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Abstract. Fabry–Perot interferometer (FPI) measurements
of thermospheric temperatures and winds show the detec-
tion and successful determination of the latitudinal distribu-
tion of the midnight temperature maximum (MTM) in the
continental mid-eastern United States. These results were
obtained through the operation of the five FPI observato-
ries in the North American Thermosphere Ionosphere Ob-
serving Network (NATION) located at the Pisgah Astro-
nomic Research Institute (PAR) (35.2◦ N, 82.8◦W), Vir-
ginia Tech (VTI) (37.2◦ N, 80.4◦W), Eastern Kentucky
University (EKU) (37.8◦ N, 84.3◦W), Urbana-Champaign
(UAO) (40.2◦ N, 88.2◦W), and Ann Arbor (ANN) (42.3◦ N,
83.8◦W). A new approach for analyzing the MTM phe-
nomenon is developed, which features the combination of a
method of harmonic thermal background removal followed
by a 2-D inversion algorithm to generate sequential 2-D tem-
perature residual maps at 30 min intervals. The simultane-
ous study of the temperature data from these FPI stations
represents a novel analysis of the MTM and its large-scale
latitudinal and longitudinal structure. The major finding in
examining these maps is the frequent detection of a sec-
ondary MTM peak occurring during the early evening hours,
nearly 4.5 h prior to the timing of the primary MTM peak
that generally appears after midnight. The analysis of these
observations shows a strong night-to-night variability for this
double-peaked MTM structure. A statistical study of the be-
havior of the MTM events was carried out to determine the
extent of this variability with regard to the seasonal and lat-
itudinal dependence. The results show the presence of the
MTM peak(s) in 106 out of the 472 determinable nights
(when the MTM presence, or lack thereof, can be determined
with certainty in the data set) selected for analysis (22 %) out

of the total of 846 nights available. The MTM feature is seen
to appear slightly more often during the summer (27 %), fol-
lowed by fall (22 %), winter (20 %), and spring (18 %). Also
seen is a northwestward propagation of the MTM signature
with a latitude-dependent amplitude. This behavior suggests
either a latitudinal dependence of thermosphere tidal dissi-
pation or a night-to-night variation of the composition of the
higher-order tidal modes that contribute to the production of
the MTM peak at mid-latitudes. Also presented in this paper
is the perturbation on the divergence of the wind fields, which
is associated with the passage of each MTM peak analyzed
with the 2-D interpolation.
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1 Introduction

The Earth’s atmosphere is heated during the day by the ab-
sorption of solar energy and cooled at night by emission of
thermal radiation energy to space. However, in the thermo-
sphere there is seen quite often, near midnight, a temperature
peak with an amplitude of up to 200 K. This phenomenon
is called the midnight temperature maximum (MTM). This
interesting nighttime phenomenon was first reported in the
1960s in ground-based optical, radar, and in situ measure-
ments (Greenspan, 1966; Nelson and Cogger, 1971; Behnke
and Harper, 1973; Spencer et al., 1979). Also associated with
this temperature peak is a density enhancement called the
midnight density maximum that has been detected with drag
balance instruments on board the San Marco III and V satel-
lites (Arduini et al., 1992, 1997; Arduini et al., 1993). These
previous studies of the MTM phenomenon were carried out
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with observations within the 20◦ latitude range of the Equa-
tor. The present paper is unique as it presents results for the
mid-latitude range between 30 and 45◦ latitude.

As discussed in the analysis of the Jicamarca nighttime
radar measurements of electron temperatures, Bamgboye and
McClure (1982) suggested the MTM peak resulted from the
upward propagation of atmospheric tidal waves and is associ-
ated with a pressure/temperature bulge near midnight. Their
work confirmed the equatorial MTM behavior described ear-
lier by Herrero and Spencer (1982), which was based on a
statistical analysis of the observations from the Neutral At-
mosphere Temperature Experiment (NATE) mass spectrome-
ter experiment on board of the Atmospheric Explorer-E (AE)
satellite. These results showed a latitudinal distribution for
the MTM that accounted for the seasonal variability in its
peak amplitude within the±20◦ latitude range covered by the
AE satellite. Their findings show that the MTM is formed at
the geographic Equator and propagates poleward and west-
ward in both hemispheres. Regarding its seasonality, Herrero
and Spencer (1982) noted the dominance of the MTM fea-
ture in the summer hemisphere, with the temperature maxi-
mum occurring earlier in local time and with higher ampli-
tude when compared with the MTM behavior in the winter
hemisphere.

The modeling work discussed by Mayr et al. (1979) con-
cluded that the MTM is the result of a nonlinear interaction
of the diurnal, semi-diurnal, and other higher-order tides. Co-
lerico et al. (2006) reported on the sensitive influence of the
terdiurnal as well as higher-order tidal modes that enhance
the MTM peak amplitude. They suggested that the superpo-
sition of these higher-order tidal modes has a latitudinal dis-
tribution in such a way that the MTM amplitude would also
be variable within a given latitude span. Determining this lat-
itudinal variation of the MTM amplitude would help improve
our understanding of how the overlap of these tidal modes at
mid-latitudes may vary with latitude due to the individual
latitudinal dependence of each tidal mode contributing to the
overall tidal forcing from below. It is also possible that the
contribution of a non-migrating tidal wave if significant may
also vary with latitude.

The MTM latitudinal structure was recently modeled by
Akmaev et al. (2009) to be a wake-wave shaped disturbance
in temperature with a phase lag relative to the latitude; i.e.,
the timing of the MTM peak occurs later in the evening
at higher latitudes. Their study confirms the MTM as be-
ing a result of the thermal part of the constructive interfer-
ence between the upward propagating and in situ diurnal,
semi-diurnal, and other higher-order migrating tidal modes
(Akmaev et al., 2009; Akmaev, 2011). Among these im-
portant findings, Akmaev et al. (2009) found evidence for
a weak secondary maximum in their Whole Atmosphere
Model (WAM) occurring earlier in the evening. This result
agrees with the detection of a secondary MTM peak that was
reported by Faivre et al. (2006) from observations in the Pe-
ruvian sector. For the remainder of our paper, the terms “sec-

ondary” and “primary” refer to the earlier and later MTM
peaks, respectively.

Colerico and Mendillo (2002) presented data showing the
relationship between the MTM and the midnight brightness
wave (MBW) which is characterized by an enhancement in
the 630 nm emission. Away from the geomagnetic Equator,
this correlation is a result of the reversal of the meridional
wind component from equatorward to poleward causing a
downward shift in the F-region plasma distribution and a
consequent increase in the 630 nm emission by dissociative
recombination (Sastri et al., 1994).

The MTM peak is commonly observed in the equatorial
region with typical amplitudes of 150–200 K (Figueiredo
et al., 2017). An example of an amplitude of as much as
300 K associated with sudden stratospheric warming events
has been presented (Gong et al., 2016). In the local summer
as addressed by Meriwether et al. (2008) and Meriwether
et al. (2011), the MTM was seen to move with an average
velocity of 300 m s−1 (as observed by Sobral et al., 1978).
However, it is not clear what role the coupling interaction be-
tween this tidal wave and the lower thermosphere/ionosphere
might play in governing the amplitude of the MTM’s night-
to-night variability. It is also not known how far away from
the geographic Equator the MTM structure would continue to
be observed, what the resulting latitudinal distribution would
be, and how this behavior varies from season to season. Mod-
eling this important MLT/IT (Mesosphere and Low Thermo-
sphere/Ionosphere and Thermosphere) coupling mechanism
still remains a challenging task due to the uncertainty asso-
ciated with the source composition of the forcing function
underlying the tidal wave production of higher-order modes
at mid-latitude.

The availability of results from 2012 to 2015 in the NA-
TION mid-latitude wind and temperature database gives us
an opportunity to consider these questions. With a coverage
of approximately 1200 and 1300 km in the zonal and merid-
ional directions, respectively, this extended geographic cov-
erage is well suited for observing the propagation behavior
of a large-scale phenomenon such as the MTM.

2 Instrumental details

2.1 FPI instrument features

Each NATION FPI instrument uses an etalon combined with
a 630 nm filter, an objective lens, a low noise CCD camera,
and a double axis Sky-Scanner system. The interference im-
ages obtained by each FPI were analyzed to determine the
Doppler shift and Doppler broadening for each direction ob-
served. From these line-of-sight Doppler shift results, the
meridional and zonal horizontal components of the neutral
wind vector are determined. The temperatures are derived
from the measurement of the Doppler broadening. The rela-
tive intensity is directly measured as the area enclosed by the
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630 nm spectral peak. Typically, the measurement uncertain-
ties in the line-of-sight Doppler shift and temperature are on
the order of 3–5 m s−1 and 15–20 K, respectively. Further de-
tails regarding the FPI instrumentation used in the NATION
network are given by Makela et al. (2012) and Makela et al.
(2014). The data reduction and temperature estimation de-
tails were discussed by Harding et al. (2014).

2.2 NATION observing modes and look angles

The aim of the NATION network was to measure mid-
latitude thermosphere winds, temperatures, and 630 nm in-
tensities over the latitude span of 32 to 42◦ N. In addition to
the FPI instrument, each NATION site was equipped with a
cloud sensor to determine the extent of cloudiness so data
associated with these periods can be removed. The NATION
FPI instruments were able to communicate with each other in
real time via the Internet. This allowed the observing strategy
to be modified depending upon the extent of cloudiness.

The selection of the observing mode was either the Car-
dinal Mode (the sequence of North, South, East, West, and
Zenith) or the Common Volume (CV) Mode in which two or
three FPIs observe the same region of the thermosphere from
different angles. The former mode is adopted when the skies
for one of the two (or three) stations that might otherwise be
used in CV Mode are hazy or overcast, or for probing ther-
mospheric phenomena that require a larger coverage in both
latitude and longitude. In the case of clear skies for two or
three NATION stations, the network switched to CV Mode.
For this strategy, line-of-sight Doppler shift data within the
same CV can be analyzed to extract the zonal and meridional
components. Due to the large-scale nature of the MTM, only
the NATION Cardinal Mode has been used for the results
reported in this paper.

Figure 1 shows the location of the five NATION observa-
tories (red, which also indicates the position for the Zenith
measurement) and the locations of Cardinal Mode measure-
ments (green) within the thermosphere, assuming a 250 km
peak height for the 630 nm O(1D) emission. With this height
and an elevation angle of 45◦ for each azimuth position, the
distance between pairs of North and South and West and East
positions is 500 km. These Cardinal Mode observation angles
were chosen in order to provide a large coverage of both lat-
itude and longitude without any compromise in quality of
observations. At lower elevation angles the measurements
would likely be affected by ground-generated light pollution.

2.3 Dynamic integration in image collection

The method of image collection called dynamic integration
for each instrument in the NATION FPI network followed
a procedure of image analysis, for which each measured
spectrum is analyzed by the data collection computer to re-
assess the need to increase or decrease the integration time
for the next image collected by the CCD camera. The intent

Figure 1. NATION Cardinal Mode FPI observing configuration.
Red and green stars mark the NATION site position and the mea-
surement locations, respectively, for the North, East, South, and
West directions assuming a 630 nm 250 km altitude. Red stars also
represent the positions of the Zenith measurement. The top axis rep-
resents the local midnight in universal time.

for this practice was to maintain a desired ratio of signal to
noise from one image to the next so wind and temperature
measurements are obtained with nearly the same uncertainty
throughout the night. As the airglow signal becomes weaker
or stronger during the night, the application of this proce-
dure would increase or decrease the exposure time accord-
ingly. This approach improves the cadence of measurements,
which is integration time (between 20 and 720 s) times the
number of look angles in the observation mode (typically the
four cardinal positions and Zenith) that generally maintains
the desired value of measured uncertainties as the 630 nm
airglow intensity varies throughout the night. This typically
represents an improvement in the number of measurement
cycles per hour (from 2.5 to 4.5 cycles per hour) maintaining
a fairly constant signal-to-noise ratio.

3 Harmonic background removal model

The normal temporal pattern of nighttime thermosphere tem-
peratures is a cooling trend after sunset with a reversal to a
warming trend starting several hours before dawn. Hence, in
the absence of the MTM peak(s) one would expect the night-
time temporal behavior to be similar to a U-shaped temper-
ature background featuring a valley. Because the breadth of
the MTM structure is typically 2 h in local time, the deter-
mination of the MTM peak amplitude needs to account for a
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Figure 2. (a) An example of the double MTM structure (black points) and two continuum thermal backgrounds assumed (linear and har-
monic) for estimating the MTM amplitude (data for 31 August 2013). (b) Difference plots determined by subtractions of the background
linear fit (red) and the harmonic fit (green) from the data points, respectively.

possible background curvature with local time. The method
of determining the MTM amplitude that relies upon connect-
ing the local minima with a straight line (linear fitting ap-
proach) will underestimate the amplitude in most cases. Fig-
ure 2 illustrates this method, which only uses the two local
minima connected by red lines for each MTM feature.

In this paper a new approach to estimating the MTM am-
plitude is introduced that uses all of the temperature data
instead of just the turning points of the temperature series
that mark the starting (i.e., before the MTM peak) and end-
ing (i.e., after the peak) points of the MTM peak profile
(see Fig. 2 for differences between the approaches). This
procedure uses a model in which the temperature data in-
cluding the MTM are assumed to be the superposition of a
background thermal variation and a Gaussian disturbance at-
tributed to the MTM peak. This generally is a good approx-
imation, given that small-scale temperature fluctuations are
not related to the MTM. By first filtering the temperature data
to remove the MTM structure, the overall nighttime back-
ground temperature variation is determined and subtracted
from the observed set of FPI temperatures. This technique
allows the MTM peak to be extracted as a set of temperature
residuals relative to the background variation.

This technique is similar to the algorithm published by
Martinis et al. (2013) for analysis of radar ion temperature
data with an adaptation for the shorter time span of the FPI
measurements. The idea is to manually ignore the MTM
peaks (by excluding from the data set the temperature data
from the local minimum before the MTM peak to the lo-
cal minimum after the MTM peak) and fit a harmonic model
to the remaining temperature data (without the MTM peaks)
to determine the background thermal variation that will be
subtracted from the data. It is assumed that the model fit to
the thermal variation can be constructed with the combina-
tion of 8, 12, and 24 h harmonics. The residual values are

then searched for the MTM peak by fitting a Gaussian pro-
file (Eq. 2). The function used for the harmonic background
removal model is given by

Tmodel(LT)= a0+

3∑
i=1

ai cos
(

2π (LT− bi)
τi

)
;

τi[h] = [8,12,24], (1)

where a0 is the thermal background average, ai is the am-
plitude, bi is the phase, and τi is the period of each oscilla-
tion. An example of the differences in the results found us-
ing both approaches (linear fitting and the harmonic thermal
background removal) can be seen in Fig. 2. In this figure the
differences are ∼ 6% (125.6 K vs. 118.4 K, an average dif-
ference of 6.6 K) for the primary MTM (around 03:00 LT)
and ∼ 33% (140.4 K vs. 93.5 K, with the average difference
of 27.3 K) for the secondary MTM near 21:00 LT. Figure 3
also shows this technique applied to the monthly climatology
plot of MTM events in the months of February 2012, 2013,
2014, and 2015. This figure displays both MTM features with
amplitudes well above the uncertainty of the measurements,
there represented by the vertical error bar.

4 Results

The analysis of 846 nights was undertaken to study the fre-
quency of the MTM and its double feature. These data came
as a result of nearly 4 years (2012–2015) of observations by
the NATION network in the eastern US. To find the MTM
peak with accuracy it was necessary to use the harmonic
background removal technique which allowed for the detec-
tion of the double MTM structure and the set of resulting
residuals in the climatology study and the temperature inter-
polation case study. These results were combined with the
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Figure 3. Monthly climatology plot of the temperature data for
nights with MTM events in the months of February 2012, 2013,
2014, and 2015. The blue curve represents the thermal background
and the black curve is the averaged data for PARI. The vertical er-
ror bar is a representative depiction of the averaged measurement
errors.

method of inversion (Harding et al., 2015) to create 2-D tem-
perature maps that were plotted together with a superposition
of the measured wind field.

With regard to quality control of the data, the data showing
any nonphysical wind speeds and temperatures, temperature
and wind uncertainties larger than 50 K and 25 m−1, respec-
tively, are not considered. The data are also filtered to remove
periods of heavy cloud coverage. Also, note that when mak-
ing reference to time, local time (LT) is the same as solar
local time in the results displayed in Figs. 2, 3, 4, 8 and 9.

4.1 MTM double-peaked structure

To further investigate the seasonal variability of the MTM
peak structure, the same harmonic background removal tech-
nique was applied to the monthly averaged temperature cli-
matology. The monthly averaged climatology for the MTM
results from the collection of all the nights with the pres-
ence of the MTM peak, averaged in half-hour time bins for a
particular month. The temperature residuals, derived by sub-
tracting the harmonic background model from the tempera-
ture data, are displayed in Fig. 4. The same figure shows the
harmonic fitting for the peak times and the Gaussian fit for
each peak as described by Eq. (2), whereA0 is the amplitude,
A1 is the LT of the center, and A2 is the width of each peak.
It is evident that there is an annual behavior seen in the tim-
ing of the MTM, with the peak times being earlier in summer

Figure 4. Residuals resulting from the harmonic background re-
moval technique (real data minus the background model from Eq. 1)
and the monthly averages similar to Fig. 3. The annual (red) and
annual and semi-annual (blue) oscillation fittings are plotted in the
vertical orientation. Shaded areas represent day time periods. The
black dots connected by lines are the temperature residuals and the
horizontal blue curves are the least squares Gaussian fits for each of
the MTM features (as described in Eq. 2).

and later in winter months.

Tresidual(LT)= A0 exp
(
−z2

2

)
,z(LT)=

LT−A1

A2
(2)

The averaged temporal difference between the two curves
(primary MTM peak time fittings minus secondary MTM
peak time fittings) is 04:28± 00:19 h. This result is consis-
tent with what was found in the modeling work by Akmaev
et al. (2009) and observed by Faivre et al. (2006). The aver-
aged amplitudes for the primary and secondary MTM peaks
are found to be 47± 24 and 24± 14 K, respectively. The co-
efficients of the Gaussian fits for each MTM peak and each
month of the averaged MTM nights for PARI can be seen in
Fig. 5. These coefficients for the Gaussian fit are shown in
Eq. 2.

The MTM is a tidal wave generated near the geographic
Equator and propagating northwestward (Northern Hemi-
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Figure 5. Coefficients for Gaussian fitting in Fig. 4 and their respective deviations.

sphere) and southwestward (Southern Hemisphere) as a wake
wave (Akmaev et al., 2009). That means that the primary and
secondary MTM peaks (generated near the Equator around
midnight and before twilight, respectively) will travel to-
wards the poles and appear at different times relative to the
latitude. The NATION network placement and latitude range
allows both MTM peaks to be detected, especially for winter
observations with its longer periods of darkness. The early
night MTM (secondary MTM) makes its appearance in the
southernmost NATION site near 23:00 LT and the primary
MTM near 04:00 LT.

The other factor contributing to achieving detection of
both MTM peaks is the fact that at mid-latitudes the nights
are longer during the winter, allowing for measurements
as early as 17:00 LT. However, during the summer months,
when the nights are shorter, the bright continuum twilight
background reduces the detectability of the secondary peak,
as can be seen by inspection of Fig. 4.

4.2 Background extracted temperature interpolation

Figure 1 presents a map of the NATION Cardinal Mode
measurement positions, showing that the NATION network
offers a broad latitudinal and longitudinal coverage (about
1200× 1200 km) of the Midwest continental region of the
United States. Consequently, the possible analysis of the
MTM peak and its large spatial structural characteristics,
such as its direction of propagation and velocity, is expanded
significantly as compared with the spatial extent observed
by a single FPI observatory. This examination of the MTM
spatial structure becomes more difficult if done using only
the raw temperature data, where no emphasis is given to the
MTM peaks, since the MTM thermal variation relative to the
nighttime thermal variation represents a small fraction of the
thermal background.

It is in this regard that the application of the harmonic ther-
mal background removal procedure described by Eq. (1) be-
comes important. As shown above, the identification of the
double MTM peak profile becomes clearer following the re-
moval of the thermal background. Fitting a Gaussian to each
of the two MTM peaks in the residual values yields accurate
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Figure 6. 2-D temperature maps generated from the measurements with the harmonic thermal background removal technique for the night
of 28 December 2013. Two clear MTM events are seen as suggested by the modeling work of Akmaev et al. (2009). The gray-shaded map
represents the approximate local midnight in the middle of the NATION network.

estimates for the amplitude and the peak time of occurrence.
This procedure is also necessary in extracting the MTM peak
structures for cases where smaller-scale oscillations, such as
gravity wave activity, might be present in the data.

The large number of measurement positions in the NA-
TION network allows for the detection of both MTM peaks

(when present), in an inversion analysis similar to what was
done by Harding et al. (2015) for the eastern Brazilian and
NATION FPI networks for the winds. The authors used in-
version theory to build an algorithm capable of estimating
the wind fields. In this work, a modified version of this ap-
proach is applied to the temperature residuals to generate a
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Figure 7. Average divergence calculated for the wind field present
in Fig. 6. Period of divergence followed by convergence that coin-
cide with both MTM peaks. The vertical line represents the local
midnight in average longitude of the NATION network.

temperature field in a manner similar to what was described
by Harding et al. (2015) to calculate a horizontal wind field.
This algorithm searches for the smoothest horizontal wind
and temperature fields that fit the data within the data un-
certainty. Figure 6 shows the result of the application of this
technique for the night of 28 December 2013. It shows the
appearance of both MTM structures and the corresponding
change in the horizontal wind field behavior as a function of
local time.

Figure 6 shows results of this algorithm applied to the tem-
perature residuals and winds. The propagation of the MTM
is clearly seen to cross the NATION field of view from 03:00
to 06:00 UT and from 08:00 to 09:30 UT (UT used here due
to the spatial coverage of the network; local midnight is ap-
proximately at 05:30 UT in the middle of the network). Both
MTM peaks appear with winds in the southeastward direc-
tion and temperature maximums propagating predominantly
to the westward and northwestward directions, respectively.
However, the winds around the time of the secondary peak
are faster and in the east–southeastward direction, while the
primary MTM peak is associated with a slower wind field in
the south–southeastward direction. This behavior is typical
of the reversal of the winds occurring before the passage of
the primary MTM peak (Akmaev et al., 2009).

Further evidence for the double-peaked MTM structure
comes from calculating the divergence of the wind field. The
wind field is estimated at a 5 min cadence for the whole
night over NATION at each time step. For every grid point,
the divergence is calculated by comparing the residual value
with its neighboring grid points, and the divergence is av-
eraged over the entire grid. Figure 7 shows two periods of
strong convergence at 04:00 and 08:30 UT, coincident with
the peaks in the temperature seen in Fig. 6. Each period of
convergence is preceded by a period of divergence.

Figure 8. NATION latitudinal temperature distribution graph for
5 April 2014, illustrating the lack of the double or single MTM
structure. Each color represents the FPI temperature results of a NA-
TION station with a set of three temperature lines (North, zonal, and
South directions). From bottom to top, the line colors of red, orange,
green, blue, and purple represent results for the PAR, VTI, EKU,
UAO, and ANN NATION sites, respectively. The North, zonal, and
South measurements are shifted to their respective latitudes, and the
horizontal dashed baseline represents 800 K for that particular mea-
surement. The magnitude of one degree latitude corresponds to a
250 K difference. The asterisks on the left and right vertical axes
represent the temperature averages for each latitude set of measure-
ments.

The signature of the winds provides independent evidence
for the occurrence at the mid-latitude MTM, as the conver-
gence at 04:00 and 08:30 UT corresponds to the peaks in the
temperatures, as would be expected from adiabatic heating.
The divergence pattern displayed in Fig. 7 is mainly asso-
ciated with the reversal of the meridional winds, resulting
from the upward propagation of the tidal waves, as discussed
by Akmaev (2011). The preceding period of divergence may
be associated with the pressure bulge front (Herrero et al.,
1985), but this cannot be conclusively explained without a
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Figure 9. Temperature distribution graph similar in style to Fig. 8,
for 31 August 2013. These results illustrate the presence of the dou-
ble MTM structure. The secondary peak near 22:00 LT in the south-
ernmost measurement and the primary MTM peak near 03:00 LT.

larger number of observed nights with full coverage and per-
haps measurements of pressure or vertical winds.

4.3 Statistics

Before describing the results of the statistical analysis of the
mid-latitude MTM peak amplitude and time of occurrence
based upon NATION data, we examine the definition of the
MTM peak used in this analysis. The MTM peak structure is
typically represented by primary and secondary peaks, with
the primary peak occurring later with a larger amplitude.
The time window of measurements for the NATION network
would typically be in the range of 19:00–07:00 LT. We de-
fine the MTM peak as a significant increase in the tempera-
ture measurements compared to the thermal background. A
threshold of 50 K or the measurement uncertainty (largest be-
tween the two criteria) is used to define such an increase as
a MTM peak with the conditions that the MTM enhance-
ment starts after 20:00 LT, continues for more than 1 h, prop-

Figure 10. MTM statistical distribution with regard to season and
maximum amplitude for all the stations. The more frequent MTM
amplitudes are found in the (60, 80] and (80, 100] ranges with 33
and 39 nights, respectively. MTM events with large amplitudes ex-
ceeding 120 K are occasionally seen (15 nights).

agates northward, and appears in at least three different mea-
surement positions. That defines a MTM category used to
collect the temperature increase events as well as the timing
of the increase. The MTM-related brightness increase in the
630 nm intensities imposes another constraint. For an event
to be in this MTM category, a brightness enhancement must
also be evident in the FPI’s 630 nm intensities (related to the
brightness wave phenomenon discussed by Colerico et al.,
2006). The MTM signature is also much larger in ampli-
tude than the small-scale temperature fluctuations induced by
gravity-wave activity and repeatable (each MTM peak hap-
pening in similar times from one night to the next).

The other two categories in the statistical analysis are the
NO MTM category (clear absence of a defined maximum)
and the inconclusive category (all nights with measurements
from more than three stations that do not bring enough infor-
mation to be able to categorize them as either MTM or NO
MTM nights: typically nights with full moon or nights with
long periods of cloud coverage). Out of a total number of
846 analyzed nights, 44 % were inconclusive, 43 % had no
MTM peaks, and 13 % had the presence of the MTM in the
temperature data.

Figure 8 represents an example of a NO MTM night in a
plot of the temperature data with the points shifted in latitude
depending upon the latitude at the 250 km pierce point for
each measurement direction. In the case of Figs. 8 and 9, the
East, West, and Zenith measurements are averaged within a
30 min bin. These measurements have the same latitude and
the longitude-related differences are averaged out since the
East and West positions are equally spaced relative to the
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Table 1. Information about the MTM perturbation times (times for
the beginning of the first peak and ending of the second) and maxi-
mum amplitude for all the stations.

Starting Ending Max
time time amplitude
(LT) (LT) (K)

Average 21.8 2.4 90.6
Standard deviation 1.3 1.5 24.9

Zenith. The measurements for the North and South directions
(indicated for each color/site as the top and bottom lines, re-
spectively) are displayed in Figs. 8 and 9. These results do
not have any bin averaging applied. Figure 9 displays an ex-
ample of a MTM night that also shows the appearance of a
double MTM structure feature.

Looking at the results of the statistical analysis with re-
gard to the MTM amplitude (maximum peak), the MTM phe-
nomenon shows no clear seasonal dependence for the range
of latitudes that NATION measurements cover. This behav-
ior can be observed with Fig. 10 (histogram with number of
nights vs. MTM amplitude). The number of MTM nights for
summer is slightly larger than the results seen for the other
seasons, and any differences are negligible given the uncer-
tainty in the analysis. Figure 10 also shows the the distribu-
tion of amplitudes, with the (80, 100] bin being the one with
the largest number of occurrences (39 nights), corroborating
the result observed in Table 1, which shows the MTM ampli-
tude being 90.6± 24.9 K.

Figure 10 can also be used to show the MTM distribution
with respect to the seasons. The seasonality of the MTM oc-
currence for the mid-latitude section is found to be slightly
larger for summer (with 27 %) compared to the other sea-
sons, with spring (with 18 %) showing the lowest frequency
of the phenomenon occurrence. That behavior is consistent
with modeling results and observations by Akmaev et al.
(2009) and Martinis et al. (2013), respectively.

For NATION mid-latitudes the MTM phenomena appear
to be quite active in the FPI data. As shown in Fig. 9, the
MTM double-peaked structure appears at all sites within the
NATION network, meaning that the MTM is seen as far as
the most northern measurement by ANN North, which is lo-
cated at 44.4◦ N and −83.8◦W. It indicates that within the
NATION latitudinal span the MTM phenomenon penetrates
further toward the pole than the latitude of the southernmost
appearance reported by Colerico et al. (2006) for the South
American region.

5 Discussion

The primary results of this work show the frequent detec-
tion of the MTM as a double-peaked phenomenon for the
NATION network at mid-latitudes and within the American

longitudinal sector. The reason that the secondary MTM peak
is not generally seen at low latitudes is because its ampli-
tude is weak and its occurrence would normally take place
during the evening twilight where detection is more difficult.
However, the time it takes the secondary peak to propagate
to mid-latitudes proves enough temporal separation from the
twilight to make it detectable. Furthermore, the results are
consistent with what is shown by Akmaev et al. (2009), Ak-
maev (2011) and Faivre et al. (2006). The application of the
NATION network to the study of the MTM phenomenon
produced strong evidence of the MTM amplitude variabil-
ity with northwestward propagation, which is the typical di-
rection of propagation shown in Fig. 6 and previously ob-
served near 39.0◦ for the Southern Hemisphere (Colerico and
Mendillo, 2002; Colerico et al., 2006); this study confirms
the presence of the MTM as far north as ANN North, corre-
sponding to 44.4◦ N.

From a latitudinal standpoint, the MTM structure is much
the same as what is observed at lower latitudes with regard to
its direction of propagation. However, the amplitude is gen-
erally weaker and it appears with different morphology if
compared to the analysis made for MTM events seen in the
equatorial region (Figueiredo et al., 2017; Gong et al., 2016).
The amplitude variation of the MTM as it propagates both
poleward and westward may be mostly due to the difference
in phases contributed by the superposition of the tidal modes
Akmaev et al. (2009); Akmaev (2011), which changes the re-
sult of the tidal wave superposition in the mid-latitude region.
Like any phenomenon in the upper atmosphere, the MTM is
also subjected to partial or total dissipation processes. It will
be important in future work to gain a better understanding of
what the contributing factors causing the MTM to have such
variation are (with respect to both time and space), possibly
by examining TEC content and ionosonde data to search for
a possible correlation between the MTM peak amplitude and
the F-region plasma density.

It is understood that the formation of the mid-latitude
MTM tidal wave is more influenced by higher-order tidal
modes (Akmaev et al., 2009). Thus, the MTM peak structure
does not have amplitudes as large as that found for the equa-
torial region observations. This is perhaps because the tidal
forcing is stronger at low latitudes. Part of the reason why it
was possible to observe the MTM peaks in the mid-latitude
region was also the use of the harmonic background removal
model. Its application enabled a more accurate investigation
of the amplitude of the MTM and the development of the
2-D temperature residual maps for the NATION network. It
was necessary to develop the harmonic thermal background
removal technique in order to trace the MTM and avoid any
underestimations as well as to enable the detection of such
low amplitudes when compared to the thermal background.
This approach estimates the MTM peak amplitude, with a
difference of as much as 33 % when comparing it to the re-
sult of the linear fitting approach (Fig. 2).
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The harmonic background removal model and the cover-
age of measurements from the NATION network enabled the
imaging of the MTM feature using the process of the 2-D
interpolation of the phenomenon. Figure 6 shows this result
for the night of 28 December 2013. In this case the MTM
can be detected with the presence of its double-peaked struc-
ture. The first peak, around 04:30 UT, has a strong westward
component when compared with the primary MTM peak’s
northwestward behavior. It is also, for that particular night,
longer lasting (about twice as long as the primary MTM) and
with faster southeastern winds. The propagation speed of this
peak is ∼ 120 m s−1.

The second MTM (primary), around 08:00 UT, has a
northwestward propagation behavior with the northward
component more pronounced. The wind field present in
Fig. 6 suggests a flow towards the MTM peak, as the earlier
peak, typical of the pressure bulge responsible for the gen-
eration of the MTM peaks, though with weaker winds. An-
other interesting result is the velocity of the primary MTM
being ∼ 240 m s−1. The example associated with this night
indicates the primary MTM moves faster in the background
of weaker winds. Unfortunately similar analysis can only be
done with the presence of clear skies in a vast area of the net-
work, indicating that such analysis would be more feasible if
done in a cloudless region such as the western US region.

With regard to its seasonality, the primary MTM peak
shows a clear annual/semi-annual behavior in amplitude, ap-
pearing more often during summer with 27 % (around 9 %
more than spring), which can be seen in Fig. 10. That behav-
ior also appears in the phase of both MTM peaks. Both peaks
exhibit annual/semi-annual behavior, as can be seen from
Fig. 4. From the same figure, the time difference between the
two vertical fittings is 04:28± 00:19 h, consistent with re-
sults from the WAM model (Akmaev et al., 2009). From the
same figure we have 47.6± 24.8 and 24.9± 14.3 K for the
average MTM amplitudes for the PARI site. Along with these
averages we have the average of the maximum amplitude at
90.6± 24.9 K (accounting for all the sites), a starting time of
22:15± 01:19 LT, and an ending time of 02:53± 01:30 LT.
No particular trend is found for the MTM with regard to its
amplitude, as can be seen in Fig. 10.

6 Conclusions

Previous work on the MTM phenomenon has concentrated
upon the equatorial and low-latitude results, and the ques-
tion of the extent that the MTM phenomenology reached into
higher latitudes has not been examined carefully. One reason
for this might be attributed to the limitation associated with
the application of a Fabry–Perot interferometer that has only
a photomultiplier detector and observes only one interfer-
ence order. Such instruments do not have sufficient sensitiv-
ity to observe the weak 630 nm nightglow with the necessary
accuracy or the observing cadence to be able to detect the

mid-latitude MTM phenomenon with confidence. Thus, it is
likely for this reason that previous work associated with mid-
latitude FPI observations did not report the successful detec-
tion of this phenomenon (Hernandez and Roble, 1976; Her-
rero and Spencer, 1982). Thus, the results presented in this
paper illustrate how the new technology of FPI instrumen-
tation features observations of multiple interference orders
and the much higher quantum efficiency of the bare CCD
detector has resulted in temperature observations with much
improved quality regarding the reduction of observing errors
and the increase in the number of samples per hour.

With the results reported in this paper, the MTM signature
for the mid-latitude region shows a strong indication of the
appearance of a double-peaked structure rather than a single
peak as characteristic of the MTM results seen for lower lati-
tudes. As stated before, these new results are consistent with
the double MTM peak results found in the modeling work re-
ported by Akmaev et al. (2009), Akmaev (2011), and Faivre
et al. (2006). We also note that the application of a more suit-
able analysis technique would improve the accuracy of the
MTM peak amplitude estimations (Hickey et al., 2014; Ruan
and Kapali, 2013; Azeem et al., 2012).

By making a month-to-month binned average of the MTM
nights and using the harmonic background removal model,
the variation of the MTM characteristics with season become
evident, as shown in Fig. 4. This climatology displays the
fact that the extent of the NATION network coverage allows
for the detection of both peaks. As the MTM double-peaked
structure travels northward from the Equator, both MTM
peaks become observable because of a systematic latitudinal-
dependent phase shift of the MTM peak occurrence times to
later local times with higher latitudes. Moreover, the longer
winter nights help to make possible the observation of the
MTM double-peaked structure.

The application of the harmonic background removal
model for the night of 28 December 2013 shows the 2-D be-
havior of the MTM. The wake wave behavior of the MTM is
well displayed in Fig. 6. It is also clear that the secondary and
primary MTM peaks cross the NATION network, moving in
somewhat different directions (northwest–west to northwest–
north).

With regard to its general behavior, the mid-latitude MTM
structure develops more often during the summer months (as
shown in Fig. 10). However, the secondary maximum is more
prominent during the winter months, as shown in Fig. 4. It is
difficult to determine whether that behavior is due to the na-
ture of the phenomenon or due to the difference between the
duration of summer and winter nights. Nevertheless, the am-
plitude of the secondary MTM peak is stronger in the winter
months, as illustrated by the results shown in Fig. 5 (top left
graph).

Further work would be interesting to carry out for the same
latitudinal region but with the NATION sites relocated to
the southwestern United States. This relocation would pro-
vide better quality data year-round due to the clear skies
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found in this dryer region, which would improve the 2-D
analysis of the MTM double-peaked structure in all seasons.
Application of models such as general circulation models
(WAM and TIEGCM) would help assess the similarity be-
tween the results from NATION and these model predictions.
This analysis should help to understand the underlying day-
to-day variability of the MTM double-peaked structure. Fu-
ture work should also include a thorough investigation of the
OH behavior, because the small OH contamination that ex-
ists for weak 630 nm airglow intensities may lead to a time-
dependent error in the temperature measurements that could
affect the background fit.
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