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Abstract Local full diurnal coverage of temperature variations across the turbopause (~90-115 km
altitude) is achieved by combining the nocturnal observations of a Sodium (Na) Doppler lidar on the
Utah State University (USU) campus (41.7°N, 248.2°E) and NASA Michelson interferometer for global
high-resolution thermospheric imaging (MIGHTI)/Ionospheric connection explorer (ICON) daytime
observations made in the same vicinity. In this study, utilizing this hybrid data set during summer 2020
between June 12th and July 15th, we retrieve the temperature signatures of diurnal and semidiurnal tides
in this region. The tidal amplitudes of both components have similar vertical variation with increasing
altitude: less than 5 K below ~98 km but increase considerably above, up to 19 K near 104 km. Both
experience significant dissipation near turbopause altitudes, down to ~12 K up to 113 km for the diurnal
tide and ~13 K for the semidiurnal tide near 110 km. In addition, while the semidiurnal tidal behavior

is consistent with the theoretical predictions, the diurnal amplitude is considerably larger than what is
expected in the turbopause region. The tidal phase profile shows a dominance of tidal components with a
long vertical wavelength (longer than 40 km) for the semidiurnal tide. On the other hand, the diurnal tide
demonstrates close to an evanescent wave behavior in the turbopause region, which is absent in the model
results and Thermosphere ionosphere mesosphere energetics and dynamics (TIMED)/Sounding of the
atmosphere using broadband radiometry (SABER) observations.

Plain Language Summary Solar thermal tidal wave in the atmosphere is one of the most
dominant dynamic features in the upper atmosphere. In this paper, we utilize the temperature results
from the recently launched NASA Ionospheric connection explorer (ICON) satellite daytime observation
and those by a ground-based Na lidar nighttime measurements in summer 2020 to accomplish 24-h
coverage of temperature variations in the upper atmosphere between ~90 and 115 km. This allows us

to investigate the tidal wave behavior in one of the least studied upper atmosphere region near 110 km
altitude, so called &quot;turbopause&quot; region, above middle latitude in Northern America. The study
reveals highly complex diurnal tidal wave features in this region, while the semidiurnal tide is less affected
except some wave dissipation.

1. Introduction

Solar thermal tides, generated in the troposphere and stratosphere by absorption of solar radiation and la-
tent heat released due to raindrop formation, are one of the most important sources of dynamical forcing in
the mesosphere and lower thermosphere (MLT; Hagan & Forbes, 2002, 2003). Tides propagate zonally, up-
ward and are very sensitive to atmospheric mean-flow (Baumgarten & Stober, 2019; Becker, 2017; McLan-
dress, 2002) that is, closely associated with strong tidal variabilities of various temporal and spatial scales,
such as short-term day-to-day variability and interannual variations (Dhadly et al., 2018; She et al., 2004).
They modulate the temperature and wind field of the upper atmosphere with considerable amplitude, and
affect small-scale dynamical processes through their introduction of large horizontal and vertical gradi-
ents in both wind and temperature (Becker, 2017; Cai et al., 2014; Liu & Hagan, 1998; Yuan et al., 2014).
Considerable progress has been made in understanding tidal wave dynamics over the past few decades
through theoretical and experimental investigations (Forbes et al., 2008; Oberheide et al., 2011; Yuan,
Schmidt, et al., 2008; Yuan et al., 2006, 2010). However, the tidal behaviors above ~100 km and across the
turbopause area, where the dominant mixing mechanism in the atmosphere transitions from eddy mixing
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to molecular diffusion, are difficult to measure, mostly due to the lack of regionally distributed, high pre-
cision experimental data. Increased measurement capability in this region, where viscous tidal dissipation
is hypothesized (Forbes & Garrett, 1979), is critical for understanding tidal wave upward propagation into
the middle and upper thermosphere and various ion-neutral coupling processes, such as the formation of
middle latitudes sporadic-E layers (Cai et al., 2017; Carter & Forbes, 1999). While the tidal wave signatures
in this region have been investigated and discussed using sounding of the atmosphere using broadband
radiometry (SABER) observations (Forbes et al., 2008; Zhang et al., 2006), a broad window, at least 60-days
wide, has to be implemented to achieve 24-h coverage across all longitudes. This relatively long sampling
window algorithm cannot resolve tidal wave variability at high spatial and temporal resolution, essentially
the detailed changes of tidal wave behavior as they pass through this highly variable region.

The advanced USU Na Doppler lidar (41.7°N, 248.2°E) has the capability of measuring temperature and
winds in the mesopause region (~80-105 km), covering the full diurnal cycle through measuring the ther-
mal broadening and Doppler shift of the laser-induced fluorescence spectrum of mesospheric Na atoms
(Krueger et al., 2015). Its multi-year observations have been utilized to establish the tidal climatology at
middle latitudes of North America (Yuan, Schmidt, et al., 2008; Yuan et al., 2010; 2014). As a single point ob-
servation, these lidar-measured tidal wave signatures are the combination of migrating (sun-synchronous)
and non-migrating (not sun-synchronous) tides. While the standard Na lidar nighttime capability allows
high-quality measurements up to ~105 km, its daytime observations are limited to near or below 100 km
for most of the year. This is because of large daytime sky background noise, especially during the sum-
mer when the maximum solar elevation angle can be more than 70° near the location of the lidar station.
Furthermore, the mesospheric Na abundance, which the Na lidar measurement relies upon, is close to its
annual minimum in the summertime (Yuan et al., 2012). These lead to the lidar daytime measurements in
the summer can only reach as high as ~98 km due primarily to these daytime limitations. Recent upgrades
of the system, especially the installation of a ~5 m* receiving mirror, have enabled nocturnal lidar measure-
ments up to ~115 km. However, daytime observations near and above 100 km are still quite challenging and
not available at all for the summer 2020 campaign.

The Michelson Interferometer for Global High-resolution Thermospheric Imaging (MIGHTI) onboard the
NASA Ionospheric Connection Explorer (ICON) satellite, launched in October 2019, measures neutral tem-
perature by imaging the molecular oxygen atmospheric band (A-band) day and night (Englert et al., 2017;
Immel et al., 2018; Stevens et al., 2018). Temperature is inferred by measuring the relative intensity of the
A-band emission in three discrete wavelength channels as well as two background channels on either side
of the band. The A-band emission rates vary from night to day, providing a target in nighttime observations
between ~90 and 105 km and daytime A-Band observations up to ~140 km and, and in the currently re-
leased data version, retrieved temperatures up to 115 km. With a 27° inclination orbit, MIGHTI/ICON can
provide day-night coverage between ~90 and 105 km within the latitude range between 12°S and 42°N for
tidal wave investigations over the diurnal cycle within 27 days (Forbes et al., 2017) with a gap in longitudinal
coverage in the Southern Atlantic Anomaly (SAA). However, the tidal activities in the turbopause region
cannot be investigated by MIGHTI/ICON alone, due to the limited vertical extent of its nighttime measure-
ments (~105 km).

In this paper, we combine the high quality nocturnal USU Na lidar and the nearby daytime MIGHTI/
ICON observations between June 12 and July 15, 2020 to achieve a full set of diurnal cycle temperature
measurements in the lower thermosphere, ~90-115 km, above the USU location. In this study, to estimate
any potential bias between the two instruments, the nighttime temperatures are directly compared between
the two datasets at altitudes where they overlap (90-105 km), while the daytime MIGHTI temperatures
are compared with a multi-year lidar climatology and the observations during a USU Na lidar campaign in
March 2021 (Appendix). The diurnal and semidiurnal tidal temperature amplitude and phase profiles from
the upper mesosphere to the lower thermosphere across the turbopause (~110 km) are derived from this hy-
brid data set. A tidal climatology based on the lidar observations between 2002 and 2008 (Yuan et al., 2010),
when the system was operating at Colorado State University (CSU; 41°N, 255°E) to serve as a reference. The
data involved in this study are described in Section 2; the derived tidal results are presented in Section 3, fol-
lowed by the discussion of the results in Section 4. A summary of this investigation is provided in Section 5.
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Latitude

Figure 1. Michelson interferometer for global high-resolution
thermospheric imaging (MIGHTI)/Ionospheric connection explorer
(ICON) observations (red crosses for MIGHTI-A; purple crosses for
MIGHTI-B) near 100 km altitude on June 20, 2020 in the vicinity of the
Utah State University (USU) sodium (Na) lidar station (35°N-42°N and

120°W-00°W).

2. Data and Models Involved

The lidar operated 16 nights across the summer solstice between June
12 and July 15, 2020, while we include 20 days of overlapping MIGH-
TI/ICON data from both MIGHTTI sensors (MIGHTI-A and MIGHTI-B
that are pointing at two perpendicular directions) during the period of

this study. The version 4 (v04) MIGHTI-A daytime data are assembled
from ~90 to 115 km while the v04 MIGHTI-B daytime data are assembled
from ~99 to 115 km. These multi-day hourly averaged lidar temperature
profiles with 2-km vertical resolution are binned in one-hour local time
bins between 20:00 and 04:00, establishing the average temperature var-
iation during summer nights. To match the MIGHTI vertical resolution

Longitude

(~3-km), the lidar temperature profiles are further smoothed with a 3-km
boxcar window. The uncertainty of the lidar measurements is dominated
by photon shot noise (the lidar accuracy is better than 0.1 K; Krueger
et al., 2015). Due to decreasing Na number densities above 100 km, the
hourly temperature uncertainty (statistical uncertainty), which is less
than 0.5 K near 95 km and around 1 K at 100 km, increases quickly with
increasing altitude. For example, around 110 km, the averaged uncer-
tainty of single hourly profile reaches ~15 K. Here, the upper limit of
the lidar temperature uncertainty is set to 30 K (any temperatures with
uncertainties larger than 30 K are neglected). This is slightly above the
hourly uncertainty near 115 km under a normal condition where the
temperature is near or above 300 K. Because the lidar has 14-16 hour-
ly profiles for each LST during this period, the final uncertainties are about one quarter of those for the
single hourly lidar measurements. Meanwhile, MIGHTI/ICON observations between 35°N-42°N latitude
and 240°E-260°E longitude are chosen and binned hourly to establish the averaged daytime temperature
variations. Figure 1 illustrates the MIGHTI/ICON measurements within this geographic grid near 100 km,
including both MIGHTI-A and MIGHTI-B, on the day of the summer solstice (June 20, 2020) within this re-
gion, showing the good overlap between the two instruments. The figure also demonstrates the geographic
distance between the two lidar stations, which is relatively small from the large geophysical scale perspec-
tive, allowing us to utilize the tidal climatological results obtained at CSU. A relatively detailed discussion
on the continuity of the two lidar datasets is presented in Yuan et al., (2019). Table 1 lists the number of
MIGHTI and the lidar hourly temperature profiles for each local solar time near the USU Na lidar station
during this period (For example, LST 12 represents the period between LST 12:00 and 13:00). Notice that the
number of MIGHTI profiles during the daytime is considerably higher than that during the nighttime hours
(shaded cells), except in the late afternoon, showing good daytime coverage by MIGHTI. This is because the
cadence of the MIGHTI measurements is twice as long during the night (60 s) compared to the day (30 s).
The measurement precision is 1 K between 90 and 105 km during the day whereas, during the night, it
increases from 1 K at 90 km to 3 K at 105 km. The accuracy is estimated to be ~12 K for both nighttime and
daytime MIGHTI/ICON temperature measurements for the version 04 data used here, and that accuracy is
separately applied to each mode of operation so that, for example, it can
be positive for all nighttime data and negative for all daytime data. Both
the lidar and MIGHTI data are then interpolated onto the same 3-km

Table 1

Number of MIGHTI (Lidar) Profiles for Each Local Solar Time altitude grid, between 85 and 115 km.

LST 00:00 01:00 02:00 03:00 04:00 05:00 06:00 07:00  Figure 2 shows the comparisons of the daytime and nighttime tempera-

Profiles 3(16) 5(16) 7(16) 2(16) 3/(14) 10 14 16 ture measurements between the two instruments in the MLT region from

LST 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 S km to 115 km. Note that, for the daytime temperature comparison
: with MIGHTI/ICON, we introduce multi-year, daytime lidar observa-

Profiles 16 16 18 20 18 16 17 12 tions during the same day-of-year period between 2012 and 2016 as the

LS 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00  egtaplished climatological daytime temperatures. This is because the li-

Profiles 8 6 4 4 1(15) 1(16) 3(16) 3(16)  dar was not set up to run daytime-operations during summer 2020. For

Abbreviation: MIGHT, Michelson interferometer for global high-resolu-

tion thermospheric imaging.

the comparison in Figure 2, the local solar times were chosen between
23:00 and 01:00 for nighttime and 13:00-15:00 for daytime. The nighttime
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Figure 2. Temperature comparisons between Utah State University (USU) sodium (Na) lidar (dashed lines) and
Michelson interferometer for global high-resolution thermospheric imaging (MIGHTI)/Ionospheric connection
explorer (ICON; solid) during daytime (left plot) for 1ocal solar time: 13:00 (green), 14:00 (blue), 15:00 (red); and
nighttime (right plot) for local time: 23:00 (red), 00:00 (blue), and 01:00 (green). The MIGHTI accuracy is ~12 K for
daytime and nighttime.

temperature comparison shows excellent agreement between the observations of the two instruments be-
low 100 km, while the difference increases slightly above. Near 104 km, the MIGHTI nighttime temperature
observations for these hour are ~4 K higher than the corresponding lidar temperature observations, which
is within the magnitude of the nighttime statistical uncertainty at this altitude. These MIGHTI nighttime
averages only include data from MIGHTI-A, since there is no MTGHTI-B data below 100 km in version 04.
The daytime temperature measurements by the two instruments also demonstrate very good agreement in
the overlapping altitude range, and the differences are within the MIGHTI daytime accuracy (~12 K). Fur-
ther daytime temperature comparisons have been conducted in March 2021 that confirm the consistency
between the two instruments (see Appendix). As the figure shows, the lidar can only reach ~98 km in the
daytime with the uncertainty that is, one order of magnitude higher than that of the nighttime observations
because of those aforementioned limitations. The figure also illustrates a common summertime tempera-
ture feature: it changes slowly around 180 K between 85 and 100 km, but increases quickly above ~105 km
when reaching the thermosphere. To further estimate the potential bias between the two sets of temper-
ature measurements, we plot the averaged lidar and MIGHTI temperature variations at 99 km in a 24-h
period in Figure 3, along with the reconstructed tidal variation that is, discussed in Section 3. During the
nighttime (LST 20:00-04:00), the lidar temperatures and the concurrent MIGHTI temperatures are highly
correlated and demonstrate the same dynamic variation. The diurnal and semidiurnal cycles, utilized to
reconstruct the temperature variation at 99 km, are also presented in this figure, which indicates the two
major tidal components are relatively in phase with each other in the morning hours.

Given the agreements of the two data sets discussed above, we conclude that it is possible to combine the
two temperature observations around the USU location to achieve continuous 24-h daytime and nighttime
temperature coverage in the MLT. Furthermore, these comparisons demonstrate that the two sets of tem-
peratures are uniquely complementary: The Na lidar has high-quality measurements during the night up
to 115 km, while MIGHTI provides the daytime temperature up to a similar altitude (~113 km in this data
set). Since the potential bias between the two measurements is within their uncertainties, by combining
the hourly temperature profiles of the lidar nighttime observations and the local MIGHTI daytime observa-
tions, high-quality full diurnal cycle coverage in the MLT up to ~115 km can be achieved. It is worth noting
that, for this altitude region, this is not feasible for either instrument. For this study, the MIGHTI tempera-
ture range is expanded slightly to 85-115 km utilizing the cubic spline extrapolation. The data between ~90
and 113 km are utilized for the tidal wave investigations.

Based on this unique full diurnal cycle data set, a linear least squares fitting algorithm that includes diurnal
(24-h), semidiurnal (12-h), terdiurnal (8-h), and quardiurnal (6-h) components is applied to the temperature
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Figure 3. Averaged temperature variations near 99 km in summertime (top) observed by the Na lidar (solid dots) and
Ionospheric connection explorer (ICON)/Michelson interferometer for global high-resolution thermospheric imaging
(MIGHTI; squares filled with cross), along with the tidal reconstructed temperature variation (red diamonds). (bottom)
The diurnal (black) and semidiurnal (blue) cycles are utilized to reconstruct the temperature variation at 99 km. The
MIGHTI accuracy is ~12 K for daytime and nighttime.

variation at each altitude to retrieve the tidal amplitude and phase profiles, as shown in Equation 1, along
with the associated fitting uncertainties.

T, =T+ iA[ cos[ﬂt - ¢,] 1)
a 24
where T is the mean temperature, ..., i = 1, 2, 3, and 4 for diurnal, semidiurnal, terdiurnal, and quardiurnal
tides, respectively. A; and ¢, represents the tidal amplitude and phase respectively for the ith tidal compo-
nent. Here, only the dominant diurnal and semidiurnal tidal components are presented, since terdiurnal
and quardiurnal tidal components are usually much less significant and inconsistent compared to the for-
mer two tidal components. Figure 5 illustrates both the tidal amplitude and tidal phase profiles for these
two important tidal components. For reference, the tidal results from the multi-year Na lidar climatology
are obtained at CSU and the CTMT predictions based on the Hough Mode Extension (HME; Oberheide
et al., 2011) are also presented in the figure. As we mentioned earlier, the CTMT results are calculated and
constrained by the global tidal measurements from SABER and TIDI on board the TIMED satellite, which
is required to use a minimum of 60 days of observations.

The combined temperature data are shown in the top contour plot in Figure 4, where the nighttime data
(from 20:00 to 04:00 LST) are using the lidar temperatures and the daytime data (from 05:00 to 19:00 LST)
are filled with MIGHTI measurements. Data near the terminator (90°-105° Solar Zenith Angle) are re-
moved from the MIGHTI pipeline due to the rapidly changing lighting conditions along the line of sight
which compromises the temperature retrieval. For the lidar observation, although the sky becomes relative-
ly dark after 20:00 LST, the lower thermosphere is still illuminated during the early evening, causing high
background noise and, thus, increasing the measurement uncertainty in this region. Linear extrapolation is
applied to the lidar profile at this hour (20:00 LST) to retrieve the temperatures at 113 km. Overall, the figure
shows the potential biases between the two instruments during summer 2020 are insignificant, compared
with geophysical variations, and this hybrid data set shows good continuity of temperature variations with
clear tidal signatures.

To facilitate this study with theoretical values, the Hamburg Model of the Neutral and Ionized Atmos-
phere (HAMMONIA) and the Climatological Tidal Model of the Thermosphere (CTMT) are introduced
to serve as the references for mean temperature and tides in the turbopause region, respectively (see
brief descriptions below). Previous collaborative studies between the lidar and the two models (Yuan,
Schmidt, et al., 2008; Yuan, She, et al., 2008; Yuan et al., 2014) have shown the models' relatively real-
istic predictions of both the mean-field climatology and its tidal components. In this investigation, we
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Figure 5. Temperature diurnal (left column) and semidiurnal (right column) amplitude (top row) and phase profiles (bottom row) derived from the new lidar-
Michelson interferometer for global high-resolution thermospheric imaging (MIGHTTI) observation (red-solid), the multi-year lidar climatology (green solid)
and climatological tidal model of the thermosphere (CTMT) output near Utah State University (USU) location (blue dashed line).

add the CTMT tidal outputs (two cosine functions with CTMT diurnal tidal amplitudes and phases:

Trnean + Aos cos((27r / 24)t + ¢24) + A cos((27z / 12)t + ¢12), Azs Az are CTMT diurnal and semidiurnal
amplitudes; @,,, P;, are CTMT diurnal and semidiurnal phase) on top of the HAMMONIA monthly mean
temperature field, Tiean, to simulate the temperature variations across the turbopause region above USU

location.

Figure 4. Summertime temperature variations over local times established through the combination of the Utah State University (USU) sodium (Na) lidar
nocturnal observations and nearby Michelson interferometer for global high-resolution thermospheric imaging (MIGHTI)/Ionospheric connection explorer
(ICON) daytime measurements (top), the reconstructed temperature variations based on the tidal fitting parameters (middle) and the theoretical results based
on hybrid data product between Hamburg model of the neutral and ionized atmosphere (HAMMONIA) and climatological tidal model of the thermosphere

(CTMT).
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Figure 6. Diurnal tidal amplitude (top) and phase (bottom) comparisons
between the new lidar-Michelson interferometer for global high-resolution

thermospheric imaging (MIGHTI) measurements and Thermosphere
ionosphere mesosphere energetics and dynamics (TIMED)/Sounding of
the atmosphere using broadband radiometry (SABER) observations near

Utah State University (USU) location between 2002 and 2008.

HAMMONIA is a chemistry climate model (CCM) that extends from
the surface to the thermosphere, up to about 250 km. As described by
Schmidt et al. (2006), it combines physics from the European Center
Hamburg Model 5/Middle Atmosphere European Center Hamburg
Model 5 (ECHAMS5/MAECHAMS5) general circulation model (Roeck-
ner et al., 2006) and the Model for Ozone And Related chemical Tracers
(MOZART3) chemistry scheme, along with several parameterizations
to account for important processes in the upper atmosphere. Gravity
waves (GW) are parameterized and launched at 700 hPa (about 3 km),
using a method proposed by Hines (1997a, 1997b) for waves of non-
orographic origin. The planetary wave effect in HAMONNIA comes
from self-consistently generated lower-atmosphere dynamics down
to the Earth's surface. The monthly mean climatological temperature
near the summer solstice in the MLT presented here is obtained from
a 35-years simulation (1985-2019) for the appropriate solar minimum
conditions.

The Climatological Tidal Model of the Thermosphere (CTMT) is a phys-
ics-based empirical tidal model of the thermosphere. It utilizes observed
tidal temperatures and winds from the Thermosphere Ionosphere Mes-
osphere Energetics and Dynamics (TIMED) satellite in the mesosphere
and lower thermosphere region to constrain a linear tidal model for
the thermosphere. See Oberheide and Forbes (2008) and Oberheide
et al. (2011) for details and model validation. Although CTMT, as a da-
ta-driven model, produces relatively realistic tidal fields in the zonal
wind (u), meridional wind (v), vertical wind (w), temperature (T), and
neutral density (p) throughout the thermosphere, it has to be pointed
out that the model inherently tends to underestimate tidal amplitudes
observed at a single ground-based station (Yuan et al., 2014). This is
because more smoothing in time and space is needed to perform the
underlying tidal temperature and wind diagnostics of the TIMED sat-
ellite data.

3. Tidal Results

The tidal amplitudes profiles for both diurnal and semidiurnal tide are
quite similar: they are small below 95 km (less than 5 K), which is con-
sistent with early tidal climatology (Yuan, Schmidt, et al., 2008; Yuan
et al., 2010), but increase quickly going to higher altitudes, reaching a
peak of ~19 K near the altitude of 104 km. Then the amplitudes start to
decrease as the tides propagate into the turbopause region, most likely
due to dissipation. The diurnal tide drops to ~12 K near 113 km, while
the semidiurnal tidal amplitude decreases to ~13 K at 110 km, before
it increases dramatically above. In addition to the fitting uncertainty
(~3 K for tidal amplitude and less than 2 h for tidal phase), those in-

duced by the MIGHTI accuracy (~3-6 K for tidal amplitude and less than 4 h for tidal phase) are also
estimated by calculating differences between the two sets of tidal results when the MIGHTI daytime
temperatures are increased and decreased by 12 K. The uncertainties in the figure include both the fit-
ting uncertainties and the uncertainties due to the MIGHTI accuracy by adding the two in quadrature.
While the semidiurnal tidal amplitude is similar to the model prediction (except for the dissipation near
110 km), the newly observed diurnal amplitude is considerably larger than the CTMT results above
95 km, which have peaked near 115 km with less than 7 K. Because of this large discrepancy, the ar-
chived SABER diurnal tidal amplitude and phase profiles near USU location (Yuan et al., 2010) based
on its observation between 2002 and 2008 are introduced in Figure 6 (For the detailed description of
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SABER tidal algorithm, see Zhang et al., 2006). Indeed, although the SABER tidal amplitude is larger
than the CTMT results, it is still considerably less than the new tidal results between ~95 and 105 km,
with its maximum ~12 K near 106 km. Above 110 km, the differences are close to the fitting uncertain-
ty. The SABER observations also identified the tidal dissipation zone above 105 km, similar to our new
observations.

The newly measured summertime diurnal tidal phase profile in turbopause region also demonstrates a
quite distinct feature compared with the model results in Figure 5c and TIMED/SABER measurements in
Figure 6 in the vicinity of USU/CSU. As expected, the CTMT and the SABER tidal phase results are quite
similar. They indicate the typically consistent downward phase progression (upward wave propagation)
with a vertical wavelength ~20 km below 100 and ~40 km between 100 and 115 km, based on their vertical
phase velocities. However, the newly observed diurnal tidal phase shows the almost constant phase value
above 100 km, which implicates a likely “evanescent” wave behavior or a propagating tide with a very long
vertical wavelength. Due to limited altitude range of the observations, it is difficult to calculate the summer-
time diurnal tide vertical wavelength. The new phase profile below 98 km is fairly similar to the established
tidal climatology (Yuan et al., 2010), except for a roughly 8-h shift. The considerable phase shift occurs near
100 km in the CTMT results and the SABER observations, which also appears in the new diurnal phase
profile at 95 km. On the other hand, the new semidiurnal tidal phase profile demonstrates a robust upward
propagating semidiurnal tide with a consistent vertical wavelength longer than 40 km, in excellent agree-
ment with the CTMT results.

Utilizing these tidal results and following Equation 1, we reconstruct the temperature variation between
85 and 115 km, as shown in the middle contour plot in Figure 4. The reconstructed temperature variation
matches the experimental observations very well, demonstrating the fidelity of the fitting. It captures the
major variations and demonstrates the reliability of these tidal results. For example, the reconstructed
temperatures below 100 km are mostly near and below 200 K with relatively small vertical gradients,
which is consistent with the observations. The two observed cold areas (one occurs in the early morning
near 95 km, the other occurs in the later afternoon around 100 km) also appear in the reconstructed
temperature. Above 100 km within the turbopause region, however, both temperatures increase quick-
ly, approaching ~300 K near 115 km. There is a significant temperature modulation between 100 and
115 km occurring in the morning hours. Its maximum (~310 K) first appears at 115 km near 06:00 a.m.
and slowly progresses downward at a later time. At noon, its peaks slightly below 100 km. Its vertical
phase speed agrees with that of the semidiurnal tide, implying it is dominated by the semidiurnal tide.
A secondary maximum occurs in the local afternoon in the turbopause region with a peak value of ~290
at 115 km.

4. Discussion

Facilitated by CTMT, a previous study on vertical tidal wind (Yuan et al., 2014) suggested that migrating
tides contribute mostly to the tidal modulations in the MLT above the mid-latitudes of Northern America,
and the diurnal tide has its annual minimum amplitude around the summer solstice. Since the vertical
wind component and temperature component of the tide are closely related through adiabatic processes
(She et al., 2016), it is appropriate to assume that, climatologically, the temperature tidal component follows
the vertical wind component.

This work shows a distinct diurnal tidal phase feature in the upper mesosphere and into the turbopause
region, which implicates very different tidal behaviors in these two parts of the upper atmosphere. Such
disparate tidal behaviors can be the indication of the dominance of different diurnal tidal components
in different altitude ranges of the MLT. For example, the major non-migrating component, diurnal east-
ward wavenumber 3 (DE3), has a vertical wavelength of over 50 km, while that of the dominant mi-
grating diurnal westward wavenumber 1 (DW1) is around 20 km most of the time. Because the upward
propagation of tides is sensitive to the mean-flow, the migrating diurnal tide with relatively slow vertical
phase speed can be easily dissipated. The DE3 component with much faster vertical phase speed, on
the other hand, can reach much higher altitudes into the ionosphere E region. As the zonal mean flow
changes direction, from eastward to westward, between ~100 and 120 km during summer, the change
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in this tidal feature can be expected. Furthermore, the DE3 component also peaks during the summer-
time, inducing large diurnal temperature modulation. On the other hand, it is believed that DE3 mostly
affects the upper atmosphere of equatorial and low latitude (Hagan & Forbes, 2002), and contributes in-
significantly to the mid-latitude MLT. The almost constant diurnal tidal phase profile, coupled with the
decaying amplitude above ~100 km, also fits the description of an “evanescent” wave behavior belongs
to a diurnal trap mode. When studying the effects of changing atmospheric dissipation on the migrating
diurnal tide in the MLT, Forbes and Hagan (1988) found that it's broadening to higher latitude during
the solstice when the dominant Hough mode (1, 1) couples into the first symmetric and asymmetric
evanescent Hough modes (1, —2) and (1, —1), increasing the total vertical wavelength. Yuan, Schmidt,
et al. (2008) suggested the mean-flow variation could switch the tidal behavior from propagating to eva-
nescent by changing the vertical wavenumber square of the tide, when the equivalent depth (eigenvalue
of the solution of Laplace tidal equation) becomes negative (Forbes, 1995). In addition, GW have some
significant impact on tidal propagation and vice versa (Becker, 2017; Ortland & Alexander, 2006). For
example, GW drag can also alter the tidal phases and vertical wavelength, while the observed tidal ampli-
tude dissipation could be due to GW-induced turbulence vertical diffusion. Since the turbopause region
overlaps with the dynamo region, ion-drag effects on the damping of the tidal amplitude also need to be
considered. However, the detailed dynamic mechanism underlying this unique diurnal tidal behavior
is out of the scope of this study, because it involves complex, high-resolution global scale numerical
simulation to produce the variations of each tidal mode in this region. Meanwhile, the semidiurnal tide
in the turbopause region appears to be dominated by the migrating tidal component with typical long
vertical wavelength (see Figure 5d). Intriguingly, an abrupt ~180° phase shift relative to the one below
105 km occurs.

The bottom contour plot in Figure 4 illustrates the theoretical temperature variation between 85 and
115 km above the USU location based on the hybrid product of HAMMONA and CTMT, as we discussed
earlier. The predictions are in good agreement with the reconstructed temperature variation (middle con-
tour plot in Figure 4), including the local time of temperature maxima and minima. Similar to the obser-
vation, the temperature maximum occurs in the early morning and late afternoon hours in turbopause
region, along with two temperature minima near 100 km (one in the early morning, the other with slightly
higher temperature in the late afternoon and early evening). One major difference is the magnitude of the
two maxima/minima. In the numerical results, they are of a similar magnitude, while the observations
clearly indicate the dominance of the early morning maximum and minimum. This is due to the consider-
ably smaller diurnal tidal amplitude in CTMT, as shown in Figure 5, compared with the new experimental
results. Combined with the large semidiurnal tidal amplitude in the model, this results in the dominance
of the 12-h modulation in the turbopause region in the numerical simulation. The observation, by contrast,
show similar amplitude values for both diurnal and semidiurnal tides, which leads to an apparent 24-h
modulation with the dominance of the morning maximum when the diurnal crest is superimposed on the
first semidiurnal crest.

As we mentioned earlier, the oversampling and smoothing of the experimental data (SABER) in CTMT can
lead to the underestimation of tidal amplitude. However, the semidiurnal tide does not seem to be affected,
as it agrees with the observed tide reasonably well except for the tidal dissipation. The unexpected large di-
urnal tidal amplitude, along with its almost constant phase in the turbopause region, indicates the diurnal
tidal behaviors in this region is far from understood.

5. Summary and Conclusions

The turbopause region is one of the least explored upper atmosphere section, but plays a critical role in
wave propagation into the thermosphere and various ion-neutral coupling processes. The understanding
of its dynamic and thermal features, especially the tidal wave behaviors there, is thus highly important.
In this study, by taking advantage of high cadence MIGHTI temperature observations and the signifi-
cantly improved USU Na lidar data, we combine 16-nights of the lidar nocturnal observations at USU
with 20 days of MIGHTI/ICON daytime measurements nearby in summer 2020. This unique hybrid data
set achieves high-quality full diurnal cycle temperature coverage from the upper mesosphere across the
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turbopause region, up to 115 km, which cannot be accomplished by either instrument alone. It enables
us to retrieve the local temperature diurnal and semidiurnal tidal amplitudes and phases in this region.
While these tides in the upper mesosphere below 98 km are fairly consistent with the established tidal
climatology, several new findings in the summer turbopause region above mid-latitude are investigated
in this paper.

1. Both diurnal and semidiurnal tidal amplitudes increase quickly above 100 km with increasing altitude,
as large as ~19 K near 104 km, considerably larger than their values below (less than 6 K). They all likely
experience dissipation near 104 km, but the semidiurnal tide recovers quickly above 110 km, while the
diurnal tidal amplitude keeps decreasing, down to ~12 K near 113 km.

2. The newly observed diurnal tide in the turbopause region is considerably stronger (>50%) than the mod-
el prediction and the TIMED/SABER observations with a very different tidal phase profile. Its amplitude
is in a similar magnitude of the semidiurnal tide, while the model predicts the complete dominance of
the latter. In the turbopause region, this leads to a dominant maximum in the morning hours in the ob-
servations, instead of a double-peak feature in the model results.

3. While the semidiurnal tidal phase profile indicates a typical upward propagating tidal wave behavior
with a vertical wavelength longer than 40 km, the diurnal tidal behavior in this region is highly complex.
Its tidal phase stays almost constant between ~100 and 110 km, a feature of the “evanescent” wave that
is, absent in both the model predictions and TIMED/SABER observations. The newly observed tidal
modulation is almost out of phase with the established results in the turbopause region. Its zig-zag phase
profile below 98 km is consistent with early established climatological results.

The capability of day and night observation of the USU Na lidar in the MLT above mid-latitudes, also
provides a unique opportunity to validate the new MIGHTI/ICON measurements. This investigation has
demonstrated good agreement on temperature measurements in the summertime between the two instru-
ments within the overlapping altitude range (~90-104 km during the night and ~90-98 km during the
day) with the differences less than the measurement uncertainties. This allows us to conduct more future
investigations on the dynamics in the turbopause region.

Appendix: Daytime Temperature Validation

During the March campaign 2021, the USU Na lidar changed the system set up to conduct collaborative
day and night temperature observations with MIGHTI/ICON. The lidar operated 15 days, 160 h (82 h in
the daytime), providing a considerable amount of overlap observations with the MIGHTI/ICON. Figure A
illustrates the average temperature profiles of four afternoon hours (LST 14:00-17:00) based on the lidar
and MIGHTI/ICON observations during this period. The data are processed the same way as we present-
ed in this paper. Note that the lidar measurements during this campaign reached ~100 km, higher than
the upper limit during the summer months. These new data demonstrate good agreement on the daytime
temperature observations between the two instruments. The differences are within the uncertainty of the
measurements, as we stated in the manuscript. We also compared all the temperature measurements by
MIGHTI and the lidar within the overlapping altitude range (~90-100 km) and calculated the Pearson cor-
relation coefficients of the two temperature series, indicating high correlation (e.g., R = 0.80 at 93 km and
R = 0.82 at 96 km, respectively). The outliner in the right plot in Figure A1, which the MIGHTI has a much
higher temperature than the lidar measured (~210 vs. 168 K), occurred near 99 km for LST 10:00 when the
MIGHTI only had 2 sampling profiles during the course of the campaign.
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Figure Al. The comparisons of daytime temperature profiles between the USU Na lidar and MIGHTI/ICON during
the March Campaign 2021 for four afternoon hours between LST 14:00 and LST 17:00 (UT 21:00 and UT 24:00;

left). The pair of hourly averaged profiles with the same color represent the observations during the same hour. The
relationship between the MIGHTI/ICON and the lidar temperatures (right) within the overlapping range of ~90-99 km
altitude.
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The lidar data of this study are available through “USU Na lidar Data” (https://doi.org/10.15142/T33H26,
Yuan, 2018). The MIGHTI/ICON data can be downloaded at https://spdf.gsfc.nasa.gov/pub/data/icon/12/
12-3_mighti-a_temperature/2020/ and https://spdf.gsfc.nasa.gov/pub/data/icon/12/12-3_mighti-b_temper-
ature/2020/. The CTMT results can be accessed at https://globaldynamics.sites.clemson.edu/articles/ctmt.
html.
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