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Abstract.

Tropical cyclones (TCs) are known to regularly excite near-concentric outwardly radiating gravity waves in the
lower stratosphere, with horizontal wavelengths of a few hundred kilometers. These disturbances can potentially
drive in situ cirrus production, but their amplitudes have been poorly known: satellite observations produce substan-

5 tially lower amplitudes than those in models or reanalysis, and there have been few aircraft overflights to provide
in situ measurements. We present here data from a new TC overflight of supertyphoon Hinnamnor by the NASA
WB-57 in 2022 during ACCLIP (the Asian Summer Monsoon Chemical and CLimate Impact Project). Hinnamnor
produced a clear and large gravity wave temperature signal in the lower stratosphere, at 9.6 K peak-to-peak, nearly
an order of magnitude larger than typical satellite studies and three times as large as in contemporaneous ERAS

10 reanalysis. The measured value would fall in the 97th percentile in ERAS, based on a sample of 114 summertime
TCs in the Western Pacific basin, which produce near-ubiquitous but weaker concentric gravity waves. A metanal-
ysis and comparison of ERAS to observed winds suggests that both satellite retrievals and reanalysis underestimate

TC gravity wave amplitudes because of resolution constraints. Satellite retrievals dampen short-vertical wavelength
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perturbations, while reanalyses fail to capture the rapid intensification of tropical cyclones that is associated with
15 strong gravity wave production. These results imply that high-resolution measurements are needed to quantify the

influence of TC-induced gravity waves on the stratospheric water budget.

1 Introduction

Between 80-100 tropical cyclones (TCs) form each year across ocean basins, bringing with them extreme winds
and precipitation (Knutson et al., 2010). TCs, defined as rapidly rotating low-pressure systems that derive energy

20 from the ocean surface, play a substantial role in heat transport, a role that may increase as TC intensity is predicted
to increase in warmer climate conditions (Emanuel, 2005; Elsner et al., 2008). TCs also regularly produce short-
wavelength gravity waves (GWs) at their tops, in concentric rings (Liu et al., 2014; Tratt et al., 2018; Li et al., 2022a)
or spiral patterns (Chow et al., 2002; Wu et al., 2022); we use the term “concentric gravity waves” for both cases.
Although the contribution of TC-generated gravity waves to driving stratospheric circulation is likely small relative

25 to other sources (Kuester et al., 2008; Jewtoukoff et al., 2013; Wright, 2019), they can affect the structure of the
upper troposphere and lower stratosphere (UTLS) and can remove water via in situ cirrus cloud formation (Pandit
et al., 2024). Cirrus formation in the temperature minima of gravity waves is a common UTLS phenomenon and is
important to both radiation and water budgets (Jensen et al., 2016; Podglajen et al., 2016; Kim et al., 2016; Chang and
L’Ecuyer, 2020). The characteristics of TC gravity waves remain poorly known, however, and those characteristics

30 drive both the occurrence of cirrus and the size distribution and other microphysical properties of ice particles (Dinh
et al., 2016; Atlas and Bretherton, 2023).

Tropical cyclones produce concentric gravity waves intermittently throughout their lifetime (Wright, 2019; Cul-
lens et al., 2023; Wang et al., 2024). Several satellite-based studies suggest that strong gravity waves are more likely
when storms are intensifying, with enhanced gravity wave activity actually preceding the increase in cyclonic wind

35 speeds (e.g. Kim and Chun, 2010; Chane Ming et al., 2014). Hoffmann et al. (2018) suggests that gravity wave
production is driven by deep convective towers that are more frequent during intensification. Enhanced gravity wave
production during intensification may in turn explain the observed slight dependence of amplitude on TC intensity
(e.g. Wang et al., 2024). Analysis of concentric gravity wave features is complicated, however, by the fact that their
amplitudes are generally not symmetric in space (e.g. Kim et al., 2009; Gong et al., 2015). Radar and radiosonde

40 case studies suggest amplitudes are stronger at the leading edge of a storm (Sato, 1993) by as much as a factor of two
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(Dhaka et al., 2003), but structures are dependent on background wind conditions and on TC location (Wang et al.,
2024).

While TC-generated concentric gravity waves have been studied in satellite observations, in reanalyses, and in
models, the results vary widely (Table 1). Most published results are case studies of individual TCs, which can differ

45 since convectively generated GWs, unlike topographic GWs, span a large range of phase speeds, frequencies, and
horizontal and vertical wavelengths (Fritts and Alexander, 2003). Some general patterns are, however, clear: gravity
wave amplitudes are smallest in studies based on satellite observations, and become larger as resolution increases,
in particular vertical resolution. Resolution both directly restricts the observable spectrum of gravity waves and, in
models, indirectly affects gravity waves by altering fundamental TC physics (Kim et al., 2009).

50 Satellite-based studies of TC gravity waves typically use NASA’s Atmospheric Infrared Sounder (AIRS), which is
sensitive to horizontal wavelengths greater than 30—-80 km (in the best case, when Level 1B data is used) and vertical
wavelengths greater than 12—-15 km (Beres et al., 2002; Hoffmann and Alexander, 2009). Weighting functions are
retrieval dependent, but in all cases features at smaller scales are attenuated or omitted. AIRS studies typically focus
on 30-40 km altitude where signal is strongest, but show amplitudes of only ~1 K. GW amplitudes would be even

55 smaller in the UTLS, the region of concern for cirrus formation. Model studies that coarsen their output using the
AIRS weighting function produce amplitudes similar to those observed from AIRS, or even slightly smaller (e.g.
Kim et al., 2009; Wu et al., 2015 for TC GWs, or Schroeder et al., 2009; Gong et al., 2015 for non-TC-specific
GWs).

Studies based on reanalysis output produce TC gravity wave amplitudes roughly three times larger than in AIRS.

60 Reanalysis models have horizontal resolutions similar to AIRS (~30 km) but finer vertical resolution (0.5-1 km in
the lower stratosphere). However, numerical diffusion means that even reanalyses still do not fully resolve gravity
waves with vertical wavelengths less than 10 km (Preusse et al., 2014; Pahlavan et al., 2023). Furthermore, while
reanalyses produce the TCs seen in observations, with reasonable surface pressures (Kim et al., 2009; Hodges et al.,
2017), they do not accurately capture TC physics, producing wind speeds that are too low and too constant (Moon

65 et al., 2020; Roberts et al., 2020; Xu et al., 2024). Baker et al. (2024) argue that a model resolution below ~5 km
would be needed to realistically capture observed patterns of rapid TC intensification.

Case studies that simulate individual TCs at finer scales (3—9 km horizontal resolution) tend to produce concen-
tric gravity waves with slightly larger amplitudes than in coarser reanalysis. Those studies that report temperature

perturbations directly are shown in Table 1; their mean values are ~25 % larger than in reanalysis. Two of these
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Table 1. Characteristics of TC-generated concentric gravity waves in the stratosphere, for studies with reported temperature
amplitudes. Where possible, we list amplitude, horizontal and vertical wavelengths (A, Ay ), and period (T). AIRS resolution and
detection limits are compiled from Alexander and Barnet (2007) and Hoffmann and Alexander (2009). For nested model studies,
we show results from the highest-resolution inner domain. Note that radiosonde GWs are not guaranteed to be concentric. We
show results near 35 km altitude other than for studies that report values only in the UTLS (16-18 km), where gravity wave
amplitudes are ~50-65 % lower (Kim et al., 2009; Cullens et al., 2023). In most cases amplitudes are estimated from figures
by eye. Where systems are anisotropic we choose the maximum peak-to-peak amplitude. Studies are broadly consistent for
horizontal wavelengths and periods, but higher-resolution studies show larger gravity wave amplitudes. (The discrepancy would

be even stronger were all values reported at the same altitude.)

Study Method TC Alt. (km)  Pk-to-pk amp. (K) An (km) Ap (km) T (h)
Satellite: horizontal. res. 13—40 km (retrieval dependent), vertical res. 3—15 km Mean amplitude = 1.2 K
Huang et al. (2024) AIRS Molave (2020) 3040 0.8 - - -
Cullens et al. (2023) AIRS 5 TCs in 2018 3040 0.4 60-300 - -
Shi et al. (2021) AIRS Bejisa (2014) 30-40 1 150-190 16-24 ~0.75
Yue et al. (2014) AIRS Mahasen (2013) 3040 1 60-150 - -
Kim et al. (2009) AIRS Ewiniar (2006) 3040 2-2.5 150-500 - -
Kuester (2007) AIRS Katrina (2005) 30-40 1.5 40-200 ~0 -
Model (coarsened to AIRS): Mean amplitude = 1.2 K
Wu et al. (2015) WRF Mindulle (2004) 33 0.8 100400 6-12 7-12
Kim et al. (2009) WRF Ewiniar (2006) 42 1.5 150-700 - 3-11
Reanalysis: horizontal res. 30 km, vertical res. 0.5-1 km Mean amplitude = 3.8 K
Huang et al. (2024) ERA5S Molave (2020) 16 2-3 - - -
Li et al. (2022a) ERAS Chaba (2016) 40 34 290 - -
Kim et al. (2009) ECMWF Ewiniar (2006) 42 55 200-600 135 3-9
High resolution model: horizontal res. 3-9 km, vertical res. 0.5 km Mean amplitude = 5 K
Huang et al. (2024) WRF Molave (2020) 15.7 24 800-1000 5-8 -
Chane Ming et al. (2019) WRF Soudelor (2015) 18-25 55 16-700 1.4-5 1-20
Kim et al. (2009) WRF Ewiniar (2006) 42 6.5 50-300 10-11 1-2
In situ: horizontal res. 0.2 km (aircraft); vertical res 30 m (radiosonde) Mean amplitude = 6.5 K
Pfister et al. (1993) Aircraft Jason (1987) 18.3 4.8 265 0.4 4.5-6
Chane Ming et al. (2002) Radiosonde Dina (2002) 17-19 5 500-1900 3.54.5 1.3-1.6
This study Aircraft Hinnamnor (2022) 18 9.6 560 - -

a
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70 are nested model simulations; we show the inner domain. A larger set of case studies report only vertical velocities
and periods but are broadly consistent, implying rapid vertical displacements of hundreds of meters and therefore
temperature perturbations of a few degrees. High-resolution simulations of TC Humberto (MMS5) (Kuester et al.,
2008), TC Saomai (Weather Research and Forecasting - WRF) (Kim and Chun, 2010), TC Lekima (WRF) (Wang
et al., 2021), and a group of five TCs in 2018 (ECMWF IFS) (Cullens et al., 2023) all find maximum vertical veloc-

75 ities in the UTLS from 0.05-0.6 ms~—! and periods from 0.3-10 h, with higher velocities generally corresponding
to shorter periods. These high resolution models appear to have more realistic hurricane physics than do reanalyses.
For example, Huang et al. (2024) found that simulations with WRF using a 3 km grid accurately captured the rapid
intensification of Hurricane Molave, when wind speeds tripled over three days.

The most definitive estimates of TC gravity wave amplitudes should come from in situ measurements by research

80 aircraft and radiosondes. Aircraft temperature data have effective horizontal resolution of ~5-200 m (from 1-20 Hz
data at an airspeed of ~100-200 ms~!); radiosondes have vertical resolution of ~30 m or less (0.17-1 Hz data).
However, the regular hurricane monitoring flights by NOAA and other agencies do not reach above the base of the
UTLS (Aberson et al., 2006), and radiosonde sampling typically occurs only when a TC passes over an existing
station. Aircraft overflights of tropical cyclones are rare. The authors know of only four campaigns with published

85 overflights since the earliest U-2 campaigns of the 1950s—1960s (e.g. Penn, 1964; Koteswaram, 1967), and only
one of these produced a reported gravity wave temperature amplitude. In 1987, the ER-2 aircraft overflew cyclone
Jason (then a tropical storm on the Saffir-Simpson scale) near Australia during STEP (the Stratosphere-Troposphere
Exchange Project) and observed a 4.8 K temperature perturbation interpreted as a TC gravity wave (Pfister et al.,
1993, see Fig. S1). Three other campaigns involved TC overflights and reported gravity wave activity but did not

90 quantify UTLS temperature perturbations: APE-THESEO for cyclone Davina in 1999 (Cairo et al., 2008, see Fig.
S1), CAMEX-4 for several cyclones in 2001 (Kuester et al., 2008), and HS3 for hurricanes Edouard and Gonzalo in
2012 and 2014 (Braun et al., 2016). Radiosonde observations are also limited. Chane Ming et al. (2002, 2010, 2014)
used radiosondes to detect gravity waves above 4 TCs that passed over or near islands with weather stations between
2000-2008, and reported temperature amplitudes of ~5 K and vertical wavelengths of ~1-3 km from TC Tromelin.

95 One additional aircraft campaign bears mentioning, though it did not focus on tropical cyclones: the 2025 Con-
vective Gravity Waves in the Stratosphere (CG WaveS) mission, based out of Des Moines, lowa, USA in 2025. This
campaign sought to measure gravity waves above continental convective systems using a mid-tropospheric aircraft

and lidar for remote temperature measurements. At the time of writing, results have not yet been published.
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This study reports on in situ measurements during a new TC overflight, of cyclone Hinnamnor by the NASA WB-

100 57 aircraft during the Asian Summer Monsoon Chemical and CLimate Impact Project (ACCLIP, summer 2022).
These measurements represent an important addition to our limited in situ sampling of TC-generated gravity waves

in the UTLS. In the remainder of this paper, Sect. 2 introduces the ACCLIP campaign and the in situ and reanalysis
datasets used in this study; Sect. 3.1 describes the Hinnamnor overflight and its signature of gravity wave activity;

Sect. 3.2 and 3.3 compare the aircraft data to the representation of Hinnamnor in ERAS (the European Center for

105 Medium-range Weather Forecasts Reanalysis v5) and to a larger sample of ERAS TCs; and Sect. 3.4 evaluates how
well ERAS captures TC intensification and gravity wave production over TC lifetimes. Sect. 5 presents a discussion

of the results, and Sect. 5 provides concluding remarks.

2 Data and Methods
2.1 TC Hinnamnor and the ACCLIP campaign

110 On 31 August 2022 TC Hinnamnor was sampled as a target of opportunity during the ACCLIP airborne science
campaign out of Osan, South Korea. The campaign’s primary goal was sampling outflow from the Asian Summer
Monsoon (ASM) to understand how the ASM carries anthropogenic emissions to the stratosphere (Pan et al., 2025).
The campaign involved two long-range research aircraft carrying a suite of research instruments, one flying in the
mid-troposphere (the NCAR Gulfstream V, 14 flights) and one in the UTLS; the NASA WB-57 (15 flights) with a

115 median (maximum) altitude of 15.7 km (19.4 km). The WB-57 overflew Hinnamnor while the storm was classified
as a Category 4 supertyphoon; it had recently intensified from Category 0 over a two day period, and briefly reached
Category 5. The overflight occurred several days before a period of unusual behavior in which Hinnamnor merged
with tropical depression 13W, abruptly changed direction, and then experienced rapid weakening (Wang et al., 2023;
Zheng et al., 2024). The gravity wave reported here was detected as the WB-57 approached Hinnamnor on a level

120 flight leg at 17.6-17.7 km, 2 km above cloud top (Figs. 1, S2). The aircraft then began a series of dives, precluding

further opportunities to measure large-scale gravity waves.
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(a) Himawari-8 AHI

(b) Himawari-8 AHI (c) ERA5, 70 hPa
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Figure 1. Temperature and cloud structures of TC Hinnamnor in satellite data and reanalysis from 31 August 2022. a) Flight data
(outbound from Osan only), colored by altitude (km), overlaid on a Himawari-8 AHI visible (band 3) image from 07:00 UTC
(Bessho et al., 2016). The turquoise portion shows the location of the hypothesized gravity wave (from 06:32:30 - 07:03 UTC),
and this region is also denoted in turquoise in the following figures. In this figure, however, the turquoise portion is offset slightly
from the flight path for clarity (in order to not obscure the flight altitude coloring). The black dot shows the location of the coldest
temperature seen during the level leg (06:54:34 UTC). b) Himawari-8 AHI cloud top pressure from 07:00 UTC. Light grey shows
the outbound flight path, the black dot shows the coldest in situ temperature location. The in situ temperature low is located at
the edge of the cloudy region near the core. ¢) ERAS temperature data at 70 hPa from the same geographical region at 06:00
UTC. The pink star shows the center of the TC as reported in 3 hourly IBTrACS (International Best Track Archive for Climate
Stewardship) at 06:00 UTC. The ERAS temperature field shows near-concentric rings nearly centered on the core of the TC and

radiating well beyond the typhoon cloud structure.

2.2 Insitu data

This study focuses on WB-57 temperature measurements, but for additional support also presents measured ozone,
water vapor, and cirrus cloud presence. In situ temperature measurements on the WB-57 are provided by the Me-

125 teorological Measurement System (MMS) (Scott et al., 1990), which reports state variables such as temperature,
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pressure, and altitude at 20 Hz frequency, yielding an effective horizontal resolution of 10 m given the ~200 ms~*

aircraft speed. MMS has been used on multiple high-altitude research campaigns since 1986, with reported accuracy

of £0.3 K for temperature, +0.3 hPa for pressure, and +15 m for altitude. We do not use MMS vertical velocities,

which are more suitable for detecting small-scale structures (~40 km or less) and strong updrafts or downdrafts
130 (Dean-Day et al., 1998).

We use ozone measurements to help identify the presence of gravity waves, since ozone has a strong vertical
gradient in the UTLS and is a nearly passive tracer on gravity wave timescales (Pfister et al., 1986; Alexander and
Pfister, 1995). During ACCLIP ozone was measured on the WB-57 by the NOAA Unmanned Aircraft System (UAS)
O3 photometer (Gao et al., 2012) via dual-beam unpolarized ultraviolet absorption. Reported intrinsic precision

135 without flow through the cell is 1.4 ppb O5 at 200 K and 100 hPa. Overall uncertainty for the measurements taken
during this campaign is quoted at 5 % (NASA, 2022) or ~15 ppb for the flight segment we focus on in this paper.

Water vapor measurements used in this study are taken from the Chicago Water Isotope Spectrometer (ChiWIS)
(Clouser et al., 2025), which uses off-axis integrated cavity output spectrometry to measure both water vapor and
its isotopic composition. We use 5 second measurements here; instrument H,O precision at this integration is 3.6

140 ppbv in the dry conditions of the UTLS, or ~0.1 % of ambient concentration. During ACCLIP, ChiWIS water vapor
mixing ratios compare well with simultaneous measurements from the Diode Laser Hygrometer (DLH) instrument
(Diskin et al., 2002), including the fine-scale structure.
Cirrus at WB-57 flight level was detected by the second-generation Cloud, Aerosol, and Precipitation Spectrometer
(CAPS) (Dollner et al., 2023), which consists of two instruments that detect particles in size bins of 0.5-50 pm and
145 from 15-930 pm. The CAPS retrieval provides standardized Cloud Indicator flags for the presence of liquid, mixed
phase, and cirrus clouds. For clouds at other altitudes, we show data from Roscoe, the NASA Goddard Space Flight
Center’s Cloud Physics Lidar (McGill et al., 2002), which uses the depolarization of backscattered light at 1064 nm

and 355 nm to retrieve cloud and aerosols measurements above and below the aircraft.
2.3 ERAS reanalysis and IBTrACS

150 We compare TC Hinnamnor to a set of 114 broadly comparable TCs as represented in ERAS reanalysis (Hersbach
et al., 2020), a data product widely used in the atmospheric science community. The ERAS5 model is run at 0.25 deg
x 0.25 deg (28 km) horizontal resolution on 37 hybrid sigma-pressure model levels; in the UTLS, this corresponds

to a vertical resolution of 1.8 km. Unless otherwise specified, we show output at 70 hPa (~18.8 km over Hinnamnor),
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which is slightly above the aircraft flight level when the gravity wave was detected (~87 hPa) and well above the

155 level of convection. We show data from ERAS-complete (137 hybrid sigma levels) interpolated onto the flight track

for the 31 August 2022 flight. We convert the model levels to pressure levels using coefficient definitions (ECMWF

User Documentation, 2026) and surface pressure variable. Our sample consists of all TCs in the Western Pacific

(WP) basin that reach Category 3 and above on the Saffir-Simpson scale during August—October in the twenty-two

year period from 2000-2022. (An additional 181 named storms in this region and time period never reach Category

160 3; these are shown in the Supplement for comparison.) We define storms using the IBTrACS (International Best

Track Archive for Climate Stewardship) dataset, which tracks tropical cyclones since 1940 in all ocean basins and

provides wind speeds, category classification, and the latitude and longitude of storm centers every 3—6 h, depending

on the monitoring agency (Knapp et al., 2010; Gahtan et al., 2024). We then use ERAS5 to investigate the temperature

perturbations around these TCs. (While ERAS output is hourly, we show only those timesteps with corresponding

165 IBTrACS data.) ERAS storm centers can be slightly misplaced (Schenkel et al., 2017), but they have been shown to

match observationally-based IBTrACS locations to ~1 deg in the northern hemisphere (Hodges et al., 2017). Visual

inspection also confirms that ERAS and IBTrACS storm centers are sufficiently co-located for the purposes of this
study.

For TC wind speed comparisons, we use the maximum 1 minute sustained winds reported by the U.S. Joint

170 Typhoon Warning Center as part of IBTrACS; this temporal averaging is the basis for TC intensity definitions.

Because no equivalent ERAS output is available, we compare to the ERAS maximum 3 second wind gusts at ten

meters (computing the storm maximum value within ~150 km from the IBTrACS TC center). The ERAS gust values

are estimated from model parameters and are higher than the “instantaneous” wind speeds computed at the intrinsic

approximately ten minute model timestep (Morris et al., 2025). (See Fig. S3 for a comparison of ERAS wind values

175 for selected TCs.) All other thing being equal, they would be biased high relative to the one minute observed winds.

We compute TC rapid intensification (RI) events separately for IBTrACS and ERAS winds. To define a TC with two

or more RI events, we demand that a second event be either separated by at least 48 h or that winds first decrease by

at least 5 knots (kts going forward, with 1 kts = 1.94 ms~1!).
2.4 Methods

180 We use simple methodologies to estimate TC gravity wave amplitudes that are applicable both to in situ aircraft

measurements along a single flight track, and to ERAS reanalysis which shows full 2D temperature perturbation
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patterns. While prior studies have often used spectral analysis to detect and characterize concentric TC gravity
waves, with complex adjustments to handle anisotropic structures (e.g. Gong et al., 2015), these methods are not
applicable to our aircraft data. We therefore rely on IBTrACS for TC locations and develop two simple metrics to

185 characterize their gravity waves, a peak-to-peak measurement and a “trimmed metric” intended to reduce spurious
outliers.

For the in situ data, our level leg approaching Hinnamnor sampled a half-wavelength, so we compute the peak-to-
peak gravity wave amplitude as simply the difference between the minimum and maximum temperatures. (There is
little high-frequency noise, less than 0.05 K o.) Since the flight track is abitrary, the resulting value is conservative:

190 it is an underestimate of the maximum gravity wave amplitude at this particular time due to anisotropy, and likely a
strong underestimate of the maximum over the lifetime of the cyclone.

For ERAS reanalysis, we apply the method discussed above along the specific flight track, and also construct met-
rics for each TC and timestep that allow generalized comparisons across TCs in our sample. We define an amplitude
for each 3-hour time step in which the storm is classified as Category 3 or higher (2422 timesteps). We repeat this

195 for storms that never reach Category 3 (4700 total timesteps). We first select ERAS data in a 20 deg x 20 deg box
around the IBTrACS storm center and remove any large-scale climatological temperature variations by subtracting
the daily mean temperature averaged over our sample years 2000-2022. We then consider 36 transects radiating from
the storm core at 10 deg intervals, each 5 degrees (~550 km) long (see Fig. S4 for a visual explanation). In Method
1 (hereafter "peak-to-peak"), we define the gravity wave activity simply as the maximum of the set of maximum -

200 minimum amplitudes along each transect. In Method 2 (hearafter "trimmed"), we attempt to avoid outlier tempera-
ture variations that are not due to gravity wave activity. We first calculate the standard deviation of temperature along
each transect, and define the gravity wave amplitude for a given timestep as the transect with a standard deviation
larger than approximately 95 % of the 36 transects (34 out of 36, i.e. we reject the two transects from each storm
with the largest values) and then take the maximum.

205 These simple metrics provide a tractable approach for comparing aircraft data with a large sample of TCs whose
irregular, anisotropic, and overlapping gravity wave patterns make automated characterization difficult. Both meth-
ods are robust to slight mismatches between the IBTrACS and ERAS storm centers. Both are appropriate for gravity
wave signals that do not form a full circle or spiral around the TC core; they are agnostic to the quadrant in which
maximum gravity wave activity occurs. Both are affected by the “background noise” of non-gravity-wave tempera-

210 ture perturbations if gravity waves are absent, but we hand-verify that our dataset is indeed dominated by concentric

10
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patterns. To quantify the background, we apply the process described above to random latitude and longitude pairs,

choosing one location within the Western Pacific basin for every timestep associated with a storm in our sample.

3 Results
3.1 Gravity wave activity measured during the Hinnamnor overflight

215 On 31 August 2022, the WB-57 measured strong temperature variations consistent with gravity wave activity while
the plane flew towards TC Hinnamnor at just under 18 km (Fig. 1, 2). The aircraft was well into the overworld
stratosphere, at 400 K potential temperature, and at least 2 km above the maximum cloud top altitude measured
by either the on-board lidar instrument or the Himawari satellite (which reports a minimum cloud top pressure for
this time period of ~124 hPa, equivalent to 15.6 km.) During a half-hour stretch starting around 3:30 PM local

220 time (6.514 UTC), or 367 km in horizontal distance from the TC core, aircraft measurements showed a 9.6 K
drop in temperature that was strongly correlated with ozone values (Fig. 2, which shows timeseries of temperature,
altitude, ozone, and water vapor for the entire flight). The background environment was sufficiently dry that the large
temperature swing did not quite induce saturation — RH reaches 98 % at the coldest temperature — and water vapor
remained near-constant at stratospheric values of 5.3 ppm, with no evidence of convective hydration or gravity wave

225 dehydration.

The low temperature and high ozone extrema during this flight leg are 2.7 and 3.5 o atypical for this altitude over
the Osan campaign (from a sample of 37 means over 30 second segments at 17.6—17.8 km altitude). Comparison to
the mean ozone profile suggests vertical displacements of air parcels of 0.5 km from above at the start of the leg and
0.5 km from below at the end (Fig. 3a). Purely adiabatic displacement of this magnitude would produce temperature

230 variations of ~ 10 K km~! in an isothermal atmosphere. While the observed background temperature profile may
contribute ~ 3 K km~! more (Fig. 3b), the measured amplitude is still consistent with near-adiabatic displacement.

Although the aircraft flew at a nearly constant altitude for nearly an hour and over 700 km, we identify only
the second half of this period as sampling a relatively undilute gravity wave. In a plot of the ozone-temperature
relationship, measurements taken between 6.514 and 7.05 UTC hours show a tightly correlated relationship distinct

235 from the background stratosphere (Fig. 3¢). The only outliers are three narrow (36 km) bands of exceptionally high

ozone, up to 500 ppb, which are comparatively cool. The ozone-temperature relationship during this leg is unique
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Figure 2. Time series of in situ data for the entire flight on 31 Aug. 2022, shown for context. a) Altitude (km) and temperature
(K), with the level leg region of interest highlighted in turquoise (as in Fig. 1). Black dot marks the coldest temperature seen
during this flight leg. b) Water vapor (ppmv) and ozone (ppb). In both panels, green denotes sampled cloud ice, seen only on
dives into the Hinnamnor cloud deck. The level leg shows little variation in water vapor but strong variation in temperature and

ozone explainable by the vertical displacement of a gravity wave.

across all stratospheric sampling out of Osan during ACCLIP (15 research flights). At no other time did the aircraft
experience temperatures below 193 K in air with ozone above 200 ppb. This ozone-temperature relationship is a

characteristic fingerprint of a stratospheric gravity wave with strong vertical displacement.
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Figure 3. Temperature and ozone during the 31 Aug. 2022 flight, with the first (blue) and second (brown) portions of the level
leg highlighted; brown points represent the identified gravity wave. a) temperature vs. altitude, b) ozone vs. altitude, and c¢) the

ozone temperature vs. relationship, in which the gravity wave is clearly distinct from the remainder of the flight.

3.2 Hinnamnor gravity waves in ERAS

ERAS reanalysis shows concentric gravity waves over Hinnamnor at the time of the overflight (Fig. 1), but with
substantially smaller amplitudes than that observed by the aircraft. In ERAS, the maximum perturbation interpolated
along the flight track is 2.7 K, less than a third of the 9.6 K variation measured in situ (Fig. 4, which shows output
from 60 and 137 vertical level versions, interpolated to the flight track; see Fig. S5 for uninterpolated data). There
is no suggestion that the flight track was somehow an anomalous part of the overall gravity wave pattern above
Hinnamnor at this time. The measured temperature variation also exceeds peak-to-peak amplitudes in ERAS at any
time over Hinnamnor’s lifetime: the maximum Hinnamnor amplitudes in ERAS, which occurs four days later, are
~9 K at 70 hPa and 8 K at 100 hPa. At least for this particular cyclone, the gravity wave amplitudes in ERAS appear
too small (See Fig. S6 for a comparison between in situ data, ERAS, and 5-km RRJ-ClimCORE reanalysis). The
ERAS horizontal wavelength of ~200 km is about half the ~560 km estimated from aircraft data for the largest-scale
perturbation, but both values lie within the range previously reported in the literature for TC gravity waves, which
spans 40-1900 km (Table 1). The ERAS vertical wavelength of ~3.5 km (found by considering the vertical evolution

of the wave in space and time) again lies within the range previously reported for TC gravity waves.
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Figure 4. Temperature perturbations along the flight track near TC Hinnamnor on 31 Aug. 2022 in in situ measurements (red, 87
hPa) and in reanalysis interpolated to the flight track: ERAS5 60-level (blue) and 137-level (green). Perturbations are computed
as the difference from the mean over this portion of the level flight leg. The gravity wave in ERAS shows a smaller amplitude
and shorter wavelength than in in situ measurements. (Differences in phase are expected.) See Fig. S5 for non-interpolated ERAS

(showing that interpolation does not degrade the amplitude) and Fig. S6 for a 5-km renalysis product (RRJ-ClimCORE).

3.3 Comparison to the larger TC sample

255 Comparing the Hinnamnor overflight to our larger sample of 114 tropical cyclones in ERAS reanalysis suggests that
Hinnamnor is a typical TC in this dataset, and that the overflight occurred on a typical day in Hinnamnor’s lifecycle.
First, the detection of gravity waves on the overflight is not unusual. Visual inspection shows that Hinnamnor displays
concentric or spiral temperature perturbations in 80 % of the timesteps when it is Category 3 and above. Gravity
waves are even more prevalent in the overall sample, at 94 % probability for Category 3 and above storms (estimated
260 using a random sample of 100 timesteps across all storms). Nearly all TCs in the sample (113 of 115, or 98 %)
produce concentric or spiral temperature perturbations at some point during their lifetimes. Gravity waves are only

slightly less prevalent in weaker storms, at 82 % for storms which never make it to Category 3. We are confident
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these temperature perturbations are gravity waves since they are coincident with expected ozone and vertical velocity
variations.

265 To evaluate Hinnamnor’s gravity wave amplitudes in ERAS, we consider both methods described in Sect. 2.4,
the peak-to-peak amplitude and the trimmed metric. The two are strongly correlated, with slope 0.24 (Fig. 5). Both
have an identical coefficient of variation (0.29), suggesting the peak-to-peak amplitude is not overly contaminated
by outliers. Using either method, Hinnamnor’s gravity wave amplitudes in ERAS are typical of the overall sample,
with close to median values (Table 2 and Fig. 5, compare pink and blue dots). In addition, the overflight of 31 Aug.

270 2022 fell on a typical day for Hinnamnor (Fig. 5, compare green and pink dots). As mentioned above, at no time
does Hinnamnor in ERAS5 show gravity wave amplitudes larger than measured in situ on 31 August. See Fig. S7 for

a comparison to a matched set of non-typhoon observations.

4 | Hinnamnor (ERAS, 70 hPa): Hinnamnor (in situ):

All time steps A Along flight track
e Max at time of overflight
3| 4 Atlocation and time of
overflight

Trimmed metric
N

0 2 4 6 8 10 12

Peak-to-peak metric

Figure 5. Comparison of TC gravity wave amplitudes across storms and across metrics (peak-to-peak amplitude and trimmed
metric), using ERAS5 at 70 hPa. The two metrics scale well with each other, with a slope of 0.24. Blue dots = the maximum
gravity wave amplitude for each TC in our sample at each timestep. Pink dots = all instances of TC Hinnamnor in ERAS; green
dot = the time of the overflight on 31 Aug. 2022. Triangles show the value on the actual overflight transect in ERAS (green) and
aircraft measurements (red). The median trimmed metric is 1.49 K for all TC observations at 70 mb and 1.44 K for Hinnamnor.
(Analogous peak-to-peak values are 5.53 and 5.28 K, respectively.) These data imply that Hinnamnor is a typical TC regarding
gravity wave activity according to our metrics, that the overflight occurred at a representative time, and that the aircraft temperature

measurements are discrepant with ERAS. See Fig. S7 for a comparison to a matched set of non-typhoon observations.
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Hinnamnor overflight ERAS (max transects)

Aircraft ERAS TCs, all timesteps  random locations

Peak-to-peak 9.7 5.28 5.53 4.01
Trimmed metric 2.54 1.44 1.49 1.17
Ratio 3.81 3.67 3.71 342

Table 2. GW temperature amplitudes in both peak-to-peak and trimmed metrics. Left section compares the Hinnamnor overlight
in in situ measurements and in ERAS at 70 hPa. Right section compares mean 70 hPa values in our sample of ERAS TCs when
they are Category 3 or above and in our paired random background sample. (We compute the maximum transect value at each
timestep, then take the median of the distribution.) Hinnamnor in ERAS lies close to the median ERAS TC value. The ratio of
the metrics is broadly consistent across all TCs but differs from that in background “noise”, as would be expected. TCs that never

reach Category 3 have a smaller median gravity wave amplitude, at 1.39 in the trimmed metric.

Since our two metrics are consistent, we choose one (the trimmed metric) and show the distribution of ERAS

TC gravity wave amplitudes in our sample in Fig. 6 (using all timesteps for storms of Category 3 and above). The

275 distribution is slightly right-skewed, with the higher values in the tail all reflecting true concentric gravity wave
activity rather than artifacts. Hinnamnor’s overall patterns are visually similar to other TCs (see snapshots in Fig.

6, which include four other representative TCs, and Fig. S8 for all TCs in our sample), and its ERAS gravity wave
amplitude on 31 Aug. lies in the 44th percentile. The measured in situ amplitude, by contrast, would fall in the 97th

percentile. The comparison suggests that ERAS systematically underestimates TC gravity wave amplitudes.
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Figure 6. Histogram of TC GW trimmed metric amplitudes in our ERAS sample (115 TCs, 2422 total time steps at Category
3 and above). Black dotted line shows the median value of 1.49. Vertical lines show values for selected example storms at their
point of lifetime strongest GW activity, with snapshots above showing their temperature fields and the corresponding transect
angle. (Note that the Hinnamnor image and value here are from 1 Sept. 2022, two days after the overflight; for snapshots from
all storms, see Fig. S8.) Red dot shows the equivalent value from in situ measurements during the Hinnamnor overflight, which

would be 97th percentile in the ERAS distribution.

280 3.4 Evolution of TC intensity and GW amplitudes

While Hinnamnor is a typical TC in ERAS reanalysis, it is important to assess whether its behavior on the day of
the flight was subject to unusual real-world factors that ERAS did not capture. TC GW amplitudes are expected to
increase during periods of rapid intensification, and TC Hinnamnor did in fact strengthen significantly shortly before

the in situ measurements were obtained. Observed wind speeds tripled over the 48 h of 28-29 Aug., from ~40-120
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285 kts; a day later Hinnamnor briefly reached Category 5, with wind speeds nearly 140 kts. The 31 Aug. overflight
would therefore be a time to expect large gravity waves.

Hinnamnor’s intensification is strong but not an outlier for our sample, at 94th percentile for maximum positive
wind change in 24 h (Fig. 7a). In ERAS, however, TC winds are much smaller and grow more slowly and steadily,
both for Hinnamnor and across the entire sample (Fig. 7b; see Fig S9 for further evidence that Hinnamnor is not an

290 outlier in ERAS and IBTrACS). Note that this comparison should favor ERAS, since it compares ERAS maximum 3
second wind gusts to observed 1 minute sustained winds (see Sect. 2.3); instead ERAS values are lower. In IBTrACS
observations, ~79 % of TCs experience rapid intensification (RI) at least once, and ~18 % experience two RI
episodes, using the standard definition of a 30 kt increase over 24 h. In ERAS, only 14 % exhibit one RI episode,
and none experience two. The near-absence of rapid intensification in ERAS remains even if RI is re-defined based

295 on fractional rather than absolute changes in wind speed (Table 3). This misrepresentation of TC evolution in ERAS
should therefore produce a general low bias in their gravity wave production not limited to Hinnamnor.

The evolution of TC gravity waves in ERAS5 TCs does indeed differ from the intermittent production reported
in observational studies. Without the complication of rapid intensification, ERAS5 gravity wave amplitudes tend to
gradually increase over the lifetime of a storm, as wind speeds do (Fig. 8). ERAS gravity wave amplitude in our

300 sample is therefore weakly correlated with wind speed (i.e. TC intensity), at r = 0.27. By contrast, the weaker
storms in our study region, those that never reach Category 3, have weaker gravity wave amplitudes (in the trimmed
metric, median of 1.39 vs. 1.49 for Category 3 and above) which decrease slightly over storm lifetime (Fig. S10),
implying again that wind speed is a relevant factor. These results imply that ERAS’s inability to realistically capture

TC winds and intensification will lead to overly weak TC GWs.
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Figure 7. Evolution of wind speeds for all TCs in our sample. a) IBTrACS (as maximum sustained 1-minute horizontal winds),
b) ERAS (as maximum 3 second wind gusts in each 1-hour interval). Each line shows the evolution of one storm in the sample,
with arbitrary colors other than Hinnamnor (thick black line). All times are normalized to the first hour a TC becomes a Category
0 tropical storm in IBTrACS. ERAS5 3 second wind gusts are lower than 1 minute observed winds, and increase more slowly and

steadily. Most TCs show rapid intensification (+30 kts in 24 h) in observations, but few do in ERAS.

Rapid intensification (out of 115 TCs)

Time period: 24 h Time period: 48 h
+30 kts  Doubling Max wind change +30kts Doubling Max wind change
IBTrACS 91 45 105 kts 112 104 117 kts
ERAS 16 13 45 kts 72 48 55 kts

Table 3. Frequency of rapid intensification (RI) in TCs in IBTRaCS observations and in ERAS reanalysis in our sample of 115
storms. We show both the standard definition (+30 kts in 24 h) and alternate definitions to accommodate the apparent low bias of
ERAS winds. The maximum absolute wind speed changes in ERAS5 are less than half those from IBTrACS, because ERA5 wind
speeds are both biased low and too stable. Under the standard RI definition, nearly 80 % of TCs in our sample experience RI
(from IBTrACS) but less than 15 % do in ERAS. This difference persists even with alternate definitions of RI based on relative

wind speeds. See Li et al. (2022b) for the merits of alternative definitions.
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Figure 8. TC GW amplitude in our sample in ERAS (trimmed metric) as a function of hours since classification as a tropical
storm. Sample is restricted to storms that reach Category 3 but the figure includes timesteps at Category 0-2. Points are colored
by TC category. Red line is TC Hinnamnor at 70 hPa in ERAS; purple dot shows the in situ measurement (2.54) at the time of
overflight (dotted vertical line). ERAS values are effectively biased high since they are taken on the optimal transect angle, but
the overflight timestep (72 h since classification as a tropical storm) remains far lower than the in situ measurement. Black line
shows a least-squares fit through all ERAS points (m = 0.0012, b = 1.39). The slight increase in gravity wave activity over time is

likely related to their strengthening intensities. Storms that never reach category 3 do not show this trend (Fig. S10).
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305 4 Summary

This work describes new in situ measurements of a large-scale gravity-wave-induced temperature fluctuation over
a tropical cyclone, obtained on one of only a few overflights described in the literature (e.g. Pfister et al., 1993).
The gravity wave observed over TC Hinnamnor during ACCLIP was extremely large (9.6 K peak-to-peak); con-
temporaneous ERAS reanalysis produced a much smaller amplitude (2.6 K). In general, while ERAS TCs show
310 near-ubiquitous production of spiral and concentric gravity waves (88 % for storms at Category 3 or above), their
amplitudes appear too small. One reason for this low bias may be ERAS5’s inability to realistically represent aspects
of TC winds that affect gravity waves. Prior studies have found that reanalyses do not accurately capture TC wind
speeds (e.g. Schenkel and Hart, 2012) or intensification (Roberts et al., 2020; Baker et al., 2024), but the repercus-

sions on gravity wave properties may not have been fully appreciated.

315 5 Discussion

The results presented in this paper, and those compared in Table 1, suggest that nearly all studies of TC gravity

waves are limited by resolution, either horizontal or vertical. Model and reanalysis studies at horizontal resolutions

greater than or equal to 30 km cannot reproduce TC intensification. Satellite-based observational studies at vertical

resolutions greater than or equal to 3 km blur the short-vertical-wavelength gravity waves typically produced by

320 TCs. The solution might seem to be ultra-high-resolution models, which have been shown to produce realistic rapid

intensification events in TCs (Baker et al., 2024; Huang et al., 2024). These models do produce stronger TC gravity

waves, with peak-to-peak amplitudes averaging 5.0 K vs. 3.8 K for reanalysis and 1.2 K for satellite-based studies,
closer to the values from the few aircraft overflights we have.

High-resolution models do however still appear to struggle with some TC gravity wave characteristics. First, they

325 disagree with each other on basic storm properties. In a study of nine global storm-resolving models, Judt et al. (2021)

found that their TCs showed dramatic differences in intensity, compactness, eyewall size, and overall frequency. The

differences are due in part to microphysics and cannot be removed by simply further increasing resolution. Resolution

also continues to matter even at very fine scales. Polichtchouk et al. (2022) used a single model (ECWMWF IFS)

to show that resolutions bewteen 1.25-7.8 km produced very different convective gravity wave spectra. They also

330 showed that regardless of resolution, parametrized convection inhibits deep convective updrafts in the model and
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therefore reduces gravity wave production. Possibly for this reason, a case study of TC-Hinnamnor using the new
RRJ-ClimCORE reanalysis, which has 5-km horizontal resolution but parameterized convection (Nakamura et al.,
2022), found relatively weak gravity wave activity, with amplitude along the 31 August flight track only one third the
observed value (~3 K vs. 9.6 K; see Fig. S6, similar to that seen in ERAS). More systematic study would be needed to

335 determine whether RRJ-ClimCORE underestimates gravity wave amplitudes in general or specically during periods
of exceptionally strong activity, such as those after rapid intensification events which are difficult to model.

The problems with measured and modeled TC gravity waves are difficult to overcome at present. For other
difficult-to-model TC properties, researchers have successfully combined datasets to remove biases. TC sizes in
reanalysis are regularly corrected using machine learning methods trained on satellite data (e.g. Bian et al., 2021),

340 and recently TC intensities have been adjusted by a similar approach (Xu et al., 2024; Liu et al., 2025). Intensity
adjustment is possible because real-world TC wind speeds are readily measured using dropsondes or radar, or in
satellite imagery by feature tracking or proxies such as lightning (e.g. Zhang et al., 2015; Hoffmann et al., 2018;
Knaff et al., 2018; Wright, 2019). For TC-related stratospheric gravity waves, however, there is as yet no observa-
tional ground truth, since aircraft overflights are too scarce and AIRS satellite retrievals too coarse. Establishing a

345 larger sample of fine-scale observations of TC gravity waves should be a priority. Two potential options are the lidar-
based approach of the 2025 CG WaveS aircraft campaign, or radio occultations using the global navigation satellite
system (GNSS-RO), which are sensitive to smaller vertical wavelengths than AIRS, down to ~ 2 km (Ratynski et al.,
2025). GNSS-RO data from the COSMIC-2 satellites have recently been used to detect stratospheric gravity waves
associated with three TCs (Wang et al., 2026); three published example profiles show amplitudes of ~3-5 K, similar

350 to or larger than co-located ERAS profiles. Sampling over a larger number of TCs could provide the training data
needed to construct accurate global datasets.

Accurately representing TC gravity waves in models is important for understanding future changes in stratospheric
water vapor. At present, tropical cyclones are believed to generate ~ 30 % of strongly overshooting convective events
(Romps and Kuang, 2009) and drive over ~10 % of troposphere-to-stratosphere mass transport (Zhan and Wang,

355 2012). While TCs dry the tropopause, they deposit significant amounts of water above it in the lower stratosphere
(Ray and Rosenlof, 2007; Ravindra Babu et al., 2015; Venkat Ratnam et al., 2016; Jiang et al., 2020; Carbone et al.,
2025), with the strongest TCs producing the largest perturbations (Fagan and Homeyer, 2025). These water enhance-
ments are modulated by induced TC gravity waves, which produce cirrus as high as 18 km altitude (Pandit et al.,

2024); e fforts are underway to capture these effects in models (e.g. Dolaptchiev et al., 2023). In future warmer

22



https://doi.org/10.5194/egusphere-2026-4533
Preprint. Discussion started: 26 August 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

360 climate conditions, TCs are expected to increase in intensity (Emanuel, 2005; Elsner et al., 2008) and to experience
more rapid intensification events (Song et al., 2021; Manikanta et al., 2023), amplifying both upward water trans-
port and subsequent gravity wave dehydration. Understanding the net effect of these competing processes requires
accurate representation of TC gravity waves. The results reported here suggest our current tools underestimate their

amplitudes and their dehydration potential.
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365 Code availability. Code and processed data files are available upon request.

Data availability. ACCLIP measurements: MMS temperatures, CAPS cloud presence, ChiWIS water vapor, Roscoe, and UAS
Os3 are available on the NASA LARC site (https://www-air.larc.nasa.gov/). ERAS5 data can be found at the Climate Data Store
(https://cds.climate.copernicus.eu/datasets/reanalysis-eraS-pressure-levels?tab=download) and the IBTrACS dataset at https://
www.ncei.noaa.gov/access/metadata/landing-page/bin/iso?id=gov.noaa.ncdc:C01552. Himawari raw radiance data as netcdf files

370 can be found on JAXA’s FTP server: https://www.eorc.jaxa.jp/ptree/ and Himawari cloud top data at https://noaa-himawari8.s3.
amazonaws.com/index.html#AHI-L2-FLDK-Clouds/.
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