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Abstract: The gravity wave (GW) potential energy (Ep) in the lower stratosphere (LS) of the altitude
range between 20 and 30 km over the Indian region (60°E-100°E, 0°-30°N) is retrieved using the
dry temperature profiles from the Constellation Observing System for Meteorology Ionosphere
and Climate-2 (COSMIC-2) radio occultation (RO) mission from December 2019 to November 2021.
Through correlation analysis and dominance analysis (DA) methods, the impacts of multiple influ-
encing factors on the local LS GW activity are quantified and compared. The results demonstrate that
in the central and northern part of Indian region, the three factors, including the convective activity
(using outgoing long-wave radiation as the proxy) mainly caused by the Indian summer monsoon,
the mean zonal wind speed between 15 and 17 km, the height range where the maximum tropical
easterly jet (TE]) wind speed appears, and the mean zonal wind speed between 20 and 30 km, have
the greatest impacts on the LS GW activity. In the southern part of the Indian Peninsula and over the
Indian Ocean, the mean zonal wind shear between 20 and 30 km plays a dominant role in the LS GW
activity, which is due to the fact that the GW energy can be attenuated by large background wind
shears. It can be concluded that the LS GW activity in the Indian region is mainly influenced by the
Indian summer monsoon, the TE], and the wind activity in the LS, while over different local areas,
differences exist in which factors are the dominant ones.

Keywords: gravity wave (GW); lower stratosphere (LS); Indian region; radio occultation (RO);
COSMIC-2; dominance analysis (DA) method

1. Introduction

Gravity waves (GWs), the fluctuations generated by buoyancy and gravity under sta-
ble stratification in the atmosphere, transfer energy, momentum, atmospheric constituents
and water vapor in fluid environments, depositing vertical mixing of heat [1-3]. The
propagation of GWs in the atmosphere is affected by various dissipation processes, and
the energy and momentum carried by GWs are stored in the background atmosphere,
which further affects the local and global atmospheric thermodynamic and dynamic pro-
cesses [4,5]. As a key driving mechanism in the middle and lower atmosphere through drag
and diffusion processes, GW activity plays an important role in the global circulation and
atmospheric system [2,6,7] and must be considered in global circulation models (GCMs) to
reproduce the real atmospheric structure [5,8,9]. At present, it is still difficult to explicitly
solve GWs and their associated eddy diffusion in GCMs due to the computational power
and required cost [10-13]. Therefore, obtaining the GW parameters through observations is
of great importance, which will improve the accuracy and reliability of the predictions of
GCMs. Satellite observations, which are valuable complements to traditional ground-based
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and field observations, can provide global information about the spatial and temporal dis-
tributions of GWs and make it possible to provide some constraints on the parameterization
of GW activity in GCMs [13].

Global navigation satellite system (GNSS) radio occultation (RO), which is a satellite-
based observation technology developed rapidly in the last two decades, can provide atmo-
spheric and ionospheric products with global coverage, all-weather capability, and long-term
stability. The vertical resolution of RO temperature profiles ranges from 100 m in the lower
troposphere to 1.4 km in the upper stratosphere. The RO temperature profiles generally have
errors of less than 0.4 K in the upper troposphere and lower stratosphere (UTLS) [14-16],
which are ideal data sources for the study of GWs in this altitude region [2,17-19].

The Formosa Satellite-7 /Constellation Observing System for Meteorology, Ionosphere,
and Climate-2 (FORMOSAT-7/COSMIC-2, hereafter COSMIC-2) mission, a Taiwan—United
States GNSS RO mission, was launched on 25 June 2019 [20]. The six satellites of COSMIC-2
were deployed in 24° inclination parking orbits at an altitude of about 550 km [21,22],
each of which carries an advanced Tri-GNSS RO System instrument (TGRS) developed
by the National Aeronautics and Space Administration’s Jet Propulsion Laboratory [23].
COSMIC-2 is the successor to the highly successful COSMIC mission, whose products
have improved global weather forecasts and supported hundreds of scientific studies of
weather, climate, and space weather [2,16,24-26]. After the COSMIC-2 mission is fully
operational, it will observe about 5000 RO events per day at middle and low latitudes of
40°S5—40°N. Compared to COSMIC, which can only observe the global positioning system
(GPS) RO events, COSMIC-2 can observe both the GPS and the global navigation satellite
system (GLONASS) RO events, and the performance of the RO receivers has been improved
substantially [20,21,27]. The large volume of high-quality temperature profiles retrieved
from the COSMIC-2 RO atmospheric observations are valuable data sources for extracting
reliable GW parameters in the lower stratosphere (LS) of the subtropic and tropical regions,
based on which the sources of GWs over these regions can be further investigated.

GWs can be generated from various sources, such as flow over topography, wind
shear, jet stream, and atmospheric convection, and can propagate from the unstable air-
flow in the lower atmosphere to the middle and upper atmosphere under the influence
of the background wind [7,28,29]. In previous studies, some scholars have studied the
sources of GWs and the influencing factors in some local regions. Based on the data from
a mesosphere-stratosphere—troposphere (MST) radar station in Gadanki, tropical India,
Ratnam et al. [30] analyzed the energy mechanisms generating the inertial GWs over this
station and suggested that the main factors which affect the GWs over Gadanki are convec-
tion, jet flow, and wind shear. Zhang et al. [31] studied the GW activity in the stratosphere
over the globe based on the eight-year SABER/TIMED temperature observations, and
they pointed out that deep convection is the main source for the observed tropical GWs
and that wind also influences the tropical GW activity. Randel et al. [27] used COSMIC-2
RO data to study the spectra of different equatorial waves in the tropical tropopause and
lower stratosphere, including the Kelvin waves, the mixed Rossby gravitational waves, the
inertial gravitational waves, the diurnal tide, and the small-scale GWs caused by frequent
continental convection and topography, and they pointed out that the GWs in the altitude
range of 18-20 km over several tropical regions within the latitudes of 16°S-0° are closely
related to convection. In previous works that investigated the factors influencing regional
GWs, the spatiotemporal distributions of GW parameters and those of each potential factor
were usually compared qualitatively. Although some studies presented the correlation
coefficients between the GW parameters and the potential influencing factors [24,30,32],
none of them quantified the relative importance of different factors on the GW activity.

To investigate the importance of different factors on the GW activity of a local area, it is
better that the main factors that have significant impacts on the GW activity of this area are
identified. The Indian region (60°E-100°E, 0°-30°N) is a specific area characterized by its
distinct monsoon phenomenon [33]. From June to September each year, the Indian summer
monsoon, which contains large amounts of water vapor, blows from the Indian Ocean
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to the Indian Peninsula, and the interaction between the monsoon and the mountainous
terrain generates convections in the Indian region. Some studies have found that there
is a strong correlation between GWs and convections, which are strongly correlated with
the Indian monsoon [30,33,34]. The variation of GWs in the LS is significantly affected
by the accompanying background wind field, which has been recorded in the Indian
region [34-36]. Moreover, the tropical easterly jet (TE]) prevails over this region during the
monsoon period, with its maximum zonal wind speed appearing at a height of around
16 km [37,38]. It has been noticed that the TE] leads to the formation of strong zonal
wind shears in the troposphere, which generate GWs, and the upward propagation of the
waves further enhances the GWs in the LS [30,39]. Other studies found that when strong
tropical cyclones originate from the Bay of Bengal and the Indian Ocean land on the Indian
Peninsula, the convections near the cyclone path are strengthened, thus enhancing the
activity of GWs [26,34]. Based on these previous studies, the present work aims to further
investigate the relative importance of the main factors that affect the GWs in the LS of the
Indian region and to quantify the relative contributions of these factors. Moreover, we also
try to analyze the possible physical mechanisms of some influencing factors on the LS GWs
in this region.

The remainder of this paper is organized as follows. Section 2 introduces the data
and methods, including the COSMIC-2 RO data and other data used in this study; the
methods for deriving the GW potential energy (Ep) from the RO temperature profiles and
for constructing the gridded datasets of the GW Ep in lower stratosphere of 20-30 km
(simplified as LS hereafter) and the influencing factors; and the dominance analysis (DA)
method for quantifying the contributions of influencing factors to the LS GWs. Section 3
presents the main results. In this section, the spatial and temporal variations of the mean
GW Ep between 20 and 30 km over the Indian region are shown, based on which the
distributions of the Pearson correlation coefficients (CCs) and the DA coefficients, which
are obtained, respectively, by carrying out correlation analysis and the dominance analysis
on the time series of the LS GW Ep and the influencing factors, are further presented.
The impacts of the selected factors on LS GWs in the Indian region and the geographic
difference in the impacts of two factors, the zonal wind and wind shear, on the LS GWs of
the Indian region, are discussed in Section 4. Section 5 presents the conclusions.

2. Data and Methods

By using the COSMIC-2 RO temperature data from December 2019 to November 2021,
we obtain the GW Ep profiles in the Indian region, based on which the LS GWs activity
in this region is analyzed, and the influences of the main factors, including the wind, the
wind shear, and the convection, on the LS GWs are systematically investigated. Note that
considering the impact of TEJ on the LS GWs in the studied region, besides the mean wind
and wind shear between 20 and 30 km, the mean wind and wind shear in the height range
of the core of TE] that the maximum zonal wind speed appears, i.e., 15-17 km, are also
considered as the main influencing factors. We use the CCs to represent the correlation
between each factor and the LS GW Ep, and for the first time, by using the DA method,
the relative importance of each factor on the LS GWs is quantified, and the individual
contributions of different factors are presented.

2.1. Data

The COSMIC-2 temperature profiles (the so-called dry temperature retrievals, atmPrf,
near real-time version 0001.0001) in the latitudes of 5°S-35°N from December 2019 to
November 2021, which are obtained from the COSMIC Data Analysis and Archive Center
(CDACC), are used to extract the GW Ep profiles over the Indian region (60°E-100°E,
0°-30°N). Note that considering the requirements for the retrieval of the GW Ep profiles
and for the construction of the three-dimensional (3D) LS GW Ep grid field, the geographic
area covered by the selected RO data is wider than the studied region.
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In addition to the RO data, the monthly winds of the same period, distributed at 37 pres-
sure levels between 1000 hPa and 1 hPa with the horizontal resolution of 0.25° x 0.25°
(longitude x latitude), provided by the European Centre for Medium-Range Weather Fore-
casts (ECMWEF) Reanalysis v5 (ERA5) dataset (CF-1.6 Conventions), are used to calculate
the monthly gridded zonal /meridional winds and wind shears over the Indian region. The
monthly gridded outgoing long-wave radiation (OLR) data, with a horizontal resolution of
2.5° x 2.5° (CF-1.2 Conventions), is obtained from the National Oceanic and Atmospheric
Administration (NOAA) Climate Diagnostics Center (CDC) and is used as the proxy for
convection.

2.2. GW Ep Extracted from the COSMIC-2 Temperature Profiles

When investigating the characteristics of GWs based on satellite observations, GW
energy is usually used as a proxy parameter for GW activity [2,13,18], which includes the
kinetic energy (Ek) and the potential energy (Ep). According to the linear wave theory, the
ratio of the kinetic energy to the potential energy (Ek/Ep) is approximate to a constant in
the atmosphere. Therefore, the GW activity can be directly characterized by GW Ep [18,40].
In the present study, for each RO temperature profile, the corresponding GW Ep profile is
derived using the horizontal detrending method, and the GWs with vertical wavelengths
larger than twice the vertical resolution of RO observations (around 1 km) are extracted by
this method.

The steps for retrieving the GW Ep profiles using the dry temperature profiles are briefly
introduced as follows. First, each raw dry temperature profile is interpolated with an interval
of 0.1 km, and the horizontal position corresponding to the profile is designated as the mean
longitude and latitude within the height range of 20-30 km. Then, for each day, over the
whole latitude range of 5°5-35°N, all the interpolated temperature profiles are binned into
5° x 5° longitude x latitude grids and the daily mean temperature profile for each grid is
derived, which corresponds to the horizontal position of the center point in the grid. Based on
the daily mean temperature profiles of all the grids, the daily 3D temperature grid field in the
altitude range of 20-30 km is constructed. At each height level between 20 and 30 km, the
zonal wavenumbers 0-6 of each 5° latitude band in the daily 3D temperature grid field are
extracted by applying the S-transform, based on which the daily 3D background temperature
grid field, with the resolution of 5° x 5° x 0.1 km, is constructed. Through interpolating in
the background temperature grid field, the background temperature profile T of each raw dry
temperature profile T is obtained, and the corresponding temperature perturbation profile
T’ caused by GWs is derived as T — T. For each temperature perturbation profile T’, the
corresponding GW Ep profile is derived using Equation (1).

_ 18 (TV
B =552 () g

where g is the gravitational acceleration, and N is the Brunt-Vaiiséld frequency calculated
based on T. For more details on the method for extracting GW Ep from raw temperature
profiles, please refer to Wang and Alexander [41,42] and our previous works [43,44].

Note that quality checks are carried out on both the original atmPrf files and the
derived GW Ep profiles. The atmPrf data files marked as “bad” by CDAAC in the global
attribute and the GW Ep profiles with non-physical values exceeding the range of 0-50 J /kg
within the altitudes between 20 and 30 km are excluded. In the latitudes of 5°S-35°N during
December 2019 and November 2021, there are 1,907,379 raw COSMIC-2 dry temperature
profiles, from which 1,756,160 qualified GW Ep profiles are obtained. In order to obtain
spatial information on GW activities at a more detailed scale, the qualified Ep profiles
are grided into the boxes with a longitude x latitude resolution of 2.5° x 2.5°. For each
2.5° x 2.5° grid, 33 qualified GW Ep profiles are obtained per month on average, which is
sufficient to construct the GW Ep monthly average grid data.



Remote Sens. 2024, 16, 761

50f 20

2.3. Construction of the 3D Grids for Monthly LS GW Ep and Influencing Factors

Using the qualified GW Ep profiles derived from the COSMIC-2 temperature data, the
spatiotemporal 3D grid dataset of the monthly averaged GW Ep for the height range of
20-30 km over the Indian region is obtained. First, the studied region (0°-30°N, 60°E-100°E)
is gridded into 2.5° x 2.5° (longitude x latitude) bins. Then, the monthly averaged GW
Ep profile corresponding to each grid point is derived by averaging all the qualified GW
Ep profiles within the 5° x 5° region centered on it. For example, the averaged GW Ep
profile for the grid point of (10°N, 80°E) is calculated by averaging the qualified GW Ep
profiles in the four bins of (7.5°-10°N, 77.5-80°E), (7.5°-10°N, 80°-82.5°E), (10°-12.5°N,
77.5°-80°E), and (10°-12.5°N, 80°-82.5°E). There will be an overlap between the 5° x 5°
area corresponding to a certain grid point and its neighboring grid points. This is based
on the method proposed in [13]. For each month, the monthly averaged LS GW Ep value
for a specific grid point is obtained by averaging the GW Ep values at all the height levels
between 20 and 30 km. Finally, the spatiotemporal 3D grid data of the monthly averaged LS
GW Ep, which has a resolution of 2.5° x 2.5° x 1 month, is obtained for the studied area
during December 2019 and November 2021.

To study the contribution of each considered factor to the LS GW activities in the
Indian region, the 3D grid data with a resolution of 2.5° x 2.5° x 1 month is also prepared
for the proxy of each influencing factor. Nine factors are considered, including the OLR,
which represents the convection; the mean zonal (meridional) wind and wind shear in
the height range of 20-30 km, which represent the background wind field; and the mean
zonal (meridional) wind and wind shear in the height range of 15-17 km, which represent
the TE].

The OLR data from the NOAA CDC, which is used as the proxy for convection, is
provided directly with a resolution of 2.5° x 2.5° x 1 month. The monthly zonal (merid-
ional) wind speed field from the ERA 5, which has a horizontal resolution of 2.5° x 2.5°,
is interpolated with the height interval of 0.1 km at first. At each grid point and for each
height level, the monthly zonal (meridional) wind shear, which refers to the magnitude of
the change in wind speed in the vertical direction [30], is calculated as the derivative of the
monthly zonal (meridional) wind speed to height by using Equations (2) and (3) [45].

_du uigq — 2

us; = —
Ydz oz -z

_dv 01—

0S8 = — =
Ydz oz -z

)
where i is the height level number in the wind speed profile, dz is the vertical resolution
of the interpolated wind speed profile, which is equal to 0.1 km here to be consistent with
the vertical resolution in calculating GW Ep, u and v are the zonal and meridional wind
profiles, respectively, and us; and vs; are the zonal and meridional wind shears at the ith
height level. Note that the eastward (northward) wind phase is defined as the positive
direction of the zonal (meridional) wind speed and wind shear. At each 2.5° x 2.5° grid
point, the monthly averaged zonal (meridional) wind speeds and zonal (meridional) wind
shears for each of the two height ranges, 15-17 km and 20-30 km, are obtained by averaging
the monthly wind speeds and wind shears at all the height levels of the corresponding
height range.

Finally, we construct the 2.5° x 2.5° x 1-month 3D grid data fields for the LS GW Ep
over the Indian region and for the nine influencing factors. We denote the set of the factors
as X = [Xy, Xp, ..., Xp] withp =9, and the LS GW Ep is denoted as Y. Based on the 3D
grid data of X and Y, the correlation between each influencing factor and GW Ep can be
calculated, and the relative importance of each factor on the LS GWs over the Indian region
will be further evaluated.
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2.4. Correlation Analysis and Dominance Analysis

At each 2.5° x 2.5° grid point, the correlation analysis is carried out between the time
series of each factor in X, which varies from December 2019 to November 2021 with a step
of 1 month (24 months in total), and the time series of LS GW Ep, based on which the
spatial distribution of the Pearson correlation coefficients (CCs) between each factor and LS
GW Ep over the Indian region is obtained.

In addition to the correlation analysis, the DA method is further applied to evaluate
the influences of the nine different factors on the LS GWs over the Indian region by using
the time series of each factor in X and the time series of Y. The DA method, which is
developed based on the multiple linear regression (MLR) model, can be used to evaluate
the relative importance of a single factor in the MLR model by examining the change in
R? (coefficient of determination) resulting from adding a predictor to all possible subset
regression models [46—48]. As a supplement to the regression analysis, when there is mul-
ticollinearity between independent variables, the dominance analysis can de-emphasize
redundant predictors, thus reducing the impact of collinearity between independent vari-
ables and better representing the statistical contribution of independent variables [49,50].
Similar to correlation analysis, for each grid point in the Indian region, the time series of
each factor in X and those of LS GW Ep (denoted as Y) are used to build an MLR model:

Y:a0+a1X1+a2X2+---+apo+e (4)

where p =9 is the influencing factors number, ag, a1, .. ., a, are the regression coefficients,
and e is the residual. There are 27 possible subset models containing various possible
combinations of these factors. Let X_; represent a subset of X that does not contain the
factor X;, and the coefficient of determination (R?) of the model subset X_; is represented by

R%/\x,-' For all possible subsets X_;, the difference between the coefficient of determination

(R?) of the model subsets with and without the factor X;, denoted as Di ff _R%Q (X) =

Ri‘ XX — R%/\x ., are calculated, and the contribution of the factor X;, which denotes
17%—1 —1

as Cy,, is the average of Dif f_R%C (X_;) for all possible subsets X_;. The value of Cx,
is non-negative, and the larger the value of Cx,, the higher the explanatory power of
X; in predicting Y. Therefore, Cx, can be regarded as the relative importance coefficient
(RIC) of the factor X;. The sum of the RICs of all factors should equal the R? of the MLR
model [47,48,51]. By applying the dominance analysis over all the 2.5° x 2.5° grid points,
the spatial distributions of the RICs of all the nine influencing factors that affect the LS
GWs over the Indian region are obtained.

3. Results
3.1. GW Climatology in the Indian Region

Figure 1 presents the seasonal variation in the latitude-longitude distributions of the
mean LS GW Ep over the Indian region during December 2019 and November 2021. The
four seasons are defined as MAM (March-May), JJA (June-August), SON (September—
November), and DJF (December—February). For the whole Indian region, the mean LS GW
Ep is distinctly larger in JJA than in other seasons, and the peak mean LS GW Ep appears
over the central part of the Indian Peninsula in JJA. On the one hand, as demonstrated
by previous studies [30,39,52,53], the peak mean LS GW Ep over the Indian region is
closely related to the TE], which is prevalent in this region in JJA. The strong wind shears
generated by TE] are important sources of local GWs. On the other hand, in JJA, the Indian
summer monsoon blowing from the ocean to the land brings large amounts of water vapor,
enhancing the local convections and creating favorable conditions for the generation and
propagation of GWs. In the following section, further analysis is carried out to investigate
the relative importance of some main factors related to TE] and monsoon activity, such as
convective activity, average meridional wind speeds of 15-17 km, mean zonal wind speeds
of 20-30 km and wind shear, on LS GW activity in the Indian region. In contrast, during



Remote Sens. 2024, 16, 761

7 of 20

Latitude

Latitude

the other seasons, the mean LS GW Ep over the Indian Ocean near the equator is generally
larger than that over the Indian Peninsula.
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Figure 1. Latitude-longitude distributions of the mean LS GW Ep over the Indian region in different
seasons: (a) MAM, (b) JJA, (c) SON, and (d) DJF during December 2019 and November 2021.

3.2. Distributions of the CCs and RICs of Different Influencing Factors

Figure 2 shows the latitude-longitude distributions of the CCs between the mean LS
GW Ep and each of the nine factors. In most areas of the Indian Peninsula, the mean LS
GW Ep is strongly negatively correlated with the mean eastward wind speeds in both of
two height ranges, 15-17 km (Figure 2a) and 20-30 km (Figure 2e), with the CCs generally
smaller than —0.4. It is also negatively correlated with the OLR (Figure 2i), which is the
proxy for convective activity. Over the Bay of Bengal and its surrounding land area, the
mean LS GW Ep is also negatively correlated with the mean northward wind speeds
between 15 and 17 km (Figure 2b) and 20 and 30 km (Figure 2f), while the influence of
the mean northward wind speed between 20 and 30 km on the mean LS GW Ep is not
as strong as the mean northward wind speed between 15 and 17 km according to the
magnitudes of the CCs. In the northern part of the Indian Peninsula, the mean LS GW
Ep has positive correlations with the mean eastward wind shear between 15 and 17 km
(Figure 2c), generally with the CCs between 0.3 and 0.6. In the middle and southern
parts of the Indian Peninsula and over the Indian Ocean, strong positive correlations exist
between the mean LS GW Ep and the mean eastward wind shear in the 20-30 km height
range (Figure 2g), with the CCs generally higher than 0.5. Over the Bay of Bengal and
its surrounding land area, the mean LS GW Ep is positively correlated with the mean
northward wind shear between 15 and 17 km (Figure 2d) and the mean eastward wind
shear between 20 and 30 km (Figure 2g), generally with the CCs of 0.3-0.6. In comparison,
over the Indian Peninsula and the Bay of Bengal, the correlations between the mean LS
GW Ep and the mean northward wind shears in the 20-30 km height range (Figure 2h) are
comparatively smaller, mostly with the CCs of 0-0.4.
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Figure 2. Latitude-longitude distributions of the CCs between the time series of the mean LS GW Ep
and those of the nine influencing factors over the Indian region during December 2019 and November
2021. The nine influencing factors are (a) 15-17 km zonal wind speed; (b) 15-17 km meridional wind
speed; (c) 15-17 km zonal wind shear; (d) 15-17 km meridional wind shear; (e) 20-30 km zonal wind
speed; (f) 20-30 km meridional wind speed; (g) 20-30 km zonal wind shear; (h) 20-30 km meridional
wind shear; and (i) OLR as the proxy of convection activity, respectively. The eastward /northward
wind phases are defined as positive of zonal/meridional winds.
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Figure 2 demonstrates that over the Indian Peninsula, the mean LS GW Ep has strong
correlations with different factors, and the correlations might be positive or negative. The
correlation analysis above indicates that these factors should play important roles in the
generation and propagation of GWs over the Indian region, which is consistent with
previous studies [30,39,53].

However, it is not objective enough to evaluate the influence of each factor on the
LS GW activity only according to the magnitudes of the CCs. For example, in the central
region of the Indian Peninsula between 15°N and 25°N, the mean wind speeds in the two
altitude ranges, 15-17 km and 20-30 km, and OLR all have strong negative correlations
with the mean LS GW Ep, with their CCs generally smaller than —0.4. On the other hand, in
the same region, the mean zonal wind shears between 15 and 17 km, 20 and 30 km, and the
mean meridional wind shears between 15 and 17 km all have strong positive correlations
with the mean LS GW Ep, with the CCs generally larger than 0.4. It is difficult to evaluate
the relative importance of the above factors on the LS GW activity in this region based
on the CCs only. In addition, due to the possible collinearities among these influencing
factors, it is difficult to present the individual contribution of each factor to the LS GW
activity objectively through the Pearson correlation coefficient solely. The DA method
helps reduce the influence of the possible collinearity among independent variables on the
analyzing results, as mentioned in Section 2.4. In Fang et al. [54], the DA method is adopted
instead of the Pearson correlation coefficient to quantify the relative importance of different
driving factors that affect the density variations of different elements in the Martian upper
atmosphere. In the present study, to further quantify the contribution of each factor to the
LS GWs over the Indian region, using the DA method, the RICs of each factor over each
2.5° x 2.5° grid point are calculated, based on which the latitude-longitude distributions
of the RICs of the nine factors are obtained, as presented in Figure 3.

The RICs of the nine factors generally vary between 0 and around 0.55, and the
maximum RIC is obtained by the factor of the mean zonal wind shear in the 20-30 km
altitude range (Figure 3g) over the Indian Ocean. The distributions of the RICs of different
factors demonstrate that over the Indian region, local differences exist in the main factors
influencing the LS GW activity.

Generally, in the central and northern parts of the Indian Peninsula, the relative
importance of the convection (Figure 3i) is the greatest, followed by the mean zonal wind
speeds between 15 and 17 km (Figure 3a) and 20 and 30 km (Figure 3e). In the southern
part of the Indian Peninsula and over the Indian Ocean, the impact of the mean zonal wind
shear between 20 and 30 km (Figure 3g) on the LS GWs is dominant, and the meridional
wind speed and the mean zonal wind shear between 15 and 17 km (Figure 3b,c) also have
some contributions to the LS GW activities over the Indian Ocean. Over the Bay of Bengal
and its surrounding land area, the mean meridional wind speed between 15 and 17 km
(Figure 3b) has an important impact on the LS GWs.
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Figure 3. Latitude-longitude distributions of the RICs of the nine influencing factors of the LS GW
activities over the Indian region during December 2019 and November 2021. The nine influencing
factors are (a) 15-17 km zonal wind speed; (b) 15-17 km meridional wind speed; (c) 15-17 km zonal
wind shear; (d) 15-17 km meridional wind shear; (e) 20-30 km zonal wind speed; (f) 20-30 km
meridional wind speed; (g) 20-30 km zonal wind shear; (h) 20-30 km meridional wind shear; and
(i) OLR as the proxy of convection activity, respectively. The eastward /northward wind phases are

defined as positive of zonal/meridional winds.
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Specifically, in the central and northern parts of the Indian Peninsula, the factor with
the largest RICs is convection, using OLR as the proxy parameter (Figure 3i), and the RICs
of convection generally reach above 0.2, even exceeding 0.4 in the southern foothills of
the Himalayas. This should be mainly attributed to the fact that the interaction of the
Indian summer monsoon circulation and the terrain of the Himalayas results in frequent
convective systems over the northern part of the Indian Peninsula, especially in the arc-
shaped belt region along the terrain features of the southern Himalayan front [55,56], which
becomes an important source of the GWs here. The factor with the second largest RIC
values is the mean zonal wind speed between 15 and 17 km (Figure 3a), which shows that
the TE] in the summer season is indeed an important source of the LS GWs over these
areas. The RICs of the mean zonal wind speed between 20 and 30 km (Figure 3e) are
mainly within the range of 0.15-0.25, which are generally slightly smaller than those of
the mean zonal wind speed between 15 and 17 km. As for the southern tip of the Indian
Peninsula and the Indian Ocean, the RICs of the mean zonal wind shear between 20 and
30 km (Figure 3g) are significantly larger than those of the other factors, generally reaching
higher than 0.3, which demonstrates that the mean zonal wind shear between 20 and 30 km
is the most important factor influencing the LS GWs in this region. Moreover, the mean
meridional wind speed between 15 and 17 km (Figure 3b) and the mean zonal wind shear
between 15 and 17 km (Figure 3c) also show some influences on the LS GWs in this region,
with the RICs varying between 0.10 and 0.25. Over the Indian Ocean near the southwest
of the Indian Peninsula, the influence of the convections (Figure 3i) on LS GWs is also
non-negligible. In comparison, over the Bay of Bengal and its surrounding land area, the
contribution of the mean meridional wind speed between 15 and 17 km (Figure 3b) to the
LS GWs is comparatively significant, with the RICs varying between 0.10 and 0.25.

It can be found that the RICs of the three factors, including the mean meridional wind
speed between 20 and 30 km (Figure 3f), the mean meridional wind shear between 20 and
30 km (Figure 3h), and the mean meridional wind shear between 15 and 17 km (Figure 3d),
are generally smaller than 0.2, indicating that these factors are not the dominant ones
influencing the LS GWs over the whole studied area. Overall, based on the distributions of
the RICs of different factors, it is clear that over the whole Indian region, the influences of
the zonal wind speeds and the zonal wind shears in the two height ranges (Figure 3a,c,e,g)
on the LS GWs are generally much greater than those of the meridional wind speeds and
wind shears in the two height ranges (Figure 3b,d,f,h). Moreover, it can also be inferred
from the RIC distributions that the LS GWs in the central and northern parts of the Indian
Peninsula are more affected by the zonal wind speeds (Figure 3a,e) than by the zonal
wind shears (Figure 3c,g), while the situation is opposite in the southern part of the Indian
Peninsula and over the Indian Ocean, where the RICs of the zonal wind shears in the two
height ranges are generally higher. In order to gain a deeper understanding of why the
influences of the zonal wind-related factors on the LS GWs over the Indian region show
spatial differences, two sample grid points, which are, respectively, located in the northern
and the southern parts of the Indian Peninsula, are selected, and the impacts of zonal wind
speeds and wind shears on the LS GWs over these two grid points are analyzed and are
compared in Section 4.2.

4. Discussion
4.1. Quantification of the Impacts of Selected Factors on LS GW Activities in the Indian Region

As mentioned in Section 2.4, the sum of the RICs of all factors equals to the total R?
of the MLR model. The determination coefficient R? may vary between 0 and 1, and the
closer R? is to 1, the better the independent variable set X in the MLR model can explain
the dependent variable Y. Figure 4 presents the spatial distribution of the sums of the
RICs of all the nine considered factors, and the closer the sum of the RICs to 1, the greater
the combined influence of these factors is. As can be seen, except for the latitude band
between 25°N and 30°N in the northern part of the Indian region, where the sums of the
RICs vary between 0.4 and 0.6, the sums of the RICs are generally higher than 0.7 in the
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Indian Peninsula, the Bay of Bengal and its surrounding land area, and the Indian Ocean.
This demonstrates that the factors considered in the present study, including the TEJ with
its jet core in the height range of 15-17 km, the air flows between 20 and 30 km, and the
convections that are closely related to the Indian summer monsoon are, indeed, the main
factors affecting the LS GWs in most part of the Indian region. This is also consistent
with previous studies [30,39,53]. The latitude band of around 5° in the northern part of
the region, where the summed RICs are generally lower, is mainly the Himalayas and
Qinghai-Tibet Plateau with large terrain heights. Both the distributions of the CCs shown
in Figure 2 and those of the RICs shown in Figure 3 demonstrate that the LS GWs in this
area are mostly affected by the convective activity, while they are less affected by the TE]
and the air flows between 20 and 30 km.
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0.9
<]
2
e
5
072
20°N O
% 069
] [=}
£ 058
- ~
d o
— 0.4 &
10°N g
03 o
=
O.ZE
Q
0.1/

OO

60°E 80°E 100°E

Longitude

Figure 4. Latitude-longitude distribution of the sums of the RICs of all the nine influencing factors
over the Indian region during December 2019 and November 2021.

4.2. Analysis of the Impacts of Zonal Wind Speeds and Wind Shears on the LS GWs in Different
Local Regions

The results presented in Section 3 demonstrate that over the Indian region, the wind
flows and the wind shears in the two height ranges, 15-17 km (TEJ) and 20-30 km, and the
convection are generally the main factors influencing the LS GWs, while over different local
areas, differences exist in which factors are the dominant ones. More specifically, among the
wind-related factors, the influences of the zonal wind-related factors are greater than those
of the meridional wind-related factors in most local areas, while regional differences exist
on which zonal wind-related factors are the dominant ones. This aspect and the possible
mechanisms will be further discussed in this section, and two grid points are selected as the
representatives for different geographic locations. As presented in Figure 5a, grid point A
(77.5°E, 10°N) is located at the southern end of the Indian Peninsula, and grid point B (80°E,
22.5°N) is located in the middle of the Indian Peninsula. According to the distributions of
the RICs of each factor presented in Figure 3, the zonal wind shear between 20 and 30 km
plays a dominant role in influencing the LS GWs at grid point A, while at grid point B, the
zonal wind speeds between 15 and 17 km and 20 and 30 km both have relatively important
impacts on the LS GWs.
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Figure 5. Geographic locations of two representative grid points in the Indian Region (a), and the
altitude—-time distributions of GW Ep (b,c), zonal wind speeds (d,e), and zonal wind shears (f,g) over
the two grid points during December 2019 to November 2021. The eastward wind phases are defined
as positive of zonal wind speed and zonal wind shear.

Figure 5b—g show the altitude-time distributions of the GW Ep, the zonal wind speeds,
and the zonal wind shears over these two grid points. As we can see in Figure 5d,e, during
JJA of 2020 and 2021, the westward wind phases appear at altitudes higher than 10 km
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over both of the two grid points and the maximum wind speeds appear at around 16 km,
reaching higher than 20 m/s, which is due to the TE] being prevalent over the Indian region
in JJA [30,39]. At the same time, the easterly wind shears are generated within a height
range of about 16-20 km above the two grid points (see Figure 5f,g), which becomes one of
the important sources of the GWs in the LS of the Indian region, and, influenced by the
strong westward winds, the GWs generated propagate to higher than 20 km. The altitude—
time distributions of GW Ep over the two grid points, which are shown in Figure 5b,c, both
present peak GW Ep during JJA. This is attributed to the contributions of both the TEJ and
the convection activity. As we can see in Figure 3a,i, at grid point B, the magnitudes of
the RIC of the mean zonal wind speed between 15 and 17 km (0.19) and that of the OLR
(0.22) are close, which indicates that the contributions of the two factors to the high GW
Ep over this grid point are similar. However, at grid point A, the RIC of the mean zonal
wind speed between 15 and 17 km and that of OLR are 0.09 and 0.03, respectively, which
indicates that between the two factors, the contribution of TE]J on the GW Ep is greater than
that of convective activity and that at this grid point, the impacts of both of the two GW
source factors on the LS GWs are very limited (RIC < 0.1).

Figure 5b indicates that at grid point A, during JJA of both years, due to the contri-
butions of the two GW source factors, the mean zonal wind speed between 15 and 17 km
and the convection activity, high GW energy is generated at the heights lower than 20 km.
Figure 3a,i reveal that for the LS GW activity, i.e., GWs between 20 and 30 km, the RICs
of the two source factors are both very low, and this should be mainly due to the signifi-
cant influence of the background LS zonal wind shear on the upward propagation of the
GW energy.

During JJA of 2020 at grid point A, the high GW energy propagates up to the whole height
range of 20-30 km, while during JJA of 2021, the high GW energy propagates upward only to
the height of about 22-23 km and then dissipates, which should be mainly attributed to the
large westward wind shears in the 22-28 km height range above this grid point, considering
that the GW energy can be attenuated by large background wind shears [34,57-59]. Figure 5d
shows that during JJA of 2021, the zonal wind speeds of 14-18 km and those above 25 km
over grid point A are very close, both of which are westward winds with speeds higher than
30 m/s, but the westward wind speeds at 18-23 km are generally less than 15 m/s. The large
differences between the zonal wind speeds in the 18-23 km height range and those of the
upper and lower altitude regions result in large zonal wind shears, especially between 22 and
28 km during JJA of 2021, as shown in Figure 5f, which are beneficial for the filtering of GWs.
In comparison, during JJA of 2020, at this grid point, the zonal wind shears are generally very
small at altitudes higher than 20 km, and so the GWs can propagate up to 30 km and higher,
as presented in Figure 5b.

Figure 6 further presents the time series of the mean LS GW Ep and the mean zonal
wind shear between 20 and 30 km at grid point A. They both reach peak values in JJA of
2020, and the CC between them is 0.78, indicating a strong positive correlation between
the mean LS GW Ep and the mean zonal wind shear in the 20-30 km height range at this
grid point. Figure 6 also shows that at grid point A, the peak value of the mean zonal
wind shear between 20 and 30 km obtained in JJA of 2020 is around 0 m/s, which provides
stable atmospheric conditions favorable for the upward propagation of the high GW energy
generated mainly by TE] at around 16 km in the stratosphere. During the other time
periods, the mean zonal wind shears between 20 and 30 km over grid point A are generally
westward, and the filtering effect of the background wind should bring the dissipation of
the high GW energy, which explains the distinct reduction of GW Ep at the altitudes higher
than around 23 km at this grid point in JJA of 2021. Figure 5b,d,f and Figure 6 together
should explain the high RICs of the mean zonal wind shear between 20 and 30 km around
grid point A, as presented in Figure 3.
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Figure 6. The time series of the mean zonal wind shear at 20-30 km and mean LS GW Ep at grid
point A during December 2019 and November 2021.

In comparison, at grid point B, GW energy propagates upward to the height of around
30 km during JJA of both 2020 and 2021, as shown in Figure 5c. As revealed by the
comparison of Figure 5¢,e, at grid point B, during JJA of both years, the peak GW Ep at
20-30 km is generally accompanied by strong westward winds in the whole altitude range
of 10-30 km. Note that, besides the core of TE] between 15 and 17 km, strong westward
winds also prevail at higher altitudes between 17 and 30 km, which facilitate the upward
propagation of GWs. Miyahara et al. [60] pointed out that strong background winds should
contribute to the upward propagation of GWs, and the propagation of the GW energy
generated in the troposphere to the stratosphere under strong background winds has been
observed in previous studies [2,18,61]. Moreover, as presented in Figure 5g, the zonal wind
shears formed in the whole altitude range of 20-30 km are generally very small, which is
also beneficial for the high GW energy to propagate to higher than 30 km. At grid point B,
during JJA of both years, besides the small zonal wind shear between 20 and 30 km, the
strong background wind field in the UTLS provides one of the important GW sources (TE])
and the favorable conditions for the upward propagation of GWs, which should partly
explain the comparatively high RICs of the mean zonal winds between 15 and 17 km and
20 and 30 km at this grid point, as presented in Figure 3.

Note that the propagation and the filtering effect of the background wind field on GW
should be identified more clearly by the correlation between the background wind direction
and the propagation direction of GW. For example, it is very clear that over grid point A,
westward winds are very strong beyond 20 km in JJA 2021, which could have attenuated
the upward propagating GWs. As proposed by [62], westward waves propagate freely
through eastward wind, and if there is a reversal phenomenon in the background wind
field, the westward propagating GWs are easily filtered by the westward wind, and vice
versa. This probably indicates that GWs are mostly propagating westward at grid point A
over 20 km during JJA 2021. Figure 7 further shows the time-longitude distribution of the
mean GW Ep value between 20 and 21 km at 10°N in the Indian region, and at grid point A,
this height range is just below the strong westward wind shear. A fact that may support the
westward propagation of GWs at 10°N during JJA 2021 is that GW Ep reaches peak values
higher than 2.8 J/kg in the latitude range of 80°E-100°E while decreasing significantly
within the latitude range of 60°E-80°E during this period. It can be reasonably inferred
that the GWs propagate from east to west and gradually dissipate due to the strong shear
caused by strong westward winds above 20 km at 10°N during JJA in 2021. Furthermore,
it may indicate that during JJA 2021, over grid point A, which is at 10°N, the westward
propagating GWs only propagate upwards to around 22-23 km and are filtered out by
strong westward winds in the higher altitude.
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However, since Ep is scalar, inferring the propagation direction of GW through the
peak distribution of Ep is only conjecture, and the true propagation direction of gravity
waves can only be obtained through spectral analysis of GWs. As proposed by [63,64],
the latitudinal component of the horizontal wavenumber of LS GW in the Indian region
can be derived by using the triples of COSMIC-2 dry temperature profiles under strict
spatiotemporal constraints. From December 2019 to November 2021, there were only
17 eligible triples of profiles in the Indian region (60°E-100°E, 0°-30°N), making it difficult
to derive reasonable and statistically significant GW parameters that can depict the direction
of GW propagation directions over this region. Using appropriate data for spectral analysis
of GW to further investigate the propagation direction of GW and its correlation with
background wind fields in the Indian region will be the goal of our next work.
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Figure 7. The time-longitude distribution of the mean GW Ep value between 20 and 21 km at 10°N
in the Indian Region.

5. Summary and Conclusions

By using the COSMIC-2 RO dry temperature profiles from December 2019 to Novem-
ber 2021, the GW Ep profiles in the LS of the Indian region (60°E-100°E, 0°-30°N) are
derived, based on which the seasonal variation of the LS GWs in the height range of
20-30 km (abbreviated as the LS GWs) is presented, and the correlations between the mean
LS GW Ep and nine influencing factors are analyzed. The influence of each factor is further
quantified using the DA method, which outperforms correlation analysis in evaluating the
individual contribution of each factor when collinearity exists in the influencing factors.

The LS GWs in the Indian region show distinct annual variations, and the maxima
of the mean LS GW Ep appears in JJA. Generally, the TE], which prevails over the Indian
region during JJA, and the Indian summer monsoon, which enhances the local convection
activity, both bring favorable conditions for the generation and propagation of GWs. The
correlation analysis reveals that in the Indian region, most of the selected factors have a
strong correlation with LS GW, indicating that the selected factors have an undeniable
impact on LS GW activity, at least in certain parts of the Indian region. If there are strong
correlations between LS GW activity and multiple factors in a specific area, it is difficult
to quantify the relative influence of these factors based on CCs only. The distributions
of the RICs obtained with the DA method demonstrate that the factors that are of great
relative importance on the LS GWs vary in different geographic areas of the Indian region.
Specifically, in the central and the northern parts of the Indian region, especially in the
southern foothills of the Himalayas, the contribution of convection activity is the greatest,
which should be due to the interaction of the Indian summer monsoon circulation and the
terrain of the Himalayas in summer. The mean zonal wind speed between 15 and 17 km
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is the factor with the second greatest relative importance, indicating that the TEJ, which
prevails over the Indian region during JJA, is an important source for the LS GWs. The
mean zonal wind speed between 20 and 30 km also has a non-negligible influence. In the
southern part of the Indian Peninsula and over the Indian Ocean, the mean zonal wind
shear between 20 and 30 km is the dominant factor influencing the LS GWs. The dominance
analysis also reveals that the influences of the zonal wind speeds and the zonal wind shears
on the LS GWs are different over different local areas of the Indian region.

The sums of the RICs of all the nine considered factors are generally higher than 0.7,
which may demonstrate that in most parts of the Indian region, the TE] with the core in the
height range of 15-17 km, the air flows between 20 and 30 km, and the convections that are
closely related to the Indian summer monsoon are actually the main factors affecting the LS
GWs. Further analysis of the impacts of zonal wind speeds and wind shears on the LS GWs
in different local regions showed that, in the southern part of the Indian Peninsula and over
the Indian Ocean, strong westward wind shear generated over 20 km may have a filtering
effect on gravity waves propagated from below, making it difficult for GWs to propagate to
above 23 km during the 2021 JJA. Therefore, wind shear becomes the dominant factor in
the GW activity in this region. In the central and northern parts of the Indian region, due
to the absence of strong wind shear, gravity wave energy propagated upwards to 30 km
during the JJA of 2020 and 2021. The RIC values of the mean zonal wind speed between
15 and 17 km, which represents the wave source of TE], and the mean zonal wind speed
between 20-30 km, which represents the propagation conditions, become higher.

It should be mentioned that due to the lack of sufficient triples of COSMIC-2 profiles
that meet the spatiotemporal constraints, it is hard to derive further the propagation
direction of gravity waves in the present work, which will be the goal of our next research
work. Moreover, the terrain is not considered an independent influencing factor, which is
because the correlation analysis and the dominance analysis are based on the time series
of the multiple factors and GW Ep, and the temporal variations of terrain heights are not
significant. Furthermore, it is reasonable to assume that the impact of terrain on GWs is
partially implied in the convective activity generated by the interaction between terrain in
the Indian region and the Indian summer monsoon. In future work, we will further explore
in detail the impact of terrain on GWs in the Indian region. In addition, we will also apply
the DA method to the GW source studies of the other monsoon regions in the future, such
as the East Asian monsoon region and the monsoon region in northern Australia, by using
the datasets from multi-RO missions.
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