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Abstract
Geographical and seasonal variations of gravity wave events in the upper mesosphere were investigated using the nightglow imaging data obtained by the Visible and near-Infrared Spectral Imager (VISI) on the Ionosphere, Mesosphere, upper Atmosphere and Plasmasphere (IMAP) onboard the International Space Station (ISS). The nadir-imaging data of the O2(0–0) atmospheric band (762 nm) with the typical emission peak around 95 km altitude was used to investigate small-scale waves (horizontal wavelengths less than ~ 200 km) on a global scale. To detect gravity wave events, the variance of high-pass filtered nightglow images within a local 100 km radius was evaluated, with a threshold set at three times the standard deviation from the average variance of the background level. A data screening algorithm that evaluates the variance of upwelling contamination light emission was also introduced to remove contaminated data. Applying the variance filter and data screening algorithm to a nearly 3-year data set, from November 2012 to August 2015, occurrence maps of wave events for four seasons were derived. The occurrence maps show a higher frequency of wave events in winter high latitudes (> 40° N/S), considerably attributed to gravity wave activity associated with the polar night jet. Hot spots were observed near orographic sources in winter high latitudes, including the eastern part of North America, Europe, and the southern Andes. In the summer hemisphere, hot spots were detected at mid-to-high latitudes such as North America, Europe, and the eastern side of the Eurasian continent, and at equatorial latitudes just above the intertropical convection zone (ITCZ). They are likely gravity waves from deep convection that arise from mid-latitude summertime thunderstorms and the ITCZ, respectively. During the equinox seasons, hot spots were detected near convective sources such as the Amazon Rainforest, Congo Rainforest, and the Indochina peninsula.
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Introduction
Atmospheric gravity waves are excited by various sources, such as convection activity (Alexander and Pfister 1995), topography (Nastrom and Fritts 1992; Eckermann and Preusse 1999), fronts, and geostrophic adjustment (e.g., Plougonven and Zhang 2014), etc. They propagate upward in Earth’s atmosphere and decelerate or accelerate background wind via their dissipation process. The gravity wave forcing essentially contributes to the atmospheric circulations, the thermal structure, and the distribution of chemical components (Lindzen 1981; Holton 1982, 1983; Fritts and Alexander 2003).
A number of studies on gravity waves have been conducted with theoretical consideration, numerical simulations, and various observations both from the ground and space. Space-borne observations provide an excellent opportunity to study gravity waves in the middle and upper atmosphere on a global scale. Historically, limb and occultation experiments, such as the Limb Infrared Monitor of the Stratosphere (LIMS) (Fetzer and Gille 1994), Global Positioning System (GPS) Radio Occultations (Tsuda et al. 2000), the Cryogenic Infrared Spectrometers and Telescopes for the Atmosphere (CRISTA) (Ern 2004), the Microwave Limb Sounder (MLS) (Wu and Eckermann 2008), the High Resolution Dynamics Limb Sounder (HIRDLS) (Alexander et al. 2008), and the Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) (Preusse et al. 2009; Ern et al. 2011), lead to global measurements of gravity waves. Because of their viewing geometry, they have good vertical resolution and sensitivity to gravity waves with short vertical wavelengths, but their sensitivity to waves of short horizontal wavelengths is limited. For example, SABER measures waves with horizontal wavelengths longer than ~ 200 km. In contrast, nadir-viewing instruments have good horizontal resolution and are sensitive to gravity waves with short horizontal wavelengths. The Atmospheric Infrared Sounder (AIRS) aboard the Aqua satellite and The Cloud Imaging and Particle Size (CIPS) instrument on the AIM satellite have revealed the characteristics of stratospheric gravity waves on a global scale (Hoffmann et al. 2013; Ern et al. 2017; Randall et al. 2017; Forbes et al. 2021).
In the mesosphere, however, the global morphology of gravity wave activities has been rarely studied using nadir-viewing instruments compared to waves at lower altitudes. Consequently, the global view of gravity waves with short horizontal wavelengths in the mesosphere is poorly examined or unknown from observations. The Day–Night Band (DNB) on the Visible/Infrared Imaging Radiometer Suite (VIIRS) onboard the Suomi National Polar-orbiting Partnership (Suomi NPP) satellite and NOAA20 satellite and the Visible and near-Infrared Spectral Imager (VISI) on the Ionosphere, Mesosphere, upper Atmosphere and Plasmasphere (IMAP) carried on the International Space Station (ISS) have the capability to detect gravity waves in the upper mesosphere with high horizontal resolution. They have sensitivity to gravity waves with short horizontal wavelengths (less than ~ 100 km). VIIRS/DNB has resolved detailed structures of mesospheric gravity waves at a sub-kilometric scale (Miller et al. 2012, 2015). Because the DNB is a broadband sensor (505–890 nm), it is severely contaminated by emissions from the lower atmosphere, such as city lights, orographic features like snowy mountains, and reflection from cloud tops, making it extremely difficult to conduct a comprehensive global morphology study. The VISI O2(0‐0) atmospheric band measurement of gravity waves at 762 nm is less interfered by background contaminations from below because of the strong absorption of O2 between the troposphere and mesopause, and is preferable for global morphology or climatology studies of mesospheric gravity waves (Yue et al. 2019). VISI’s O2(0‐0) band data have been used for global statistical studies for concentric gravity waves (Perwitasari et al. 2016) and mesospheric bores (Hozumi et al. 2019). However, these studies have focused only on certain waves or features with special shapes, and their event surveys were based on visual inspections.
A global study on more general gravity wave activity, regardless of their shapes, is required to understand mesospheric gravity waves better. In this study, we developed a wave event detection algorithm using the VISI O2(0‐0) band data and derived global occurrence maps of wave events to investigate geographical and seasonal variations in wave activity at the altitude of the upper ~ 95 km.
This paper is organized as follows: “Instrumentation and observations” section briefly introduces the mesospheric airglow measurements of VISI. The methodologies of wave event detection and data screening are described in “Methodology” section. “Results” section presents the results of the wave occurrence analysis. “Discussion” section discusses some interesting features observed in the occurrence maps. “Summary” section summarizes the study.

Instrumentation and observations
The VISI is a visible and near-infrared spectral imager, one of the two imagers of the Ionosphere, Mesosphere, upper Atmosphere and Plasmasphere mapping mission onboard the International Space Station (ISS‐IMAP mission, Sakanoi et al. 2011). The VISI observes airglow in the mesosphere and ionosphere on the night side of the Earth, including the O2(0‐0) atmospheric band (762 nm), the OH Meinel band (730 nm), and the OI band (630 nm). The O2(0‐0) atmospheric band data from the VISI are utilized in this study. The typical peak altitude of O2(0‐0) atmospheric band is ~ 95 km, and its 1/e width is ~ 5 km (Burrage et al. 1994; Yee et al. 1997). VISI’s O2(0‐0) band is sensitive to gravity waves with vertical wavelengths longer than ~ 10 km.
The instrumentation of the VISI is briefly introduced here. The VISI is a grism imaging spectrometer that consists of a fast and distortion-free objective lens (F/0.96), two line slits, collimator and camera optics, and a CCD sensor. The VISI has two slit-shaped field-of-views (FOVs) perpendicular to the ISS orbit track, pointing 45° forward and 45° backward to the nadir. The incident lights from forward and backward FOVs pass through the respective slits, are dispersed by a grism, and focus on the different areas of the CCD detector. One axis of the CCD corresponds to space perpendicular to the orbit track. The other axis of the CCD corresponds to wavelengths and the difference in FOVs. Further details on the instrumentation of the VISI are described in Sakanoi et al. (2011).
During nominal operations of the VISI, not all pixel data of the CCD were downlinked; only segments of count data near the emission peak lines in the wavelength axis of the CCD were downlinked. The VISI has mainly two observation modes: the spectral mode and the peak mode. In the spectral mode, count data in the 12-row lines near the emission peaks are downlinked (the emission peaks are nominally the O2(0‐0) atmospheric band, the OH Meinel band, and the OI band). In the peak mode, only the maximum (peak) count and minimum (bottom) count in the 12-row lines in each column are downlinked. Figure 1 shows an example of the spectral and peak mode data for the O2(0‐0) atmospheric band (762 nm) obtained at 1803UT on April 16, 2018. To minimize telemetry data size, the VISI was operated in the peak mode for most of its observation time. The spectral mode operation was carried out only several times a day to calibrate the peak mode data. From the spectral mode data, the intensity of an emission line can be derived by fitting a Gaussian to the pixel count and calculating the area under the Gaussian curve to integrate the photons of the O2 emission band. Using spectral mode data obtained without contamination from moonlight and city light, the relationship between the estimated intensity and the peak-to-bottom counts simulated in the spectral data can be statistically determined. We assumed the relation can be expressed as follows:[image: $$I = \alpha {\Delta }C + {\text{offset}},$$]

 (1)


where I is the total intensity in Rayleigh. [image: $$\Delta C$$] is the difference between the peak count and the bottom count, [image: $$\Delta C={C}_{{\text{peak}}}-{C}_{{\text{bottom}}}$$]. [image: $$\alpha$$] is a factor of proportionality, including information on optical efficiency, the quantum efficiency of the CCD, and exposure time. The offset is a constant value determined for each line of the CCD and is basically a small value compared to typical values of [image: $$\alpha\Delta C$$]. In the process of bottom count subtraction ([image: $$\Delta C={C}_{{\text{peak}}}-{C}_{{\text{bottom}}}$$]), the contribution of the background light with a uniform spectrum is removed. Background lights having non-uniform spectrum components may still contaminate the VISI observations. The evaluation and removal of this contamination are crucial in this study and are described in detail in the next section.[image: ]
Fig. 1An example of the spectral mode data and peak mode data from VISI for the O2(0‐0) atmospheric band (762 nm), captured at 1803UT on April 16, 2018. In the spectral mode, all data in 12 pixels near an emission peak are downlinked. In the peak mode, only the maximum (peak) and minimum (bottom) count in the 12 pixels are downlinked. The dotted curve is a fitting Gaussian to the spectral mode data


The orbital inclination of the International Space Station is 51.6°. The latitudinal Coverage of the VISI observation is ± 52°. Image data of the O2(0–0) airglow were mapped to an altitude plane at 95 km. At this mapping altitude, the swath width of FOV is ~ 670 km. The spatial resolutions are 13 km along the orbit and 12–15 km perpendicular to it. The mapping algorithm of VISI image is detailed in Hozumi et al. (2018). Data from November 2012 to August 2015 were utilized to ascertain the global climatology of gravity wave activity.

Methodology
The detection algorithm of gravity wave events and the methodology of occurrence analysis are described in this section. The basic idea of the approach in this study is similar to the method used by Hoffmann et al. (2013) for detecting stratospheric gravity waves. We adapted the methodology for identifying mesospheric gravity waves in the VISI data. One of the key features of VISI is its dual FOVs; the forward and backward FOVs. By effectively using the data from these two FOVs, wave detection becomes more confident, and the observation coverage becomes wider. This section first outlines the wave detection and data screening algorithm using data from a single FOV. After that, the algorithm for combining two FOVs data is described.
Wave detection algorithm
A 1D fit of a fourth-order polynomial is applied to each swath in the cross-track direction, and the fit is subtracted from the original image to retrieve small-scale perturbations. This subtraction serves two purposes, as with the AIRS in Hoffmann and Alexander (2010) and Hoffmann et al. (2013). The first is to remove an increase in radiance with an increasing line-of-sight angle in the sub-limb direction at the edge of the FOV. The second is to remove slowly varying background signals, e.g., those due to planetary-scale waves such as tides. Figure 2a shows examples of the original airglow intensity image from VISI O2(0‐0) band measurements on April 16, 2013, from 1126 to 1936UT. After subtracting the fourth-order polynomial fit, wave perturbations are visible, as shown in Fig. 2b. For example, wave perturbations are substantial over Myanmar to Laos, at longitudes 90° E–110° E and latitudes 10° N–35° N. A variance filter is then applied to the detrended airglow perturbations. For each data point, the variance [image: $${\sigma }^{2}$$] of the airglow intensity of all data points within a distance [image: $$r\le 100\mathrm{ km}$$] is calculated. Figure 2c shows the result of this variance filter. When the variance exceeds a threshold, [image: $${\sigma }^{2}&gt;{\sigma }_{T}^{2},$$] we define that gravity waves are present at the data point.[image: ]
Fig. 2VISI O2(0‐0) band measurements with the forward FOV on April 16, 2013, from 1126 to 1936UT. a Intensity of O2(0‐0) band. b Perturbations of the airglow intensity as a result of the subtraction of a fourth-order polynomial fit. c Results of the variance analysis on O2(0‐0) band measurements. d Bottom counts of the peak mode data. Images in a–c are mapped to the altitude plane of 95 km, and images in d are mapped to the ground


The threshold, [image: $${\sigma }_{T}^{2}$$], is determined as a function of the mean airglow intensity of all data points within a radius [image: $$r\le 100\mathrm{ km},$$] as shown below. The High-Resolution Doppler Imager (HRDI) on the Upper Atmosphere Research Satellite (UARS) indicated that the background intensity of O2(0‐0) band varies widely in longitude, even within the same latitude range, in each season (Hays 2003). The VISI data exhibit similar behavior. Setting the threshold as a function of the mean airglow intensity helps minimize the effect of the highly variable background in the wave occurrence analysis. The thresholds were determined separately for the forward and backward FOV data because the sensitivity and the instrumental noise differ depending on the FOV.
All intensity data with mapping points between 130° W and 180° W across all latitudes during moonless night conditions were collected to determine the threshold. The longitude range is recognized as relatively quiet in terms of gravity wave activity, at least at stratospheric heights (Hoffmann et al. 2013). Since this region spans the Pacific Ocean, there are minimal city lights, thus reducing potential contamination sources for VISI observations. Figure 3 shows the histogram of data points from the forward FOV as a function of mean intensity and variance. There are about 9 million data points from the forward FOV in the longitude over three years. The data were sorted into bins of mean intensity, I = 0–2000, 2000–4000, …, 12,000–14,000 Rayleigh. An initial variance threshold was calculated for each mean intensity bin as follows:[image: $$\sigma_{T}^{2} \left( I \right) = \sigma_{m}^{2} \left( I \right) + 3 \times \sqrt {\frac{1}{N - 1}\mathop \sum \limits_{i = 1}^{N} \left[ {\sigma^{2} \left( {I_{i} } \right) - \sigma_{m}^{2} \left( I \right)} \right]^{2} } ,$$]

 (2)


where the mean variance [image: $${\sigma }_{m}^{2}\left(I\right)$$] is defined by[image: $$\sigma_{m}^{2} \left( I \right) = \frac{1}{N}\mathop \sum \limits_{i = 1}^{N} \sigma^{2} \left( {I_{i} } \right),$$]

 (3)


with N referring to the number of data per mean intensity bin. Next, data with an intensity variance exceeding this initial threshold were excluded from the data set. The process of Eqs. (2) and (3), along with the data set updates, were iterated until the threshold converged to a certain value. After 22 iterations, the thresholds for all intensity ranges converged. The final variance threshold was determined for each mean intensity bin. A fourth-order polynomial fit was applied to these variance thresholds. The fitting curve was used as the threshold for the occurrence analysis. The variance thresholds and the fitting curve are presented by red dots and a red line, respectively, in Fig. 3. The coefficients of polynomial fitting are summarized in Table 1. A negligible fraction of data exhibits a mean intensity above 14,000 Rayleigh (e.g., only 0.3% for the forward FOV data). Data up to 14,000 Rayleigh were evaluated against the threshold curve, while data exceeding this mean intensity were excluded from the occurrence analysis. The instrumental noise of the O2(0‐0) band observation is estimated to be on the order of 100 Rayleigh, implying that wave signals surpassing the variance threshold significantly exceed the instrumental noise.[image: ]
Fig. 3Histogram of data points as a function of mean intensity and variance. The data points from the forward FOV and observations in a longitude range from 130ºW to 180° W. The mean variance, [image: $${{\varvec{\sigma}}}_{{\varvec{m}}}^{2}$$], and the variance threshold, [image: $${{\varvec{\sigma}}}_{{\varvec{t}}}^{2}$$], are indicated by orange and red dots, respectively. The red line indicates the fitting curve of [image: $${{\varvec{\sigma}}}_{{\varvec{t}}}^{2}$$]

Table 1The coefficients of polynomial fitting for the variance threshold


	FOV
	The coefficients of polynomial fitting

	a4
	a3
	a2
	a1
	a0

	Forward
	
[image: $$-1.50\times {10}^{-11}$$]

	
[image: $$3.12\times {10}^{-7}$$]

	
[image: $$3.20\times {10}^{-4}$$]

	
[image: $$7.35$$]

	
[image: $$2.11\times {10}^{4}$$]


	Backward
	
[image: $$-1.14\times {10}^{-11}$$]

	
[image: $$2.92\times {10}^{-7}$$]

	
[image: $$2.88\times {10}^{-5}$$]

	
[image: $$12.2$$]

	
[image: $$2.81\times {10}^{4}$$]





By applying the variance filter with a circular range of r = 100 km, this method effectively detects waves with a horizontal wavelength of 200 km or less. The lower limit of the detectable wavelength is determined by the instrument resolution, which is approximately 25 km. Since the double of 1/e width of the O2(0‐0) band airglow layer is ~ 10 km (Burrage et al. 1994; Yee et al. 1997), the measurement is sensitive to waves with a vertical wavelength longer than 10 km. Overall, this method is primarily sensitive to waves with a horizontal wavelength ranging from 25 to 200 km and a vertical wavelength longer than 10 km.

Data screening algorithm
The VISI is a nadir-looking instrument, and its measurements can be affected or interfered with by contamination sources such as city lights and moonlight refractions from cloud tops or grounds, similar to VIIRS. There is strong absorption at the O2(0‐0) band (762 nm) by O2 below the emission height (Greenblatt et al. 1990), which significantly reduces the effects of city lights and moonlight refraction on VISI’s O2(0‐0) band measurements. However, when city lights or moonlight refractions are significant, the contamination is not negligible. For example, in Fig. 2c, the result of the variance filter shows larger values over the island of Japan. Nevertheless, in Fig. 2a and b, there is no wave signature in either the original intensity image or the detrend image upon visual inspection over Japan. This increase in variance is attributed to contamination by the city lights of Japan. Figure 2d shows the bottom counts of the peak mode data, highlighting city light contaminations in high-population areas, including Japan.
We express intensity perturbation, [image: $${I}_{\mathbf{p}}$$], as consisting of two parts:[image: $$I_{{\mathbf{p}}} = \alpha {\Delta }C_{{{\text{airglow}}}} + \alpha {\Delta }C_{{{\text{background}}}}$$]

 (4)



Here, [image: $$\alpha\Delta {C}_{{\text{airglow}}}$$] represents the part due to the emission peak of O2(0‐0) band in this case. The background-contributed part, [image: $$\alpha\Delta {C}_{{\text{background}}}$$], arises from non-uniform spectral components of background light, such as city lights or moonlight reflection. The variance used for the wave detection can be expressed as:[image: $$\begin{aligned} \sigma^{2} &amp; = \frac{1}{n}\mathop \sum \limits_{i = 1}^{n} \left( {I_{{{\mathbf{p}}i}} - \overline{{ I_{{\mathbf{p}}} }} } \right)^{2} \\ &amp; = \frac{{\alpha^{2} }}{n}\mathop \sum \limits_{i = 1}^{n} \left\{ {\left( {{\Delta }C_{{{\text{airglow}},i}} + {\Delta }C_{{{\text{background}},i}} } \right) - \left( {\Delta \overline{C}_{{{\text{airglow}}}} + \Delta \overline{C}_{{{\text{background}}}} } \right)} \right\}^{2} \\ &amp; = \alpha^{2} \left\{ {\sigma^{2} \left( {{\Delta }C_{{{\text{airglow}}}} } \right) + \sigma^{2} \left( {{\Delta }C_{{{\text{background}}}} } \right) + 2{\text{Cov}}\left( {{\Delta }C_{{{\text{airglow}}}} ,{\Delta }C_{{{\text{background}}}} } \right)} \right\}, \\ \end{aligned}$$]

 (5)


where n refers to the number of data points within [image: $$r\le 100\mathrm{ km}$$], and variables with bars denote the average value within the region. [image: $${\text{Cov}}\left(\Delta {C}_{{\text{airglow}}},\Delta {C}_{{\text{background}}}\right)$$] represents the covariance of [image: $$\Delta {C}_{{\text{airglow}}}$$] and [image: $$\Delta {C}_{{\text{background}}}$$]. Since [image: $$\Delta {C}_{{\text{airglow}}}$$] and [image: $$\Delta {C}_{{\text{background}}}$$] are considered to have no correlation, [image: $${\text{Cov}}\left(\Delta {C}_{{\text{airglow}}},\Delta {C}_{{\text{background}}}\right)$$] is approximately zero. Therefore, the variance can be expressed by the two components:[image: $$\sigma^{2} \cong \alpha^{2} \sigma^{2} \left( {{\Delta }C_{{{\text{airglow}}}} } \right) + \alpha^{2} \sigma^{2} \left( {{\Delta }C_{{{\text{background}}}} } \right)$$]

 (6)



In the case [image: $${{\alpha }^{2}\sigma }^{2}\left(\Delta {C}_{{\text{background}}}\right)$$] becomes large, the variance [image: $${\sigma }^{2}$$] is contaminated and should be rexcluded from the dataset. Conversely, when [image: $${{\alpha }^{2}\sigma }^{2}\left(\Delta {C}_{{\text{background}}}\right)$$] is negligibly small, the observed variance [image: $${\sigma }^{2}$$] is attributed purely to the airglow perturbations.
The bottom counts of the peak mode data contain information on the intensity of background light. Figure 2d shows the image of bottom counts mapped to the ground, highlighting the distribution of city lights, the primary source of contamination. By calculating the variance of the bottom count [image: $${\sigma }^{2}\left({C}_{{\text{bottom}}}\right)$$], we assess the contribution of [image: $${\sigma }^{2}\left(\Delta {C}_{{\text{background}}}\right)$$] to the overall variance [image: $${\sigma }^{2}$$]. [image: $${\sigma }^{2}\left({C}_{{\text{bottom}}}\right)$$] is calculated by applying a high-pass filter with a fourth-order polynomial fitting, followed by a variance filter to the [image: $${C}_{{\text{bottom}}}$$] data, the same as the process for the peak intensity data. [image: $${C}_{{\text{bottom}}}$$] contains contributions from both uniform and non-uniform spectral components of background light, whereas [image: $$\Delta {C}_{{\text{background}}}$$] contains only non-uniform spectral components, owing to the subtraction process of the peak mode data. Consequently, the bottom count variance is generally larger than the background contributed variance, [image: $${\sigma }^{2}\left({C}_{{\text{bottom}}}\right)\ge {\sigma }^{2}\left(\Delta {C}_{{\text{background}}}\right)$$]. Despite this discrepancy, the bottom count variance, [image: $${\sigma }^{2}\left({C}_{{\text{bottom}}}\right),$$] serves as a reliable indicator of intensity of background contamination. In the case that [image: $${\alpha }^{2}{\sigma }^{2}\left({C}_{{\text{bottom}}}\right)$$] exceeds the variance threshold [image: $${\sigma }_{T}^{2}\left(I\right)$$],[image: $$\alpha^{2} \sigma^{2} \left( {{\text{C}}_{{{\text{bottom}}}} } \right) &gt; \sigma_{T}^{2} \left( I \right)$$]

 (7)


We define that the background contributed variance is significant, and the data point is considered contaminated. Since the threshold, [image: $${\sigma }_{T}^{2}\left(I\right)$$], increases with the mean airglow intensity, some fluctuation in background light is acceptable at higher mean intensities. However, at lower mean intensities, even minor fluctuations in background light are deemed contaminative.
Moonlight refraction from cloud tops or the grounds is another significant source of contamination for VISI measurements. To filter out data strongly impacted by moonlight, we employ the illumination intensity defined by Ellis (1966), which is a relative value of the illumination received from the moon, ranging from 0 for no moonlight to 100 for the full moon at the zenith. For the analysis of wave event occurrences, only data with an illumination intensity of 10 or less were considered. This criterion, in conjunction with the data screening algorithm, effectively mitigates the contamination effects caused by moonlight.

Examples and combining algorithm of two FOVs data
Figure 4a and b shows the results of the wave detection and data screening for the forward and backward FOV data, respectively. The data period is the same as that of Fig. 2. Red hatches denote regions where the variance exceeds the threshold, i.e., wave events are present, while gray hatches denote regions where the variance does not exceed the threshold, i.e., no wave events are present. Blue hatches indicate regions identified as contaminated based on the criteria of Eq. (7). Wave signatures over Myanmar to Laos are recognized as wave events in both FOV datasets. Fluctuations over the Pacific Ocean and the South China Sea are also considered wave events. The measurements are contaminated by city lights from Japan, China, and other Southeast Asian countries and are consequently filtered out using the criteria of Eq. (7).[image: ]
Fig. 4Results of wave event detection from the threshold analysis and data screening using the background variance for the forward FOV (a) and the backward FOV (b). The data period is as same as that of Fig. 2. c Indicates which FOV(s) are used to judge wave events. The green hatches (Judged by 2 FOVs) correspond to the situation of case #1 in Table 2. The orange hatches (judged by forward FOV) correspond to cases #3 & #5, the purple hatches (judged by backward FOV) correspond to cases #2 & #7, and the blue hatches (unable to judge) correspond to case #4, #6 & #8. d Shows the results of wave event detection from the combined use of two FOVs


A region in the airglow layer measured by the forward FOV of VISI is also measured by the backward FOV with a time difference, as illustrated in Fig. 5. The time difference, [image: $$\Delta t$$], is about 90 s for the O2(0‐0) band, whose typical emission height is ~ 95 km. Assuming that this time difference is short compared to the time scale of the temporal variation of wave distribution, it can be considered that the same region is measured twice by both the forward and backward FOV. In the case that the twice measurements are achieved (the case of Fig. 5a), a “double-check” filter is applied for wave detection. [image: $${\sigma }_{\mathbf{F}.}^{2}&gt;{\sigma }_{\mathbf{F}.T}^{2}$$] and [image: $${\sigma }_{\mathbf{B}.}^{2}&gt;{\sigma }_{\mathbf{B}.T}^{2}$$] are the criteria for identifying a wave event. Here, the subscript of “F.” (“B.”) indicates that the variable is for the forward (backward) FOV data. The double-check filter reduces the possibility of false positives and improves the robustness of the wave detection algorithm. In most parts of the observation coverage, the twice measurements are achieved (the green hatched area in Fig. 4c).[image: ]
Fig. 5Schematic pictures explaining the stereoscopic observation of VISI with the forward and backward FOVs. The situations of a, b, c, and d correspond to cases of #1, #2, #4, and #7 of Table 2, respectively


However, the twice measurements are not always available. When one FOV data set is contaminated, only the other FOV data is used for judgment. Due to the angle difference of the line of sight and the height difference between the airglow emission and contamination sources, a contamination source with a limited area affects only one set of FOV data. The schematic picture of this situation is shown in Fig. 5b. When the forward FOV is contaminated, the criterion for identifying a wave event is [image: $${\sigma }_{\mathbf{B}.}^{2}&gt;{\sigma }_{\mathbf{B}.T}^{2}$$], and vice versa. In Fig. 4c, orange (purple) hatches indicate areas where a wave event judgment is based on forward (backward) FOV data. Focusing on the vicinity of Japan in Fig. 4, the south of Japan is evaluated using forward FOV data, and the north of Japan is assessed with backward FOV data. This is because city light contamination is projected in different areas at the airglow altitude, depending on the viewing angle of each FOV.
When contamination sources are distributed in a wider area, both FOVs become contaminated. This situation is illustrated in Fig. 5c, where no clean data are available, rendering wave detection judgment impossible. For example, city lights widely distributed over China result in contamination of both FOV data sets, as indicated by blue hatches in Fig. 4c.
There are additional scenarios where only a single FOV measurement is available: at the edge of the FOV swath and at the beginning and end of each orbital pass. When the ISS passes through the terminator and flies into the night side of Earth, VISI begins observing with both FOVs simultaneously. However, during the initial phase of each observation, the region observed by the backward FOV lacks a corresponding observation by the forward FOV, as illustrated in Fig. 5d. As will be obvious, in cases of single FOV measurement, the available single FOV data is utilized for the wave detection judgment. If this single data set is contaminated, judgment becomes impossible. In Fig. 4c, it is evident that measurements at the start of each observation are conducted only by the backward FOV.
The criteria for wave detection employed in this study are summarized in Table 2. Figure 4d shows the result of wave detection using data from both FOVs. Compared to the result from single FOV data, as shown in Fig. 4a and b, the contaminated areas are reduced because the two FOV data compensate for each other.
Table 2Wave detection criteria depending on the measurement situation


	Case #
	Forward FOV measurement
	Backward FOV measurement
	Forward FOV NOT contaminated
	Backward FOV NOT contaminated
	Wave detection criteria

	1
	✓
	✓
	✓
	✓
	Judged by two FOVs

	2
	✓
	✓
	✓
	 	Judged by forward FOV

	3
	✓
	✓
	 	✓
	Judged by backward FOV

	4
	✓
	✓
	 	 	Contaminated

	5
	✓
	 	✓
	 	Judged by forward FOV

	6
	✓
	 	 	 	Contaminated

	7
	 	✓
	 	✓
	Judged by backward FOV

	8
	 	✓
	 	 	Contaminated






Results
By applying the detection method to the nearly three-year data set from VISI, frequency maps of gravity wave events were derived for four different seasons: November to February (NDJF), March and April (MA), May to August (MJJA), and September and October (SO). The occurrence frequency was calculated with 1° [image: $$\times$$] 1° longitude–latitude bins. Figure 6 shows the number of data samples in each bin for the four seasons, including those contaminated by background light. Approximately 50 data samples from one orbital pass contribute to a bin, meaning the number of unique orbital passes per bin is about 1/50th of the total shown in Fig. 6. Figure 7 shows the number of data per 1° latitude by 5-min local time bin, showcasing the local time coverage of the observations as a function of latitude for each season. Since VISI observations were made only at night, the number of data samples decreases and the local time coverage shortens at the summer high latitudes, where nighttime hours are fewer.[image: ]
Fig. 6Number of data per 1º [image: $$\times$$] 1º longitude–latitude bin for a November to February, b March and April, c May to August, and d September and October

[image: ]
Fig. 7Number of data per 1° latitude by 5-min local time bin for the four seasons


Figure 8 shows the occurrence frequency of data samples identified as contaminated. The judgment of contamination corresponds to cases #4, #6, and #8 in Table 2. The occurrence map of contamination correlates well with the distribution of city lights, confirming that city lights are a major contamination source (NASA/Goddard Space Flight Center, Scientific Visualization Studio, Earth’s City Lights, 2012). There are some seasonal variations in the contamination frequency. For example, contaminations are observed in the center of the African continent, between 0°–10° N during NDJF, and 0°–20° S during MJJA, with less contamination is noted in MA and SO. The seasonal variations can be attributed to the varying threshold. The threshold varies as a function of airglow intensity that changes in seasons (Burrage et al. 1994). A dim airglow situation provides conditions where even faint city lights result in contamination. The contamination map would be helpful to know relatively clean regions for nadir measurements of the O2(0‐0) band. For example, it is expected to be useful when considering calibration positions for future observation missions.[image: ]
Fig. 8Occurrence frequency of data samples judged as contaminated


The occurrence frequency, defined as the percentage ratio of wave events to uncontaminated data samples, for each 1° × 1° longitude–latitude bin and season, is presented in Fig. 9. Longitude–latitude bins with a contamination frequency exceeding 30% are considered difficult to show a proper wave occurrence; thus, they are masked with gray hatches in the figures. The occurrence maps are contaminated by aurora at longitudes of 70° E–170° E and latitudes higher than 40° S, where the magnetic latitude is relatively higher. Aurora signal yields a large variance of the VISI image. This is not excluded by the data screening algorithm of this study, which primarily focuses on eliminating contamination from sources below, such as city lights.[image: ]
Fig. 9Wave event frequency from VISI observation from November 2012 to August 2015. Longitude–latitude bins with a contamination frequency exceeding 30% are masked with gray hatches



Discussion
In Fig. 9, we observe several interesting features, which we will discuss in the following three sub-sections. The first sub-section focuses on the winter middle to high-latitude enhancement, likely related to the polar night jet and orographic hot spots. The second sub-section addresses enhancements in the summer hemisphere from the equator to high latitudes, likely associated with deep convection. The final sub-section discusses hot spots observed during the equinox seasons.
Wave occurrence at winter middle to high latitudes
The polar vortex is known as an important source of gravity waves. Strong westerly winds of the jet permit the upward propagation of orographically generated gravity waves and other waves with westward intrinsic horizontal phase speeds, such that they avoid critical level filtering and propagate to higher altitudes before breaking. Recent studies have shown that these waves break in the stratosphere or lower mesosphere and generate higher-order gravity waves (Becker and Vadas 2018; Vadas et al. 2018; Vadas and Becker 2019). Secondary or high-order waves can then propagate the upper mesosphere and thermosphere (Vadas and Becker 2019; Vadas et al. 2019; Becker et al. 2022b; Harvey et al. 2023). The polar night jet is also known as a source of gravity waves by imbalance of the jet (O'Sullivan and Dunkerton 1995; Becker et al. 2022a). Gravity waves generated by imbalance also generate secondary GWs where they break (Vadas et al. 2023). Previous observations show strong gravity wave activity near the polar night jet, especially over the region where the wind is fastest, at the stratosphere and lower and middle mesosphere (Wu and Waters 1996; Wang and Alexander 2009; Jiang et al. 2006; Hoffmann et al. 2014, 2017; Ern et al. 2018; Hindley et al. 2020; Harvey et al. 2023). At the mesopause altitude, our results in Fig. 9 show a high occurrence of gravity wave activity at winter high latitudes (> 40° N/S in Fig. 9a and c) and are consistent with these previous observations.
During NDJF, in the high latitude of the Northern Hemisphere, the longitudinal sector from North America to Europe (100° W–30° E) shows a particularly high occurrence compared to the region from the east of the Eurasian continent to the West Pacific (60° E–180° E). Previous observations in the stratosphere and lower mesosphere reported a similar longitudinal structure of gravity wave activity (Alexander et al. 2009; Hoffmann et al. 2014, 2017; Harvey et al. 2023). This longitudinal enhancement of wave activity can be attributed to the zonal wave pattern of the jet that has faster eastward winds from North America to Europe. In the longitudinal band of higher occurrence, the occurrences over Europe and the east side of Canada are especially high. These hot spots are likely due to the orographically generated gravity waves. AIRS observations showed orographic hot spots in the stratosphere over the European Alps (Hoffmann et al. 2013) and the east side of Canada (Labrador, Hoffmann et al. 2017) during NDJF.
During MJJA, the winter high latitude between 70° E and 170° E experiences aurora contamination. Therefore, large-scale longitudinal patterns are difficult to examine there. However, a few hot spots are visible in the southern high latitude. A prominent hot spot over the southern Andes is caused by mountain waves due to wind flow over the Andes and the Antarctic Peninsula. This region is where previous global measurements have shown higher wave activity in the stratosphere and mesosphere (e.g., Eckermann and Preusse 1999; Alexander et al. 2008; Wu and Eckermann 2008; Preusse et al. 2009; Ern et al. 2011; Hoffmann et al. 2013), and in the thermosphere as well (Park et al. 2014; Trinh et al. 2018; Vadas et al. 2019; Vadas and Becker 2019). The hot spot around the southern Andes is extended especially to the east with a zonal extension larger than 40°. Sato et al. (2012) explained that mountain waves can propagate leeward (eastward) due to advection by the background mean wind component perpendicular to the wavenumber vector. Vadas and Becker (2018) reported that mountain wave events were swept leeward due to the acceleration of the wind in time. The eastward extension of the hotspot in VISI can be attributed to these mechanisms.
We can see slightly higher occurrences around New Zealand and Tasmania, likely orographic hot spots, as they are known as a source of orographic gravity waves (Eckermann et al. 2016; Fritts et al. 2016).

Wave occurrence related to convective gravity waves in the summer hemisphere
In NDJF and MJJA, middle to high latitudes in the summer hemisphere exhibit high wave occurrence. These middle to high-latitude maxima show distinct longitudinal variations. In NDJF, longitudinal maxima are observed over the Pacific Ocean (180° W–130° W), South America to South Africa, and around Australia. In MJJA, two strong longitudinal maxima appear over North America and the east side of the Eurasian continent, and a third weaker maximum appears over Europe. A possible source of these maxima is deep convection in the middle to high-latitude summer. Over the North American Great Plains, it is known that thunderstorms, known as mesoscale convective systems, develop and generate a gravity wave hot spot during summer, May to August (Hoffmann et al. 2013). Previous imaging observations of mesospheric airglow often report wave signatures just above strong convective activity (e.g., Yue et al. 2009, 2013; Vadas et al. 2012; Akiya et al. 2014). Deep convection over the continents has different characteristics from those over the open ocean. AIRS showed a higher occurrence of deep convection and gravity wave events over the continents than over the oceans at summer middle latitudes (Hoffmann et al. 2013). This difference between continents and open ocean could lead to the three-peaked longitudinal structure of wave occurrence.
Another possible source that might contribute to the middle to high-latitude enhancements is horizontally propagated gravity waves originating from deep convection at equatorial latitudes (Forbes et al. 2021). Low-frequency gravity waves generated in the intertropical convection zone (ITCZ) are thought to propagate poleward in the summer hemisphere as they propagate upward (Sato et al. 2009). The latitudinal propagation is observed in limb-sounding measurements of the stratosphere and mesosphere (Ern et al. 2011) and demonstrated in simulations (Sato et al. 2009; Preusse et al. 2009). The three-peaked longitudinal structures of the summer middle to high latitudes maxima closely resemble those observed in the stratosphere and the lower and middle mesosphere (Ern et al. 2011), although our results exhibit some smearing compared to observations at lower altitudes. Ern et al. (2011) reported that the latitude of maxima in the summer hemisphere was at 30°–40° S/N in January and July of 2006 at an altitude of 70 km. The latitude of maxima in wave event occurrence in our results, at an altitude of around 95 km, appears to be shifted more poleward at ~ 40°–50° S/N or higher, although determining the exact latitude of maxima is challenging due to the limited latitudinal coverage of the VISI measurements (the latitudinal range of the occurrence map is 53° S–53° N).
During NDJF and MJJA, hotspots are found not only at middle to high latitudes, but also at low latitudes directly above the ITCZ. In NDJF, occurrences over Brazil (0°–30° S, 70° W–40° W), the south of the African continent (0°–30° S, 20° E-40° E), and the Maritime Continent/Australia (0°–30° S, 100° E-130° E) are high. In MJJA, occurrences over the north of South America (0°–20° N, 80° W–50° W), the middle of the African continent (0°–20° N, 0° E–30° E), and the Indian Ocean/the Maritime Continent (0°–20° N, 80° E–130° E) are high. These three peaks correspond well with the hot spots of deep convective plumes in the ITCZ (Vadas et al. 2014). These occurrence peaks are likely due to deep convective gravity waves from the ITCZ.
Previous global observations from limb-sounding instruments showed only poleward propagating waves (Ern et al. 2011). VISI, a nadir-viewing instrument, also shows wave activity at the mesopause above deep convection because it has a sensitivity to high-frequency waves with short horizontal wavelengths.

Hot spots in the equinox seasons
Hot spots during the equinox seasons are relatively blurry compared to those of the solstice seasons. This is partially because of the relatively shorter date range of equinox data seasons. Since many hot spots or active regions during the equinox seasons are seen near previously known hot spots, we can speculate their source from their location.
During MA, hot spots are observed over the Amazon Rainforest, Congo Rainforest, Marin continent, the eastern part of North America, and the Indochina peninsula. They could be gravity wave hot spots from deep convection.
The hot spot over the Indochina peninsula is especially prominent and likely attributed to strong convective activity near the Bay of Bengal. An example of a wave event over the Indochina peninsula is shown in Fig. 2. Perwitasari et al. (2016) also highlighted the same event and identified the center of the concentric wave structures within the Bay of Bengal using VISI data. They also identified strong convective activity in the troposphere near the estimated center, which is the most likely source of the waves, with Three-hourly Tropical Rainfall Measuring Mission (TRMM) data. The occurrence analysis of AIRS stratospheric wave event showed a hot spot over the Bay of Bengal to Bangladeshi during MA (Hoffmann et al. 2013). Our results show that the hot spot has a large area with its edge about 1800 km east of the Bay of Bengal. This is reasonable because concentric waves in the mesosphere typically have a maximum radius of 600 km to 1800 km (Perwitasari et al. 2016).
During SO at equatorial latitudes, hot spots are observed over the Amazon Rainforest and the Congo Rainforest. They could be deep convection hot spots. The hot spot over the Marin continent is less prominent than those observed in other seasons. The occurrence over the southern Andes is high in SO. It could be an orographic hot spot related to the Andes and Antarctic Peninsula, which in general runs from May to October (Liu et al 2019).


Summary
The global climatology of gravity wave activity across four seasons was derived from nearly three years of VISI data on the O2(0‐0) band emission. To detect gravity wave events, we evaluated the variance of high-pass filtered O2 band images within a local 100 km radius. We applied a variance threshold for the detection, three times the standard deviation from the average variance of the background level as shown in Eq. (2), varying as a function of the background mean airglow brightness. VISI’s nadir-viewing measurements of O2(0‐0) band emission are contaminated by upwelling city light emissions, especially over highly populated areas. The data screening algorithm using bottom counts of peak mode data effectively removed contaminated data.
The occurrence maps show a higher frequency of wave events in winter high latitudes (> 40° N/S), which can be attributed to gravity wave activity associated with the polar night jet, which generates gravity waves and amplifies gravity waves from sources below the jet. In winter high latitudes, hot spots were observed near orographic sources, including the eastern part of North America, Europe, the southern Andes, New Zealand, and Tasmania. In the summer middle to high latitudes, higher wave occurrences with three longitudinal maxima were detected. We speculate they are due to gravity waves from deep convection that arise from mid-latitude summertime thunderstorms. Additionally, horizontally propagated gravity waves originating from deep convection at the ITCZ could contribute to this middle to high-latitude enhancement. Hot spots were identified just above the ITCZ, likely due to high-frequency waves propagating vertically from deep convection. During the equinox seasons, hot spots were noted in the vicinity of strong convection regions, including the Amazon Rainforest, Congo Rainforest, the Marin continent, the eastern part of North America, and the Indochina peninsula. They are presumed to be convective hotspots. An orographic hot spot was also observed over the southern Andes during SO.
The global analysis can provide valuable information for future local studies with ground-based observations to interpret local results in a global context. Our results clearly show the potential of space-born imaging of O2(0–0) band emission in global observation of small-scale waves (horizontal wavelength of ~ 25–200 km) in the upper mesosphere around 95 km. It can fill the observational gap between the stratosphere and thermosphere and offers a useful dataset for investigating wave activity on a global scale.
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