, \which k1 is the divergence of the flow. Thus, the proce-
analysis and the reference zenith position inferred from they,re for processing the data is to fit the set of 8 azimuthal
spline fit. These Doppler shift speeds are then increased t@ne_of-sight speeds to a second-order Fourier series with co-
estimate the horizontal wind component by the inverse of thestficients that may be identified with the 5 parameters of
sine of the zenith angle. Typical standard deviations founqu_ (3), namelyu, vy, k1, ko, andks. However, there are

in this analysis for an exposure time of 120s and a signak;jy ynknowns associated with the parameters in the Taylor
intensity of~50 Rayleighs are-7-10ms™* and 20-30K. series expansion of the neutral wind componengduv in

Egs. (1a) and (1b), and so we lack a sixth equation required
for the complete determination of these unknowns from the
measurements.

Our analysis to determine the horizontal wind speeds from We note that the vorticity of the flow is given by
the line-of-sight (LOS) winds follows the steps described in dv  du (2 v )

Burnside et al. (1981), which is based on the decomposition‘? = ox ay

(4)

7 Horizontal wind analysis

(5)
of the line-of-sight winds by a Fourier series truncated at ) ) )
the second order. As indicated in Sect. 1, zenith measureWhere we have introduced the assumption that the spatial

ments are made twice in each cycle to derive the zero velocdervative, 5o, can be replaced by a temporal derivative,

ity Doppler reference, and consequently, instrumental drift ind/Ven thatx = ez, wheree is the tangential speed of the Earth
the FPI during the night should not affect the Doppler shift & the latitude of the FPI observatory. The vorticity parame-

determinations. An additional assumption is that the height€" cannot be measured by a single FPI observatory, because

of the 630-nm nightglow layer does not change over the reOn!Y radial line-of-sight measurements can be made of the
gions of the sky under observation, which is generally true,Wind vector; thus, the gradiert cannot be determined, be-
except near twilight. Neglecting the effects represented by°@use the rate of change of the wind speed in the direction
the curvature of the Earth’s surface, the wind vector can beP€rPendicular to the line-of-sight cannot be measured.

expanded in a Taylor series relative to the zenith of the ob- HOWever, if the time dependence of the wind field is dom-
servation site: inated by the local time variation, as argued by Burnside et

al. (1981), then the temporal rate of change can be substituted

Uy = uog+ a_“x + a_”y (1a) for the spatial derivative. This assumption should apply to
dx dy the low-latitude wind field, as the data indicate that the time
v v rate of change for either wind component, which is domi-

U, = — — 1b : ' S
y=vot axx + ayy (1b) nated by the local-time dependence of the underlying tidal

winds, is relatively slow compared to the cycle interval of
30 min. With this assumption, a linear set of equations may
be solved to extract the mean zonal and meridional wimgls,

ndvg, and the four partial derivatives of wind speed with
respect to the zonal and meridional directions.

Burnside et al. (1981) claimed that an estimate of the ver-

U, = sinf(Uy sing + Uy cos¢) 2 tical wind can be inferred from the determination of the hor-

] ) ) ] izontal divergence of the flow. With the two assumptions of
with 6 andg (measured clockwise from theaxis) the zenith o, jsothermal atmosphere at the level of the 630-nm airglow

and azimuth angles, respectively. Substitution of Egs. (1a)ayer and no variation of the horizontal velocity components

whereug andvg are the zonal and meridional winds in the
zenith. This coordinate system usesy, andz to represent
the zonal, meridional, and vertical directions, with positive
values to the East, North, and upward, respectively. The LO
speed measured by the instrument is given by

and (1b) into Eq. (2) gives the result with height (due to the high viscosity of the thermosphere),
U, R ) Burnside et al. (1981) showed that the horizontal wind di-
sing Ekl + uoSiNg + vo COS$ vergenceVeU is related to the vertical wind velocity by the
R equation:
+ 2 [ko sin 2p + k3 cos 2p] 3) S
VeU=—-—— (6)
in which the constanR is equal toktand, where# is the 0z
height of the airglow layer{240 km), and1, k2, andksz are  which Burnside et al. (1981) showed may be approximated
defined as as
du  dv du  dv
kl—a—f‘@ w_H(8x+8y>_Hkl (7)
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where H=kT /mg is the atmospheric height scale, which is Fourier harmonic terms. As expected, the variation of the
~50km, as long as there is no significant change of pressuraind speed with the azimuth angle shows a positive maxi-
with time. This approach, as noted by Burnside et al. (1981) mum near 99(i.e. the eastward zonal wind) o£L00 ms 1)
produces an estimate for the vertical wimdwith an uncer-  and the meridional component (angles 6fd 18C) tends
tainty that is~10 times less than the uncertainty in direct to be weak.
Doppler shift determinationsy5 mst. We will discuss the Figure 6 shows plots of the 630-nm intensity (averaged
validity of this determination of the vertical wind using this for all directions for each 15min period) and the Fourier
assumption and the results obtained and presented in this padecomposition analysis results obtained for three nights of
per. 25-26 August, 26—27 August, and 30-31 August in 2005.
Each night exhibits an enhancement in the 630-nm intensi-
ties along with a MTM event of 100-150K in amplitude.
8 Results for the new observing mode The time of the MTM appearance for the first two nights is
near midnight (05:00 UT) but is later, near 06:00-07:00 UT,
The measurements obtained thus far with this new observingor the third night. The second, third, and fourth rows of
mode (8 azimuthal directions and the zenith) inclue20  this figure show plots of the temporal variations of the mean
nights for 2005 and 2006. Figure 4 illustrates the quality meridional speedvp), the mean zonal speedg), and the
of the wind, temperature, and intensity data obtained for theemperature averaged over all ten directions in each cycle.
observations of 3—4 August 2005, for all nine directions, us-The values fou andvg have been multiplied by the factor
ing an exposure time of 120 s for each image obtained. Thef 1/sine to convert from line-of-sight to horizontal winds.
uncertainties in these results for wind and temperature ar@lso shown in the temperature plot is a plot of model tem-
7-8ms* and 25-30K, respectively. Occasionally, there is perature values (black line) obtained using the NRL-MSIS00
some disagreement between the results of the two fringes famodel for each of the three nights calculated usingRhe;
periods of weak signals. Consequently, for the preparatiorsolar flux intensity and the magnetic activity for each case.
of wind field maps as described below, we use the results ob- The mean windsyo andvg, and the four gradients of the
tained for the innermost fringe marked by the black lines. horizontal winds: andv with respect to the zonal and merid-
The results for this inner order should not be affected byjonal directionsy andy, were calculated following the anal-
the possible under-sampling for the outer annular rings thaysis procedure described in Sect. 4. These values were used
might exist when the 630-nm intensity is weak. to determine the temporal variations of divergence, vorticity,
The temperature data for the 3—4 August 2005, obserand the wind vectors betweenl2> and —20° latitudes for
vations plotted in Fig. 4, shows an overall nocturnal cool- each of the three nights in Fig. 6, &t idtervals for latitude
ing throughout the night, starting with typical tempera- and 30 min for time. The bottom row of panels in Fig. 6
tures 0of~800—850K at 01:00 UT and decreasingt650 K shows plots of the residual temperatures (Tdata minus TM-
by 09:00UT in several directions. (Local midnight is S|S) and the inferred vertical wind computed using Eq. (7).
05:00 UT). The mean nighttime temperature is within the The vertical wind behavior depicted exhibits small verti-
range of 750-800 K, consistent with expected thermospherigal flows for the 25-26 August night, an upward surge peak-
temperatures at solar minimum. Inspection of the temperaing at~5-6 ms ! from 04:30 to 06:00 UT for the 26—27 Au-
ture data between 06:00 and 08:00 UT (01:00 to 03:00 LT)gust night, and an extended period of downward flow of 5 to
shows the appearance of a strong MTM event with an ampli-10 ms™ from 04:00 to 06:00 UT for the 30-31 August 2005
tude of~150K. The amplitude is greater for the north set of night. Thus, there is no consistent behavior of the inferred
points compared to the south direction. It is not surprisingvertical wind relative to the development of the MTM peak.
that for winter observations the MTM event might occur as The first two nights show the peak upward vertical wind oc-
late as 07:00 UT (02:00LT). The statistical study of Herrero curring just after the MTM peak, while for the third night, the
and Spencer (1982) found the time for the MTM appearancénferred vertical wind shows a sustained period of downward
was~04:00 LT for the winter hemisphere at18. flow prior to the development of the MTM peak.
Figure 4 results for the south direction show the develop- The plots of the calculated wind field vectors for the lati-
ment of a northward meridional wind flow of 50 to 75mds  tude range 0f-12° to —20° and for the time period of 01:00
at 06:00UT. The zonal wind is eastward as expected, buto 08:00 UT (local midnight is 05:00 UT) are presented in
there is seen first an increase of the speed from 50 tdFig. 7 for these three August nights. These vectors are calcu-
150ms! in the evening hours reaching a maximum near lated using the equations (Eq. 1a, 1b) evaluated as described
04:00 UT in the west direction. in Sect. 4. The time derivatives of the zonal wind for the east
Figure 5 illustrates the Fourier decomposition of the line- and west directions were determined, and the mean used for
of-sight winds for each of the 16 cycles obtained on the nightthis calculation. The derivative was determined from the ra-
of 30-31 August 2005. The black line going through the datatio of the velocity difference to the time difference for succes-
points corresponds to the variation of the line-of-sight (los) sive cycles. Since the averaged zonal wind spegdvaries
wind speed with azimuth angle as modeled by the sum of thévy only a few ms?® over 30 min, the error represented by this
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Fig. 5. Line-of-sight neutral wind speeds (round data points) observed on 30—31 August 2005, plotted against azimuth angle for 16 observing
cycles from 00:00 UT to 07:30 UT. The vertical line within each data point indicafesstandard deviation. Each observing cycle includes

8 azimuthal line-of-sight directions distributed betweénadd 360 at 45 intervals. The contributions from the three harmonics for the
Fourier decomposition (Eq. 3) of the neutral wind field are shown as dashed (first order or second order) or solid (third order) lines. The
black line is the overall fit using these three harmonics. The dotted red line is the divergence calculated from the gradients determined from
this analysis.

means of determining the derivative necessary to evaluate theeak at 02:15UT, and the MTM peak is seen at 03:45—
vorticity as represented by Eq. (5b) should be small. 04:15 UT, a difference of~2.0h. The meridional speed of
the surge in this case was 50-60thsand the MTM am-
plitude was~150-160K. Finally, for the third night, 30—
31 August 2005, the development of the northward merid-
ional flow with a peak speed of50-75ms? took place
between 03:30 UT and 04:30 UT, and the appearance of the
MTM with an amplitude of~100K was delayed to 06:00—
06:15 UT, a difference of2.0 h from the peak of the wind
northward surge and the MTM enhancement.

For each night the wind field plots show the development
of a northward (equatorward) surge of 25—-75tgrior to
the onset of the MTM event. In the case of 25-26 Au-
gust, the northward flow is seen extending from 02:00 UT to
05:15 UT, with the peak of the surge seen at 03:30-03:45UT
~1.5-2.0h prior to the peak of the MTM event seen at
05:30-05:45 UT. The magnitude of the surge is perhaps 25
30ms 1, and the amplitude of the MTM is200 K.

For the following night of 26—27 August 2005, the north-  In each of these three cases, the subsequent decrease of
ward flow appears between 01:30 and 04:00 UT, with thethe MTM after the peak was associated with an interval of
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Fig. 6. Averaged intensities and Fourier decomposition analysis results for three nights in late August, 2005. Temporal variations of the
averaged 630-nm intensity (all directions) and the computed mean speeds for the horizontal meridional (V0) and zonal (U0) wind components
are plotted in the top three rows, respectively. The time sequence of cycle-averaged temperatures (blue data points and line) and the predicte
values computed with the NRL-MSIS00 model (black line) are plotted in the fourth row. The red and black lines in the bottom row show the
temporal variations of the vertical wind and the temperature difference (FPI data minus the computed MSIS values), respectively. Local
midnight is 05:00 UT. The vertical black line for each data point indicates the ranggcottandard deviation.

meridional wind reduction or reversal to poleward that took For the 29—30 September night, there is a clear abatement in
place over an 1-2 h interval. For the first night, in the north the meridional wind flow after the MTM passage.

near—12° to —14°, the wind speed is weak for 1.5-2.0h af-  again in Fig. 8 there is no clear correlation in the behavior
ter the MTM peak. Farther to the south, it can be seen thaj ihe inferred vertical wind and the MTM peak. For the first
there is an increase in the poleward direction of 25-35'ms night, the vertical wind is downward at 3-5 msduring the

A similar behavior can be seen for the other two nights. Fory peak. In the second nighty varies in a sinusoidal
the third night, 30—31 August, the reversal can be seen quitgvay' being downward a few m& an hour prior to the arrival

cle.arly, espec.ially in the region 6f12° to —16° between ¢ he MTM peak, and then reversing to upward flow as the
05:45 and 06:15 UT. This behavior for all three nights sug-p\1\ passes. For the third night, there is an upward flow of
gests a weak reversal of the meridional wind flow from equa-5 &1 peaking just prior to the MTM peak.

torward to poleward occurring after the MTM peaks. . o
Figure 10 presents the temporal variations of the averaged

For three nights near the spring and fall Southern Hemi-l€mperatures and the MSIS model, together with the maps

sphere equinoxes Fig. 8 illustrates the time behavior of the?f the horizontal wind vector field for the two nights of 10—
mean zonal and meridional wind, as well as the observed and1 June 2005, and 7-8 July 2005. For these two examples,
the calculated MSIS00 temperatures. Figure 9 shows the cof"® MTM peak is not evident. For both cases, the tempo-

responding thermospheric wind flow patterns for these thred@! variations of the observed temperatures agree well with
nights. For each, in Fig. 9, a strongly-developed equator-that predicted by the NRL-MSIS00 model predictions. Here,

ward flow is seen, with the northward wind reaching max- for these two examples the wind field maps show no indi-
imum speeds of 35m4, 100-125ms! and 50-65 ms! cation of a meridional wind flow toward the equator, unlike
at 01:30—02:00 UT~04:15-04:30 UT and 05:00-06:00 UT, that noted for the six nights of Figs. 6 and 8. In the early
respectively. For the early September night, the delay be€Vening hours for both nights the wind is toward the south-
tween the northward surge at 02:00 UT and the MTM peakeast in accord with the nominal seasonal be'haV|or'(B|ond| et
at 05:30 UT is about 3.5 h. For this night a period of poleward &l 1999), and then after 02:00 UT the flow is dominated by
wind between 04:00 and 06:00 UT associated with the MTM € €astward component.

appearance is evident, with speeds-&0 ms™L. For the last The two maps in Fig. 10 illustrate the typical velocity
two nights the difference in time between the peak of thefield that is dominated by the day-to-night pressure gradient,
equatorward meridional flow and the peak of the MTM en- which would drive eastward winds during the night, com-
hancement;»100-125K, is about 30 min, less than th2 h bined with an early evening poleward component (south-
time difference seen for the three cases presented in Fig. Tvard) that is a result of the cross-hemispheric flow from
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T T T T T of 29-30 September 2005, and 5-6 April 2006 (Fig. 9). For

mi #20Awe 2005 ] the observations on 30-31 August, a boundary developed
T ’ between poleward winds (lower portion of the figure) and
T T equatorward winds (upper portion) nead6° latitude and
06:00 UT.

A6 N s A e A e e s

] Figure 11 illustrates the night-to-night variability seen in
these wind field maps for observations obtained over five

B i P A Fa—

e A T nights in July, 4-5 July to 8-9 July, and 28-29 July. (This
11 S e P G figure includes the results for 7-8 July already shown in
MIMA 190 Fig. 11.) The MTM label inserted in each figure marks the
e . : : time when the MTM peak was seen for each night. MTM
/2,6'27 Aug 2005 events were seen for these nights, with amplitudes K,
12k — P A I | | I .
® N ~90K, ~75K, ~0K, ~100K, and~100K, respectively.
'g ~= AAT 5 s e I o o For these nights, the cross-hemispherical flow (directed to
= the southeast) is seen in the early evening from 00:00 to
_‘j A6 > T T T e . 03:00 UT, followed by the appearance of equatorward winds
A A A, during the midnight and early morning hours of _04:00 to
09:00 UT. The late appearances of the MTM are in accord
ok /s a2 A ~-~ - - with what is expected from the climatology study of Faivre
MIMA 165 et al. (2006) and Herrero et al. (1993). Inspection of these
- : — - July nights shows indications of the development of anti-
30-31 Aug 2005 cyclonic flow (clockwise). For example, for 6—7 July, the
A2E s ol direction of the wind vector shifts clockwise from northward
N AP AL (at 02:00 UT) to southward (at 06:00 UT).
-16—\\->—¢”/’/7//"”'*---—>—
\,‘_,_./’——?/’//’//r - 9 Discussion
L 20k - _9// //7/ I Data for 13 nights from the 2005-2006 Arequipa FPI obser-
N MIMA 125 h vations were obtained using the new observing strategy fea-

1 turing eight sequential azimuthal positions frotmt6 360°.
0 2 ) 4 6 8 The analysis of these results has revealed new information re-
Time (UT) garding the behavior of the equatorial thermospheric winds
and temperatures during solar minimum regarding the forma-

tion of the MTM peak. Because the 630-nm airglow inten-

Fig. 7: Horizontal wind maps for three nights in August, 2005. Neu- sities seen were-5 times weaker than for solar maximum.
tral wind vectors are computed fof tervals of latitude between

—12° and—20° and every 30 min in UT. Local midnight occurs at observing the thermospheric dynamics was previously a dif-
05:00 UT. The time of the MTM peak amplitude is indicated by the flcu_lt challenge for th_'s phase of the solar cycle. As anillus-
open triangle next to the MTM label and the amplitude of the MTM tration of how much improved these results are, we note that
peak is indicated. An horizonal meridional or zonal wind speedthe FPI Arequipa results reported by Colerico et al. (1996)
of 100ms1 is represented by the scale distance diaitude or  for observations obtained in October 1993, show an acqui-
30 min, respectively (see insert, lower left corner). sition rate of~1-2 data point per hour per direction with
uncertainties of 15mg and 40-45K. In contrast, the im-

summer to winter. The speed of this poleward componenfproved Arequipa FPI data presented in Fig. 3 shows a rate of
diminishes during the hours prior to midnight. These two 4-5 data points per hr with uncertainties of 5thaind 15—
wind patterns represent examples of the nominal behavior 020 K. The new results provide new insights into the behavior
the low-latitude thermosphere dynamics for weak tidal forc- of the MTM, and we summarize the findings here.
ing when there is no detectable MTM event.

Comparison of the behavior seen in Fig. 10 relative t09.1 Equatorward surge
those of Figs. 7 and 9 shows that the MTM event and the un-
derlying tidal forcing modified significantly the background Results from 11 nights illustrated the development of the
flow. The highlight of the wind patterns for the six nights MTM peak is preceded by a meridional flow of air toward
of Figs. 7 and 9 is the appearance of a wind surge betweethe equator, that appears near midnight. This surge of air
03:00 and 06:00 UT toward the equator, with considerablytoward the equator generally reaches a maximum ampli-
higher speeds seen for this meridional flow on the two nightsude near midnight (04:00-06:00 UT), and for each of these,
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Fig. 8. Results for 3 nights with dates near equinox: September 2005 and early April 2006, respectively. The top three rows show the
temporal variations of the averaged 630-nm intensity and mean speeds for the horizontal merig)arad gonal £g) wind components,
respectively. The fourth row shows the time sequence of cycle-averaged temperatures (blue data points and line) compared with the NRL-
MSIS00 model (black line). The bottom row presents temporal variations of the vertical wind (red line) and the temperature difference (black
line, FPI data minus NRL-MSIS00 model).

MTM peaks were seen with amplitudes between 100K towas too weak {30 K) compared with observations (100-
200 K occurring later in local time by 30 to 120 min. In con- 200 K), because the TIEGCM prescription for tidal forcing
trast, the two nights of data plotted in Fig. 10 were exampless incomplete without any provision for the terdiurnal com-
that indicated either the lack of any MTM event, or that the ponent. These conclusions are consistent with Herrero et
MTM amplitude was weak;-30 K. For both examples, the al. (1993), who determined that within the low-latitude ther-
meridional northward flow was found to be non-existent or mosphere the amplitude of the terdiurnal tide was compara-
weak. This finding of weak northward meridional winds for ble with that of the semi-diurnal tide. However, one should
nights with weak MTM events was also true for other nights bear in mind that the ion-neutral coupling within the thermo-
in our database. sphere, as described by Mayr et al. (1979), involving the non-
The equatorward flow is consistent with that associatedinear coupling of the diurnal and semi-diurnal tidal modes
with the propagation of tidal waves into the thermospherecaused by the EUV in situ forcing of the thermosphere, may
region from altitudes below. The modeling work of Fesen also result in the appearance of a terdiurnal tidal component.
(1996) predicts for the Southern Hemisphere during the mid- When the MTM peak is weak or non-existent, the merid-
night hours an equatorward meridional flow that is generatedonal surge near midnight is either not present or weak, sug-
by the migrating semi-diurnal 2—2 tidal mode, with an ampli- gesting that the tidal forcing from below is weak, since this
tude that is strongest in the summer, somewhat weaker in thequatorward flow of air represents the southern cell of the
winter, and weakest at the equinoxes. The strong equinoctiaineridional tidal circulation. There is also a northern cell of
winds (speeds greater than 75-100#)sseen in our results  the tidal circulation in the Northern Hemisphere that is mov-
(Fig. 9 and other nights not shown) during both equinoxes,ing air toward the equator. The consequential convergence
and also predicted by the modeling analysis, therefore sugproduces a downward flow of air, resulting in the adiabatic
gest that the 2,2 tidal mode is reinforced by the asymmetricheating of the thermosphere and the consequent formation
2,3 tidal wave, which is weak in the winter but strongest at of the MTM structure near the geographic equator. Thus, at
this location during the equinoxes (Fesen, 1996). Possiblyequinox a weak tidal circulation would result in no formation
non-migrating tidal waves are contributing to the develop- of the MTM, or a peak with a small amplitude. The details of
ment of strong nighttime equatorward winds. the spatial distribution of the MTM heating and its temporal
It is also possible that the terdiurnal tidal wave contributesevolution remain unclear, and this will be discussed further
to the production of this surge. Crary and Forbes (1986)below.
found that the observed nighttime behavior of the ionosphere The analysis of the observations showed that the local
over Arecibo could not be properly modeled unless the tertime separation between the peak northward surge of air and
diurnal tidal wave was included. Colerico et al. (2006) sug-the MTM peak temperature decreased frerBh for win-
gested that the MTM amplitude modeled with the TIEGCM ter to ~30 min at the equinox. This is consistent with the
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T ' T T tology (Faivre et al., 2006) that the times of the appearance
4-5 Sept 2005 of the MTM is delayed 2—3 h for winter nights, compared
12+ \>/V TNV with equinoctial nights. Thus, in the winter more time is re-
quired for the air to move north from Arequipa to contribute
RN Vyoy v to the formation of the pressure bulge, and then, following
the formation of the MTM, for the MTM to impact the ther-
A6F 27 w0y s mosphere over the Arequipa site.
Colerico et al. (1996) reported the 630-nm brightness
AT s s wave (BW) structure moved at a meridional speed-@b0—
L 250ms ! in the poleward direction. We estimate a speed of
20F sy s o ~50 ms! for the meridional northward surge, as this value
MM A 205 is typical of our observations. Thus, a calculation of the dis-
: : tance from Arequipa to the region of the pressure bulge can
29-30 Sept / / be made for the two seasons by using the times of 30 min
1L A2, / A AAA] (equinox) and 120 min (winter) to represent the sum of the
elapsed time for the air to move north and the time for the
.-8 a4 / //' ?aoa MTM to move south passing over the same separation. The
5 results imply a separation of ontky1° for the equinox and
‘= 6L 4 a2 /'/' f / Y a7 ~4° in the winter. Since AE-E data reported by Herrero et
< al. (1991) shows the pressure bulge to be localized near the
— b7 / / f / 1. geographic equator for the equinox, it is evident that this cal-
culation is not realistic. What s left out is the likely reduction
200y, /2 //I I . | of the tidal wind speed equatorward as the air reaches the
region of the pressure bulge. Also, this calculation should
. _, MM A 135 . include the time required for the MTM formation and allow
r T . T for the possible variation of the MTM speed toward high lat-
5-6.April 2006 itudes after this formation has taken place.
12F ‘_4/7/7/7/7/7/1/'/ -/
9.2 Conceptual model for the MTM latitudinal-LT distri-
L ‘“__;/7/7/7/7/7/7/'1 o/ bution
Q6L s A2 900 4 4 4] To illustrate what is expected for the geometry of the MTM
structure, Fig. 12a presents from the AE-E observations pre-
L A A A5 o . sented by Herrero and Spencer (1982) a reproduction of the
contour plot of the latitudinal statistical distribution of ther-
20 Ao A A2, NEEE mospheric temperatures at 240 km plotted against local time.
MTM A 40 These results were compiled from the observations of many
" . : L orbits for the period of the Southern Hemisphere winter dur-
I 3 5 7 ing moderate solar activity, 1977. The V-shape shaded re-
Time (UT) gion indicates the areas when the MTM feature is easily seen

against the distribution of background nighttime tempera-
tures. The pressure bulge location is expected to be within
Fig. 9. Horizontal wind maps for the three nights of Fig. 8: 4— the two arms .Of the MTM structure covering the region near
5 September 2005, 29-30 September 2005, and 5-6 April 2006{€ geographic equator.
Local midnight occurs at 05:00 UT. The horizonal meridional or ~ Using the same latitude and local time coordinates as that
zonal wind speed of 100 m$ is represented by the distance 6f 2  Of Fig. 2a, Fig. 12b provides a conceptual diagram that illus-
latitude or 30 min, respectively. The time and the magnitude of thetrates the location of the pressure bulge. Also plotted is the
MTM peak are indicated by the triangle next to the MTM label and |atitudinal distribution of the MTM plotted along the perime-
the number, respectively. ter of the pressure bulge. The intent of this plot is to illustrate
how the MTM may be generated by the convergence of winds
from the polar regions and from the dayside. The justifica-
location of the MTM compressional heating to the north of tion for showing the MTM as a narrow strip along the edge of
the geographical equator during the SH winter and farthetthis zone is the double wing structure seen in the results pre-
to the south at the equinox. This result is also consistensented in Herrero and Spencer (1982). Herrero et al. (1993)
with the findings reported in the study of the MTM clima- also noted that when AE-E wind data were examined as a
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Fig. 10. Results for the nights ofa) 10-11 June 2005, and) 7-8 July, 2005. The top row of panels shows the temporal sequence of

cycle-averaged temperatures (blue data points and line) compared with the NRL-MSIS00 model (black line). The middle and bottom rows
of panels show for both nights the plot of the differences between observed temperatures and MSIS model values and the maps of horizonta

winds, respectively. Local midnight is 05:00 UT. The horizonal meridional or zonal wind speed of 180snepresented by the distance
of 2° latitude or 30 min, respectively.

function of latitude and local time, nighttime reversals were it is therefore not surprising that the observed behavior of the
only seen at latitudes outside the borders of a triangular zoneneridional wind for these nights is more consistent with an
that was identified as the region of the pressure bulge. Thabatement rather than a reversal. For the MTM event on 4-5
apex of this zone started at the equator near 22:00 LT an&eptember, which took place at 06:00 UT (01:00 LT), the ob-
the latitudinal width of this zone extended+d 5° for MTM served reversal would be expected, as the AE-E results (Her-
events taking place at 03:00 LT. Within this zone, the AE-E rero et al., 1993) show the latitude of Arequipa is located just
data showed that the meridional wind would be reduced inoutside of this pressure bulge zone for this time.

speed but not reversed in direction. The MTM TIEGCM modeling work described by Co-
Evidentally, the MTM formation starts near 22:00LT, lerico et al. (2006) produced no meridional wind reversal,
when the zonal air converges with the meridional flow of air and this was regarded as a failure of the model, possibly due
from both polar regions. The pressure bulge starts to growto the omission of the terdiurnal tidal mode not specified as
and the back pressure of air from the central region of thepart of the lower boundary forcing. Our results show that
pressure bulge prevents the air from continuing its flow intoan abatement of the meridional wind flow at the time of the
the postmidnight sector. The resulting convergence of aifMTM peak is more typical of the winter equatorial thermo-
then creates the MTM phenomenon by compressional heatspheric dynamics than a reversal, for these solar minimum
ing as the air moves downward to lower altitudes. MTM observations. The Arequipa FPI data show that the
An indication of a meridional wind reversal in the flow Peginning of the abatement coincides with the time of the

patterns following the tidal midnight equatorward surge is MTM peak temperature. A reversal generally follows 1 or
C|ear|y Suggested in observations for one n|ght, 4-5 Septemz h |atel’, not at a t|me that iS COinCident W|th the MTM peak
ber, of the cases examined. The reversal appedts after ~ Passing (except for the one case of 4-5 September 2005).
the peak of the equatorward surge but coincident with the Comparing the 630-nm intensity results for the two
MTM peak. In the other cases studied, what is more clearlySeptember nights in Fig. 8 is also of interest. The merid-
observed is an abatement of the equatorward wind. Sinc@nal winds for the 29-30 September night exhibit an abate-
the MTM events of Figs. 8 and 9 for 29—-30 September 2005ment, and the 630-nm nightglow MTM enhancement is a
and 5-6 April 2006 were seen between 05:00 and 06:00 UTfactor of ~3 weaker than for the 4-5 September night, for
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Fig. 11. Horizontal wind maps for six nights of observations in July 2005. Neutral wind vectors are computédiriterfals of latitude
between—12° and —20° and every 30 min in UT. Local midnight occurs at 05:00 UT. The horizonal meridional or zonal wind speed of
100ms 1 is represented by the distance &f [atitude or 30 min, respectively; a scale insert is shown in the upper left corner. The UT
position of the maximum of the MTM event is indicated by the triangle next to the MTM label; the amplitudes are 75K, 90K, 75K, 0K,
100K, and 100K, respectively, for these six nights.

which a reversal is seen for the meridional wind. That the As suggested by Mayr et al. (1979), the ion-neutral cou-
630-nm MTM intensity peak intensity at 06:15 UT is weaker pling between the diurnal variation of the F-region plasma
for the 29-30 September night is consistent with an abatedensity and the semi-diurnal tidal winds may result in the
ment rather than a reversal in the meridional wind, sincehigher order tidal modes being generated. Thus, it may not
less F-region plasma is transported to lower altitudes if thebe necessary to explicitly specify a terdiurnal tidal compo-
wind component parallel with the flux tube becomes weakement from the lower atmosphere in the model if the terdiur-
rather than reverses. This behavior of a relatively strongnal tide from the ion-neutral momentum coupling dominates.
MTM event but a weak 630-nm BW and an abatement in theBecause of the non-linear coupling between plasma density
meridional wind is also seen for the 5-6 April 2006 night, and the diurnal and semi-diurnal tides, it would be expected
for which the timing of the MTM event;-07:00 UT, is well  that the strength of this particular terdiurnal tidal wave would
after local midnight. be variable from one night to the next. The anti-cyclonic be-
havior in the wind maps presented in Fig. 12 showing equa-
9.3 NCAR-TIEGCM modeling of the MTM phenomenon torward flow followed by a rotation poleward within4 h is
consistent with the behavior of a terdiurnal wave, and may
Colerico et al. (2006) noted that the lack of a reversal sig-suggest that the terdiurnal mode is playing a more significant
nature in the modeling results together with the weak MTM role in equatorial thermospheric dynamics than previously
amplitude points to a need to include the terdiurnal tidal waveappreciated.
as part of the TIEGCM prescription for the tidal forcing at  Figure 13 shows four nights in August 2005 modeled by
the lower boundary of the model. The modeling analysisthe NCAR TIME-GCM at the location of Arequipa. The
has thus far been constrained to consider only the diurnaimodel includes terdiurnal tides forced by the non-linear in-
and semi-diurnal tidal modes. However, as previously men-eraction of the diurnal and semidiurnal tides. One sees that
tioned, the tidal spectral analysis of AE-E data suggestedhere is no significant MTM feature on any of these nights. In
that the contribution from the terdiurnal tidal mode is im- contrast, inspection of the observations presented in Figs. 6
portant (Herrero et al., 1983, 1993), especially during win-and 7 shows MTM signatures of175K, ~125K, and
ter, for which the amplitude is comparable with that of the ~100 K, respectively, for the nights, 25-26 August, 2627
semi-diurnal tide. August, and 27-28 August in 2005. Moreover, examination
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of the appearance of this structure from one night to the next THERMOSPHERIC TEMPERATURE MAP
suggests that its timing is quite variable from night to night. AE:-DATA. DAYS 77142 TO 77188
This suggests a link of the variability of the equatorial tidal AVERAGE ALTITUDE 250 KM

structure to the variability of the development of plasma in-  *° \
stabilities. $
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9.4 Slow local time variation of the zonal wind speed i

o
70 \
<, 905
CA)
<
)od‘

The slow decrease of the zonal wind with local time justi- N

fies the assumption made regarding the calculations of the 2@
four derivatives that appear in Eqg. (1). Another way of un-
derstanding the assumption, as described by Meriwether anc
Shih (1987), is to consider that two line-of-sight measure-
ments at two different local times toward a region of the
thermosphere are necessary to compose a vector, assumir
a zero vertical wind. Thus, by shifting the local-time origin EACN [ // ( ///[ .
of one or the other of the two series of measurements in lo- 20 22
cal time, any line-of-sight Doppler shift measurement can be
combined with another Doppler shift measurement obtained a)
at the same local time to compose a vector determination of
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9.5 Inferred vertical wind not physically realistic

Unlike the results reported by Burnside et al. (1981), no sys-
tematic correlation of the behavior of the inferred vertical
wind with the MTM structure was observed, suggesting that
the inferred wind is not physical but represents a failure of
one or more of the three assumptions that underlie Eq. (7),
which are: the temporal change of the pressure is zero, the
vertical wind is constant with height, and the horizontal wind
is constant with height. The fact that a 630-nm nightglow en-
hancement is seen over Arequipa that is generally correlatec
with the MTM peak does suggest that a vertical wind flow
exists shifting plasma to lower altitudes along the magnetic
flux tubes and thereby producing increased dissociative refig. 12. Comparison of AE temperature data with a conceptual
combination and increased 630-nm nightglow intensities.  model showing the MTM formation and the spatial distribution of
All-sky imaging observations (Colerico et al., 1996) show the midnight pressure bulge(a) AE-E statistical distribution of
from the width of the 630-nm airglow enhancement (BW) the MTM determined for the Southern Hemisphere winter (repro-
that the spatial extent of the MTM phenomenon is about 400-duced from Herrero et al., 1983}y conceptual model showing the
500 km. For a horizontal direction through a cross-sectionafatitudinal distribution of the MTM formation and spatial distribu-

cut of the BW, this implies that the vertical wind changes tion plotted against local time. Air moving eastward from the day-
from zero to a ;jownward speedofl—2 ms-L to zero within side produces converging flow with the thermospheric tidal air flow

directed toward the equator from the polar regions in both hemi-

this distance. A downward speed of this magnitude was eStIépheres. The red region represents the spatial distribution of the

mated by Fesen (1996) to be required to produce a MTM of\1\ formed by compressional heating in the region of the ther-

30K. The corresponding time interval for this change is 45—mospheric wind convergence. The dashed vertical line refers to the
60 min. Because the MTM peak coincides reasonably wellevening twilight terminator.

in time with the 630-nm enhancement in Fig. 4, this suggests

that the heating is localized to within this spatial distribution mated the characteristic time for the pressure to change sig-
of the feaure. Consequently, for the typical MTM seen at so-nificantly would be 3 h, but this was for ideal circumstances
lar minimum, i.e. with amplitudes as much as 150 to 200 K, during solar maximum. Certainly, it is not reasonable to ex-
it seems unreasonable to assume that the temporal variatiqrect that over the vertical extent of the MTM from 200 to
in pressure would be negligible. Burnside et al. (1981) esti-500 km, the downwelling speed would remain constant.

pressure

bulge
o

tidal wind
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Fig. 13. NCAR TIME-GCM predictions of zonal wind (top panel), meridional wind (middle panel) and temperature (bottom panel) plotted
against local time for the location of the Arequipa FPI observatory for the four days from 24 August to 28 August 2005. The horizontal black
line located below the temperature plot in each panel marks the expected local time period for the MTM appearance.

Moreover, it is known that the vertical variation of the ion lar maximum, future observations may collect images with
drift speeds changes significantly between 150 km to 250 knshorter exposure times while retaining excellent accuracy.
(Kudeki and Bhattacharyya, 1999). This suggests that thel'he time remaining in each 30 min cycle could then be used
assumption that the vertical variation of the horizontal wind to acquire observations at 4 additional cardinal positions at
component is constant may not be correct. This last possibilzenith angles of 45within each cycle. The inclusion of ad-
ity might explain why the vertical wind inferred from the di- ditional points will improve the Fourier decomposition pro-
vergence behaves more consistently for the Arecibo observacedure so that the horizontal wind maps would portray the
tions, which were obtained for solar maximum. In this phasewind circulation pattern with more detalil.
of the solar cycle, the variation of the horizontal wind with

ititude is | d th . 4 to derive Eq. (7 The increase in 630-nm signal would also provide an op-
altitude is less, and the assumptions used to erve £q. ( ortunity to search for the vertical wind signature associated
would be more accurate. It should also be kept in mind tha ith the transit of the MTM phenomenon over Arequipa
the 630-nm observations we are reporting apply to the regiorr, |,ca1i7ation of the MTM with an amplitude as much

ofthe thermosphere betweeq 225and 300 km, ovgrwhich th&s 200K over several degrees latitude suggest that the mag-
measurements of Doppler widths and Doppler shifts are hitude of the MTM vertical wind might be as detectable if

elragtTd along the instrggen;aléine of jsight]cturouhgh the nir?ht'the image exposure times were longer to improve the ac-
glow layer. Quite possibly, the dynamics of the thermosp erjiuracy. A period of 5 to 10 mg deviation from the long-

observed in this region are not completely representative o ; : 1
. ) : erm trend of the FPI instrumental drift(L00—150 ms-~ per
the dynamics at higher altitudes; Herrero et al. (1993) note ¢ P

zgg‘e dgfirfgﬁes Itr; thf\ MTM dﬁ/namlcs alltbhi'gh.ts of 270'for such vertical winds has been launched at the present time
 an .m, ut the qvgra temporal behavior at eadbut at solar minimum the 630-nm intensities are weak and
of the three altitudes was similar. success is more problematic

ight) would be an indication of such a signature. A search

9.6 Future plans A second imaging Fabry-Perot observatory will be in-
stalled at Huancayo, Peru, with the participation of the re-

Because a major increase in the 630-nm intensity, a factor ofearch group at the New Jersey Institute of Technology (led

5, is expected as the solar cycle phase increases toward sby A. Gerrard). Since Huancayo is located on the magnetic
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equator 4 to the north of the Arequipa site, the combined ob- is much larger than the observed scale. As Fig. 12b illus-
servations will give a more extended latitudinal range for thetrates, the MTM heating takes place along the perimeter of
horizontal wind and temperature maps, yielding a broadeithe pressure bulge rather than within the bulge. Thus, the
view of the equatorial thermospheric dynamics. Moreover,MTM is localized within the distance of a few hundred kilo-
the two observatories operating in concert as a bistatic obsemeters. Thus, one can consider that the problem with the
vatory (Sipler et al., 1995) will measure directly the neutral TIME-GCM reproducing the MTM phenomenon has more
wind vector components within one or more common vol- to do with the calculations of its latitudinal spatial distribu-
ume regions within the 630-nm nightglow layer. It would tion rather than the determination of the energy required for
then be possible to confirm the validity of the local time and the compressional heating. The lack of any terdiurnal tidal
longitude equivalence assumption used for the production oforcing which is more localized in scale might account for
the horizontal wind maps, by comparing the speed and dithis shortcoming of the model.

rection of the measured vectors with those inferred from the
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