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Abstract: The variations in the characteristics of the tropopause are sensitive indicators for the climate
system and climate change. By using Atmospheric Radiation Measurement (ARM) radiosonde data
that were recorded at the extratropical Southern Great Plains (SGP) and Arctic North Slope of Alaska
(NSA) sites over an 18-year period (January 2003 to December 2020), this study performs a fine-scale
comparison of the climatological tropopause features between these two sites that are characterized by
different climates. The static stability increases rapidly above the tropopause at both sites, indicating
the widespread existence of a tropopause inversion layer. The structures of both the tropopause
inversion layer and the stability transition layer are more obvious at NSA than at SGP, and the
seasonal variation trends of the tropopause inversion layer and stability transition layer are distinctly
different between the two sites. A fitting method was used to derive the fitted tropopause height
and tropopause sharpness (A). Although this fitting method may determine a secondary tropopause
rather than the primary tropopause when multiple tropopause heights are identified on one ra-
diosonde profile, the fitted tropopause heights generally agree well with the observed tropopause
heights. Broad tropopause sharpness values (A > 2 km) occur more frequently at SGP than at NSA,
resulting in a greater average tropopause sharpness at SGP (1.0 km) than at NSA (0.6 km). Significant
positive trends are exhibited by the tropopause heights over the two sites, with rates of increase of
23.7 £ 6.5m yr~! at SGP and 28.0 & 4.0 m yr~! at NSA during the study period.

Keywords: tropopause inversion layer; stability transition layer; tropopause sharpness; tropopause
height; climate features

1. Introduction

The tropopause, which marks the top of the troposphere and separates it from the
overlying stratosphere, is distinct from either of these layers in regard to both its radiative
properties and dynamics and its chemical transport characteristics [1,2]. Detailed investiga-
tions of the tropopause features are important for understanding the global climate system
and climate change [3-5]. The tropopause is thermally defined based on the variation in
the vertical temperature lapse rate [6]. Nevertheless, for specific research purposes, several
other dynamic and chemical definitions of the tropopause have been proposed by using
potential vorticity thresholds [7,8] and the concentrations of trace gases such as ozone and
water vapor [9,10].

Based on high-resolution radiosonde measurements, a tropopause inversion layer
(TIL) that is characterized by a strong temperature increase above the tropopause was
found at two midlatitude sites in southern Germany [11]. Subsequently, the TIL was also
identified by radiosonde measurements at other sounding stations [12,13], by reanalysis
data and model simulations [14,15], and by satellite retrievals [5,16]. Although previous
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studies have documented some of the characteristics of the TIL, the physical mechanism
that is responsible for its existence is still subject to debate and has yet to be clarified. To date,
two main mechanisms have been proposed to explain the development and maintenance
of the TIL, i.e., dynamic processes [12,17-19] and radiative effects that are associated with
water vapor and ozone near the tropopause [5,20,21]. Researchers have also suggested that
the TIL originates from a synergetic effect of radiative and dynamic processes occurring at
both stratospheric and tropospheric levels [16,22].

Although there has been increased interest in the global tropopause in recent years,
resulting in a few of the studies that are mentioned above, observations of the fine-scale
tropopause characteristics are still needed to better understand the dynamic and chemical
transitions between the troposphere and stratosphere, especially given that the formation
mechanism of the TIL remains unclear and that different processes may be important in
different regions [23]. Based on the consideration, this paper employs long-term radiosonde
data at two sounding sites in the midlatitudes and Arctic with the main goal being to quan-
tify and compare the detailed features of the tropopause, including the climatology of the
tropopause on various temporal scales, the stability transition layer around the tropopause,
and the sharpness of the tropopause in the two different climatic zones. Moreover, the vari-
ation trend of the tropopause height is discussed given that the variability in the tropopause
height is suggested to be a sensitive indicator of anthropogenic climate change [4]. The
remainder of this paper is organized as follows. Section 2 describes the data and methods
that were used in this study. The tropopause characteristics at two different climatic sites
are quantified and compared in Section 3. Then, the main conclusions are summarized in
Section 4.

2. Sites, Data and Methods
2.1. Sites and Data

In this study, radiosonde data that were recorded over an 18-year period (January 2003
to December 2020) at the Atmospheric Radiation Measurement (ARM) Southern Great
Plains (SGP) Central Facility site in north-central Oklahoma (36.6° N, 97.5° W, 315 m above
sea level) and the North Slope of Alaska (NSA) site near Barrow (71.3° N, 156.6° W, 8 m
above sea level) (Figure 1) were used to derive the climatological features of the tropopause.
As the first ARM field measurement site, SGP is the world’s largest and most extensive
climate research facility and is perfect for investigating the atmospheric processes in the
midlatitudes, whereas NSA is an ideal high-latitude site for examining the rapidly changing
atmosphere and climate in the Arctic.

Routine radiosonde launches were chiefly performed four times a day at 0530, 1130,
1730, and 2330 UTC at SGP and primarily performed at least twice per day at 0530 and
1730 UTC at NSA. A radiosonde measures the pressure, temperature, humidity, wind
speed, and wind direction at a high vertical resolution of ~10 m. Only radiosonde profiles
with maximum altitudes reaching above 20 km were selected in this study to ensure that
the measurements exceed the primary tropopause.

2.2. Methods

According to the algorithm in WMO [6], the thermal tropopause that was used in this
study is defined as the lowest level where the temperature lapse rate falls below 2 K km ™!
and where the average temperature lapse rate between this level and all the higher levels
within 2 km remains below this value. The thermal tropopause is directly related to
the enhanced static stability [5,16,20,22] that is usually represented by the Brunt-Védisdld
frequency N or its square as follows in Equation (1):

2_g(99) _g(dT
N _6<az> —T<az+rd @

where g is the constant acceleration due to gravity, 0 is the potential temperature, T is the
temperature, z is the altitude, and T'd = 9.8 °C km ! is the dry adiabatic lapse rate.
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Figure 1. (a) Locations of the radiosonde sites at the ARM SGP Central Facility (36.6° N, 97.5° W,
315 m ASL) and NSA Barrow (71.3° N, 156.6° W, 8 m ASL) that were used in this study. (b) A
schematic of the tropopause profiles marking the relevant heights and systems that were used in
the study. The red and blue lines denote the temperature and stability in the GB-system (solid) and
TB-system (dashed). The horizontal dashed green line denotes the observed tropopause height,
which is recognized as the bottom boundary of the stability transition layer around the tropopause
(abbreviated as STLT in the figure) in this study, and the horizontal solid black line represents the
upper boundary of the STLT. The horizontal dashed brown line represents the fitted tropopause
height, which is quite close to the observed tropopause height.
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Birner et al. [11] and Birner [12] showed that, due to the substantial seasonal variability
of the tropopause height at a given site, averaging the TIL in a ground-based vertical
coordinate system (GB-system) smears it out, making the TIL difficult to identify, whereas
the TIL is a ubiquitous and clear feature in a tropopause-based vertical coordinate system
(TB-system). In the TB-system, each radiosonde profile is calculated with respect to the
time-dependent tropopause height by Equation (2):

Z =2z — Z1p + ZTP )

where 7 is fixed in time with respect to the tropopause for each radiosonde profile, z is fixed
in time with respect to the ground level for each radiosonde profile, ztp is the tropopause
height with respect to the ground level determined by each radiosonde profile, and Ztp
denotes the time-averaged height of the tropopause with respect to the ground level from
all the radiosonde profiles on various temporal scales (such as month, season, and year)
in question.

The atmospheric stability transitions from weak in the troposphere to strong in the
stratosphere [24,25]. Based on this phenomenon, Bell and Geller [13] defined a stability
transition layer around the tropopause (STLT), i.e., the region over which the static stability
relaxes from its overshoot value at the tropopause to its local minimum in the stratosphere
(where dc%z = 0). The depth of the stability transition layer that was adopted from Bell and
Geller [13] is calculated in this study. Moreover, to identify the tropopause sharpness (A),
which reflects the thickness of the transition layer from the troposphere to the stratosphere,
this paper applies an idealized smooth step-like function to the observed profiles of the static
stability N using a nonlinear curve fitting method [26], as defined below in Equation (3):

Nstrat - Ntrop
2

1+ tanh(@)] 3

N(Z) = Ntrop +
where Nyop and Nitrat are the typical values of N in the troposphere and stratosphere,
respectively; tanh represents the hyperbolic tangent function; the tropopause height is
taken to be the transition midpoint at zy; and the tropopause sharpness is denoted A. The
above four parameters are calculated for each static stability profile by using a least-squares
fitting method. To reduce a substantial amount of discretization-induced noise and preserve
most of the detailed structure, the static stability profiles that were calculated from the
radiosonde data are subsampled from a high vertical resolution of ~10 m to a lower vertical
resolution by interpolating at an interval of 50 m [27,28]. The best initial estimates for the
above parameters, i.e., Nirop = 0.0 71 Nggrat = 25.0 x 1073 s~ ! and A = 1 km, are adopted
from Homeyer et al. [26]. The initial estimate for the tropopause height z, is taken as the
value that is calculated from each radiosonde profile using the algorithm in WMO [6]. The
tropopause sharpness and stability transition layer that are used in this study can express
the transition between the troposphere and stratosphere from different perspectives as
follows. The tropopause sharpness should characterize primarily areas with dramatic
changes in stability around the tropopause, whereas the stability transition layer may
additionally include a wider area with a slowly decreasing stability until a local minimum
is reached in the stratosphere. In this regard, the tropopause sharpness may be recognized
as part of the stability transition layer. A schematic of the tropopause profiles that were
derived from the NSA site is shown in Figure 1 which marks the relevant heights and
systems that were used in the study, including the temperature and stability profiles in
the GB-system and TB-system, the observed tropopause height (recognized as the bottom
boundary of the STLT), the upper boundary of the STLT, and the fitted tropopause height.

3. Results
3.1. Climatology of the Tropopause Structure on Various Temporal Scales

Figure 2 shows the annually averaged climatologies of the TB-system temperature
and stability during 2003-2020 at the SGP and NSA sites, and the GB-system profiles
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are presented for a comparison. The average tropopause is higher at SGP (11.7 km) than
at NSA (8.9 km) due to the different atmospheric conditions between the two sites [29].
Consistent with the findings of Birner et al. [11] and Birner [12], the variation trends of
both the temperature and the stability above the tropopause are larger in the TB-system
than in the GB-system at both sites. A closer look at the TB-system reveals that the obvious
temperature increase above the tropopause corresponds to a growth spurt in the vertical
stability profiles until a maximum is reached, which indicates the existence of a strong TIL.
The depths of the stability transition layer are also noted in Figure 2, which are 2.3 km
at SGP and 3.6 km at NSA. The variation trends of the stability above the tropopause are
clearer at NSA than at SGP, resulting in a visually distinct upper boundary of the STLT at
NSA, although the identifying method is valid at both sites. Bell and Geller [13] showed
that the stability transition layer increased monotonically in depth from ~1 km at low
latitudes to ~4 to 5 km at high latitudes. Similar to their results, the stability transition layer
is thinner by 1.3 km at SGP in the midlatitudes than at NSA in the Arctic. Furthermore,
in addition to the TIL, an evident temperature inversion layer is also observed near the
ground at the NSA site [29]; however, an examination of this layer, which is induced by
ubiquitous surface radiative cooling, is beyond the scope of the current study.

The monthly averaged climatologies of the temperature and stability at SGP and
NSA are visualized in Figure 3. The SGP site exhibits evident monthly changes in both
temperature and stability, resulting in clear variations in the tropopause height and TIL
structure. The tropopause is uplifted from January (10.0 km) to its maximum altitude in
July (13.7 km) at SGP, and a local stability maximum generally occurs within 2 km above
the tropopause. The TIL is distinctly stronger in cold months than in warm months, as
the TIL is much weaker and thinner in the latter. At NSA, the tropopause height is fairly
constant throughout the year, although it is slightly higher in warm months, when more
radiation energy is generated during the polar days, than in cold months with the onset of
polar nights [30,31]. In sharp contrast to that at SGP, the TIL at NSA is stronger in warm
months than in cold months. Again, the TIL is much clearer in the TB-system than in the
GB-system at both sites. The seasonal variation in the tropopause height is stronger at
SGP than at NSA, which results in less agreement on the stability structure between the
TB-system and GB-system above 15 km at SGP than at NSA. In addition, a comparison
between the two sites reveals that the TIL structure seems to be more obvious at NSA
than at SGP, as indicated by a strong jump in the stability at NSA. Figure 4 further shows
the seasonal variations (spring: March-May; summer: June-August; autumn: September-
November; winter: December—February) in the TB-system at SGP and NSA. At both sites,
the tropopause is highest in the summer, followed by (in decreasing order) that in autumn,
spring, and winter. The seasonal variation in the tropopause height is weaker at NSA than
at SGP. Although the TIL structure is visible in all four seasons, fine-scale discrepancies
arise in various seasons and between the two sites, as shown by the variabilities in the
temperature and stability profiles above the tropopause. In particular, the depth of the
stability transition layer presents a significant seasonal fluctuation at SGP, with a maximum
of 3.5 km in winter and a minimum of 1.6 km in summer, whereas that of the stability
transition layer is rather constant at NSA (approximately 3.5 km) throughout the year.
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Figure 2. Annually averaged climatologies (2003-2020) of the temperature (a) and stability (b) at
SGP; panels (c) and (d) are similar to (a) and (b) but at NSA. The red line in each panel is the annual
average with respect to the tropopause height, and the blue line is the annual average with respect to
the ground level; the shaded area represents the standard deviation. The horizontal solid black line
denotes the tropopause height, which is recognized as the bottom boundary of the stability transition
layer around the tropopause (abbreviated as STLT in the figure) in this study, and the horizontal
dashed black line represents the upper boundary of the STLT. The depths of the STLT are also noted
in the right panels.



Atmosphere 2022, 13, 965

7 of 15

(a) Temperature (°C)

Height (km)

Height (km)
o wn =
l

(b) GB-system N> (107*57%)

123 456789101112 1 23 45678 9101112
Month Month
HEEN = Thas HENT A T
60 40 20 0 20 1 2 3 4 5 6
NSA (d) Temperature (°C) (¢) GB-system N (10 *57%)
T S
15
) £)
< <
= =
= =
(] [*]
s T

123456789 101112 1

23 456789101112

Month Month
—60 —-50 —-40 -30 -20 -10 0 1 2 3 4 5 6

(c) TB-system N? (10_4 s_z)

Height (km)

123 6 7 8 9 101112
Month
HENT S = Thaaaa
1 2 3 4 5 6

(f) TB-system N? (107*s7%)

Height (km)

6 7 8 9 101112
Month

Figure 3. Monthly averaged climatologies of the temperature (a) and stability with respect to the
ground level (b) and with respect to the tropopause heights (c) at SGP; panels (d—f) are similar to
(a—c) but at NSA. The white line in each panel shows the monthly variation in the tropopause height,
with the stand deviation presented in the left two panels.
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Figure 4. Seasonally averaged climatologies of the temperature (a) and stability (b) with respect to
the tropopause heights at SGP; panels (c,d) are similar to (a,b) but at NSA. The vertical solid lines in
green, red, yellow, and blue denote the seasonal variations in spring, summer, autumn, and winter,
respectively, with the horizontal dashed line indicating the seasonal tropopause height. The depths
of the stability transition layer around the tropopause (abbreviated as STLT in the figure) at SGP and
NSA are also noted in the right two panels.

3.2. Fitting-Derived Tropopause Features

The fitting method adopted from Homeyer et al. [26], which applies an idealized
smooth step-like function to the observed profiles of the static stability using a nonlinear
curve fitting method, is used to derive the tropopause height and tropopause sharpness in
this section. Figure 5 shows a comparison between the observed tropopause heights that
were obtained by the method of WMO [6] and the tropopause heights that were derived
from the fitting method at SGP and NSA. Overall, the tropopause heights that were derived
from these two methods agree well, as indicated by the majority of data points falling along
the 1:1 line. The percentages are 86.9% at SGP and 91.4% at NSA, respectively, for the data
points with the absolute difference <0.5 km between the observed and fitted tropopause
heights. Furthermore, the correlation coefficient (R), mean bias error (MBE; observed-
fitted), and root mean square error (RMSE) between the two tropopause retrievals are
0.94, —0.14 km, and 0.78 km at SGP, respectively, and 0.96, —0.15 km, and 0.41 km at NSA.
However, as delineated within the ellipses in Figure 5, a few outliers were detected above
the 1:1 line. Further investigation revealed that these points with large differences between
the two tropopause retrievals are due to a mismatch in the tropopause height resulting
from multiple detected tropopause heights on one radiosonde profile, as explained by
the case study that is presented in Figure 6. In this case, the radiosonde detects a strong
temperature inversion at approximately 6 km, which is likely caused by a tropopause fold
that is associated with a deep stratospheric intrusion [26,32]. The first tropopause height
was determined to be 5.6 km by the WMO method. However, the fitting method identified
a second tropopause at 14.3 km. The double tropopause that was calculated by the WMO
criterion is most frequent in the middle latitude region, such as SGP station in this study.
The first tropopause is generally formed by the dynamical factors in the middle latitude
region. Similar cases for multiple detected tropopause heights (as shown in Figure 6) are
less frequent at NSA than at SGP, resulting in better agreement between the observed and
fitted tropopause heights at NSA than at SGP (as shown in Figure 5). The outliers that were
induced by such tropopause mismatches were excluded from the following analysis. At a
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more detailed level at SGP, a relatively dense area occurs at about 14 km where the fitted
method looks systematically overestimated, which may be associated with an increased
tropopause transition layer that is related to weak variation in the static stability around
the tropopause region for these cases. Apart from the above outliers, most of the data
points are normal cases that are characterized by close observed and fitted tropopause, as
shown by a case study in Figure 6 with observed and fitted tropopause almost overlapped
at ~15 km.
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Figure 5. Data density plots of the observed and fitted tropopause heights at SGP (a) and NSA (b).
The black dashed line in each panel denotes the 1:1 line, which highly overlaps with the linear
regression line (dashed red line). The color bar shows the data density of the scatter points, with
larger values representing a higher data density. The correlation coefficient (R), mean bias error (MBE;
observed-fitted), root mean square error (RMSE), and linear regression equation between the two
tropopause retrievals are also noted. The black ellipses delineate a few outliers that were induced by
mismatches between the observed and fitted tropopause heights when multiple tropopause heights
are identified on one radiosonde profile.

Figure 7a shows the occurrence frequencies of the tropopause sharpness that was
derived from the fitted method at both sites. Most values of the tropopause sharpness
are less than 0.5 km, accounting for 51.0% and 57.0% at SGP and NSA, respectively, be-
yond which (tropopause sharpness >0.5 km) the occurrence frequency declines gradually.
Homeyer et al. [26] divided the tropopause sharpness (A) into two categories, i.e., narrow
(A £ 2 km) and broad (A > 2 km), on the basis of the results from the continental United
States for several months in 2008. The percentage of broad tropopause sharpness values at
SGP in this study is 20.8%, which is relatively close to the magnitude (19.5%) in Homeyer
et al. [26] at similar latitudes (35—40° N). Moreover, although their study areas uncovered
the Arctic, Homeyer et al. [26] reported a decreasing frequency of broad tropopause sharp-
ness values with increasing latitude. This latitude variation trend is affirmed by the results
of this study, as shown by the broad tropopause sharpness occurring more frequently at the
extratropical SGP (20.8%) than at the Arctic NSA (5.0%). Previous studies have suggested
that frequently occurring broad tropopause sharpness in low latitudes may be associated
with the dynamic and radiative characteristics of the tropical upper troposphere [33], while
a broad tropopause sharpness might primarily exist in the midlatitudes within lower-
stratospheric cyclonic flows [9,17]. The relationship between the tropopause sharpness and
the absolute difference of the observed and fitted tropopause is presented in Figure 7b,
revealing a clear variation trend at both sites in which the tropopause sharpness increases
with an increasing absolute difference. The rapid variation in the static stability around
the tropopause will generate narrow tropopause sharpness, and for these cases the fitted
tropopause are generally consistent with the observed tropopause.



Atmosphere 2022, 13, 965

10 of 15

20 T 20
(a) (b) =
;— =
15 15
F——=———— Fitted tropopause
g i .
é g §> Fitted curve
=10 =101
) P i
Observed tropopause = Observed tropopause
sECT T TTTTTTR T T sR— T T T T T T
g
-
<
0 0 e
—80 —60 —40 -20 0 20 0 5 10 15
Temperature (°C) N? (1074579
20 20
-
(© (d)

BE==-

Height (km)
=

Observed tropopause

Observed tropopause

Fitted curve

Height (km)
>

0 .
—80 —60

Temperature (°C)

Fitted tropopause

—40 -20 0 20 0 5

10 15

N? (1074572

Figure 6. (a) shows the temperature profile (solid black line) and observed tropopause height (dashed
brown line) for a case study of a mismatch between the observed and fitted tropopause heights
when multiple tropopause heights are identified on one radiosonde profile at SGP, and (b) presents
the static stability (solid black line), fitted curve derived from the fitting method (solid green line),
and the observed (dashed brown line) and fitted (solid red line) tropopause heights for this case.
Panels (c,d) are similar to (a,b) but for normal cases with close observed and fitted tropopause at SGP.
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To investigate how the tropopause features vary with the tropopause height, density
plots of the tropopause sharpness, temperature difference, and temperature gradient
across the tropopause sharpness as a function of the fitted tropopause height are shown
in Figure 8, in which the outlier points that were identified in Figure 5 are removed. The
fitted tropopause is used in Figure 8 given that the tropopause sharpness, temperature
difference, and temperature gradient are derived based on the fitted tropopause method.
The temperature difference is defined as the difference between the temperature at the
tropopause sharpness top (the altitude located a distance of A above the fitted tropopause
height) and the temperature at the tropopause sharpness base (the fitted tropopause height),
whereas the temperature gradient is defined as the temperature difference divided by the
tropopause sharpness. At SGP, the tropopause sharpness values are concentrated in areas
where A <1 km near a tropopause height of ~11 km. Additionally, as shown by the vertical
cluster of data that are distributed at tropopause heights of 14-16 km, a few data points
exhibit relatively broad tropopause sharpness which should be associated with complicated
dynamic processes and radiative effects around the tropopause in summer. Overall, the
variation trend of the temperature difference with the tropopause height is generally
similar to that of the tropopause sharpness. In contrast, the temperature gradient, which
is predominantly distributed at tropopause heights of ~11 km and ~15 km, demonstrates
a declining variation trend with increasing tropopause height. At NSA, the tropopause
sharpness and temperature difference, which are concentrated at a tropopause height of
~10 km, also present similar variation trends with the tropopause height. The temperature
gradient is widely concentrated between tropopause heights of 8 and 10 km and presents a
smoothly increasing trend with an increase in the tropopause height. Overall, obviously
different distributions are observed at NSA and SGP for one specific parameter as a function
of the tropopause height, namely, the tropopause sharpness, the temperature difference,
and temperature gradient. The average tropopause sharpness, temperature difference, and
temperature gradient among all the data in Figure 8 are 1.0 km, 3.9 °C, and 5.2 °C km ! at
SGP, respectively, and 0.6 km, 2.5 °C, and 4.8 °C km~1 at NSA. The data averaged in each 1
km increment of the tropopause height are further compared in Figure 9. At SGP, both the
tropopause sharpness and the temperature difference increase as the tropopause height
increases, which results in a smoothly decreasing temperature gradient. On the contrary,
the average variation in each parameter with the tropopause height at NSA is different
from or even opposite that at SGP, i.e., decreasing tropopause sharpness and temperature
difference but increasing temperature gradient with increasing tropopause height at NSA.

3.3. Variation Trend of the Tropopause Height

The long-term radiosonde measurements at the two sites allow the interannual vari-
ation trend of the observed tropopause height to be investigated, as shown in Figure 10.
The annual variation in the tropopause height presents a significant positive trend during
2003-2020, with magnitudes of 23.7 - 6.5 m yr~! and 28.0 = 4.0 m yr~! at SGP and NSA,
respectively. Although there is an overall increasing trend for tropopause height at SGP, it
is less linear than the trend at NSA, as indicated by a larger standard deviation change at
SGP across the study period. Seidel and Randel [2] indicated that the tropopause height
trends over 19802004 were increasing at almost all of the radiosonde stations that they
analyzed, yielding an estimated global trend of 6.4 4- 2.1 m yr~!. Therefore, the rates of
increase at the two sites that were investigated in this study are approximately quadruple
the global average magnitude that was reported in Seidel and Randel [2], although the
research periods between this study and theirs are inconsistent. It has been suggested
that changes in the tropopause height may be a sensitive indicator of anthropogenic cli-
mate change [4,34,35] and that the changes are accompanied by stratospheric cooling and
tropospheric warming [2,4]. Owing to the unique feedbacks in the climate system, the
phenomenon that is known as Arctic amplification has occurred throughout this region
because the warming over this area is occurring two to three times faster than the global
rate [36]. Continuous warming has led to a steady decline in Arctic sea ice cover over
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time [37]; therefore, it is reasonable to expect a positive feedback to Arctic warming, thereby
accelerating its warming rate [38]. Our study preliminarily demonstrates that the rate of
increase in the tropopause height has occurred faster at NSA than at SGP over almost the
past two decades. Accordingly, further study is required to investigate whether this rate
difference is associated with accelerated warming in the Arctic.
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Figure 8. Density plots of the tropopause sharpness (a), temperature difference (b), and temperature
gradient (c) as a function of the tropopause height at SGP; panels (d—f) are similar to (a—c) but at NSA.
The color bar shows the data density of the scatter points, with larger values representing a higher
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Figure 9. Average values and standard deviation of the tropopause sharpness (a), temperature
difference (b), and temperature gradient (c) as a function of the fitted tropopause height at SGP;
panels (d—f) are similar to (a—c) but at NSA. The color bar shows the number of data points in each
bin off by 1 km on the x-axis (for example, <10 on the x-axis denotes the fitted tropopause height
between 9 and 10 km).
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Figure 10. Annual variability and its standard deviation in the radiosonde observed tropopause
height at SGP (solid blue line) and NSA (solid brown line); the dashed lines denote the linear
regressions of the tropopause heights at the two sites, with the linear slope and its uncertainty noted
in the legend (* marks significance at p-value < 0.05).

4. Conclusions

Precise knowledge of the fine-scale structure of the tropopause is important for thor-
oughly understanding stratosphere-troposphere exchanges and climate variability. By
using long-term radiosonde data at the ARM extratropical SGP site and the Arctic NSA
site, this study quantifies and compares the tropopause features in detail, including the
tropopause structure, the stability transition layer, the sharpness of the tropopause, and
the variation trend of the tropopause height, over these two sites that are situated within
different climate zones. The main findings are summarized as follows.

The average tropopause is higher at SGP (11.7 km) than at NSA (8.9 km) due to the
different atmospheric conditions at the two sites. The TIL is widespread over both sites but
exhibits different temporal variation trends. The structure of the TIL is distinctly stronger in
cold months than in warm months at SGP, whereas the reverse, i.e., where the TIL is much
stronger in warm months than in cold months, holds true at NSA. The average stability
transition layer is thinner at SGP (2.3 km) in the midlatitudes than at NSA (3.6 km) in the
Arctic. In addition, the depth of the stability transition layer presents a significant seasonal
fluctuation at SGP, in contrast to the relatively constant depth at NSA throughout the
year. Compared to that at SGP, the agreement between the observed and fitted tropopause
heights is better at NSA due to the lower occurrence frequency of tropopause mismatches
at the latter site. Moreover, a broad tropopause sharpness occurs more frequently at SGP
(20.8%) than at NSA (5.0%), resulting in a greater average tropopause sharpness at SGP
(1.0 km) than at NSA (0.6 km). The tropopause height presents a significant positive trend
at both sites during the 18-year study period, with rates of increase of 23.7 + 6.5m yr~—! and
28.0 + 4.0 m yr~! at SGP and NSA, respectively. Nevertheless, further research is needed
to investigate whether the faster rate of increase in the tropopause height at the NSA site is
associated with accelerated warming in the Arctic.
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This study focuses on quantifying and comparing some fine-scale tropopause charac-
teristics at two radiosonde sites that are characterized by different climates. The findings are
expected to be valuable for understanding the transition features between the troposphere
and stratosphere in the midlatitudes and Arctic. The physical mechanism that is responsible
for the tropopause, for instance, the formation of the TIL, is still subject to debate and
requires further investigation. However, the physical mechanism of the tropopause is too
complicated to be acknowledged based only on the radiosonde data that were used in this
study. The current study aims at understanding the fine-scale tropopause characteristics
based on long-term radiosonde data. As the next step, it might be feasible to address
this challenging issue through a combination of additional in situ dynamic and chemical
measurements, synoptic meteorological analyses, and model simulations.
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