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Meteorological variables are often reported by commercial aircraft flying

around tropical cyclones (TCs). They are archived in Aircraft

Communications, Addressing, and Reporting System/Aircraft Meteorological

Data Relay (ACARS/AMDAR). Therefore, they are potentially useful for

constructing a composite mean structure of TCs based on in-situ

measurements. The number of temperature and wind observations are 4.0 ×

106 and 1.0 × 104 within the radius of 1,200 km and 100 km from the TC center

during 2010–2020, respectively. The warm-core potential temperature

anomaly with respect to the climatology is 6.4 K, 9.1 K, and 14.4 K

maximized around 300 hPa for weak, moderate, and strong TCs,

respectively. The composite of the potential temperature anomaly

potentially extends more than 1,000 km from the TC center in the upper

troposphere, cautioning the typical definition of the environment. The

region of significant upper-level positive potential temperature anomalies

extends broadly with increasing TC intensity. Moreover, large TCs tend to

have a broad and deep upper-level warm core for a given intensity. In

addition, we ensured that a single observation of potential temperature

around 300 hPa could be used as a proxy for minimum sea level pressure.

Low-level inflow and upper-level outflow were detected in the ACARS/

AMDAR data.

KEYWORDS

warm core, tropical cyclone, aircraft, wind, temperature

1 Introduction

The structure of the temperature and wind profiles of tropical cyclones (TCs) is

important for understanding them and disaster prevention. Although in-situ observations

are preferable to describe the true structure, aircraft observation missions of TCs by the

Joint Typhoon Warning Center in the western North Pacific, where strong TCs appear

most frequently in the world, were terminated in 1987. Since then, several aircraft

observation campaigns have been conducted for research and operation (Chan et al.,

2018; D’Asaro et al., 2014; Elsberry 1990; Elsberry and Harr 2008; Hirano et al., 2022; Ito
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et al., 2018; Newell et al., 1996; Wu et al., 2005; Yamada et al.,

2021). However, in-situmeasurements from these campaigns are

still insufficient to construct a composite mean structure of TCs

in the western North Pacific. In particular, the upper-

tropospheric portion of the inner core is rarely observed,

except during the Tropical Cyclones-Pacific Asian Research

Campaign for the Improvement of Intensity Estimations/

Forecasts (T-PARCII) projects (Ito et al., 2018; Yamada et al.,

2021; Hirano et al., 2022), in which dropsondes were released

from 43,000 ft.

The upper-level warm core is connected with the minimum

sea level pressure (MSLP) through hydrostatic balance.

Therefore, the MSLP has been estimated based on upper-level

temperature observations using satellite microwave sounding

(Knaff et al., 2000; Oyama et al., 2016). Komaromi and Doyle

(2017) inferred that the maximumwind speed (Vmax) is related to

the magnitude of warm cores based on the Global Hawk AV-6

flying above 100 hPa in the Atlantic Ocean. However, in the

western North Pacific, it is difficult to validate the relationship

between TC intensity and warm core magnitude based on in-situ

observations, because of the insufficient number of samples.

Commercial aircraft data are potentially useful for addressing

the thermodynamic and kinematic fields based on in-situ

measurements. Commercial aircraft sometimes fly over TCs.

In addition, meteorological variables are reported and

compiled as Aircraft Communications, Addressing, and

Reporting System/Aircraft Meteorological Data Relay

[ACARS/AMDAR; NOAA/ESRL (2011)]. It has been used to

construct climatological meteorological fields (Frehlich and

Sharman 2010) and in data assimilation studies (Cardinali

et al., 2003). However, to the best of our knowledge, a

detailed analysis of the temperature and wind fields of TCs in

the western North Pacific has not been carried out with ACARS/

AMDAR. In fact, as envisioned, several in-situ observations are

available around TCs, particularly the upper air sounding. They

are useful to describe the composite mean structure of TCs in the

western North Pacific.

The remainder of this paper is organized as follows. Section 2

explains the data used and the methodology. Section 3 describes

the climatological mean of the warm core and the wind field.

Section 4 contains the concluding remarks.

2 Method

We used the ACARS/AMDAR data from 2010 to 2020. The

sampling rate varied from 10 s to 30 min. The accuracy of each

horizontal wind component and temperature are σv ~

1.25–1.5 ms−1 and σT ~ 0.5 K, respectively (Benjamin et al.,

1999; Drüe et al., 2008). When the icing condition is

suggested by a quality control flag, the data were not utilized.

In addition, the data were not used when the horizontal position,

FIGURE. 1
(A) The number of the ACARS/AMDAR temperature observations within r < 1,200 km during 2010–2020 used in this study. (B) TC track density
obtained from 6-hourly best track data during 2010–2020. The number of ACARS/AMDAR observations is divided into those (C) above 500 hPa and
(D) below 500 hPa.
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pressure height, time consistency, and physical variables did not

pass quality control. The pressure altitude was converted to

pressure, using a standard atmosphere.

The TC center position, intensity, and size refer to the 6-

hourly best track data from the Regional Specialized

Meteorological Center (RSMC) Tokyo–Typhoon Center of the

Japan Meteorological Agency (JMA). The RSMC Tokyo best

track data were not considered before the TC reached the

threshold of tropical storm status or an extratropical cyclone

subjected to transition from the TC. The best track data were

linearly interpolated in time to match the observation time of

ACARS/AMDAR. To plot a figure in radius-pressure

coordinates, we grouped the data into bins with radial and

pressure intervals of 50 km and 50 hPa, respectively. When

the number of observations is less than 10 in each grid, the

composite mean was not shown.

Figure 1A displays the number of temperature observations

that were used within 1,200 km from the TC center (hereafter

represented as r < 1,200 km) in the western North Pacific. The

total number was approximately 4.0 × 106. As expected, several

data were obtained around the major airports in Japan, China,

Korea, the Philippines, the Guam, and the flight routes

connecting them. Thus, the data density during

2010–2020 was higher in the north, as compared to the TC

track density in the western North Pacific based on 6-hourly

RSMC Tokyo best track records of TC center locations

(Figure 1B). Upper-tropospheric conditions (above 500 hPa)

were sufficiently observed over land, the East China Sea, the

South China Sea, the northwestern portion of the western North

Pacific, and the region between Japan and Guam (Figure 1C).

Below 500 hPa, observations were limited to land or coastal

regions (Figure 1D). This reflects that the cruise altitude is

higher for a long flight over the ocean and the marginal seas.

Figure 2 displays the observation density at each pressure

level and radius from the TC center. The observation density

peaked at 200–300 hPa, 500–700 hPa, and near the surface. These

presumably correspond to the cruising altitudes of aircraft and

departure/landings. The number of observations within r <
100 km was approximately 1.0 × 104. The large number of

observations in the upper troposphere enabled analysis of the

warm core magnitude and structure. To check the difference in

the temperature and wind speed among different intensities, we

divided the data according toVmax into three groups that roughly

contained a similar number of samples: Vmax < 25 ms−1,

25 ms−1 ≤ Vmax < 33 ms−1, and Vmax ≥ 33 ms−1 (Figures

2B–D). These values correspond to the categories of tropical

storms, strong tropical storms, and typhoons (including very

strong typhoons and violent typhoons), respectively, used by

JMA. For representation, we refer to these categories as weak,

moderate, and strong TCs, respectively. The number of

observations of the inner core in the low- and middle-

troposphere is quite rare for strong TCs, probably because of

aviation safety reasons. Nevertheless, more than 200 observations

are available at 200–300 hPa within r < 100 km, even for strong

TCs; thus, they can be used as important in-situ observations.

Notably, many observations were available in the upper to lower

troposphere for r = 100–1,000 km from the center of strong TCs.

The warm core is defined as the temperature or potential

temperature deviation with respect to the reference temperature.

Typically, the reference temperature using the average within r <
1,000 km or a few hundred kilometers is implemented. However,

the magnitude of the warm core depends on the choice of

reference temperature (Durden 2013; Stern and Zhang 2016;

Yamada et al., 2021). In this study, we employed the temperature

and potential temperature anomaly with respect to the

climatology for a given longitude, latitude, pressure, and

pentad day of the year as a reference state. This clarifies the

composite mean difference from that of the ordinary state. This

approach is not compatible for the case study of a single TC, but it

clarifies the impact of TCs and the favorable conditions for TC

development. The climatology was constructed based on the 11-

years (2010–2020) averaged ACARS/AMDAR data. The

temperature and potential temperature anomalies obtained

using these climatological values were represented as follows:

δTclim ≡ T − Tclim (1)
δθclim ≡ θ − θclim (2)

where T and θ are the observed temperature and potential

temperature in ACARS/AMDAR, respectively, Tclim and θclim
are the climatological mean temperature and potential

temperature for the same longitude, latitude, pressure, and

pentad-day of the year based on the climatology, and δTclim

and δθclim are temperature and potential temperature anomalies,

respectively, with respect to the climatology. We show the

composite mean of anomalies, 〈δTclim〉 and 〈δθclim〉, where
an angle bracket indicates the composite mean.

For comparison, we further calculated the temperature and

potential temperature anomalies with a reference state averaged over

the region between the rings of 800–1,200 km (hereafter, a 1,000 km

ring for simplicity).

〈δT1000〉 ≡ 〈T〉 − 〈T1000〉 (3)
〈δθ1000〉 ≡ 〈θ〉 − 〈θ1000〉 (4)

where 〈T1000〉 and 〈θ1000〉 are the composite means of the

temperature and potential temperatures for a 1000-km ring

based on the ACARS/AMDAR. 〈δT1000〉 and 〈δθ1000〉
represent the composite mean with respect to the environment.

3 Result

3.1 Potential temperature field

Figure 3 shows the composite mean of the temperature,

potential temperature and their anomalies throughout the
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observations. The contours of the temperature and potential

temperature in the inner core region indicate the warm core of

TCs in the upper-troposphere (200–400 hPa) (Figures 3A,B).

The maximum composite mean temperature and potential

temperature anomaly with respect to the climatology

(1,000 km ring) is 6.0 K and 8.4 K (4.6 K and 7.1 K) within

r < 50 km in the upper troposphere, respectively (Figures

3C–F). Strictly speaking, it is not the composite mean of the

warm core magnitude of TCs, because the pressure level of the

maximum temperature anomaly may differ depending on each

TC. Nevertheless, the current result suggests that the composite

mean warming is maximized around 300 hPa, and it can be used

as a reference value for the warm core magnitude. The lower

warm cores described by Stern and Nolan (2012) were not clearly

observed in the current composite analysis. However, the

temperature and potential temperature anomalies in the inner

core region were weakly positive in the lower troposphere. The

negative potential temperature anomaly around the surface

represents cold air. Considering that low-level observations

were mostly obtained over land, the results should be carefully

interpreted. Presumably this is due to cold pool or evaporation

over the land.

The potential temperature anomaly more than 2.0 K with

respect to climatology extends to more than 1,000 km in the

upper troposphere (Figure 3D). This differs from the lower

tropospheric warm anomaly, which is limited to a narrow

region. The broad temperature and potential temperature

anomaly in the upper troposphere is beyond 1,000 km, which

is typically used as the definition of “environmental region”.

Thus, if one defines a reference temperature with respect to the

1,000 km ring or less, one underestimates the warming influence

of a TC in the upper troposphere. Temperature and potential

temperature anomalies are negative above 200 hPa in the outer

region. One possible explanation might be that the cold

tropopause (relative to climatology) is favorable for TC

development through the mechanism of wind-induced surface

heat exchange (Emanuel 1986; Emanuel 2012).

To check the influence of reference states, Figures 3E,F shows

the temperature and potential temperature anomalies with

respect to values at the 1,000 km radius. The structures of the

FIGURE. 2
(A) The number of the ACARS/AMDAR temperature observations during 2010–2020 used in this study in a radius-pressure coordinate. The
observations are classified according to the maximum wind speed: (B) Vmax < 25 ms−1, (C) 25 ms−1 < Vmax < 33 ms−1, and (D) Vmax > 33 ms−1.
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temperature and potential temperature anomalies are basically

similar to those with respect to climatology. However, the warm

anomaly is weaker in the upper troposphere and is confined

within several hundred kilometers. As for the anomaly with

respect to the 1,000 km ring, notable, most observations were

obtained in the mid-latitudes where the meridional temperature

FIGURE. 3
Composite of (A) T , (B) θ, (C) δTclim , (D) δθclim , (E) δT1000, and (F) δθ1000 in a radial-pressure coordinate.

Frontiers in Earth Science frontiersin.org05

Ito and Yamamoto 10.3389/feart.2022.1058262

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1058262


gradient was large. Currently, the climatological-mean

temperature at the center is colder than that at the 1,000 km

ring by approximately 2 K in the lower troposphere and 0.5 K in

the upper troposphere (figures not shown). This affects the

difference in anomalies with different references.

The magnitude of the maximum warm potential

temperature anomaly with respect to the climatology in

the TC centers depends on the TC intensity (Figure 4).

The anomaly is 6.4 K, 9.1 K, and 14.4 K for weak,

moderate, and strong TCs, respectively. The region of

warm air extends away from the TC center above 500 hPa

with increasing intensity. The pressure level of the core

magnitude of the warm anomaly does not depend on TC

intensity. However, the warm anomaly region at the TC

center became deeper for the stronger TCs.

By grouping the potential temperature anomalies from the

moderate TCs (25 ms−1 < Vmax < 33 ms−1) by size defined as a

radius of 15 ms−1 wind (R15) in the best track, the depth and

radius of the upper warm anomaly varied. Figure 5 shows that

small TCs yield radially small and shallow upper-tropospheric

warming. By contrast, large TCs yield a radially large and deep

upper-tropospheric warming. We also found that the maximum

of composite mean of potential temperature anomaly is stronger

for large TCs (7.3 K, 7.8 K, and 10.8 K for small, medium, and

large TCs, respectively). Therefore, the magnitude of the warm

core was stronger for larger TCs. We consider the radial

integration of the pressure gradient term in gradient wind

balance to explain this.

pc � −∫renv

rc

ρ
v2

r
+ fv( )dr + penv (5)

FIGURE. 4
δθclim in radial-pressure coordinates for (A) Vmax < 25 ms−1, (B) 25 ms−1 < Vmax < 33 ms−1, and (C) Vmax > 33 ms−1.

FIGURE. 5
δθclim in a radial-pressure coordinate for (A) R15 < 270 km, (B) 270 km < R15 < 390 km, and (C) R15 > 390 km. Note that we use the cases
particularly with 25 ms−1 < Vmax < 33 ms−1.
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where pc is the sea-level pressure at the radius of interest

(including MSLP), v is the tangential wind, ρ is the air

density, f is the Coriolis parameter, subscripts c and env are

the radius of interest and environment. Eq. 5 states that the

radially integrated tangential wind is related to a deficit of

pressure, and thus a large R15 indicates a low pressure at the

radius of interest for the given Vmax. It leads vertically deep and

intense warm core in a large TC because a low pressure is

connected to vertically integrated density through hydrostatic

balance.

Therefore, the vertical profile of the potential temperature is

highly relevant to the MSLP. However, it is not clear whether a

single-level observation observed by aircraft can be used as a

proxy for the MSLP. Figure 6A shows the relationship between

the potential temperature anomaly with respect to the

climatology at 250–350 hPa within r < 50 km, where the

composite mean exhibited the maximum value (Figure 3), and

MSLP in the best track. The increasing potential temperature

anomaly was clearly associated with a decrease in the MSLP. The

simple linear regression yields the MSLP (hPa) as shown below:

MSLP � −1.900δθclim + 1000.475 (6)

The root mean square difference (RMSD) between this

simple statistical model and the best track was 7.33 hPa,

which is comparable to, or smaller than the uncertainties in

the best track and other techniques (Hoshino and Nakazawa

2007; Nakazawa and Hoshino 2009; Shimada et al., 2016; Ito

et al., 2018; Higa et al., 2021). Although δθ1000 is difficult to

calculate for individual case because aircrafts does not densely

observe the whole region between rings of 800 km and 1,200 km

in most cases, we can calculate the potential temperature

anomaly with respect to the corresponding region based on

the ERA5 reanalysis by European Centre for Medium-Range

Weather Forecasts (Hersbach et al., 2020). The comparison

between MSLP and the potential temperature anomaly with

respect to ERA5 reanalysis is shown in Figure 6B, and the

simple linear regression yields the MSLP (hPa) as follows:

MSLP � −2.227δθclim + 1002.155 (7)
with the RMSD of 7.20 hPa. In other words, a single commercial

aircraft observation flying over a TC is beneficial for estimating the

MSLP of TCs through Eqs. 6, 7, while we should be prudent to

apply these equations to very strong TCs whoseMSLP is lower than

960 hPa because the samples were rarely taken. It supports the

validity of methodologies that use satellite-derived potential

temperature anomalies for TC intensity estimation.

3.2 Wind field

Figure 7 shows the composite mean of the radial and tangential

wind in radial-pressure coordinates. The depth of the strong

cyclonic wind ranges from the lower troposphere to the upper

troposphere for strong TCs. However, cyclonic wind is observed

only in themiddle and lower troposphere for weak TCs. In themain

cruising altitudes for a longer flight (200–300 hPa), the composite-

mean wind speed is much weaker than in the lower troposphere,

while there is a chance that strong turbulence exists. Anticyclonic

circulation was observed in the outer upper troposphere. This

anticyclonic circulation became stronger with increasing TC

intensity. The composite mean of the tangential wind was

maximized at approximately 800 hPa. The corresponding height

was higher than that observed (500–1,000 m) in dropsondes in the

Atlantic Ocean (Powell et al., 2003). This might be because ACARS/

AMDAR observations in the lower troposphere are mostly obtained

over land, where the surface friction is very strong.

FIGURE. 6
The relationship between MSLP in the best track and potential temperature anomaly in 250–350 hPa within r < 50 km with respect to (A)
climatology and (B) ERA5. The regression line is overplotted.
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The radial wind profile indicates that low-level inflow and

upper-level outflow can be clearly detected based on ACARS/

AMDAR observations below 850 hPa and above 300 hPa,

respectively. With increasing intensity, the inflow and outflow

regions were larger. A low-level inflow of more than 1 ms−1 was

observed within 600 km for weak TCs, whereas it was 1,000 km

for strong TCs. The outflow became stronger with decreasing

pressure, whereas the core of the outflow might be located above

200 hPa. Upper-level outflow was clearly observed above 300 hPa

for strong TCs. The outflowwas discernible beyond r = 1,000 km,

supporting the idea that positive 〈δTclim〉 and 〈δθclim〉 stem from

the TCs.

The composite mean of absolute angular momentum

(AAM) for each intensity category is shown in Figure 8. A

relatively larger AAM is advected close to the TC center for

strong TCs. As the AAM is nearly conserved except for the

frictional loss at the surface and mixing around the

tropopause (Hioki and Tsuboki 2021), the slantwise tilt of

the constant AAM and radial gradient of radial wind indicate

upward motion at 200 hPa even for weak TCs. In addition, the

core height of the outflow is thought to be above 200 hPa. This

core height is as high as observated in the Atlantic (Komaromi

and Doyle 2017) or higher. The slope becomes flatter for

strong TCs, implying that the upward air parcel experiences

more outward motion. The calculus for an axisymmetric

balanced vortex yields the slope along the constant AAM

surface as follows:

zz

zr
( )

AAM

� f + ζ( ) f + 2v/r( )
− g/θ( ) zθ/zr( ) (8)

where f is the Coriolis parameter, ζ is the vorticity, v is the

tangential velocity, and g is the gravitational constant. Thus, it

is the inertial stability divided by baroclinicity. In this case,

inertical stability is strong for strong TCs. In other words, the

FIGURE. 7
The radial velocity (contour) and tangential velocity (shade) in a radial-pressure coordinate for (A) all TCs, (B) Vmax < 25 ms−1, (C) 25 ms−1 < Vmax <
33 ms−1, and (D) Vmax > 33 ms−1.
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flat structure (smaller (zz/zr)AAM) can be attributed to the

strong potential temperature gradient of strong TCs

(Figure 4C).

4 Concluding remarks

In-situ observations of TCs are very important for describing

the true TC structure. Moreover, it has long been believed that

such observations have become rare in the western North Pacific

since 1987. The current study reveals that meteorological

variables reported and archived in the ACARS/AMDAR are

beneficial for several purposes. Due to the large number of

observations, they are sufficient to construct the mean

vertical-pressure cross section of potential temperature and

wind fields, particularly for upper tropospheric conditions and

weak-to-moderate TCs.

The well-known basic structures are reproduced in our

composite analysis: Upper-level warm core, inflow in the

lower troposphere, outflow in the upper troposphere, and

slantwise upward motion. Several important findings have

been produced in this study are summarized as follows. First,

the upper-level warm potential temperature anomaly can be

extended more than 1,000 km away from the center of the

TCs, with respect to the climatology. It cautions a typical

definition of a warm temperature anomaly from the

environment, represented as a 1,000 km ring or less. Second, a

large TC tends to have a deep and strong upper-level warm core

for a given maximum wind speed. It is reasonable that a large TC

for the given maximum wind speed has a low MSLP through

gradient wind balance and that the lowMSLP is connected to the

vertically integrated thermodynamic property. Third, the peak

pressure level of the potential temperature anomaly did not

depend on the intensity. In addition, the core of the outflow

FIGURE. 8
AAM (× 106 m2s−1; color shadings) in a radial-pressure coordinate overplotted by the tangential wind (contours) for (A) all TCs, (B)weak TCs, (C)
moderate TCs, and (D) strong TCs.
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was expected to be above 200 hPa, considering the AAM surface

and weak radial wind at 200 hPa. Another contribution of this

work is to provide the usefulness of potential temperature

anomaly as a proxy for MSLP based on the in-situ observations.

Although the current study demonstrates the advantages of

ACARS/AMDAR data for constructing the composite mean of

the TC structure, few sections must be interpreted with caution.

Low- and middle-tropospheric observations were mostly

obtained over land. Therefore, it does not entirely represent

the characteristics of TCs in the western North Pacific. In

addition, the middle-to-low troposphere of the inner core is

rarely observed for strong TCs. For this purpose, coordinated

aircraft campaigns that penetrate the eyewalls of strong TCs such

as T-PARCII are considered powerful in the western North

Pacific.
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