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Abstract The National Center for Atmospheric Research (NCAR) Thermo-
sphere Ionosphere Electrodynamics General Circulation Model (TIEGCM)
will provide a physics-based context for the interpretation of ICON measure-
ments. To optimize the realism of the model simulations, ICON wind and
temperature measurements near the ~97 km lower boundary of the TIEGCM
will be used to specify the upward-propagating tidal spectrum at this altitude.
This will be done by fitting a set of basis functions called Hough Mode Exten-
sions (HMEs) to 27-day mean tidal winds and temperatures between 90 and
105 km altitude and between 12°S and 42°N latitude on a day-by-day basis.
The current paper assesses the veracity of the HME fitting methodology given
the restricted latitude sampling and the UT-longitude sampling afforded by
the MIGHTTI instrument viewing from the ICON satellite, which will be in
a circular 27° inclination orbit. These issues are investigated using the out-
put from a reanalysis-driven global circulation model, which contains realis-
tic variability of the important tidal components, as a mock data set. [CON
sampling of the model reveals that the 27-day mean diurnal and semidiurnal
tidal components replicate well the 27-day mean tidal components obtained
from full synoptic sampling of the model, but the terdiurnal tidal components
are not faithfully reproduced. It is also demonstrated that reconstructed tidal
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components based on HME fitting to the model tides between 12°S and 42°N
latitude provide good approximations to the major tidal components expected
to be encountered during the ICON mission. This is because the constraints
provided by fitting both winds and temperatures over the 90-105 km height
range are adequate to offset the restricted sampling in latitude. The boundary
conditions provided by the methodology described herein will greatly enhance
the ability of the TIEGCM to provide a physical framework for interpret-
ing atmosphere-ionosphere coupling in ICON observations due to atmospheric
tides.

Keywords ICON - Tides - TIEGCM - Boundary Conditions

1 Introduction

Within the ICON Mission, the Thermosphere Ionosphere Electrodynamics
General Circulation Model (TTEGCM) [Richmond et al., 1992; Qian et al.,
2014; see also Maute et al., 2016, this issue| will play a key role in provid-
ing physics-based relationships between neutral winds, neutral temperatures,
electron densities, plasma drifts, neutral and ion compositions and underlying
chemical reactions, that are relevant to interpretation of ICON measurements.
The TIEGCM will be forced by the three main energy sources relevant to the
ionosphere-thermosphere (IT) system: solar photon radiation, energy and mo-
mentum inputs at high latitudes from the magnetosphere, and energy and
momentum input in the form of upward-propagating waves at the ~97 km
altitude lower boundary (LB) of the TIEGCM. The first two energy inputs
are described in papers by Maute et al. [2016] and Crowley et al. [2016], re-
spectively, in this special issue. The present paper deals with the specification
of waves at the LB of the TIEGCM.

The waves of relevance to the IT are gravity waves (GW), tides and
planetary waves (PW). Recent theory and modeling indicate that upward-
propagating tides, GW and PW are potentially important to both the mean
structure and variability of the IT [e.g., Forbes et al., 1993; Jones et al., 2014;
Yigit and Medvedev, 2010, 2015; Vadas and Liu, 2009, 2013; Miyoshi et al.,
2014; Nguyen and Palo, 2014; Yue and Wang, 2014]. However, the GW spec-
trum near 97 km on a global scale is unknown, and the ICON measurements
are not well suited to capture GW; consequently, GW are not part of ICON
core science and no GW specification at the TIEGCM LB will be attempted.
Relatedly, the TIEGCM will not resolve the seasonal-latitudinal structure of
the mesopause region produced by GW momentum deposition. With regard to
PW, the 12°S to 42°N latitude range of ICON wind and temperature measure-
ments (see below), and the strong departure of PW structures from those of
classical wave theory due to the effects of mean winds, precludes any credible
specification of PWs at the LB of the TIEGCM. [Note: If TIMED/SABER
temperature measurements are still available during the ICON mission, LB
specification of PW could be possible.] In contrast, tidal structures near 97 km
are known to be reasonably well expressed [Oberheide et al., 2011] in terms
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of latitudinal expansion functions from tidal theory [Forbes and Hagan, 1982],
which opens the possibility that ICON data can be used to specify tides at the
LB of the TIEGCM, and thus optimize the realism of model simulations for
various ICON science investigations. The primary focus of the present paper is
to assess the veracity of applying this methodology given the spatial-temporal
sampling afforded by ICON observations.

The following Section reviews some basic tidal nomenclature, and Section
3 describes the so-called “Hough Mode Extension (HME)” methodology used
to fit and decompose ICON tidal structures such that TIEGCM LB conditions
can be specified. Section 4 assesses how the asynoptic UT-longitude sampling
of ICON affects the determination of tidal components from ICON measure-
ments, and Section 5 quantifies how the ICON latitudinal coverage impacts
the HME fitting process. A summary and conclusions are provided in Section
6.

2 Tidal Nomenclature

Atmospheric tides are oscillations excited by the release of heat due to absorp-
tion of solar radiation in an atmosphere that is rotating with respect to the
Sun. Absorption of IR radiation by tropospheric HoO and UV radiation by
stratospheric O3 as well as latent heat release in deep tropical clouds excite a
spectrum of thermal tides in the lower atmosphere. This heating distribution
and the oscillations that are produced by it are therefore expressible mathe-
matically in terms of periodic functions in time and longitude:

s=+k N

> Az, 0)cos(nf2t + sA — dn s(2,0)) (1)

s=—kn=1

where n = 1, 2, 3 refers to diurnal, semidiurnal and terdiurnal (periods of
24h, 12h, 8h, respectively); s is the zonal wavenumber; t is universal time; A
is longitude; ¢ is the phase; z is altitude and 6 is latitude. The spectrum of
waves is filtered by mean winds and dissipation as they propagate upward and
grow exponentially with altitude up to ~100-150 km, where molecular dissipa-
tion curtails further exponential growth. Only the waves with longest vertical
wavelengths (> 50 km) penetrate to upper levels in the thermosphere, but
composition effects that are induced in the lower thermosphere are effectively
transmitted upward by molecular diffusion.

The part of the above expression that is in parentheses on the right-hand
side of (1) implies the following zonal (east-west) phase speeds of the individual
terms in the expansion: Cpp, = —"SQ where s < 0 (s > 0) implies eastward (west-
ward) propagating waves. Waves with s # n are called non-migrating tides;
they capture the longitude dependence of the tidal response. The migrating
(sun-synchronous) tides (s = n) are longitude-independent. We utilize the no-
tation DWs or DEs to denote a westward or eastward-propagating diurnal
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tide, respectively, with zonal wavenumber = s. For semidiurnal and terdiur-
nal oscillations ‘S’ and ‘T’ respectively replaces ‘D’. The zonally-symmetric
oscillations are denoted DO, S0, TO.

3 Hough Mode Extensions (HMEs) and Characterization of Tidal
Structures

The concept of HMEs was developed by Lindzen et al. [1977] and Forbes and
Hagan [1982] in order to deal with the changes in shape of Hough modes
as they encounter dissipation in an atmospheric regime above that of wave
forcing. A Hough mode extension represents the global solution (pole-to-pole,
0-t0-400-km altitude) to the linearized dynamical equations of the atmosphere
for an oscillation of given frequency and zonal wavenumber, taking into ac-
count dissipative effects (i.e., radiative cooling, eddy and molecular diffusion
of heat and momentum) above the forcing region [e.g., Forbes, 1982; Hagan,
1996; Hagan et al., 1995, 1999; Hagan and Forbes, 2002, 2003], while setting
background winds and meridional gradients of temperature, density and pres-
sure equal to zero. The HMEs are forced with a conveniently normalized heat
source in the troposphere, and with latitude shape given by the corresponding
classical Hough mode. For a given zonal wavenumber and wave period, a HME
can be thought of as a latitude versus height table of amplitudes and phases
for the velocity, temperature and density perturbation fields (u,v,w, T, p) of
the oscillation. The (u,v,w, T, p) perturbation fields maintain internally self-
consistent relative amplitude and phase relationships for any given HME. So,
if the amplitude and phase of the perturbation wind field is known for a given
HME at a single latitude and height, then all the fields (u, v, w, T, p) are known
for all latitudes and all heights.

When HMEsS are fit to data (in a least-squares sense) only a single complex
normalizing coefficient (or equivalently, a single amplitude factor and phase
shift) is sought for each HME. HMEs can be fit simultaneously to observed
temperature, wind and density variations at any combination of latitudes and
altitudes. Examples of the amplitude and phase structures of temperature
and meridional wind for the first symmetric and first antisymmetric HMEs
for DE3 are provided in Figure 1. The amplitudes and phases of HMEs are
arbitrary. The higher-order modes have progressively greater numbers of nodes
in latitude, and shorter vertical wavelengths. Since the importance of molecular
dissipation varies inversely as the square of the vertical wavelength [Forbes and
Garrett, 1979], higher-order modes are less capable of penetrating to higher
altitudes than lower-order modes.

Although zonal mean winds are neglected in the computation of HMEs,
this does not imply that the effects of mean winds are neglected in fitting or
reconstructing tidal structures. To first order, the distortion of tidal structures
due to mean winds can be viewed as mode coupling [Lindzen and Hong 1974];
that is, the excitation of higher-order modes that combine together in a linear
sense to approximate the distortion. In the same sense, a few HMEs can be
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fit to a tidal field in a way that the weighted superposition of these HMEs
reproduces the observed distortion. The methodology assumes that all of the
important mean-wind effects occur below the region in which the HME fit-
ting occurs; that is, in association with the mesospheric jets; in other words,
that the 80-100 km winds are too weak to produce any significant additional
distortion of the tidal structures.

The methodology for fitting HMEs to observational data is fully described
in Forbes et al. [1994]. These authors used HMEs for the migrating semidiurnal
tide to simultaneously fit semidiurnal tidal winds and temperatures between
80 and 150 km, and by reconstruction arrived at a monthly climatological
model of horizontal and vertical winds, temperatures and densities in this
height region. Subsequently, Svoboda et al. [2005] and Oberheide et al. [2011]
utilized HMEs to fit Upper Atmosphere Research Satellite (UARS) and Ther-
mosphere Ionosphere Mesosphere Energetics and Dynamics (TIMED) satellite
data, respectively, in the lower thermosphere to similarly arrive at internally-
consistent global climatologies of tidal temperatures, winds and densities in
the 80-120 km height region.

Svoboda et al. [2005] validated the method using output from the Kyushu
University General Circulation Model as a mock data set. For instance, they
verified that fitting tidal temperature fields alone led to calibrated HMEs that
replicated the corresponding model tidal wind fields. The reader is referred to
Forbes et al. [1994] and Svoboda et al. [2005] for further information and details
on the HME technique, its applications and limitations; and to Oberheide
[2011] for important validations of HME tidal fields at higher altitudes in the
thermosphere.

The work of Oberheide et al. [2011] resulted in the Climatological Tidal
Model of the Thermosphere (CTMT), and the CTMT is currently an op-
tion for the lower boundary tidal specification in the TIEGCM. However, the
CTMT is based on fits to 60-day mean tidal fields averaged over 2002-2008.
We tacitly assume that application of HME fitting to 27-day mean ICON
data for this purpose will yield more realistic TIEGCM simulations of neutral
winds, temperatures, plasma densities and drifts for contemporaneous ICON
science investigations, as compared with use of CTMT. However, it must be
demonstrated that the method is robust given the UT-longitude and latitude
sampling provided by ICON. These issues are addressed in the following sec-
tions.

4 Impacts of ICON UT-Longitude Sampling on the Extraction of
Tides

Before fitting HMEs to any given tidal component, that tidal component must
first be retrieved from the data at hand. Extraction of solar tides from at-
mospheric data generally requires 24 hours of local time coverage, although
semidiurnal and higher-order tidal harmonics can be reliably determined from
observations covering a fraction of a day under the right conditions [Crary and
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Forbes, 1985]. Since diurnal tides such as DW1, DE3 and DE2 will play an
important role in ICON science, specification of diurnal tides at the TTEGCM
LB is necessary and 24 hours of local time (LT) coverage is required.

The requirement of complete LT coverage applies at all the latitudes and
longitudes where the relevant measurements from ICON are acquired, i.e.,
winds and temperatures from the MIGHTT instrument [Englert et al., 2016] be-
tween 12°S and 42°N latitude and 90-105 km altitude. However, ICON/MIGHTT’s
sampling is not synoptic within these domains; that is, at a given height and
latitude, not all UTs are sampled simultaneously across all longitudes. In fact,
for ICON’s orbital configuration it takes 27 days to acquire measurements
over 24 hours of local time across the full range of latitudes and longitudes. A
few examples of latitude-longitude-LT sampling are provided in Figure 2. The
question arises, then, how representative is this 27-day characterization of the
actual fully-sampled atmosphere, and how well do the tidal components de-
rived from it compare with those obtained from the fully-sampled result? This
question is addressed immediately below by deriving tides from a realistically-
variable global numerical simulation according to ICON sampling (e.g., Figure
2), and comparing these results with those obtained from the fully sampled
simulation.

The model chosen for these numerical experiments is the NCAR (National
Center for Atmospheric Research) TIME-GCM (Thermosphere Ionosphere
Mesosphere Electrodynamics General Circulation Model) forced at its ~30-
km lower boundary by global reanalysis data during 2009 from MERRA
(Modern-Era Retrospective Analysis for Research and Applications as de-
scribed in H&usler et al. [2014, 2015]. The TIME-GCM is the latest in the
series of global time-dependent NCAR models developed to simulate the cir-
culation, temperature, electrodynamics, and compositional structure of the up-
per atmosphere and ionosphere. The TIME-GCM is a global grid point model
that calculates neutral gas heating, dynamics, photoionization, electrodynam-
ics, and the compositional structure of the middle and upper atmosphere and
ionosphere from first principles for a given solar irradiance spectrum. The
TIME-GCM inherently accounts for atmospheric tides that are excited by the
absorption of ultraviolet and extreme ultraviolet radiation in the middle and
upper atmosphere. Upward-propagating waves excited in the troposphere are
specified at the ~ 30 km lower boundary of the TIME-GCM (see below).
The upper boundary of the TIME-GCM for this solar minimum simulation
is near 500 km. Subgrid-scale gravity waves are necessary for realistic simula-
tions of the mesopause region and are parameterized with a modified Lindzen
[1981]-type scheme that is extended to include molecular damping effects in
the lower thermosphere. See Roble and Ridley [1994] and Roble [1995] for a
more complete description.

As described in Hausler et al. [2014, 2015], the 2009 TIME-GCM simula-
tion is forced by interpolated 3-hourly MERRA dynamical fields at the lower
boundary of ~30 km . This simulation uses a 2.5° x 2.5° grid resolution in
latitude and longitude, four grid points per scale height in the vertical direc-
tion, and 60-second time step, although only hourly histories are archived.
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This resolution is necessary in order to resolve the waves of interest in this
study. F10.7 values and cross-cap potentials based on Kp indices are used to
nominally represent solar radiative and high-latitude forcing during this solar
minimum and geomagnetically quiescent year-long period.

MERRA is a NASA satellite-era reanalysis that uses a major new version
of the Goddard Earth Observing System Data Assimilation System Version
5 (GEOS-5) [Rienecker et al., 2011]. It has a horizontal resolution of 1.25°,
temporal resolution of 3h and 42 vertical levels from 1000hPa to 0.1hPa (~64
km). Tt is a physics-based weather prediction model constrained by global data.
It was chosen for this investigation due to its comprehensive nature, especially
in terms of the hydrological cycle which is relevant to tidal and ultra-fast
Kelvin wave (UFKW) forcing. There is a large number of papers that have used
MERRA to study regional and global climate, various types of wave coupling,
precipitation, stratospheric water vapor, global energy and water budgets, etc.,
and some sort of validation is part of all of these studies. A study by Lindsay et
al. [2014] evaluates 7 different reanalysis products (including several versions of
NCEP, ECMWF, and MERRA) and finds MERRA to out-perform the others.
A particular strength of MERRA is the availability of 3-hourly data, whereas
other publicly available reanalysis/assimilation products are 6-hourly.

Figure 3 provides evidence that the MERRA-forced TIME-GCM reflects
realistic tidal variability. In this figure, daily DE3 tidal temperatures from
TIMED/SABER measurements at 100 km are compared with those from the
model. The degree of day-to-day variability is similar, and the observed maxi-
mum activity period for DE3 between days 180-240 is also well approximated
by the model. The observed variability is likely due to some combination of
source variability (i.e., latent heating associated with tropical convection), vari-
ability of the DE3 propagation environment, and planetary wave-tide interac-
tions. The day-to-day variability of DE3 is approximated by taking differences
in measurements between ascending and descending parts of the orbit, assum-
ing these differences are close enough to 12 hours to produce minimal aliasing.
Some modest reduction in DE3 amplitudes, and possible aliasing due to SE2,
are expected due to the 9-hour difference between ascending and descending
parts of the TIMED orbit [Oberheide et al., 2003a,b]. However, this does not
impact our qualitative assessment concerning the level of tidal variability in
the model simulations. Based on prior modeling and theory [Forbes et al.,
2001, 2003a,b, 2006, Hagan and Forbes, 2002], DE3 is arguably the only tidal
component for which this can be done with reasonable confidence, as DE3 is
the only physically plausible diurnal tide that appears as wave-4 in longitude
as viewed from space in a quasi-constant local time frame. We furthermore
note that ICON/MIGHTI sampling will not be well suited for production of
such a daily DE3 proxy.

Figures 4-6 compare some typical tidal temperature components derived
from fully-sampled and ICON-sampled model data for the first 3 months of
2009. In each of these plots, the left panel illustrates the daily tidal amplitudes,
the middle panel shows the fully-sampled (true) results obtained from 27-day
windows slipped forward one day at a time, and the right panel illustrates
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the corresponding ICON-sampled results. Figure 4 demonstrates that the two
largest diurnal tides, DW1 and DE3, are well approximated by ICON sampling.
Similar fidelity is obtained for DE2 and DW2 (not shown). Results in Figure
5 for the largest semidiurnal tides, SW2 and SE2, also show good consistency
between fully-sampled and ICON sampled results, and similar consistency ex-
ists for (not shown) SW4 (max amplitude ~ 5K) and SW5 (max amplitude ~
3K). Latitude vs. DOY structures for DE1 and SE1 are not as well approxi-
mated, but these tidal components have amplitudes less than about 2K. Figure
6 shows some typical comparisons for terdiurnal tidal components, here TW3
and TE1. None of the terdiurnal components extracted from the fully-sampled
model are reasonably approximated by the ICON-sampled results.

5 Impacts of ICON Latitude Sampling on HME-Fitting of Tidal
Structures

Focusing on the major diurnal and semidiurnal components revealed in the
MERRA-forced TIME-GCM simulation, we now examine to what degree tidal
components can be reasonably be expressed in terms of HMEs where the
fitting of the tidal components is restricted to the 12°S to 42°N latitude range.
The following results were obtained by simultaneously fitting 27-day-mean
temperature and zonal and meridional wind tidal components between 90 and
105 km and 12°S to 42°N latitude. Simultaneously fitting multiple parameters
over a range of heights provides important constraints that compensate for
the limited latitudinal coverage. As checks on our understanding, fits were
performed using fewer tidal parameters, as well as latitude ranges 84°S to
84°N and 42°S to 42°N, but these results are not shown here. For each tidal
component, the number of HMEs fit is determined by the vertical wavelength;
the HME series for a given tidal component is truncated such that HMEs with
vertical wavelengths less than 25 km are excluded from the fit, since these
waves are very inefficient in propagating above 100 km due to dissipation. In
general 4 HMEs are fit to each tidal component; the exceptions are DW1 and
DW2, where only the first symmetric HME is fit.

Figure 7 illustrates comparisons between TIMEGCM tidal components
DE3 and DW1 (left panels), and those obtained by reconstruction using HME
fits (right panels) to these same tidal components as described above. Also
shown are correlation coefficients (R) between the left and right panels. The
quantity R? provides a measure of the variance captured by the HME recon-
struction. Both DE3 and DW1 are replicated very well (R = 0.95 and R = 0.93,
respectively), despite the restricted latitude range used in fitting the HMEs.
Similar results are obtained for DE2 (R = 0.95) in Figure 8, and for DW2 (R
= 0.95, not shown).

The fit shown in Figure 8 for DO is not as good (R = 0.69); however,
fitting over 84°S to 84°N only increases the correlation coefficient to 0.74.
This means that it is not the restricted latitude range that mainly accounts
for the difference, but something more fundamental to the HME methodology
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itself. We note two characteristics of DO that distinguish it from the other tidal
components shown in Figures 7 and 8: (a) the amplitudes are generally less
than 2.0K; and (b) the amplitude distributions are more structured. Inability
of the HME method to fully deal with both of these features lies in the fact
that we have limited the fits to the first two antisymmetric and symmetric
HMEs with period = 1.0 days and s = 0. In principle adding higher-order
HMES to the fit would capture these details, but they are not included for the
following reasons. First, these higher-order HMEs have vertical wavelengths
less than about 10 km, are highly susceptible to dissipation, and would be so
damped at higher altitudes to be of no practical significance. For the same
reason, the eddy diffusivity assumed in the GSWM below 100 km is poorly
known, and likely to leads to poor approximations to the horizontal shapes
of these higher-order HMEs due to dissipative broadening [Forbes and Hagan,
1982].

Similar comparisons for the semidiurnal tide are provided in Figures 9 and
10. The comparisons for SE2 and SW2 in Figure 9 show very good agreement
(R = .89 and R = .88, respectively). SW1 (R = 0.75) and especially SO (R =
0.38) shown in Figure 10 reveal less fidelity, and only moderate improvement
when full latitude coverage is employed (R = 0.84 and R = 0.45, respectively).
Other results (not shown) include SE1 (R = 0.68), SW3 (R = 0.64), SW4 (R
= 0.52), with similar moderate improvement when fitting to the model output
occurs over a wide latitude range.

An alternative perspective on the quality of HME fitting and reconstruction
is provided in Figure 11, where a few representative results are shown. The
left columns provide the total residuals from the zonal mean in a latitude vs.
longitude depiction at 0000 UT, and thus all of the tidal components present
in the MERRA-forced TIMEGCM for January, April July and October (top
to bottom). The middle column shows the HME reconstruction based on the
all fits discussed earlier in this section. The right column provides scatter
plots and correlation coefficients based on comparisons between the data in
the first two columns. The correlations range between about R = 0.70 and
0.84, indicating that the HME reconstructions capture about 50-70% of the
total tidal variance in the TIMEGCM. Results based on fitting between 84°S
84°N only increases this range of variances to about 55-75%, verifying again
that the limited latitudinal sampling afforded by ICON is not playing a major
role in degrading the HME fitting process.

The results obtained above for temperatures were also obtained for zonal
and meridional winds, with similar results and conclusions.

6 Summary and Conclusions

A methodology has been developed and validated whereby ICON wind and
temperature measurement between 90 and 105 km altitude and 12°S and 42°N
latitude can be used to globally specify the most important components of the
tidal spectrum entering the IT system from below. The method will be used
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to specify diurnal and semidiurnal tides at the ~ 97 km lower boundary of the
TIEGCM on a day-by-day basis, thus providing a physics-based framework for
interpreting atmosphere-ionosphere coupling by tides within the ICON mis-
sion. In this paper it is determined that ICON sampling of the atmosphere
will yield realistic specifications of diurnal and semidiurnal tides (but not ter-
diurnal tides) between 12°S and 42°N latitude, and that sampling this range
of latitudes within the fitting scheme adequately meets the need for global
specifications of the tidal components at the lower boundary of the TIEGCM.
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Fig. 1 DE3 HME amplitudes (left) and phases (right) for temperature (T) and merid-
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Fig. 7 Top left: DE3 temperature amplitudes at 98 km from 2009 MERRA-forced
TIMEGCM. Top right: Same as top left, except reconstructed from HMEs obtained by
fitting model DE3 tidal temperature structures between 12°S and 42°N. Bottom: same as
top two panels, except for DW1. The coefficient of correlation (R) between the left and right
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Fig. 8 Same as Figure 7, except for DE2 (top) and DO (bottom).
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Fig. 9 Same as Figure 7, except for SE2 (top) and SW2 (bottom).
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Fig. 11 Latitude vs. longitude depictions of temperature residuals from longitudinal aver-
ages based on 27-day means centered on the 15th day of (top to bottom) January, April, July
and October at 0000 UT. Left panels depict TIMEGCM outputs, whereas middle panels
depict residuals reconstructed from HMEs obtained by fitting model DE3 tidal temperature
structures between 12°S and 42°N. Right panels include scatter diagrams and correlation
coefficients based on the two panels to the left.



