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Abstract: In situ aircraft observations in typhoons have been scarce. This paper documents and
analyses the aircraft and dropsonde data collected in Super Typhoon Saola (2023) over the northern
part of the South China Sea. The wind and turbulence structures of the typhoon are investigated. The
turbulence intensities are quantified in terms of turbulent kinetic energy (TKE) and eddy dissipate
rate (EDR), and these data are compared with other available estimates of turbulence intensities, such
as those based on weather radars, meteorological satellites, and numerical weather prediction (NWP)
models. It is found that the TKE and EDR are closely correlated, and they are consistent with the
weather radar/satellite observations as well as NWP-based outputs. Furthermore, the boundary
layer inflow, vertical wind profiles, and atmospheric stability are analysed based on the dropsonde
observations. The analysed results would advance the understanding of typhoon structures and offer
references for the validation of remote-sensing observations and NWP models.
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1. Introduction

Tropical cyclones (TCs) produce some of the strongest winds, surges, and economic
losses of any atmospheric phenomenon. The basic understanding of TC structure and
behaviour is essential to a number of practices, such as the track and intensity forecast of
TCs in numerical weather prediction (NWP) models, TC-related wind, rainfall, and surge
hazard prediction and early warning, and TC risk mitigation and loss reduction.

Since the introduction of TC research aircraft, e.g., National Oceanic and Atmospheric
Administration (NOAA) WP-3D aircraft [1], along with GPS dropsondes [2,3], the under-
standing of TCs has significantly advanced. Various aspects of TC structure and behaviour
have been investigated, e.g., wind structure [4–6], boundary layer wind profiles [7,8], mo-
mentum and heat fluxes [9–11], turbulent kinetic energy [12], dissipative heating [13], wind
spectrum [14], and eddy diffusivity [15–19]. However, aircraft and dropsonde data are
still far from sufficient for a comprehensive understanding of TCs. Specifically, aircraft
observations in typhoons over the northwestern Pacific Ocean have been relatively scarce.

Since 2011, when there are TCs within the Hong Kong Flight Information Region
(HKFIR) over the northern part of the South China Sea, the Hong Kong Observatory (HKO)
would collaborate with the Government Flying Service (GFS) to conduct TC reconnaissance
flights [20]. Before that, measurements were made on an ad hoc basis, e.g., during search
and rescue exercises within typhoons (e.g., [21]). At first, only in situ measurements were
available using a 5-hole probe, recording the three components of the wind, pressure,
temperature and humidity [22]. Later on, dropsonde capability was made available, and
now both probe and dropsonde data are collected [23].

Super Typhoon Saola in August to September 2023 had significant impacts on the
weather along the south China coast. Two TC reconnaissance flights had been conducted

Atmosphere 2023, 14, 1595. https://doi.org/10.3390/atmos14111595 https://www.mdpi.com/journal/atmosphere

https://doi.org/10.3390/atmos14111595
https://doi.org/10.3390/atmos14111595
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0001-5280-4287
https://orcid.org/0000-0003-2289-0609
https://orcid.org/0009-0002-9548-0133
https://doi.org/10.3390/atmos14111595
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos14111595?type=check_update&version=1


Atmosphere 2023, 14, 1595 2 of 18

for Saola, namely, on 31 August and on 1 September 2023. Probe and dropsonde data were
available in the first flight. For the second flight, when Saola was very close to Hong Kong,
unfortunately only probe data were available, but photos had been taken by the pilots in
the typhoon eye.

This paper documents the measurements made during the two flights. Analysis of
the data has been made, especially on the turbulence intensities in terms of turbulent
kinetic energy (TKE) and eddy dissipate rate (EDR), and these data are compared with
other available estimates of turbulence intensities, such as based weather radars and
meteorological satellites, as well as with numerical weather prediction (NWP) models.
Dropsonde data have also been analysed. This paper is the third of the series of papers
on super typhoon Saola in 2023. The first two are on meteorological observations from
surface stations and ground-based remote sensing equipment and on forecasting aspects,
respectively.

This is the first time that in situ aircraft and dropsonde data are collected in and above
the eyewall of a Super Typhoon over this ocean basin. The data collected and analysed are
useful for enhancing the understanding of TC structure and behaviour and for validating
remote-sensing observations and NWP models.

2. Analysis of Flight Data

The flight data were collected by the Aircraft Integrated Meteorological Measuring
System 20 Hz (AIMMS20) installed on the Bae Jetstream 4100 (J41) fixed-wing aircraft of
GFS. The system measures three orthogonal components of wind velocity, temperature,
relative humidity, and pressure, at a frequency of 20 Hz. A detailed description of the
AIMMS20 can be found in [24], and the system setup is reported in [21]. The wind velocity
data were corrected for aircraft motion and flow distortion based on a Global Positioning
System (GPS) module, an inertial measurement unit (IMU), and a central processing module
in the AIMMS20 system [21].

The two flights were conducted between around 07 and 09 UTC, 31 August 2023, and
between around 01 and 02 UTC, 1 September 2023, respectively. The wind data output by
the AIMMS20 is at 5 Hz and is damped with a 20-point sliding window, and it may be
treated as gust. Figure 1 shows some selected horizontal wind data along the flights. It
could be seen that both flights had been conducted rather close to the eye of Saola at the
respective times. The winds were the strongest when the aircraft was located close to the
eyewall of Saola, reaching hurricane force wind (wind barbs coloured orange in Figure 1)
while the aircraft reached a height of around 10 km above the sea surface.

In the flight of 1 September, the aircraft had penetrated through the eye of Saola, as
shown in Figure 1b. At that time, the pilots had taken some pictures around the typhoon
eyes and the associated clouds, as shown in Figure 2. The eye of Saola shows up clearly in
these pictures. This was the first time that the eye of a super typhoon had ever been visited
by an aircraft over the South China Sea, according to the knowledge of the authors and
the news.

The time series of the horizontal wind speed and direction as well as the vertical
component of the wind during the two flights are shown in Figures 3 and 4, respectively.
For the first flight (Figure 3), the maximum measured wind speed was around 36 m/s and
was captured one time only. The vertical component of the wind was mostly positive, i.e.,
an upward motion. For the second flight (Figure 4), maximum winds of around 40 m/s
had been captured a couple of times, with a lower wind speed in between. The horizontal
wind direction also went through a full circulation as the aircraft got inside and around
the typhoon eye. In the eye region, there are both strong upward and downward motions.
The positive vertical velocity (upward motion) reaches about 10 m/s, and the negative
vertical velocity (downward motion) reaches about −7 m/s. Within the eye, when the
horizontal wind direction went through a circle, the vertical velocity changed from being
rather positive (generally 5 m/s or above) to being not so positive/even negative (generally
below 5 m/s).
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Figure 1. Flight routes and horizontal wind data along the flights overlaid on false colour imagery
generated from Himawari-9 geostationary satellite of Japan Meteorological Agency, (a) flight between
around 07 and 09 UTC, 31 August 2023 on top of satellite data at 08 UTC; (b) flight between around
01 and 02 UTC, 1 September 2023 on top of satellite data at 02 UTC.
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Figure 2. Photos around the typhoon eyes and the associated clouds taken during the eyewall pen-

etration on 1 September 2023. 
Figure 2. Photos around the typhoon eyes and the associated clouds taken during the eyewall
penetration on 1 September 2023.
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Figure 3. Time series of the instantaneous (a) horizontal wind speed, (b) wind direction, and
(c) vertical wind speed based on the aircraft data on 31 August 2023.
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Figure 4. Time series of the instantaneous (a) horizontal wind speed, (b) wind direction, and (c) 

vertical wind speed based on the aircraft data on 1 September 2023. 
Figure 4. Time series of the instantaneous (a) horizontal wind speed, (b) wind direction, and
(c) vertical wind speed based on the aircraft data on 1 September 2023.

The air temperature, air pressure and relative humidity of the two flights are shown in
Figures 5 and 6, respectively. The corresponding altitudes are provided in Figure 7. The
temperature and humidity do not show very interesting features. For the relative humidity
(Figure 5c), as the aircraft was mostly inside clouds during the first flight, it remained
relatively high throughout the flight. On the other hand, the aircraft flew around the eye of
Saola during the second flight, so that the relative humidity (Figure 6c) showed significant
fluctuations and could reach around 30% in the relatively clear region within the eye.
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Figure 5. Time series of the (a) temperature, (b) pressure, and (c) relative humidity based on the 

aircraft data on 31 August 2023. 
Figure 5. Time series of the (a) temperature, (b) pressure, and (c) relative humidity based on the
aircraft data on 31 August 2023.
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Figure 6. Time series of the (a) temperature, (b) pressure, and (c) relative humidity based on the
aircraft data on 1 September 2023.
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Figure 7. Time series of the flight altitude and distance to storm centre on (a,b) 31 August 2023 and
(c,d) 1 September 2023.

3. Eddy Dissipation Rate and Turbulent Kinetic Energy

The estimation of the turbulent kinetic energy (TKE) and eddy dissipation rate (EDR,
ε) follows the procedures described in [12,18], etc. Turbulent fluctuations are extracted by
detrending the three orthogonal components of wind velocity in a least-squares manner. A
high-pass filter with a cut-off frequency of 0.01 Hz was employed before the detrending.
Based on the turbulent fluctuations, the TKE (per unit mass) is calculated as:

TKE =
1
2

(
σ2

u + σ2
v + σ2

w

)
(1)

where σu, σv, and σw are the standard deviations of along-wind, cross-wind, and vertical
wind velocity components. Following [12,18], the EDR can be estimated based on the
power spectral density of the along-wind velocity component in the inertial subrange:

ε = αu
−3/2 2πn

Ua
[nSu(n)]

3/2 (2)
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where αu is the Kolmogorov constant for the along-wind velocity component taken as
0.5 [25], Ua is the true air speed, and Su(n) is the along-wind velocity spectrum at the
frequency n, which should be located within the inertial subrange. Generally, for the flight
data analysed here, the inertial subrange with a slope close to −5/3 covers 0.4–4 Hz, and
therefore the EDR is estimated based on the wind spectrum over this frequency range.

The TKE and EDR are shown in Figures 8 and 9, respectively, for the two flights. For
the first flight (Figure 8), there was a single peak with EDR reaching about 0.3 when the
aircraft was close to the typhoon eye. For the second eye (Figure 9), the EDR was generally
higher when the aircraft was located at the eyewall or within the eye. It was generally in
the order of 0.1 to 0.3.
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TKE. The black line in (c) represents the linear fit between ln(ε) and ln(TKE).

The local closure techniques are widely used for turbulence parameterisation in nu-
merical weather models [26]. For a local 1.5-order closure, ε can be parameterised as a
function of TKE1.5 [27], or equivalently, there is a relationship between ln(ε) and ln(TKE)
with a slope of 1.5. Such a relationship is also widely reported in observational studies,
e.g., in [28]. Chan et al. [21], based on aircraft observations in TCs, also showed that the
slope between ln(ε) and ln(TKE) is close to 1.5. The TKE and EDR from the two flights have
been plotted together in scattered plots, and the results are shown in Figures 8c and 9c.
In general, they show good correlations, and the best fit straight lines are shown in these
figures. For the 31 August and 1 September cases, the linear regression slopes between ln(ε)
and ln(TKE) are 1.75 and 1.51, respectively, which are close to the predicted slope of 1.5 by
the local 1.5-order closure parameterisation and agree with the previous observations.
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4. EDR Comparison with Radar, Satellite and Model Data

EDR has been estimated from the spectral widths of the weather radars over southern
China, based on the methods described in [29]. Such data are only available when Saola
was close to the weather radars, and so the results at the time of the second flight are shown
in Figure 10. Only EDR data at 1, 2, 3 and 4 km above sea level are available. Figure 10
shows the results from a 4 km height. At that time, the aircraft recorded EDR at around
0.1, which is consistent with the estimation from the radar. This is the first time that the
weather-radar-based EDR could be verified using aircraft data in a typhoon situation.
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Some background information on the methodology could be found in [30]. Such turbulence
intensities are available in real time in HKO, and their spatial distributions around Saola
at about the times of the two flights are shown in Figure 11. Gravity waves clearly show
up from the analysis of the water vapour satellite pictures. The turbulence intensity is
estimated to be of a “moderate” class, which is coloured yellow in Figure 11. This result is
consistent with the EDR measurements of 0.3 from the aircraft data.

Turbulence intensity is also estimated from NWP models. HKO uses the method
as suggested in [31], and the NWP-based turbulence maps are generated in real time.
Examples of the maps at the times of the two flights are shown in Figure 12. Again,
moderate turbulence is estimated at the pressure level of 300 hPa, which is around the
height of the aircraft when it was close to the typhoon eyes. Again, the NWP-based
estimates are consistent with the actual observations from the aircraft.
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5. Dropsonde Observation

Dropsondes were deployed by the aircraft at an altitude of 10 km. During their descent
from 10 km to the sea surface, they collect continuous measurements of vertical profiles of
wind speed and direction at a frequency of 4 Hz, along with temperature, humidity, and
pressure at a frequency of 2 Hz. Typically, a dropsonde completes its descent in less than
15 min. An overview of the GPS dropsonde dataset can be found in [3], and a detailed
description of the dropsonde measurements by the HKO can be found in, e.g., [23,32]. The
dropsonde data were quality-controlled using the ASPEN software (Version 3.4.5.) with
the Editsonde configuration following [6,33].
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Dropsonde data are available in the first flight only. The vertical profiles of inflow and
equivalent potential temperatures are shown in Figures 13 and 14, respectively. It could
be seen that the atmospheric boundary layer, i.e., below around 1 km, was mostly inflow
from the sondes. The heights of the maximum wind speed are also generally around 1 km,
which is close to or slightly lower than the inflow layer height. This is consistent with the
previous observations of TC boundary layer height scales [1]. The equivalent potential
temperature profiles also showed an unstable boundary layer. As such, Saola remained a
rather strong system as it moved towards the south China coast. This is consistent with the
results, e.g., in [34].

Atmosphere 2023, 14, x FOR PEER REVIEW  16  of  19 
 

 

 

Figure 13. Vertical profiles of instantaneous tangential (red) and radial (blue) wind speeds in Typhoon 

Saola at around 0800 UTC 31 August 2023. Tangential wind speed: anti-clockwise positive; radial wind 

speed: outflow positive. Red triangles represent dropsonde locations relative to the storm centre. 

 

Figure  14. Vertical profiles  of potential  temperature  (red)  and  equivalent potential  temperature 

(blue) in Typhoon Saola at around 0800 UTC 31 August 2023. Red triangles represent dropsonde 

locations relative to the storm centre. 

Figure 13. Vertical profiles of instantaneous tangential (red) and radial (blue) wind speeds in Typhoon
Saola at around 0800 UTC 31 August 2023. Tangential wind speed: anti-clockwise positive; radial
wind speed: outflow positive. Red triangles represent dropsonde locations relative to the storm centre.
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Figure 14. Vertical profiles of potential temperature (red) and equivalent potential temperature (blue)
in Typhoon Saola at around 0800 UTC 31 August 2023. Red triangles represent dropsonde locations
relative to the storm centre.
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The vertical wind profiles in the boundary layer of the TC, i.e., the first 1 km or so
above the sea level, are shown in Figure 15. For the sonde that is closest to the typhoon
eye, wind speeds as high as 40 m/s had been recorded. Various wind profile models,
including the logarithmic law, the Vickery et al. [35] model, the Gryning et al. [36] model,
the Deaves and Harris [11] model, and the power law, were used to fit the observed wind
profiles in a least-squares manner. In general, the Vickery model and power-law model
provide a better fit to the vertical wind profiles than the other models. It is noted that in
previous studies (e.g., [37,38]), the Vickery model usually outperformed the simple power
law in describing the “supergradient” flow or low-level jet in the tropical cyclone boundary
layer. However, this is not the case here. A more comprehensive and quantitative analysis
is warranted based on a larger set of dropsonde data.
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6. Conclusions

TC reconnaissance flights had been conducted for Super Typhoon Saola over the
northern part of the South China Sea. The flight data provided some insights into the
structure of the TC. The general structure of the TC, e.g., maximum wind speed of up to
40 m/s near the eyewall and low wind speed within the eye, low relative humidity within
the eye, near-surface inflow in the lowest 1 km, and unstable boundary layer, were captured
by the aircraft and dropsonde observations. Updrafts of up to 10 m/s and downdrafts of
up to 7 m/s were observed near the eyewall.

Turbulence was also measured during the flights. In particular, EDR and TKE data
are available. There is stronger turbulence in terms of TKE and EDR in/near the eyewall
of the TC than the other parts. This is consistent with previous observations. The EDR is
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generally proportional to the TKE raised to the power of approximately 1.5, which agrees
with the 1.5-order turbulence parameterisation. The values of EDR from in situ aircraft
observations are consistent with the other observations/NWP-based outputs. This is a new
finding for super typhoons in the region.

More aircraft data will be collected in the future. Additionally, a database of typhoon
observations, particularly for winds, could be built up for this part of the world. Turbulence
intensity would be a major subject for such a study.
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