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Summary: Numerical experiments with the Middle and Upper Atmosphere Model
with modified parameterization settings were carried out to study the response of the
mesosphere/lower thermosphere (MLT) wind circulation to the non-orographic gravity
waves (GWs) originating from the lower atmosphere. The modification of the phase
speed spectrum controls the height of the zonal wind reversal due to strengthening of
the westerly winds. The simulation results obtained for various latitudinal distributions
of the intensity of non-orographic GWs at the source level show that the zonal
circulation is most sensitive to GW variability at high latitudes. The latitudinal
distribution of GW intensity, produced by the global distribution of convective
processes and seasonal variations in GW sources, and modified phase speed spectrum
made it possible to simulate the major zonal circulation structures observed by MLT
wind radar.

Zusammenfassung: Numerische Experimente mit dem Middle and Upper
Atmosphere Model mit modifizierten Parametrisierungseinstellungen wurden
durchgefiihrt, um die Reaktion der Zirkulation der in der Mesosphidre / unteren
Thermosphdre (MLT) auf nicht-orographische Schwerewellen (SW) zu untersuchen,
die von der unteren Atmosphdre ausgehen. Die Modifikation des
Phasengeschwindigkeitsspektrums steuert die Hohe der zonalen Windumkehr
aufgrund der Verstarkung der Westwinde. Die Simulationsergebnisse fiir verschiedene
Breitenverteilungen der Intensitdt nicht-orographischer SW in Quellenhdhe zeigen,
dass die zonale Zirkulation am stdrksten auf SW-Variabilitdt in hohen Breiten reagiert.
Die Breitenverteilung der SW-Intensitét, die durch die globale Verteilung konvektiver
Prozesse und saisonaler Variationen der SW-Quellen erzeugt wird, und das
modifizierte Phasengeschwindigkeitsspektrum ermoglichten es, die wichtigsten
zonalen Zirkulationsstrukturen zu simulieren, die von einem MLT-Windradar
beobachtet wurden.
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1. Introduction

A wide range of waves of various spatial and temporal scales exist in the
Earth’s atmosphere — from slow planetary waves to fast mesoscale internal gravity
waves (IGWs). They transfer energy and momentum upward from their lower
atmosphere sources, leading to the interaction of atmospheric layers (e.g., Pogoreltsev
et al.,, 2007). Vertically propagating IGWs dissipate in the mesosphere and
thermosphere and, thus, having a significant impact on the energy and dynamics of the
upper atmosphere.

IGWs, unlike planetary waves, have smaller spatial and temporal scales and
their whole spectrum cannot be explicitly resolved by general circulation models. The
main way to reproduce them in numerical circulation models is to use
parametrizations. One of the main tasks of most IGW parametrizations is the need to
set the global distribution of IGW intensity in the upper troposphere. It is known that
IGW sources, such as convective processes, have a non-uniform distribution over the
globe, and wave sources and wave filtering in the atmosphere are subject to seasonal
changes (Gavrilov and Fukao, 1999), leading to differences in wave characteristics in
the winter and summer hemispheres. Therefore, it is necessary to take into account the
observed inhomogeneity of the wave source distributions in numerical general
circulation models of the middle atmosphere. An equally important task of IGW
parametrization is to set a realistic wave spectrum at the wave source level.

In this paper, we study the sensitivity of the Middle and Upper Atmosphere
Model (MUAM) to modifications of the phase speed spectrum, and various observed
forms of horizontal inhomogeneities of non-orographic IGW sources in the lower
atmosphere. MUAM is a 3D non-linear mechanistic general circulation model of the
middle and upper atmosphere (Pogoreltsev et al., 2007), and is an extension of the
COMMA-LIM (Cologne Model of the Middle Atmosphere - Leipzig Institute for
Meteorology) model (Frohlich et al, 2003). COMMA-LIM is based on the original
COMMA model developed earlier at the University of Cologne (Jakobs et al., 1986;
Ebel et al.,, 1995). The model has a horizontal resolution of 5.625° x 5° in
longitude/latitude. The MUAM version with 56 vertical levels (upper level at about
300 km) is used. The lower boundary conditions at the 1000 hPa level are zonally
averaged climatological fields of the geopotential height and temperature calculated
from the Japanese 55-year reanalysis (JRA-55) data for 2010 - 2019 (Kobayashi et al.,
2015). Since MUAM is a low-resolution model, the lower levels up to 50 km are
nudged with zonally averaged temperature fields from the JRA-55 reanalysis data for
2010 — 2019. The most recent MUAM version uses climatological 3D distributions of
ozone (Suvorova and Pogoreltsev, 2011) and water vapor in the troposphere taking
into account longitudinal variations (Ermakova et al. 2017). Besides, the MUAM
accounts for processes related to the latent heat release due to condensation of the

66



Wiss. Mitteil. Inst. f. Meteorolo. Univ. Leipzig Band 60 (2022)

water vapor (Ermakova et al., 2019), the parametrizations of orographic waves
(Gavrilov and Koval 2013; Gavrilov et al. 2015), and normal atmospheric modes
(Pogoreltsev et al. 2014), and non-orographic IGW parametrizations.

The non-orographic IGW parametrization in MUAM combines two schemes,
namely an updated Lindzen-type gravity wave scheme (Jacobi et al., 2006), and a
modified spectral parametrization by Yigit and Medvedev (2009). The Lindzen-type
approach by Jakobs et al. (1986) was modified for an atmosphere with strongly
varying background wind and temperature profiles (in which tidal fluctuations and/or
planetary waves are taken into account). These conditions imply the possible existence
of several convectively unstable layers, in which the IGW amplitudes cease to grow
with height, and IGWs propagate upward with increasing amplitudes with height
between these layers. The Lindzen-type scheme (due to its limitations to the short-
wavelength approximation) is not able to describe IGWs with relatively large vertical
wavelengths that propagate into the upper thermosphere. Therefore, this
parameterization is applied to IGWs with low phase velocities of 5 - 30 m s, that
reach the saturation effect at mesosphere and lower thermosphere (MLT) heights up to
100 km. Yigit and Medvedev’s (2009) spectral parametrization is applied to faster
waves with phase speeds of 30-125 m s™. The full width at half maximum of the
spectrum function is located at 75 m s™'. The GW spectrum includes 30 harmonics. The
eddy diffusion coefficient to be specified in this parametrization is calculated using the
Lindzen scheme. The horizontal momentum flux in the troposphere was set equal to
107 m*s™.

2. Results
2.1 Effect of the phase speed modification

We first assess the sensitivity of MUAM to modifications of the phase speed
spectrum. Gravity wave parameters for the spectral parametrization remain the same
for all numerical experiments. Changes in the IGW parameters are implemented solely
into the Lindzen-type scheme. The experiments are summarized in Table 1. For EXP1,
the range of horizontal phase speeds varies from 5 to 30 m s (step 5 m s™). The IGW
spectrum is distributed in such a way that the “weight” coefficient of the wave
decreases at high and low phase speeds. This distribution is consistent with existing
ideas about the IGW spectra in the atmosphere (Fritts and Alexander, 2003). In total,
the IGW spectrum consists of 48 harmonics. Wave harmonics are divided into 8
groups propagating in horizontal directions with azimuths with a difference of 45°.

For EXP2 the horizontal phase speeds ranging from 5 to 30 m s™ were increased
by the background flow U, as in the WACCM3 model (Whole Atmosphere
Community Climate Model, Version 3)(Garcia et al., 2007). Other properties of the
GW spectrum were the same like in EXP1. For both numerical experiments, the IGW
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amplitude distribution function over latitude is constant and equal to dconse = 0.0125 ms”
"and IGW sources has been set at a level of 10 km.

Fig. 1 shows the latitudinal dependence of the IGW intensity and the
corresponding analytical equations. The latitude-altitude distributions of the zonal
mean zonal wind and the divergence of the zonal momentum flux for January are
shown in Fig. 2. For EXP1, Fig. 2a, we can distinguish westerly winds from 0 to 20
km in both hemispheres, and, at 20 to 80 km, of easterly winds in the summer
hemisphere and westerly winds in the winter hemisphere. At altitudes from 80 to 120
km in both hemispheres, a change in the direction of the zonal wind to the opposite is
observed (wind reversal). An analysis of the results obtained for EXP2, Fig. 2b, shows
that an increase in horizontal phase speeds by the background flow leads to changes in
wind speeds at different heights and latitudes. The contribution of the modified phase
speed spectrum is expressed in strengthening of the stratospheric-mesospheric
westerly jet in the winter hemisphere. The wind reversal occurs at an altitude of 100
km at middle latitudes, which is 20 km higher than for EXP1. A comparison of the
zonal structure for EXP1 and EXP2 shows that the wind reversal for EXP2 occurs a
bit lower due to intensification of the westerly jet (80 — 110 km) in the summer
hemisphere. This effect is accompanied by a decrease in the area of maximum zonal
wind speeds of the easterly jet. To interpret the changes in zonal circulation the zonal
momentum flux divergence is shown in Fig. 2c,d. According to Lindzen’s approach,
the divergence of the zonal momentum flux makes it possible to estimate the
acceleration of the mean flow due to the breaking of the IGWs. Thus, a significant
intensification in the observed westerly winds between 80 - 100 km (Fig. 2b) is caused
by the increased number of dissipated westward GWs compared to EXP1. In the
winter hemisphere the eastward GWs with low phase speeds are completely filtered
out up to 100 km.

Table 1: Summary of experiments and related IGW parameterization parameters.

Lindzen-type scheme paarameters
Phase speeds (ms™) IGW intensity distribution
[5, 10, 15, 20, [5, 10, 15, 20, | Distribution Amplitude a (m s™)
25, 30] 25,30] + Uy according to Fig.2
EXP1 + 1 0.0125
EXP2 + 1 0.0125
EXP3 + 2 0.0125
EXP4 + 3 0.00625
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Figure 1. Latitudinal distributions of IGW amplitudes for January.
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Figur
e 2. January (a) and (b) zonal mean zonal wind (ms™), (c) and (d) zonal momentum
flux divergence (ms“day™) for EXP1 and EXP2.

2.2 Effect of modification of latitudinal IGW intensity distribution

The numerical experiments using the settings of the IGW spectrum for EXP2
were carried out with different latitude dependencies of the IGW amplitudes defined at
the level of wave sources. Observations show that IGW amplitudes in the troposphere—
stratosphere are larger in winter than in summer, and the seasonal differences are
greater at high latitudes (Gavrilov et al., 2001). EXP3 was carried out taking into
account these features for January conditions. In EXP3 the seasonal IGW amplitude
variation was specified by distribution (2) in Fig. 1, where @ = 0.0125 m s™.

Another factor affecting the latitudinal distribution of IGW intensity is the
quantitative distribution of IGW sources. Deep convection in the equatorial region
serves as a powerful source of IGWs, which generates an equatorial maximum as a
result of such a heterogeneity of sources. Taking account the aforementioned
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latitudinal distribution, a fourth experiment (EXP4) was performed. The analytical
expression is given as distribution (3) in Fig. 1, where a., = 0.00625 m s

Comparison of the zonal wind in EXP2 with EXP3, Fig. 3a, shows that the
implementation of a latitude-inhomogeneous IGW intensity associated with the
seasonal distribution mainly leads to changes in wind speeds at the heights of the
observed maxima, while the wind reversal height at middle latitudes remain almost
unchanged. An increase in the IGW intensity amplitude in the winter hemisphere
weakens the stratospheric-mesospheric jet, which can also be estimated from the
distribution of the zonal momentum flux divergence (Fig. 3c).

Implementation of a latitudinal distribution with equatorial IGW intensity
maximum in EXP4, Fig. 3b, affects the height of the wind reversal at high latitudes of
both hemispheres. Assuming that the IGW amplitudes at high latitudes are smaller due
to the smaller number of sources, the upper boundary of the stratospheric-mesospheric
jet is located at greater heights than for EXP2. In other words, at high latitudes, there
is an increase in the acceleration of the mean flow due to the breaking of IGWs (Fig.
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3d) which contributes to the strengthening of mesospheric zonal winds in this area.
Figure 3. As in Fig. 2, but for EXP3 and EXP4.
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Fig. 4a shows the results of the EXP5, in which the IGW intensity distribution
is presented as a sum of the distributions (2) and (3). A typical distribution of the zonal
mean zonal wind for January according to the HWM 14 model (Drob et al., 2015) is
shown in Fig. 4b. Some features of the zonal circulation for EXP5 are consistent with
HWM 14 (Horizontal Wind Model 2014). In both hemispheres, wind reversal altitudes
are identical to those of HWM 14. However, the maximum wind speeds of the
stratospheric-mesospheric jet as simulated by MUAM are overestimated in the winter
hemisphere and underestimated in the summer hemisphere compared to HWM 14.

It is of interest to study the seasonal distribution of the zonal wind in the MLT
region. Fig. 5a shows the 2016-2017 mean zonal wind over Collm (51.3°N, 13.0°E)
from meteor radar measurements (Korotyshkin et al., 2019). Fig. 5b represents the
zonal wind distribution calculated using the MUAM model. The simulation was
performed with the settings for EXP 5, i.e. the phase speeds were modified by the
lower atmosphere winds, and their latitudinal distribution is a combination of
distributions (2) and (3).

The MLT region zonal wind distribution according to radar observations
demonstrates westerly winds in winter, circulation reversal in early spring, and a
subsequent change in the wind regime in early autumn (Fig. 5a). The summer-spring
zonal circulation is characterized by a change in wind circulation from easterly to
westerly and in height. MUAM reproduces the general structure of the zonal
circulation relatively well (Fig. 5b). The model shows westerly winds in winter with
wind speeds that are consistent with meteor radar measurements, and a wind reversal
during the spring-summer zonal circulation, which also agrees with radar observations.
However, the MUAM also simulates a wind reversal at an altitude of about 95 km,
which is not observed in radar observations in winter. Inconsistencies with
observational data include a delay in the change of wind regimes from winter to
summer. According to observations, this transition occurs in early March, but the
model shows the wind reversal only in early May.
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Figure 4. (a) zonal mean zonal wind (m s) MUAM model, (b) zonal mean zonal wind
(m s') HWM 14 model.
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Figure 5. Zonal wind distribution at Collm from (a) meteor radar observations, (b)
MUAM simulation.

3. Conclusions

In this paper we studied the sensitivity of the MUAM model to a slightly
modified phase speed spectrum. The change has only been related to IGWs with slow
phase speeds, the phase speed spectrum of which has been increased by the
background flow. This modification has led to a vertical extension of the westerly jet
in the winter hemisphere. The winter wind reversal have raised up to 100 km,
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approximately the same reversal altitude as for the HWM 14 model, however, this
effect is observed only in low and middle latitudes.

Two further numerical experiments have been carried out to study the
sensitivity of the MUAM model to the observed inhomogeneity in the intensity of
wave sources in the lower atmosphere. The distributions of sources depending on
seasonal changes and intensity of convective processes were considered. The results
shows that the zonal structure is most sensitive to the intensity of wave sources at high
latitudes. Experiments with latitudinal modifications in the intensity of GW show that
at low amplitudes, IGW dissipate at higher levels, thereby increasing the zonal wind
reversal height. However, vertical propagation of the winter westerly wind is limited
toa height of 90 km.

We also investigated the total effect of latitudinal distributions and the modified
spectrum of phase speeds. The results of this numerical experiment (EXP5) is in good
agreement with the data of the HWM 14 model in terms of the structure of the zonal
mean zonal wind. Moreover, the MUAM model, adapted to the EXP5 IGW
parameters, is capable of reproducing the major zonal circulation structures observed
by the MLT wind radar.
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