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Abstract. Atmospheric gravity waves (GWs) are an important mechanism for vertical transport of energy and momentum
through the atmosphere. Their impacts are apparent at all scales, including aviation, weather, and climate. Identifying strato-
spheric GWs from satellite observations is challenging due to instrument noise and effects of weather processes, but they
can be observed from nadir sounders such as the AIRS instrument onboard Aqua. Here, a new method (hereafter ‘neighbour-

hood method™’) to detect GW information is presented and applied to AIRS data. This uses a variant of the 3D S-transform to

calculate the horizontal wavenumbers of temperature perturbations, then find areas of spatially constant horizontal wavenumbers
assumed to be GWs), which allow for creating a binary wave-presence mask. We describe the concept of the neighbourhood

method and use it to investigate GW amplitudes, zonal pseudomomentum fluxes, and vertical wavelengths over 5 years of
AIRS data. We compare these results to those calculated from GWs detected using another widely used method based on &

deﬁﬂeekgpN amplitude cutoff.

ﬂﬁmph&ld&e\ﬁefﬁdefee&efrmefhed—w%#ef—wave%%% of regions of wave activity detected using the neighbourhood

method have amplitudes lower than is visible using the amplitude cutoff method, and so can not be observed. Three regions

are studied in greater depth: the Rocky Mountains, North Africa, and New Zealand/Tasmania. GWs detected using the neigh-
bourhood method have realistie-wave phase propagation angles —which-are-consistent-with-surface-levels-windsfromERAS

chimatological-reanalysesconsistent with linear theory. Using the neighbourhood method produces new statistics for regional
and global GW studies, which eompares-compare favourably to the amplitude cutoff GW detection method.

1 Introduction

Atmospheric gravity waves (hereafter referred to as ‘GWSs’) are a vital component in the dynamics of the atmosphere. They are
one of the main processes by which energy and momentum are transferred vertically through the atmosphere 2)(Holton, 1982),
and as such can have large impacts on aviation, atmospheric chemistry, the general circulation, and other atmospheric phenom-
ena (Olafsson and Agdstsson, 2009; Gardner, 2024; Garfinkel and Oman, 2018; Smith et al., 2005). GWs propagate through-
out the atmosphere, but have their largest effects at higher altitudes, as they-inerease—in—amplitade—with-height-beeause—of
according to linear theory, conservation of energy and the exponential drop in pressuredensity enforce their amplitudes to grow.
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exponentially with height. They are generated by a wide array of mechanisms, with-by-far-the-two-mestimportantbeing-such as

flow over orography and deep convection {2222?}(Tsuda et al., 1994: Dornbrack et al., 2002; Fritts and Alexander, 2003; Achatz et al., 202
. Other mechanisms include geostrophic adjustments from jet streams (?)-and—frontal-systems—??)(Fritts and Luo, 1992),

frontal systems (Plougonven and Teitelbaum, 2003; Zhang, 2004), and non-linear wave-wave interactions (Schlutow and Voelker, 2020)

These diverse mechanisms can lead to large differences in the waves-they-produee;-but-wave properties, with the vast majority
of GWs have-herizontal-wavelengths-having horizontal wavelengths in the range of a few kilometres up to thousands of kilo-

and periods from minutes to days (Dunkerton, 1982; Baldwin et al., 2001; Ern et al., 2021).

The wide range of periods and wavelengths that GW's have make it difficult for instruments to observe the whole spectrum,
an issue often referred to as the ‘observational filter’ problem (22)(Preusse et al., 2002; Alexander et al., 2010). For example,
nadir-sounding satellite instruments are usually good at resolving fine-scale horizontal wavelength waves due to their high
horizontal sampling and fine measurement resolution, but as a trade-off usually have coarse vertical resolution.

The Atmospheric Infrared Sounder (AIRS) instrument onboard Aqua, a Sun-synchronous polar orbiting satellite, is a nadir-

sounding instrument that scans across-track. This allows for 3D measurements of temperature and hence, detection of GWs.

AIRS has been used for many GW studies over its near-22 year life to date

- One problem previous studies were dealing with is the proper filtering and identification of GW signatures in AIRS temperature
MMQMWWWMWM 100 km radius —FH-this
»-and compared the result with a
predefined threshold to identify GW signatures. Hoffmann et al. (2016) improved on this by taking variance differences be-
tween two boxes, one over an orographlc hotspot and the other upwind of fhe—hetspef*"ﬂﬂm—%mtsed%eﬁdeimﬁwhefhef
>this hotspot

to define a background or reference variance. Ern et al. (2017) used an amplitude-cutoff approach to extract GWs from AIRS
data, allowing them to study waves using the S3D technique {2}(Lehmann et al., 2012).

Previous work has also used the S-transform (2)(Stockwell et al., 1996), hereafter referred to as the ST(2??);—to-deteet
s tocaleulate GV information (Hindley etal 2016, Weghtet . 2017; Hindley tal, 2019) his esembles & coninu
WWWMM@ This prov1des localised frequency space information about an 1nput

signal.

f1-a

ous wavelet transform

isno—wave—When no wave is 4

rg-present in a volume, the ST fits low-amplitude waves to the
AIRS pointwise thermal noise in that volume. This is why methods that detect high-amplitude GWs from the ST output are
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low-amplitude GWs.

In this study, we describsueha new method to detect stratospheric GWs in AIRS observations. This method uses an

identi es GWsusingfrom these properties. Section 2 and Section 3 describes AIRS and the steps we use to identify waves in

the ST output, respectively, including a brief description of how we preprocess the AIRS data. This involves applying the ST

the Rocky Mountains, (ii) North Africa, and (iii) New Zealand and Tasmania. Finally, we draw conclusions in Section 5.

2 Data

instruments aboard NASA's Aqua satellite. Aqua was launched in May 2002 into a Sun-synchronous polar orbit. AIRS provides
derived global measurements of temperature, humidity, and greenhouse gases. The data collected by AIRS has contribute
signi cantly to climate research, weather forecasting, and atmospheric science more geéaghdyshall et al., 2006). AIRS
measures atmospheric radiances over a spectral range of 3.74 -mMifuging 2378 infrared channels, which can be used to
characterise the Earth's atmosphere at different altitudes. The instrument scans in the nadir, with each cross-track scan coverini
1765 km on the ground, split between 90 footprints, with a complete scan taking 2.67 seconds. Due to the nadir-sensing

geometry and constant angular velocity of the scan, across-track resolution is higher at swath centre and coarser at swath edg

X
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between 1.4 — 2.1 K. Both the vertical resolution and the uncertainty are illustrated by Figupel

This retrieval assumes local thermodynamic equilibrium (LTE), meaning two schemes are needed, one for nighttime and one
for daytime. The nighttime scheme uses both 4.3 andri$neasurements, which are both valid under the assumption of LTE.
During daytime, non-LTE effects arise in the 4.81 measurements from solar excitation, so only the tbmeasurements
are used in this scheme. Note that the daytime scheme does have larger retrieval noise than the nighttime scheme, for mor

3 Methods
3.1 Preprocessing

Each granule of the retrieved temperatures for each day is linearly interpolated onto a regular distance2griclcfspixels

remaining temperature perturbations are assumed to be GWs. Nyquist's theorem, along with a sampling footprint distance of
14 km, limits the horizontal wavelengths we can measure in these observatio86 ton at nadir, and 80 km at track-edge.
The data after the fourth-order polynomial detrending is sensitive to GWSs with relatively short horizontal wavelengths (< 600

provide more information on the scales of GWs resolved by this dataset.

3.2 S - TransformMethedTechnique
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only those spatial frequencies with the greatest spectral magnitude in the 3DST output. This allows us to bene t from the
improved vertical wavelength discrimination of the 2D+1ST, whilesretaining the robustness to noise of the 3DST.
We limit our analysis to along-track and cross-track wavelengths of values greater than 25 km, while vertical wavelengths

that20%of detectedsWsoverthe SouthernAndesaredownwardpropagatingbutit is necessary.

Following this, the 39 km altitude level is selected for postprocessing to identify waves present in the data. This altitude
level was selected because it lies within the region of highest resolution and lowest total noise in the 3D temperature retrieval

of hefollowina-wavedetectionmethodeanbeanpliedinthesamenavto-otherlevelswithin AIRS thathavethesame

Two methodsfor detectingGWs from the spectraloutputof the ST areappliedseparatelyo eachpair of processegjranules:

furtheranalysisandmeasurementBem-regionswith-ne-The neighbourhoodnethodis appliedto the spectraloutputof the

S-transformeghon-smoothediatato detectregionswith. GWs. The fundamental principle of this method is that we expect

Areas of consistent wave properties at 39 km altitude are identi ed using the following methodology:

(a) Pairs of granules are concatenated in the along-track direction (Figure 1a.).
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Figure 1. Step-by-step masking of two waves over North America, July 17th, 2010, granules 80 — 83. From left to right: (a) The temperature

be V|suaIIy seen in the temperature perturbations appear as regions of similar wavenumber. (c) The average absolute difference betweel
horizontal wavenumbers within each pixel's neighbourhood, the red indicates everywhere lower than the cutdff { km 1). (d) The

nal mask applied to the original temperature perturbations.

zonal, mer|d|onal, and vertical wavenumbérd;rmlg,::l, :gnqm. From th|s, it can be seen that GWS appear as regions of

similar horizontal wavenumber amongst the noise, as illustrated by Figure 1b.

(c) For each pixel, the mean absolute difference betheheH%en{aMaveHHﬂbemf»eaekweleachpjxelszngnzontal




detected, and removes small areas of coherent wavenumber noise (see Appendix A2 for more information).

170 Thismethodologycreates
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anyof the spectrabutputsof the S-transformediata,aswith the neighbourhoognethod.

185 3.4 Pseudo-momentuni-lux

190
(MEcMR)= - 37 A gL @
YT 2 N BG m’'m
where ;g andN are density, acceleration due to grav'@y&kmsﬁzg;@ ms 2), and the Brunt-Vaisala frequend.Q2s 1),
195




200

205

210

215

220

225

230

h, i) and ratios (j, k, I) between the two methods are also presented.
In mestmanyareas where GWs are detected using both methods, the mean amplitude from GWs detected using the neigh-

(hereafter referred to as H13), who used a temperature variance method to detect GWSs, Figure 3 shows many of the sam

features and similar occurrence rates worldwide. There are some differences: GWs detected over the Southern Ocean in JJA



Figure 2. Maps showing mean detected GW amplitudes between 2010-20fl#focal wintermenthmonthsin both hemispheres. (a, b,

¢) GWs detected using the amplitude cutoff method, (d, e, f) GWs detected using the neighbourhood method, (g, h, i) the difference between
amplitudes measured using the two methods, and (j, k, I) the amplitude ratio of the two methods.

have a much higher occurrence rate in this gure than in H13, and there are waves detected nearly everywhere in the Northern
hemisphere in NDJF, whereas in H13 they were more sparse. The hotspots shown in H13's Figures 14 and 15 exhibit a higher
occurrence rate than that seen in our Figure 3ifsiteach hotspot is spatially smaller and these hotspots were spread across



Figure 3. A map of the average wave detection rat&9 km per AIRS overpass using the neighbourhood method. (a) shows boreal winter,

November-February, and (Bpewsaustral winter, June-September. On a log10 scale.

the world more than is seen in Figure 3. These differences might be due to the H13 detection technique characterising peak

235 events as having GW variance exceeding the zonal mean variance.

4.1 Histograms of Latitude Bands

Figure 4 shows histograms of GW amplitudes, zonal momentum ux, and vertical wavelengths for the three methods (i.e. ST

240

245

250

10



255

260

waves detected using the amplitude cutoff method, and coloured for waves extracted using the neighbourhood approach. Colours represer

the season local to that latitude band. Each histogram has been internally normalised to sum to 100% for ease of comparison. It is noted tha

theaxisfor vertical wavelength (c) is linear in wavenumber.

seemge-mainly-characteriseéheneise 31 _moreareaswith waveshavingamplitudesgreaterthan2 K. This is a similar
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4.1.2 Zonal Momentum Flux (MF)

and direction of the background ow. The morphology of the coloured histograms presented in Flgure 4b is due to this phe-
nomenon. For examplen Figure 4b. i, the waves detected using the neighbourhood method have mainly nega,tive MF

can be attributed to a variety of causes: the waves may have propagated merldlonally and evaded a critical level, there may no
have been a critical level for that particular wave where the waves propagated vertically, or the 3DST may have miscalculated
the angle of propagation. The 3DST issue arises when the phase fronts of the GW are aligned near to the vertical; the techniqu

must aSS|g|HCIewaveteJeeangled|esemeel+Feeﬂeﬁan _angle relative to the vertical, andiifeverticalangleassigneds-direetly

12
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4.1.3 Vertical Wavelength ( ,)

4.2 Regional Studies

Three regions were chosen for deeper study (Figure 5), speci cally:

Figure 6 shows the annual cycle of GW activity over each region, where each column shows a distinct region. The top two
rows (panels a — f) show the amplitudes of detected GWs for each region, with the rst row (panels a — c) showing values
calculated for GWs detected using the amplitude cutoff method, and the second row (panels d — f) showing values calculated
from GWs detected using the neighbourhood method. The bottom two rows (panels g — I) show zonal momentum ux from
GWs detected using the amplitude cutoff method (panels g — i) and the neighbourhood method (panels j —I). Each panel has
been normalised to sum to 1.

Considering rst the amplitudes of GWs detected using the amplitude cutoff method (panels a — ¢), the Rocky Mountains
and New Zealand/Tasmania (panels a & c) exhibit similar morphologies but offset by 6 months, with more higher amplitude
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Figure 5. The regions chosen as case studies for this study. The Rocky Mountains, North Africa, and New Zealand/Tasmania
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Gaussian distribution, which is not observed in the other regions analysed. The absolute valugSmf\WhAtertime GWs
detected using the neighbourhood method over North Africa are generally lower than those in the other twalirégionsd

We next consider Figure 7, which shows polar histograms of wave phase propagation angle over the three regions for waves
detected using the amplitude cutoff (panels a — c¢) and for waves detected using the neighbourhood method (panels d — f) during
local wintertime. Panels a & d show results from the Rocky Mountains, panels b & e from North Africa, and panels ¢ & f from

New Zealand/Tasmania.

during this time—Fhis-is-due to the presence of the lower stratospheric polar night jet over the Rocky Mountains and New
Zealand/Tasmania. Waves observed over these regions should primarily be propagating weShimislsiot seenwhen

Rocky Mountains not being a straight ridge (such as the Andes). The spread could also be due to the movement of the lower

stratospheric polar night jet throughout the local wintertime.

15
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time are-ewing— 0w eastwards at the altitude of this studyich wasfound using ERAS climatological reanalysgsutthe

, whose results found that most GWs from New Zealand and Tasmania travel upwind, with wavefronts nearly perpendicular to

the Southern Alps. Using ERA5 climatological reanalysis data, we found that the winds in this region during this period are
directed north-eastwards, which agrees with these results. These ndings can be seen when using the amplitude cutoff methoc
aswell(panel c), buthey i i

methoddoesnot detectany

which allow for the creation of a binary wave-presence mask. This allows us to produce a new global climatology of GW prop-

16



erties anér-partiedtar, in_particular, identify key resultthat are accessible using this methaehich could not be achieved
420 using older techniques. To quantify this, we have apgilieththe neighbourhood method and the existing widely-used ampli-
tude cutoff method to 5 years of data between 2010-2014.
Analysing these data, we conclude that:

using the older amplitude cutoff method, and would be indistinguishable from instrument noise if neither method were
425 applied. In regions dominated mpnr-eregraphidow-amplitude GW activity, such as North Africa, this difference in-
creases to as much as0%efal-GWs;while- _81%0f all areaswith GWs.In_contrastin other regions dominated by

430
440 — MeanNet zonal momentum uxesnd anglesfor GWs detected using the neighbourhood method exhibit plausible

445 teehniqueThisappliesatbethglobalandregionalseales.
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detections. In particular, the outputs from the neighbourhood method could be used to make GW parameterisations in models
more accurate, especially over regions of typically low-amplitude waves. In addition, they could support backwards ray-tracing

amount of noise present. The perfect values for these variables vary greatly on a case-by-case basis, so for broad applicatio

we must empirically-determine values that suit the majority of waves. A decision was made to be conservative with the size

and number of waves detected, to be con dent thatei
aswavesignalsof the detectedsignalscontainechnly waves, and we note clearly that different tuning parameters could detect

more waves, but at a greater cost in terms of false positives.
Al Neighbourhood Size

Figure Al shows the case study described in Figurel, with four different neighbourhood sizes used for the wave detection.
Using a small, 3 x 3, neighbourhood (panel a), the neighbourhood method detects too many waves, most of which cannot
be seen in the temperature perturbations. Panels ¢ (7 x 7) and d (9 x 9) appear to have stabilised around the large wave in th
North, but they do not capture the GW over Central America. Only panel b (5 x 5) detects both waves visible in the temperature
perturbations and no extra noise. This analysis was done for multiple other cases, and the 5 x 5 neighbourhood was chosen.

A2 Average Difference Cutoff

Using the5 5 neighbourhood chosen in Appendix Al, the average difference cutoffs were varied. For clarity, the larger
the cutoff, the more, and larger, waves would be expected to be detected. This is seen in Figure A2; panel a uses a cutoff of
0:5 10 4 km ! and detects the smallest total area of waves, but it does not detect any noise. This was deemed to be too
conservative. Panel d uses a cutofftof 10 2 km !, which has the same issue as in Figure Ala of detecting too many

waves. Using many other cas@s, 10 4 km ! was chosen as the average difference cutoff used on the dataset.

Data availability. The data that supported this study can be found at Hoffmann, Lars, 2021, "AIRS/Aqua Observations of Gravity Waves",
https://doi.org/10.26165/JUELICH-DATA/LQAAJA, Jilich DATA, V1
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Figure 6. Histograms fer-each-of normalised counts per day of the year (2010-2014), with a monthly-moving mean applied for each day,
over the three regions: the Rocky Mountains (a, d, g, j), North Africa (b, e, h, k), and New Zealand/Tasmania (c, f, i, I) of amplitude (a — f)

and zonal momentum flux (g —1). Panels a — c and g — i present the values of waves detected using the amplitude cutoff method, and panels d
—fand j — 1 present the values of waves detected using the neighbourhood method. All waves are detected at 39 km. Colours are on a log10

scale, and have been normalised to sum to one. The red lines on panels a — e-indieates{ indicate the amplitude cutoff used.
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Figure 7. Polar histograms of the-angles-of-wave phase propagation angles over the Rocky Mountains, North Africa, and New Zealand/Tas-
mania in local winter (NDJF for the Rocky Mountains and North Africa, and 3JJAS-MJJA for New Zealand/Tasmania). Panels a — ¢ show
wave phase propagation angles for waves detected using the amplitude cutoff method, and panels d — f show wave phase propagation angles

for waves detected using the neighbourhood method. Each histogram is normalised to sum to one.
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