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Abstract

This work shows a 3-year climatology of the horizontal components of the solar diurnal tide, obtained from wind
measurements made by a multistatic specular meteor radar (SIMONe) located in Jicamarca, Peru (12°S, 77°W). Our
observations show that the meridional component is more intense than the zonal component, and that it exhibits its
maxima shifted with respect to the equinox times (i.e., the largest peak occurs in August-September, and the second
one in April-May). The zonal component only shows a clear maximum in August-September. This observational cli-
matology is compared to a climatology obtained with the Whole Atmosphere Community Climate Model with ther-
mosphere and ionosphere extension (WACCM-X). Average comparisons indicate that the model amplitudes are 50%
smaller than the observed ones. The WACCM-X results are also used in combination with observed altitude profiles
of the tidal phases to understand the relative contributions of migrating and non-migrating components. Based

on this, we infer that the migrating diurnal tide (DW1) dominates in general, but that from June until September
(November until July) the DE3 (DW2) may have a significant contribution to the zonal (meridional) component. Finally,
applying wavelet analysis to the complex amplitude of the total diurnal tide, modulating periods between 5 and 80
days are observed in the SIMONe measurements and the WACCM-X model. These modulations might be associated
to planetary waves and intraseasonal oscillations in the lower tropical atmosphere.
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Introduction

The mesosphere and lower thermosphere (MLT) is the
transition region between the lower atmosphere and the
ionosphere/thermosphere. As such, the MLT is pierced
by a myriad of waves with different periods and scales.
Among them, solar tides are prominent and are essen-
tial contributors to the large-scale dynamics and energy
budget of the MLT (e.g., Smith 2012).

Solar tides have periods of 24, 12, 8 h and other sub-
harmonics of a solar day. They are mainly excited by the
latent heat release and the absorption of near-infrared
radiation by the water vapor in the troposphere and the
absorption of UV radiation by the ozone in the strato-
sphere (e.g., Forbes 1995; Hagan and Forbes 2003). Tides
can be further classified into migrating and non-migrat-
ing. Migrating tides are sun-synchronous, that is, they
propagate westward following the apparent movement
of the Sun. Non-migrating tides are not sun-synchro-
nous; they can be eastward- or westward-propagating
or stationary. These non-migrating tidal components
have different sources, such as longitudinal variation in
the diurnal heating and non-linear interactions between
planetary waves and migrating tides (e.g., Hagan 1996).
A typical notation is [period][direction of phase propaga-
tion][wavenumber]; for instance, DW1 refers to the diur-
nal (24-h) tide, westward-propagating with wavenumber
k =1. As the tides propagate vertically towards the
upper atmosphere, they may be modulated by, e.g., plan-
etary waves (e.g., Lastovicka 2006). On the other hand,
lunar tides (waves with periods of 12.42 h) have also been
reported at low latitudes with relatively weak but signifi-
cant amplitudes (e.g., Sandford and Mitchell 2007).

Planetary waves have periods from a couple of days to
~30 days, and horizontal scales of several thousand km.
A well-known observed planetary wave that achieves
large amplitudes in the MLT region is the quasi-two-day
wave (Q2DW) (e.g., Smith 2012; He et al. 2021).

Characterizing the climatology of the dominant large-
scale waves at MLT altitudes is important to improve the
understanding of atmospheric mean global dynamics. In
this work, we contribute to that goal with (a) a climatol-
ogy of horizontal background winds, the Q2DW, and
solar tides (24, 12, and 8 h) over the central coast of Peru
(Jicamarca—12°S, 77°W), and the comparison of this
observational climatology with that obtained from the
WACCM-X model; (b) a discussion of the possible wave-
numbers contributing to the total 24-h tide observed at
Jicamarca; and (c) a report of the main periods modulat-
ing the diurnal tide observed over Jicamarca.

This paper is structured as follows. The used data sets
are described in "Dataset” Section. The methodology
implemented to post-process the data sets is presented
in "Methods" Section. In "Results” Section, the observed
and simulated results are presented, which are later dis-
cussed in "Discussion" Section. Finally, the concluding
remarks are given in "Concluding Remarks" Section.

Data set

The observational data set used in this work comprises
zonal and meridional winds with resolutions of 1-h,
and 2-km between October 2019 and January 2023.
These winds were estimated every 30 min and 1 km
(sampling) between 80 and 100 km of altitude, using
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the homogeneous method (e.g., Conte et al. 2021).
They were estimated from measurements made by the
multistatic meteor radar SIMONe (Spread-spectrum
Interferometric Multistatic meteor radar Observing
Network) deployed around the Jicamarca Radio Obser-
vatory (11.95°S, 76.87°W SIMONe Jicamarca) (Chau
et al. 2021). This system has a horizontal coverage of
approximately 400 km in diameter.

The simulated winds consist of two data sets of zonal
and meridional winds from the WACCM-X (Whole
Atmosphere Community Climate Model with ther-
mosphere—ionosphere eXtension) model. WACCM-X
results are based on the Specified Dynamics configu-
ration where the model meteorology is constrained by
MERRA-2 up to ~ 50 km. Detailed information about
this model data set and WACCM-X can be found in
Pedatella et al. (2021) and references therein. The first
data set covers the period January 2010—February 2020
and is provided for a latitude of 11.95°S, every 3 h, 5
degrees in longitude (from 0° to 355°), and ~2 km
altitude resolution at MLT altitudes. This data set was
used to get the climatology. The second data set spans
the period November 2019-December 2021, and is
provided at 12.3°S, 77.5°W, every 3 h, and was used
to investigate the modulation of the 24-h tide in the
model.

Methods

One well-known method to extract wave information
(amplitude and phase) in wind data is least squares.
We use this method to get the mean background wind,
amplitudes of tides and Q2DW, and obtain the diurnal
tide’s phase profiles.

The least squares method allows for the selection and
fitting of specific harmonic components. Furthermore,
this method has the advantage of not being affected
by data gaps, i.e., the time series is not required to be
equally spaced.

For M dominant harmonic components, the time
series x(t,), n = 1,2,3,..., N, can be expanded as

M
x(ty) =%+ Z Cy cos (anqt,, - ¢q) + %, (tn)
q=1
- 1)
=x+ Z [Aq cos (27'rfqt,,)
q=1
+By sin (27fytn) ] 4 %, (£n),
where x is the mean value; t,, is the time; Cy, f;, and ¢, are

the amplitude, frequency, and phase of the qth harmonic,
respectively (g = 1,2, ..., M); and x, is the residual, which
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may contain the contributions from unfitted harmonics.
Once the coefficients are estimated, the amplitude C; and
the phase ¢, of each specified component are calculated
as

1/2
C,= (A; +B§1) g = tan~" (B,/A,) 2)

The size of the fitting window must be such that it allows
for resolving the frequencies of interest. The frequency
resolution is given by: Af = % = ﬁ, where f; is the
sampling frequency, At is the sampling time and N is the
number of samples. Since At is fixed, then an appropri-
ate value of N must be chosen (i.e., a proper window size
N At) to have an adequate separation of the frequencies
to be studied (e.g., Conte et al. 2017).

In this work, the fitted amplitudes C; > 0 (given in
equation 2) are used to analyze the climatology, and the
phase profiles ¢, are used to infer the migrating and non-
migrating diurnal tide contributions. On the other hand,
the next complex time series is defined using the fitted A,
and B, given in (2):

Cq,complex = Aq _qu’ (3)

Then, Cy complex is taken as the input of the Continuous
Wavelet Transform (CWT) to investigate the modulation
of the 24-h tide. This modulation of the tide is considered
a non-linear wave—wave interaction, similar to an ampli-
tude modulation problem where the carrier signal is the
diurnal tide and the modulating signals are large-period
oscillations whose frequencies we desire to recover.

This complex “amplitude” (Cy compiex) Was here defined
because it is equivalent to the “complex envelope” defined
in the context of the Hilbert Transform (Chapter 4., Feld-
man 2011). The spectrum of the complex envelope has
the same frequency and amplitude information as the
modulating signal’s spectrum but with a shifted phase,
allowing recovery the modulating periods. See Annex 1
for details on the latter and Annex 2 for details on the
CWT implementation.

Results

Climatology of SIMONe observations

The least squares method described in the previous sec-
tion was implemented with bins of 21 days shifted by
1 day at each given altitude. This was done to both the
observed and simulated data, with the purpose of esti-
mating the mean wind and the total amplitudes of the
tides with periods 8, 12, 12.42, and 24 h as well as the
Q2DW with a period of 48 h. The size of the fitting win-
dow was selected equal to 21 days to separate the con-
tributions from the 12-h solar tide and the lunar tide of
period 12.42 h. In this way, any contamination of the 12-h
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Fig. 1 Composite year of a) SIMONe observations, and b) WACCM-X model for the zonal (left column) and meridional (right column) of the mean
winds (first row) and amplitudes of the Q2DW (second row), the 24-h, 12-h and 8-h total tides (fourth, fifth and sixth rows, respectively). The contour
lines indicate the areas with maximum inter-annual variability
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solar tide by the 12.42-h lunar tide is reduced signifi-
cantly (Chau et al. 2015).

To obtain the annual climatology of the estimated
quantities at Jicamarca, their daily values were averaged
over a period of 3 years and 4 months for SIMONe, and
over 10 years and 2 months, in the case of the WACCM-
X. The result of this average, called a composite year, is
shown in Figs. 1a and 1b for the observations (SIMONe)
and the model simulations (WACCM-X), respectively.
The left column is used for the zonal component and the
right for the meridional one. It should be noted that the
SIMONe’s color bar is twice the WACCM-X’s color bar
for the tides and the Q2DW. In addition, the unbiased
standard deviation of the values used in the calculation of
the composite year was computed, and their maxima are
shown as white contour lines. This was done to highlight
the time intervals and altitudes with maximum inter-
annual amplitude variability. The climatology of the lunar
tide exhibits amplitudes of less than 10 m/s, which are
small compared to those of the other tidal components.
For this reason, we do not include them in this work.

From Fig. 1a, it can be seen that

+ Except in the case of the mean winds, the meridional
component is more intense than the zonal one.

+ In general, the 24-h tide is the most intense of all fit-
ted waves.

+ Regarding the mean zonal wind, a quasi-semiannual
period is observed below 93 km and a quasi-annual
one above. The largest eastward values (35 m/s) are
observed during June, between 80 and 87 km. From
April to early August, the mean zonal wind is mainly
eastward between 80 and 93 km, and westward above
94 km. Between 80 and 100 km, the mean zonal wind
is mostly eastward-directed in November—December
and westward-directed in February—March and Sep-
tember—October. The most significant inter-annual
amplitude variability (15 m/s) for the zonal mean
wind is observed between 80 and 85 km from Sep-
tember 15 to October 15, from November 15 to 30,
and from December 20 to 31.

+ Regarding the mean meridional wind, it is mainly
northward-directed from November to January for
altitudes between 80 and 100 km. For the rest of the
months, this wind component is southward-directed,
except above 92 km from July to October, where it
blows northward.

+ The Q2DW reaches maximum intensity during
the local summer months (mainly in January). The
meridional component reaches a second intensity
peak from March 15 until April 15 between 86 and
96 km. These two peaks show higher inter-annual
amplitude variability (10 m/s) above 90 km.
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o Regarding the meridional component of the 24-h
tide, there are signatures from February to Octo-
ber with peaks mainly between 90 and 100 km. The
maximum amplitudes are observed during August—
September. There is a second peak in April-May.
Note that during August and the first days of Octo-
ber, there is a high standard deviation value (15 and
20 m/s) which indicates inter-annual variability. Our
observations show a shifted seasonal behavior with
respect to equinox times in the meridional compo-
nent with maxima in August-September and April—
May.

o For the meridional 12-h tide, there are signatures
between February and November, mainly above
85 km. The main peak occurs from April 15 to May
10 between 85 and 100 km. This peak coincides with
that of the 24-h tide (mentioned above). For the zonal
12-h tide, signatures are observed from October until
January and in June, mainly above 90 km, with one
maximum in October between 95 and 100 km and
another one in January between 90 and 100 km. At
these maxima, the zonal component is twice the
meridional one. Inter-annual amplitude variability
is found above 93 km for both the zonal (5 m/s) and
meridional (6 m/s) components.

+ For the zonal and meridional 8-h tidal components,
non-negligible amplitudes are observed above 90 km.
The maximum values in both components are seen
between March and April and in September—Octo-
ber.

Comparison with WACCM-X

The comparison of the SIMONe climatology (Fig. la)
with that obtained using the WACCM-X data set (Fig. 1b)
shows that

Table 1 Correlations and amplitude ratios of the climatology of
mean winds and tides obtained from SIMONe observations and
the WACCM-X model

Zonal Meridional

Correlation Ratio Correlation Ratio
Mean wind 0.4 13 0.1 29
Q2DW 0.1 13 0.3 1.7
24-h tide 0.4 2.1 0.4 1.9
12-h tide 0.0 2.1 0.2 16
8-h tide 0.5 19 0.4 1.7
Average 0.3 1.7 0.3 20

The highest correlations are shown in bold
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The observations present amplitudes twice as large as
the model.

The model and the observations have no similarity in
their mean meridional wind and are partially alike in
the case of the mean zonal wind.

For the model tides, amplitudes increase with height;
this is not necessarily the case in the observations,
where some waves maximize around 95 km.

The observations show that the Q2DW has its maxi-
mum in January, while the model shows maxima
during the local summer months (January), but also
during the local winter months (beginning of June
and July).

For the meridional component of the 24-h tide,
the observations show two similar peaks between
August—September and April-May. Moreover, the
model shows two peaks, the first between August
and September and the second between Febru-
ary and April. For the zonal component of the 24-h
tide, the observations show a peak between August
and September. The model shows two similar peaks

Fig. 2 Composite year of amplitudes of the zonal (left column) and meridional (right column) 24-h tides. From top to bottom, total tide obtained
from SIMONe, and total tide, DW2, DW1, DE1, and DE3 extracted from WACCM-X

between August—September and March—April above
90 km.

For the meridional component of the 12-h tide,
observations show that it has its maximum ampli-
tude in April-May. In contrast, the model shows
three amplitude peaks, the first in January—February,
the second in April-May, and the third in September.
For the meridional component of the 8-h tide, simi-
larly to the observations, the model shows amplitude
increases in March—April and between September
and October. For the zonal component, the obser-
vations show signatures in September—October and
March—April, and a signature with less amplitude in
December—January, while the model shows a maxi-
mum in December—January and less clear signatures
in March—April and September—October.
Correlations between the observed and simulated
results presented in Fig. 1 have been estimated for
each altitude and then averaged over all altitudes.
Table 1 shows these correlations and the amplitude
ratios. The amplitude ratio is calculated as the divi-
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a) 24h tide zonal monthly mean phases
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b) 24h tide meridional monthly mean phases
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Fig. 3 Monthly phase profiles of the a) zonal and b) meridional component of the 24-h tide for SIMONe observations (blue) and WACCM-X model
(DW1 in red, DE3 in orange and DW2 in green). The shaded area shows the maximum day-to-day variability

sion of the mean square norm of the observed cli-
matology by the mean square norm of the composite
year of the model. In general, observations and model
show low positive correlations; the mean zonal wind
and the zonal and meridional components of the
24-h and 8-h tides have the highest correlations
(0.4—0.5); these correlations are shown in bold. On
average, the correlations (the ratio of amplitudes)
between the observations and the model are 0.3 (1.7)
for the zonal component and 0.3 (2.0) for the meridi-
onal component.

24-h tide amplitudes

Because the dominant wave over Jicamarca is the 24-h
tide, the next sections will focus on this tidal compo-
nent. Figure 2 shows the composite year of the total tide
extracted from SIMONe data in the first row and from
the WACCM-X model in the second row (same as shown
in Fig. 1). From the third to the sixth row, the DW?2 (non-
migrating), DW1 (migrating), DE1 (non-migrating), and
DE3 (non-migrating) tidal components extracted from
WACCM-X are respectively shown. The amplitudes of

these four tidal components were obtained using a two-
dimensional FFT (in time and longitude) with a window
size of 21 days at each given altitude. Other non-migrat-
ing diurnal components show negligible amplitudes and
hence are not shown.

According to the composite shown in Fig. 2 (notice the
different color bars), the main contributions to the zonal
component come from DW1 and DE3. In the case of the
meridional component, DW1 and DW2 contribute the
most. DW1 shows maxima in the equinoxes and minima
in the solstices, similarly to the WACCM-X total tide
shown in Fig. 1.

Phase profiles of the 24-h tide

The phase profiles of the observed total diurnal tide have
been compared with those corresponding to the migrat-
ing and dominant non-migrating 24-h tides obtained
from the model at the Jicamarca location (taking into
account the contribution 27k 4jicamarca/360 to the phase).
Figure 3a, b show the monthly phase profiles for the zonal
and meridional components, respectively. The phases for
SIMONe data were estimated using the least squares
method but applied in bins of 4 days and 1 km, shifted
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Fig. 4 Modulation of the 24-h tide for the zonal (left) and meridional (right) components at 95 km, from December 2019 until November 2021. The
complex amplitudes are shown in a and b, and the modules of the corresponding CWT are shown in ¢ and d for SIMONe. e-f and g—h same as a-b
and c-d, but for WACCM-X. The non-significant levels were blue-darkened to highlight only the 99% significant ones. The white lines mark the cone

of influence

by 1 day and 1 km, respectively. The phases for WACCM-
X data were estimated using the two-dimensional FFT
with a window of 4 days, shifted by 1 day. These estimates
were used to compute a yearly climatology with 365
phase values at each altitude. The dashed curve shown in
the middle of each colored stripe indicates the median of
the phase for that month, and half the stripe’s width cor-
responds to one standard deviation. This time, a window
of 4 days is used to get the day-to-day variability.
Observed and modelled phase profiles show a 24-h tide
with decreasing phase in height, which indicates upward
propagation. In general, similar values of the vertical
wavelength were obtained for the observations from the
slope of the phase profiles. These are between 20 and

31 km for the zonal and meridional components. Simi-
lar values have been reported in previous studies (e.g.,
Deepa et al. 2006; Davis et al. 2013). To estimate the ver-
tical wavelength, a straight line is fitted to the monthly
phase profile using the least squares method. Then, mul-
tiplying the period of the tide (24 h) by the slope value
obtained from the fitting yields the vertical wavelength.
In general, the zonal 24-h phase profiles for the obser-
vations look like an intermediate profile between those of
DW1 and DE3, being closer to and having a very similar
slope to DW1 (see Fig. 3a). The zonal observational pro-
files show less variability from June to September when
the phase of DE3 shows a different (higher) slope than
that of SIMONe. On the other hand, higher variability
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in the SIMONe phase is seen from October until May.
Besides, DW1 and DE3 show similar slopes to the obser-
vations during those months.

In general, the meridional 24-h phase profiles for the
observations show the highest variability from November
until January (see Fig. 3b). On the other hand, the low-
est variability is seen from February to October. SIMONe
profiles look like an intermediate profile between those of
DW1 and DW?2, being closer to DW1. The observations
show equal or slightly smaller slopes than those of DW1
and DW2, which in turn have very similar slopes.

Modulation of the 24-h total tide

To investigate the periods that are coupling (or modu-
lating) the diurnal tide; first, the least squares method
was applied with bins of 4 days shifted by 1 day. Then,
the complex amplitude of the total diurnal tide was cal-
culated using Eq. 3. Finally, the normalized CWT was
applied to these complex amplitudes. Figure 4 shows the
results at 95 km for the zonal (meridional) component
on the left (right) side, from December 2019 to Novem-
ber 2021. Figure 4a and b show the time series at 95 km
(the real part in blue and the imaginary part in orange)
and the corresponding modules of the CWT are shown
in ¢ and d for SIMONe. Similarly, for WACCM-X data,
Figs. 4e and f show the complex amplitudes at 95 km,
and the corresponding modules of the CWT are shown
in Fig. 4g and h. Only periods between 5 and 80 days are
shown.

For the normalized CWT implementation, the wave-
let Morlet was used considering the scales as powers
of 2, with L = 15 levels and / = 25 sub-levels per scale
(see Eq. 8 in Annex 2). The significance test was applied
with a confidence level of 99%, and the non-significant
levels were blue-darkened to highlight only the signifi-
cant ones. The white lines mark the cone of influence.

For the modulation of the observed 24-h zonal com-
ponent (Fig. 4c), dominant signatures are seen for peri-
ods between 6 and 22 days, with peaks around 7-8,
9-12, 13-18, and 18-20 days; and dominant signatures
between 25 and 70 days with peaks around 28, 30, 42
and 50 days are also observed. For the modulation of
the observed 24-h meridional component (Fig. 4d),
dominant signatures for periods between 5 and 20 days,
with peaks around 6-8, 9-11, 12-14, and 15-18 days
are observed. Other dominant signatures can be seen
for periods between 23 and 80 days, with peaks around
30, 35, 50, and 65 days.

For the modulation of the WACCM-X 24-h zonal
component (Fig. 4g), dominant signatures for periods
between 5 and 22 days, with peaks around 5-7, 8-9,
10-12 13-15, 18-22 are observed. For periods between
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23 and 80 days, clear peaks are seen around 25, 33, 50
and 70 days. In the case of the 24-h meridional compo-
nent (Fig. 4h), dominant signatures for periods between
6 and 23 days, with peaks around 8, 9-11, 13-15 days,
and 18-20 days are observed. For periods between 25
and 80 days, the peaks are clear around 30, 65 and 80
days.

The model shows the presence of similar dominant
modulating signatures (periods) but less intense than
those of the observations. The ratio of the modulating
amplitude peaks between the model and the observations
is around 0.6. The modulations in the meridional compo-
nent have higher amplitudes than in the zonal one.

Discussion

The inter-annual amplitude variability (indicated as con-
tour lines) shown in the observational climatology of
the zonal mean wind (U) (Fig. 1a) below 85 km (from
September 15 to October 15, from November 15 to 30,
and from December 20 to 31) indicates that the changes
in the wind direction may occur earlier or later than
expected with respect to the climatology. For example,
the variability seen between September 15 and October
15 is because in 2020 the winds were eastward, but in the
other years they were westward (not shown here). A simi-
lar climatology of the mean zonal wind has been found at
8°S by Davis et al. (2013). However, the mean meridional
winds (V) we observe below 92 km present more months
of southward winds, compared to Davis et al. (2013).
The meridional mean winds over Jicamarca are consist-
ent with the pole-to-pole meridional circulation (Strahan
2014). It can be seen that the meridional wind is mostly
positive (i.e., equatorward) during the summer months
(November to February). During the winter (June to
August), it is mostly negative (i.e., poleward).

Similarly to our results (Fig. 1a), the main summer peak
of the Q2DW has been observed at other low-latitude
locations, for instance, at 7°S and 22°S (Araujo et al
2014). Moreover, the second peak (March—April) has also
been reported at 8°N, 7°S and 22°S as part of sporadic
burst events of the Q2DW around the March equinox (
Gurubaran et al. (2001); Araujo et al. (2014); Lima et al.
(2004) and references therein). Our climatology shows
high inter-annual amplitude variability in the second
peak (March—April). This is the result of large ampli-
tudes observed in 2022, but rather weak bursts in 2020
and 2021 (not shown here). Differences in climatolo-
gies of Q2DW between observations and model simula-
tions (Fig. 1) could be due to the different times used in
each case to estimate the composite year. On the other
hand, the model has depicted comparable signatures in
the summer (January) and winter months (June—July).
However, our observations show signatures with low
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amplitudes during the winter months (June—August)
compared to summer (January). An amplitude behav-
ior similar to our results was observed in Cariri at 7°S
(Araujo et al. 2014). On the other hand, we have checked
fitting different periods (between 48 and 54 h) to check
that our climatology of the Q2DW with the selected
period (48 h) is representative.

Davis et al. (2013) reported a semiannual variation in
the 24-h tide at 8°S, with a symmetry in the meridional
component characterized by maxima at the equinoxes
and minima at the solstices. In our observations (Fig. 1a),
we do not see that symmetry. In fact, the maximum
amplitude in the meridional component is shifted with
respect to the September equinox, developing approxi-
mately 1 month earlier. On the other hand, the second
maximum of the 24-h tide occurs approximately 1 month
later, in April-May. In the climatology reported by Wang
et al. (2021) at 12°S, 130°E (same latitude as SIMONe
Jicamarca), they found that the meridional component of
the 24-h tide has a peak in September and another one
in February. These differences in the timing of the 24-h
tide maxima may indicate that the non-migrating diur-
nal tidal components contribute (interfere) differently at
these two locations (central Peru and northern Australia).
Another possibility is that gravity waves enhance in dif-
ferent ways the 24-h tide at these two places (e.g., Yigit
and Medvedev 2017).

In the same study by Davis et al. (2013), they showed a
seasonal symmetry in the zonal diurnal tide, with max-
ima at the equinoxes and minima at the solstices. In our
observations, we get an asymmetrical seasonal behavior,
with the maximum intensity being reached in August—
September (austral spring equinox), and there is no clear
maximum in the months around the austral autumn
equinox. Also, Wang et al. (2021) show that at 12°S,130°E
the zonal component of the 24-h tide has an asymmetri-
cal seasonal behavior, showing only one peak in February.
These differences in the climatology of the total 24-h tide
at the same latitudes show the necessity of having more
measurements at low latitudes to understand the differ-
ent contributions from migrating and non-migrating
tides.

To double-check that the shift in the diurnal tide peak
with respect to equinoxes is not due to the choice of a
21-day window, we employed a 4-day window for com-
puting the diurnal tide amplitudes and after a 21-day
running average (not shown here), we verify that there
are no changes in the annual cycle, whether a 4-day or
21-day window is used, for both zonal (U) and meridi-
onal components (V).

Note that in the first peak of the meridional 24 h-tide
(Fig. 1a) between April and the first days of May, there is
no variability, but in the case of the second peak between
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August and the first days of September, there is high
inter-annual variability (15-20 m/s). To get a better cli-
matology and a better characterization of this second
peak, more years of data are needed.

The polarization feature of the diurnal tide (i.e., meridi-
onal amplitudes larger than the zonal ones) at low lati-
tudes can be explained by taking into consideration the
Hough modes (e.g., Forbes 1995). Because the migrating
diurnal tide is dominant, we have obtained its Hough
functions of the horizontal wind components, zonal U
and meridional V (not shown here). They were obtained
following the methodology implemented by Wang et al.
(2016). We obtained that around 12°S, the ratio V/U is
1.92, which explains the polarization feature in the diur-
nal tide over Jicamarca during those periods when the
migrating diurnal tide is dominant. The periods when the
non-migrating tides become more relevant require fur-
ther analysis, that we leave for future studies.

The observed zonal and meridional 8-h tide maxima
(Fig. 1a) occur in months close to autumn and spring
equinoxes. The meridional (zonal) component also has
a significant signature in June—July (December—January)
close to the winter (summer) solstice. For these last sig-
natures, it could be generated by non-linear interaction
between diurnal and semidiurnal tides (see Fig. la, in
December—January (June-July) the zonal (meridional)
semidiurnal tide shows significant signatures).

The weak correlations between observations and the
model (see Table 1) could be explained due to the lack of
a proper gravity wave parameterization in WACCM-X.
Unrealistic gravity wave parameterization schemes are a
source of uncertainty in the representation of large-scale
dynamics of the mesosphere (Smith et al. 2017).

As it is known, the sum of two cosine functions with
the same frequency but with different phases is a cosine
function with the same frequency, but its new phase is

tan_l[%m], with A, B and «, B the amplitudes

and phases of the original cosines functions. This new
phase is a non-linear function. However, since in our case
the amplitude of the migrating tide dominates over the
non-migrating ones, it is expected that the new phases
(the observed total phases) are an intermediate profile
between migrating and non-migrating ones, and closer to
the one corresponding to the migrating tide. For exam-
ple, in the zonal phase profile, there is a greater separa-
tion between DW1 and SIMONe profiles from June to
September (Fig. 3a), which allows us to infer that DE3 is
more significant from June to September. Our inference
agrees well with the DE3 climatology obtained by satellite
observations at Jicamarca latitude (Wu et al. 2008; Wan
et al. 2010). Months characterized by large variability in
the phase profile, such as January, may suggest high day-
to-day variability.
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A similar analysis can be made for the meridional
component (Fig. 3b); there is a greater separation
between DW2 and SIMONe profiles from November to
July. Then, we can infer that DW2 is more significant
from November to July. However, satellite observations
show that DW2 is present most of the months and that
there is a minimum from July to September, although
with high year-to-year variability (Wu et al. 2008).

Regarding the 24-h total tide modulations (Fig. 4),
signatures from less than 25 days could be related
to planetary waves which have been observed at low
latitudes (e.g., Araujo et al. 2014). The larger periods
(greater than 25 days) could correspond to the intra-
seasonal oscillations (ISOs) of ~60, ~40 and ~25 days,
similarly to those originally observed by Eckermann
and Vincent (1994) and Eckermann et al. (1997) in the
MLT region at 2°N. Eckermann et al. (1997) suggested
that the Madden—Julian Oscillation (MJO) modulates
the intensity of upward-propagating tides. The MJO is
a tropical planetary-scale phenomenon eastward-prop-
agated from the Indian Ocean to the Pacific Ocean, and
characterized by intraseasonal variability (30-90 days)
in tropical winds, pressure, temperature, and rainfall
(Zhang et al. 2020).

In general, the zonal and meridional components
have different modulating signatures in the observa-
tions and the model (see Fig. 4). However, it should be
noted that the most intense signatures observed in the
meridional component, which occurred around August
2021 with periods of 10-15 days, and January—March
2021 with periods of 25-35 days, show similar signa-
tures in the zonal component (see Fig. 4c and d). The
presence of these intense signatures in both compo-
nents could support the idea of non-linear wave—wave
modulation, and they could be interesting cases to
study.

Non-linear wave—wave interaction between diur-
nal tide and planetary waves can be interpreted taking
into account the existence of secondary waves with fre-
quencies that are the sum and subtraction of the par-
ent frequencies (e.g., Huang et al. 2013), and also using
bi-spectral analysis (e.g., Huang et al. 2013; Mthembu
et al. 2013; Kumar et al. 2008; Guharay et al. 2015).
Also, some authors have applied spectral analysis to
the tide amplitude to show the modulating oscillations
(e.g., Dempsey et al. 2021; Guharay et al. 2015; Kumar
et al. 2008), but as we point out in Annex 1, the positive
envelope does not allow recovering the original modu-
lating signature. To face this problem, we worked with
the complex amplitude, which is equivalent to the com-
plex envelope in the context of the Hilbert Transform.
Thus, we were able to recover the modulating periods
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using the normalized CWT applied to the complex
amplitude defined in Eq. (3). Note that this is different
than applying CWT to the amplitude, which is equiva-
lent to applying it the magnitude of the complex ampli-
tude, and thus the frequencies are doubled.

Concluding remarks

In this work, the climatology of the horizontal mean
winds, solar tides (8, 12, and 24 h), and the Q2DW in the
MLT region (80—100 km) over the central coast of Peru
(12°S, 77°W) as observed by SIMONe Jicamarca has
been presented. Similarly to what it has been reported in
some previous studies, the 24-h tide dominates, and its
meridional component is more intense than the zonal
one. The Q2DW reaches maximum amplitudes during
the local summer months, mainly in January.

On the other hand, new features in some parameters
are reported. For instance, the second peak observed in
the Q2DW between March and April. The 24-h meridi-
onal tide presents its maxima shifted with respect to the
equinox times (the largest peak occurs in August—Sep-
tember, and the second one occurs in April-May), and
the zonal component only shows a clear maximum in
August-September.

Furthermore, the shifting of the peaks with respect
to equinoxes is most likely due to different contribu-
tions from non-migrating diurnal tides, as well as locally
enhanced gravity wave activity. Thus, our observations
can be of help for the modelling community to improve
the representation of different tidal wave numbers, as
well as for tuning their gravity wave parameterization
schemes to see if changes in the gravity wave activity
result in changes in the temporal evolution of the diurnal
tide at MLT altitudes.

Comparison of the climatology between observations
and the WACCM-X model shows a weak correlation
(0.3). The highest correlations (0.4—0.5) are reached for
the zonal and meridional components of the 24-h and
8-h tides, and the zonal mean wind. On average, model
amplitudes are 50% smaller than the observed ones.

Concerning the 24-h tide, our analysis of the observed
tidal phases in comparison with those extracted from
WACCM-X (Fig. 3) has allowed us to infer that the
migrating component (DW1) is dominant, but it is
shown that from June to September (from November to
July), the DE3 (DW2) may have a significant contribution
to the observed zonal (meridional) 24-h total tide. The
results that came out of this approach are in agreement
with previous studies based on satellite observations,
which tells us that the approach is valid. Furthermore,
our approach could be used in shorter time scales (a few
days, instead of a month), which would not be possible
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using satellite observations since they are usually aver-
aged over 45 days or more, to extract information on
tides.

Finally, it has been defined a complex amplitude to
study the modulations of the 24-h total tide. Modulat-
ing signatures with periods between 5 and 80 days, most
likely due to planetary waves and intraseasonal oscilla-
tions (large-scale tropospheric oscillation), have been
reported in both the SIMONe observations and the
WACCM-X model. The modulations in the meridional
component have larger amplitudes than in the zonal one.

Annex 1
Considering a non-linear wave—wave interaction given
by:

x(t) = m(t)Cos2nfet + ¢¢), (4)

where f; and ¢ are the frequency and phase of the carrier
(the diurnal tide in our study), m(t) is a real function that
corresponds to the modulated amplitude by the oscilla-
tions with large periods (e.g., m(t) = A,Cos2nfpt + ¢p),
where f, and ¢, are the frequency and phase of planetary
waves).

Let x(£) be a real function, its Hilbert transform (Chap-
ter 4., Feldman 2011) is xj,(¢) = x(¢) ® % Then, the ana-
lytic signal is defined as: x,(¢) = x(¢) + jx;,(¢), and the
complex envelope is defined as: x(t) = x, (H)e T2t Tt is
known that for the x(£) considered in Eq. 4, the module of
the analytic signal allows recovering the envelope (always
positive) of x(¢). It is the module of the modulated signal
(%2 (®)| = |m(t)]), but if we want to recover the source of
the modulating signal, it is better to work with the com-
plex envelope whose spectrum has the same frequency
and amplitude information of m(¢)’s spectrum but with a
shifted phase.

Thus, for the x(t) signal given in (4), we have
%4(8) = m(t)e/@et+9) and

%(t) = m(t)e? = m(t)Cos(pc) + jm(t)Sin(¢c). (5)

As we can see, when we are taking the complex time
series A, — jB, obtained by least squares (Eq. 1), we are
actually generating the complex envelope (taking into
account the negative sign in the phase).

Annex 2

The CWT is optimal for locating non-stationary signals,
specifically high frequencies with rapid variations and
low frequencies with slow variations (Gao and Yan 2010).
Given a signal f(t), the CWT is defined as
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400 , 2 . t/—t ,
WT(s,t>:<f,ws,t>=/ f(t)ﬁx/f< : )dt;

where t is the time, and s is the selected scale.

This definition allows the module of the CWT to
recover the original amplitude of sinusoidal harmonic
components of the analyzed signal. This definition is
equivalent to that given by Liu et al. (2007) for a normal-
ized CWT.

In this work, we consider the wavelet Mor-
let (t) =e“fe”2, whose Fourier Transform,

(a)) V2me” , is considered with wg = 6 (Tor-
rence and Compo 1998). From the convolution theorem,
it follows:

Ho-wp)?

4= (forticor),

(7)

where ® is the convolut1on operator; * indicates the com-

plex conjugate; and F ! is the inverse Fourier transform.

For f(t) sampled at ¢t = nAt points (n =0,1,2,..), i.e,
the discrete signal f[#], one has

(v = )
NAt| 27 NAt '
(8)
The discretized time and frequency are t = nAt and
Wk = NAt,w1thnandk—O 1,2,..,N — 1. For the wave-
let Morlet, the relation between the scale “s” and the

equivalent Fourier period is

Tewr = 415 (Torrence and Compo 1998).
wo+ a)(2)+2

Scales s; are selected as powers of 2 with sub-levels |

and the number of levels equal to L:
= (2A%) * 2/ with  j=0,1,2,...,/max
]max =1].

To implement the significance test of the wavelet
power, we have used a Gaussian White Noise process as
the background distribution presumed (see section 3.1
in Ge et al. (2007)). The cone of influence was obtained
similarly as Torrence and Compo (1998).

WT(s0) = f() ® iw*(
D=fO® =

WTy(s,n) =F~

where

Abbreviations

MLT Mesosphere and Lower Thermosphere
IAP Leibniz-Institute of Atmospheric Physics
SIMONe Spread spectrum Interferometric Multistatic meteor radar

Observing Network

Q2DW Quasi-two-Day Wave

WACCM-X  Specified dynamics Whole Atmosphere Community Climate
Model with thermosphere—onosphere

X extension
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