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Abstract. The tropopause acts-as-transport-barrierrepresents a central feature of the atmospheric vertical structure, marking the

transition between the troposphere and stratosphere. While common definitions rely on quantities conserved under adiabatic
changes, diabatic effects, resulting from radiation, cloud processes or turbulence are also decisive for the tropopause structure.
Therefore, we propose a new definition based on the vertical gradient of the relative humidity with respect to ice (RHi). RHi
is the key variable for ice cloud formation and incorporates both diabatic and adiabatic processes. Based on high-resolution
radio-sonde-dataradiosonde data, we can show that our definition-reflects-the-nature-of-the-tropopause-as-a-transport-barrier

much-better-than-conventional-appreachesRHi-GT-based definition is generally consistent with, and often provides a clearer
characterization than the thermal tropopause. This is not only evident in individual vertical profiles, but also when looking at

statistics of many profiles with a tropopause-relative height axis. Last but not least, the robust and simple calculation of our

definition makes it an ideal tool for studies involving the tropopause.

1 Introduction

The Earth’s atmosphere extends from the ground to several hundred kilometers above the surface. It is characterized by sev-
eral layers that are distinguished by thermal, chemical, and dynamic properties. The transition from one layer to another is
usually abrupt and is noticeable through strong gradients in the respective variables. The active weather layer that determines
our lives is the troposphere and extends from the ground to an altitude of about 8 to 12 km in the extratropiesmid-latitudes,
depending on the seasons and current weather situation. In extreme cases, there are also strong upward and downward devia-
tions from this altitude range. The layer above is the stratosphere, which is characterized by very dry conditions and a general
increase in temperature with altitude. The troposphere and stratosphere are separated by the tropopause —which—generally
acts-as-a-transport-barrier {Gettelman-et-al204HH~TFhe-and the transfer between these two spheres, the so-called stratosphere-
troposphere exchange (STE), affects key properties of the different layers (Gettelman et al., 2011) . For instance, transport of
water vapor from the troposphere into the stratosphere affects radiative properties of the stratosphere (Krebsbach et al., 2006),
while the transport in the opposite direction can enhance the tropospheric ozone concentration (Stevenson et al., 2006). Thus,

the determination of the transport barrier is of high relevance for our understanding of the upper troposphere / lower strato-

sphere (UTLS) region. However, it should be noted that there are still uncertainties in the description of exchange processes in
large-scale models (Charlesworth et al., 2023; Hoffmann and Spang, 2022).
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There are many different ways to define the tropopause, mostly based on threshold values or gradient changes of different
variables such as (potential) temperature, potential vorticity, or even concentrations of chemical substances (e.g. ozone). One

of the most poputar-widely used definitions is the so-called thermal tropopause aeccerding-to(TTP), as defined by the WMO
(WMO, 1957), which has a somewhat cumbersome wording: "The first tropopause is defined as the lowest level at which the

lapse rate decreases to 2 K per kilometer or less, provided also the average lapse rate between this level and all higher levels

—This definition is frequently used
for studies of the extratropical UTLS and is often referred to as the lapse rate tropopause. In the following, we refer to this
tropopause definition as a thermal tropopause.

Instead of the physical temperature, sometimes the potential temperature as a quantity conserved under adiabatic processes

is used for the determination of the tropopause. For instance, the vertical gradient of potential temperature is used-utilized for
the determination of the tropopause MuHendore-et-al52005)—
Mullendore et al., 2005; Kohma and Sato, 2019). An advantage of these temperature-based tropopause definitions is its ease

of use, as a single temperature profile, e.g. from a radio sonde ascent or extracted from model data, is sufficient to deter-

s-While these definitions were originally formulated
with synoptic-scale flows in mind, assuming pronounced vertical gradients, assuming—elearlypronounced-and-largevertical

they explicitly allow for the identification of multiple

tropopauses within a single profile, for example in regions influenced by the jet stream (Pan-et-al52004)>-(Pan et al., 2004; Randel et al., 20(

. It should be noted, however, that very high vertical resolution can pose challenges for this approach, as discussed b
Tinney et al. (2022).

is-also-A_determination of the tropopause based on dynamic properties goes back to Reed (1955), who used the potential
vorticity, a quantity conserved under adiabatic processes—Howevet,, as the basis for determining the tropopause. This dynamic
tropopause is the interface between the troposphere based on the potential vorticity (PV) with low values in the troposphere
and high values in the stratosphere. For dynamic processes in the mid-latitude tropopause region different PVU values are used
in the literature, which are generally between 2 and 3.5 PVU (Kunz et al., 2011; Hoerling et al., 1991), leading to a kind of
indeterminacy in the use of this definition. An advancement based on this is the PV gradient method, which avoids the selection

of an artificial threshold value (Kunz et al., 2011; Turhal et al., 2024).

Finally, it is also possible to define a tropopause on the basis of concentrations of individual chemical substances. In

Bethan et al. (1996), for example, a-value-areund-an ozone (O3) concentration of 100 ppb is used to define the ozonopause,

which is generally close to the thermal tropopause. In a recent publication by Bauchinger et al. (2025) the authors used several
tropopause definitions, including one based on nitrous oxid (N2O), where the tropopause was determined using a statistical
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baseline approach. Tracer-tracer correlations are also sometimes used for the determination of a tropopause as a transport
barrier (Pan et al., 2004). Fer-a-mere-in-depth-review-
WM@M@%MMd different
tropopause definitionsthe . including some that are
not applied in the present study because they are primarily relevant for tropical regions, such as the cold-point tropopause.
From a more physical perspective, the tropopause structure is determined by the interplay of various different processes
on many scales, i.e. adiabatic and diabatic contributions. In the UTLSwe-find-on-average-synoptic-seale-motion,t+.e—vertical
updraftsin-the upper-troposphere-and-subsidenee-, synoptic-scale vertical motions are relatively weak, but larger-scale mean
circulations such as the Brewer—Dobson circulation play a central role: they are characterized by rising air in the tropics,

oleward transport in the stratosphere-

—, and descending motion in the mid- and high latitudes (Butchart, 2014, Seviour et al., 2012). This results in adiabatic coolin

in the tropical ascent region and adiabatic warming at mid- to high-latitudes.
On the other hand, diabatic processes play a role. Water vapor (and also solid water particles, i.e. ice crystals) is absorbing

and re-emitting infrared radiation as an almost ideal black body, leading to a local cooling on top of moist layers situated close

to the thermal trepepause-(i.e. lapse-rate) tropopause. At this level, strong vertical gradients in temperature and humidity make
moist layers particularly effective in modifying the local radiative balance (Fusina and Spichtinger, 2010). In addition, eleud
ice particles play an important role for the interaction with shortwave radiation, further contributing to the radiative impact of

Cloud processes are shaping the thermodynamic structure of the upper troposphere. Ice crystals can form, grow and shrink

depending on the relative humidity over ice, which constitutes the thermodynamic control variable of almost all cloud processes
(Pruppacher and Klett, 2010). Finally, friction and irreversible mixing, as e.g. driven by turbulence, contribute to the change in
variables as diabatic processes.

Usual definitions of the tropopause, as mentioned above, rely exclusively on adiabatic processes, which can be determined

by investigating e.g. the physical or even potential temperature Qwhiehﬁ&byLde otential vorticity (which both are
conserved under adiabatic processes - tous-by definition).

However, previous studies have shown that diabatic processes, espeetatty-particularly radiative processes, have-a—eruetat

impaeton-play a crucial role in shaping the tropopause structure sfor(e.g., Randel et al., 2007; Fusina and Spichtinger, 2010; Spichtinger,

. For instance, the so-called tropopause inversion layer {FHo-as(TIL, Birner et al., 2002, 20006), a characteristic feature of the
UTLS regionis-e

- known to arise from the interaction of
various processes, with radiative cooling by water vapour in the tropopause region (Randel-etal=2007)—In-additionmaking
an_important_contribution and being regarded as the primary mechanism in certain regions or under specific_conditions
(e.g. Randel et al., 2007; Kohler et al., 2024). Additionally, latent heating from phase changes might-introduce-may induce

cirrus cloud convectionthus-changed-in-the-vertieal UTELSstracture(?), thereby altering the vertical structure of the UTLS
Spichtinger, 2014). In a fermer-recent study (Kohler et al., 2024), we shewed-demonstrated that relative humidity over ice
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(RHi) is the
TIL formation, since it inherently accounts for both adiabatic and diabatic processes)-are-ineluded-there-by-definition—Saying
that—it-s-quite—. Other diabatic processes, such as small-scale turbulence and irreversible mixing, also contribute to the
modification, although the exact quantification of their individual contributions to large-scale tropopause structures poses a
challenge (e.g. Kunkel et al., 2016). Building on this insight, it is natural to adopt a new perspective in-terms-of-using-this-ideal
WWM%WWWW We propose this

defines the tropopause based on RHi gradients, emphasizing its role as a transport barrier for water vaporte-the-center-of-the
lefinition.

Section 2 will introduce the used data as well the description of the new tropopause definition. In Section 3 the performance

of the tropopause definition is presented for three cases as well as for a statistical analysis over 10 year. This-is-followed-by
theroetical-considerationsin-Seetion-22-The influence of the threshold values for determining the RHi-GT is then analysed in

Section 4. Finally, some conclusions are drawn in the summary section.

2 Data and Methods

Here we describe the used data and introduce the newly derived tropopause definition based on the vertical gradient of the

relative humidity over ice.
2.1 Radiosonde data

In this study, we use high-resolution radiosonde data from the German Weather Service (DWD) from the-station-Meiningen
in Central Germany (50.56173°N, 10.37693°E, altitude of 450m a.s.l.), where operational radiosonde ascents are carried out
twice a day (00 and 12 UTC). We use the data from 7565 radiosonde ascents between 1st January 2015 to 31st December 2024
(i.e. full 10 years of data). Until 6th September 2017 the measurements were conducted using the Vaisala RS92-SGP sonde.

After that the Vaisala RS41-SGP sondes were in operation. Both types are of similar quality and were used before for investiga-

tions of the tropopause region (Kohler et al., 2024). For the RS92-SGP, the temperature sensor has a response time < 2.5s with
an uncertainty of 0.5 °C, while the humidity sensor responds within 0.5—20s with an uncertainty of 5% RH. In the RS41-SGP,
the temperature sensor is faster (=~ 0.5s) and more accurate (0.2°C), and the humidity sensor responds within 0.3—10s with

an uncertainty of 5% RH. The RS92-SGP measurement uncertainties are specified by the manufacturer (https://www.bodc.ac.
uk/data/documents/nodb/pdf/RS92SGP-Datasheet-B210358EN-F-LOW.pdf, last access: 24 September 2025). The RS41-SGP

measurement uncertainties are specified by the manufacturer (https://docs.vaisala.com/v/u/B211444EN-J/en-US, last access:
24 September 2025).


https://www.bodc.ac.uk/data/documents/nodb/pdf/RS92SGP-Datasheet-B210358EN-F-LOW.pdf
https://www.bodc.ac.uk/data/documents/nodb/pdf/RS92SGP-Datasheet-B210358EN-F-LOW.pdf
https://www.bodc.ac.uk/data/documents/nodb/pdf/RS92SGP-Datasheet-B210358EN-F-LOW.pdf
https://docs.vaisala.com/v/u/B211444EN-J/en-US
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The data has been converted to a regular vertical grid with a resolution of 50 meters. All further examinations were carried

out on this grid. The relative humidity over ice is calculated by following equation

RHi:RH.M (1)

Dsice (T)
where RH is the relative humidity with respect to liquid (directly measured by the radiosonde), ps ;i4(T") is the saturation vapor

pressure with respect to liquid water calculated using the Magnus formula (Alduchov and Eskridge, 1996), and p; ;c.(T') is the

saturation vapor pressure with respect to ice obtained by the formula from Murphy and Koop (2005). Radiosondes typicall

1 1

such that they reach 16 km altitude within roughly 45-55

minutes (World Meteorological Organization, 2025). The time indicated marks the launch of the radiosonde.

ascend with a vertical velocity of about 5Sms~ " (=300 m min_

2.2 Tropopause definition

Two different tropopause definitions are used in this study. The previously widely used WMO definition based on absolute
temperature (thermal or lapse rate tropopause) and a newly developed definition based on the gradient of relative humidity

with respect to ice. The latter is described first.
2.2.1 RHi Gradient Tropopause - RHi-GT

The aim of this definition is to realize a tropopause definition based on the relative humidity over ice. As a final result, it should
indicate a troposphere that is significantly more humid than the stratosphere. On the one hand, this could be achieved using-by
applying a simple thresholdvatue, for example setting RHi to 10 %. However, it is very difficult to measure (absolute) humidity
at very cold temperatures (implying low water vapor concentrations), such as those prevailing in the tropopause region. In order
not to be dependent on error-prone absolute values, a gradient method is chosen here. The calculation of the relative humidity
over ice gradient tropopause (RHi-GT) is explained in the following:

Top-down Search: The algorithm starts at the highest point of the radiosonde ascent and searches-downwardsfor-the-height;
where-thefolowing-two-eriteria-are-met-defines the tropopause height according to the following scheme:

1. RHi Threshold: The relative humidity with respect to ice must exceed 10%.

2. Vertical Relative Humidity Gradient: The derivative of RHi with height (8RH+/820RHi/Jz) must be larger than
0.15%m™!. This gradient threshold is based on empirical analyses and ensurers-ensures that the tropopause height is

detected in regions with a strong RHi gradient.

3. Tropopause Height Assignment: As soon as both criteria are met, the corresponding height is stored as the tropopause
height RHi-GT.

Note, the RHi-GT algorithm has problems with profiles that show only very small gradients in RHi. It can happen that the
criterion for the gradient only switches on very far down in the profile and delivers unrealistic values. Therefore, a break

criterion has been introduced to avoid unrealistically deep tropopause heights lower than 3000m. In such a case, no value is
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specified for the tropopause. In a total of 7565 radiosondes, no RHi-GT was found in 42 cases —(0.56 %). Additionally, it is

important to note that the choice of the threshold may differ for other geographic regions. Further studies will have to show the
influence of the threshold in other regions, such as tropical or polar regions.

2.2.2 Thermal tropopause TTP

For the detection of the thermal tropopause the WMO criterion (WMO, 1957) is used—We-use-therefore-the same-code-as-in
Kohleret-al+2024), while we only search for the first tropopause. With this definition of a tropopause, it is also possible that
no tropopause height is found. This is the case for 18 radiosonde ascents (0.24 %). The results of both tropopause definitions
(red-dotted: thermal tropopause; blue-dashed: RHi-GT) can be seen in Figures 1 to 3.

Note that the high resolution data of temperature raise issues in terms of determining the lapse rate; a smoothing of the
profiles is eften-applied for extracting the large scale feature of thermal profilessee;e-g-Kéhleretal52024)—, For this we use

the identical algorithm as in Kohler et al. (2024).

3 Results

For our investigations, we define the tropopause via the gradients of relative humidity, as described in section 2, termed relative
humidity over ice gradient tropopause (RHi-GT) in the following. Here we present the results of the new RHi-GT definition
for the estimation of the tropopause height, based on high-resolution radiosonde data. First, three different real-life situations
are shown to demonstrate the capabilities of the RHi-GT definition, also in contrast to the commonly used WMO definition.
The first situation shows a good agreement with the thermal tropopause, while the other two situations show a higher and

lower RHi-GT height, respectively.

Furthermore, the distances between the two tropopause definitions during the 10-year observation period are shown —(Fig. 4).

Finally, we present the results relative to the RHi-GT and thermal tropopause, and consider mean profiles.
3.1 Comparison of tropopause definitions

To test-evaluate the performance of the new tropopause definition, we first consider-three-easesexamine three representative

cases that are intended to cover different relative positions of the RHi-GT with respect to the thermal tropopause, namel
situations where the RHi-GT is located above, approximately at, or below the thermal tropopause. The first example in Fig. 1

shows a case in which the thermal tropopause and the RHi-GT are close to each other. We see a distinct thermal tropopause
with a sharp inversion at the tropopause level. The transpert-barrier-RHi-GT is likewise directly visible in the profile of the
potential temperature, as a strong positive vertical gradient develops with the tropopause height. Additionally, there is a sharp
drop in RHi from very high values above 100% RHi to values below RHi < 15%. The sharp transition {er-even-transport
barrier)-is also visible in the abselute-specific humidity profile.

The second example displays a situation where the RHi-GT is significantly lower than the thermal tropopause. Figure 2

shows a case from 18th February 2024 where the thermal tropopause is calculated at a height of 11.75km in contrast to the
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Figure 1. Vertical profile of RHi, temperature (red), dew point (blue), potential temperature and specific humidity of the radiosonde ascent
from Meiningen, 2024-06-02, 12 UTC. RHi values are shown for temperatures below 273.15 K. The RHi-GT level (blue-dashed) and thermal

tropopause level (red-dotted) are shown in every subplot.

height corresponding to the RHi-GT definition of 7.0km. In contrast to the case above (Fig. 1) the signature of the thermal
tropopause is not as distinct. In the potential temperature profile a first significant increase of the vertical gradient coincides
with the RHi-GT level at 7.0km. This means the high RHi values just below the RHi-GT and an increase in stability fall
together, while the absolute temperature still decreases for almost 5km until the thermal tropopause is reached. At this point
the vertical gradient of the-0 is increasing once more. From the RHi-GT point of view, however, we are already deep in the
stratosphere, which makes sense with respect to the values of absolute humidity; we see the strong change in absolute humidity
occurring at the RHi-GT level, too. In summary, this indicates a strong transport barrier (for water vapor) at the RHi-GT level,

whereas the conventional thermal tropopause definition fails completely to detect this feature.
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Figure 2. Same as Fig. 1, but for 2024-02-18, 00 UTC.

The last example in Fig. 3 exhibits a higher RHi-GT (9.1km) compared to the thermal tropopause (7.9km). A purely
optieal-visual determination of the thermal tropopause is difficult here, as the absolute temperature changes only slightly

over a deep layer. The WMO thermal tropopause therefore appears somewhat arbitrary at this point. Based on the potential
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temperature, the tropopause could possibly be placed even lower. However, it is noticeable that a locally strong gradient in the

potential temperature is present at the height of the RHi-GT. This again shows that the RHi-GT definition is also meaningful

-. These cases, together with a

substantially larger number of additional profiles that were analyzed, make us confident to use RHi-GT as a new definition fer
the-extratropical-of the extra-tropical tropopause in terms of a transport barrier for water vapor, preferred over the conventional

in terms of stability;

thermal tropopause.
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Figure 3. Same as Fig. 1, but for 2024-04-20, 00 UTC.

3.2 Difference in tropopause height

After considering some individual cases, the differences in the tropopause heights in the period under consideration are now
discussed. The histogram in Fig. 4 is designed in a way that negative values indicate a RHi-GT higher than the thermal
tropopause. Positive values, on the other hand, indicate a RHi-GT lower than the thermal tropopause, respectively.

The results clearly show that most tropopause heights based on RHi-GT are in a similar range than the heights obtained by the
WMO criterion. The deviation towards negative height differences, i.e. RHi-GT height is larger than the thermal tropopause, is
limited by the dry stratosphere, as the irin this
Wmmwwwmmmwwmwmmmm troposphere:

~RHi-GT is not expected to be
much higher than the thermal tropopause. On the other hand, the histogram shows for positive difference values an elongated

tail, i.e. for cases of RHi-GT heights lower than the thermal tropopause. Especially when the thermal tropopause is quite high,
the heights of the two types of tropopause can differ greathylargely, as for example in Fig. 2, where a high thermal tropopause

is found, while the RHi-GT, showing a more physically consistent picture, is about 5km lower.
3.3 Thermodynamic variables relative to the tropopause

We now investigate some general features of the RHi-GT in comparison to the general definition of the thermal tropopause

(TTP). In the following we investigate the variables RHi, absolute temperature, potential temperature and static stability (i.e. the
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Figure 4. Histogram of the height difference in [m] between the thermal tropopause and RHi-GT. Negative values (blue shaded) denote
cases, where the RHi-GT altitude is higher than the thermal tropopause. Positive differences (red shaded) denotes cases, where the RHi-GT

altitude is below the thermal tropopause.

Brunt-Vaisala frequency), respectively. We investigate the full data set of 10 years radiosonde data from Meiningen, Germany.
The radiosonde data show great variability between individual ascents and thus reflect the variability of the weather. Therefore,
observations of the tropopause are often carried out by means of the transformation to a tropopause-relative height grid (as,
e.g., introduced by Birner et al., 2002). This means that the tropopause level is defined as zero, negative altitude values describe
the troposphere, and positive values denote the stratosphere; we evaluate the profiles normalized relative to the RHi-GT ¢blae
eolors)-and the TTP(red-eolors), respectlvely

Tn-Figure 5
for-the presents the mean RHi profiles relative to the two tropopause definitions. The left panel shows the results with respect to
the RHi gradient tropopause (RHi-GTdefinition-(leftpanet-of Figure-5). First, by design, we clearly see the-transportbarrierfor

water-vapor-appearing-as-a-huge-a distinct vertical gradient in RHi by-design-that captures the abrupt shift between the moist
troposphere and the dry stratosphere. There is a strong contrast between the moist troposphere (mean values RHi ~ 60%—80%)

and the very dry stratosphere (values below RHi ~ 10 %), leading to a clear separation of the two spheres, as we would expect
for a measure of the transport barrier of water vapor. Second, we find enhanced (mean) values of RHi in the troposphere,
however close to the RHi-GT; the mean value has its maximum value at RHi ~ 75 % just below the tropopause. This is in clear

agreement with former investigations of ice supersaturation in the troposphere; the highest values of RHi (and thus ice supersat-

Hust below the
tropopause, within about 0.5—-1 km (Spichtinger et al., 2003; Peter et al., 2006; Reutter et al., 2020; Kramer et al., 2020). The

large spread of the standard deviation in the troposphere reflects the meteorological variability during the course of 10 years.

uration) are often found
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The right panel of Fig. 5 shows the result for the widely used thermal tropopause. While the overall picture is similar
to the RHi-GT evaluation, significant differences to-the-due to the different coordinate system, i.e. sampling, to the RHi-GT
coordinate system are obvious. First, the transition from troposphere to stratosphere is less pronounced with a broader transition
layer. The mean profile shows also a distinctive fand-nenphysieab)-kink in the RHi curve for the thermal tropopause, while the
transition in the RHi-GT case is somewhat smoother. Second, the mean values of RHi in the troposphere stay at lower values
(maximum at RHi = 62 %) and the signature of highest values of RHi close to the tropopause is not visible.

Finally, it is also noteworthy, that in the RHi-GT case the stratosphere is immediately drier compared to the TTP case. This is
also showing the applicability of RHi-GT as a useful measure for questions concerning water vapor, clouds and, their radiative
impact on climate, since for radiation effects strong vertical gradients lead to the strongest signals in radiative heating (see,

e.g., Fusina and Spichtinger, 2010).
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Figure 5. Mean of relative humidity over ice for (left) relative to the RHi-GT and (right) relative to the thermal tropopause. Shading denotes

the range of the standard deviation.

In a next step we investigate the (physical) temperature profiles. The absolute temperature profiles are displayed in the left
panel of Figure 6. The profiles for both tropopause types looks quite similar in the troposphere. Just below the height of the RHi-
GT a small increase in the absolute temperature is visible, while above the temperature stays more or less constant. In contrast,
by design, the results for the thermal tropopause shows the typical minimum of the absolute temperature at tropopause level.

Above the thermal tropopause an increase of the temperature can be observed. We clearly see again two features for the RHi-

GT in comparison to the classical TTP. First, the mean profile is shifted to-highertemperatures;-toward higher temperatures,
with the mean RHi-GT temperature is-about 5K higher than fhem&nﬂﬁempem&we—ﬂ%&u&te{heﬁekﬂ%mgeﬂeﬁ}

the-that of the thermal tropopause. While RHi-GT is
enerally occurs at similar heights as the thermal tropopause (3,580 cases, see Fi

. 4), more cases are found below (2,496) than

above (1,382) the thermal tropopause. Since temperatures increase with decreasing altitude, RHi-GT tropopauses located below
the thermal tropopause naturally exhibit higher temperatures, explaining the observed mean temperature increase. Second, the

10
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Figure 6. Mean of the (left) absolute temperature and (right) potential temperature relative to the tropopause. Blue color denote the results

for the RHi-GT, while red colors denote the results relative to the TTP. Shading denotes the range of the standard deviation.

spread of the temperature is significantly larger for the RHi-GT definition compared to the thermal tropopause definition. This
is in accordance with the generally higher variation of RHi-GT tropopause heights, as indicated in figureFigure 4.

The right panel of Fig. 6 shows the potential temperature for both tropopause definitions. Complementary to the shift in
the absolute temperature profile, we see a shift to lower values for the transformed potential temperature profile of RHi-GT
compared to TTP; this is consistent with the generally lower levels of RHi-GT tropopause. Similarly, the spread is also higher
in the RHi-GT case. However, the potential temperature shows at the tropopause level almost the same values in both averaged
profiles. In the qualitative comparison of the profiles in terms of lapse rates we find similar lapse rates in the troposphere;
however, for the stratosphere the RHi-GT lapse rate is smaller. Since in case of RHi-GT the transport barrier is related to the
humidity rather than to the thermal structure as for the TTP, this is consistent and meaningful. Finally, the transition between
troposphere and stratosphere for the RHi-GT definition is smoother and does not show a bend as it is the case for the TTP
definition.

Finally, we investigate the static stability of the tropopause region, measured by the squared Brunt-Viisild frequency
N2 .= %g—g. A general feature of stability, and thus a transport obstacle, is the so-called tropopause inversion layer (TIL,
first defined by Birner et al., 2002), which appears for TTP right on top of the tropopause level. The static stability shows a
strong increase over a short vertical distance. In contrast to former investigations (Birner et al., 2002; Birner, 2006) we use the
newly defined RHi-GT as the reference point for the coordinate system; both versions (normalized to RHi-GT and TTP) are
shown in Figure 7 (left: RHi-GT, right: TTP).

The difference of the N? profile shows clear differences between the tropopause definitions. The N2 profile relative to the
RHi-GT displays a smooth increase from tropospheric values of N2 ~ 1-10~*s~2. However, the vertical gradient of N? is
442

increasing strongly up to the maximum of N2 ~8-10~ right on the RHi-GT tropopause level. From this point upwards
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Figure 7. Mean of Brunt-Viiisili frequency squared N>

Shading denotes the range of the standard deviation.

for (left) relative to the RHi-GT and (right) relative to the thermal tropopause.

there is a strong and fast decrease to mean values of N2 ~ 4-10~*s~2. Thus, we see a clear separation of the two spheres, with
a strong increase in the stability (i.e. the TIL) right at the RHi-GT tropopause level, constituting a strong transport barrier.

The original definition of the TIL using the thermal tropopause shows a mere-unsteady-structurally more complex pattern
directly below the thermal tropopause. While the tropospheric values of the Brunt-Viiséld frequency are similar for both
tropopause definitions and thus normalized profiles, a noticeable kink is visible at the local minimum of N2 ~ 2-10~%s~2. This
kink can be seen in many studies regarding the TIL (Birner et al., 2002; Gettelman et al., 2011; Kohler et al., 2024). Starting
from this kink, N2 rises sharply and then reaches its maximum just50 m above the thermal tropopause with N2 ~ 7-104s72.
This is a major difference to the RHi-GT definition, where the height of the N2 maximum is also the tropopause level. Above
the N? maximum the values of N2 decrease much slower than in the RHi-GT definition. Only 3000m above the thermal
tropopause similar values of N2 are reached as in the stratospheric part of the RHi-GT definition. The separation is not as
pronounced as in the RHi-GT definition.

Thus, we can finally state that a mueh-elearer-more distinct separation of tropospheric and stratospheric N 2 values has been

achieved by simply using the gradient of the relative humdity-humidity over ice as a measure for the tropopause height.
Overall-
Overall, we see that the property-of-a—transport-barrieris-much-betterfulfiledfor-separation between tropospheric and
stratospheric N2 values is better represented by the new RHi-GT than-for-otherdefinitions-of tropopausetevels;-which-would
benefit for studies of the tropopause region. At the same time, interesting differences between the profiles remain, which merit
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stronger-inerease-of RHi-at-higher-altitudes/lowertemperatares—The characteristics of the RHi-GT obviously depend on the
choice of the two specified threshold values. On the one hand, an RHi threshold value must be exceeded before the vertical
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5 —other hand, the determination of the RHi-GT tropopause depends strongl
on the choice of the gradient itself.

RHi Temperature Tropopause height vs. Threshold
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Figure 8. Dependence of the tropopause height on the choice of the vertical RHi gradient for the same case as in Fig. 2. The left panel shows

the RHi profile, the absolute temperature is shown in the middle and the tropopause dependence on the RHi gradient is shown in the right

anel (note the different vertical axis in this panel). For comparison, the thermal tropopause (red) and the RHi-GT with a RHi gradient of

—0.15%m ™! used in this study for the previous evaluation is marked in blue.

Figure 8 shows the influence of the vertical RHi gradient on the determination of the friction-term-in-a-first-approximation;
L with-the_folow .

dRHi L 1 L ar
_ - RHigw + —— RHi
at (chvTQ RaT) O B G | diaton”

whiehistaterused-RHi-GT height using the case from Fig. 2. The red dotted line marks the thermal tropopause, while in blue
the RHi-GT with a RHi gradient of —0.15%m ', as used in atoy-medel-approachthis study for the previous evaluation, is
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350

presented. In this example, the same tropopause height is obtained for a very low RHi gradient (less than —0.04 %m 1) as for
the WMO criterion. However, the tropopause height based on the RHi-GT decreases with a gradient between —0.04%m ™" to
~0.10%m~" by 4.500m; thus, this small feature in RHi is enough to act as a significant gradient, From an RHi gradient of
more than —0.10 %m ", the tropopause height decreases slightly by another 200m, and from —0.14 %m " 'by another 50m to
7000m. The last-mentioned tropopause altitude then remains constant over the remaining variation of the RHi gradients.
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Figure 9. Tropopause height histogram depending on the choice of the vertical RHi gradient for the 10 year time period. The weakest vertical

RHi gradient threshold of —0.01 % m ™! is shown in blue, the RHi gradient used for the previous evaluation in this study of —0.15% m~*

is shown in orange. In green the strongest RHi gradient of —0.25 % m ™" used in this sensitivity evaluation is shwon. The values in between

are displayed in grey in increments of 0.01 % m™*.
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355

360 onserved-under-adiabatie processes: < sradients 1y idity-over-tee—goesbeyond-this—genera
and-gives-a-mere-preeise-pieture—choice of RHi gradient on a case study, we consider now the differences for the tropopause
height for the entire 10-year period of this study.

- Figure 9 shows a histogram of the tropopause height
365 for different vertical RHi gradients from —0.01%m ! to —0.25% m ! in steps of —0.01 % m~'. The weakest (blue) and

370 way-Weuseasynoptie-vertiealupdraft-r—-0-03ms—)-inthe UT-and-This clearly demonstrates the influence of the threshold
value for the vertical RHi gradient on the determination of tropopause height. When the tropopause is identified using a ve

weak RHi gradient (blue in Fig. 9), an increased occurrence of high tropopause levels is observed in the uppermost height

intervals, with the distribution maximum being the highest among all cases considered. Conversely, when the criterion is
tightened to very strong RHi gradients (green in Fig. 9), the threshold is sometimes only exceeded further down in the profile
375 when searching from above, which explains the increased frequency of very low tropopause heights in the histogram. Taken
together, these observations highlight the importance of selecting an appropriate threshold for the analysis. For the present
study, which focuses on the radiosonde measurements from Meiningen (Figs. 1-7), a typiealradiative cooling-contribution

380 shewed-inFig—22-initial-values-are-represented-by-blue-lines;orangelines-show-the-profiles-after-a-simulation-time-of-one
heur—value of —0.15% m~! (orange in in Fig. 9) was adopted. This threshold represents a well-balanced choice for these data
avoiding extreme high or low tropopause levels and ensuring a physically consistent representation of tropopause heights, and

is therefore considered a suitable reference threshold for this specific dataset.

385 PO DPogrt
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Figure 10. Influence of the minimum RHi threshold on the mean RHi profile for a weak RHi gradient threshold of —0.01% m ™ *(left

and RHi gradient threshold used throughout the study of —0.15%m ! (right). Different colours denote different minimum RHi thresholds

ranging from 0% to 20%. The vertical axis is relative to the respective RHi-GT.

The other criterion for determining the tropopause height was the condition that RHi is above a threshold value of RHi= 10%.

tesults were also analyzed to determine
how robust they were in relation to the choice of this threshold value. Figure 10 shows the vertical profiles of RHi. The left
panel shows the results for a very weak vertical RHi gradient, while the right panel shows the results for the RHi gradient that
was also used for the results in this study. It is clear to see that in the case of the very weak RHi gradient, the results, here the
RHi profiles, depend very much on the choice of the minimum RHi value. In contrast, the results for a vertical RHi gradient
threshold of —0.15%m " indicate that the choice of a minimum RHi value has a negligible impact. Nevertheless, applying
a minimum RHi value can be useful in practice to account for variations in measurement quality or other data sources. The
appropriate value, if any, should be determined in future studies using additional radiosonde and model datasets.

Here, the mean
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5 Summary

We present a novel approach for a tropopause definition based on the gradient of relative humidity with respect to ice (RHi).

Based on high-resolution radio sonde data from Meiningen, Germany (2045-2624from 2015 to 2024), we can show that the
so-called RHi-GT (RHi Gradient Tropopause) definition betterreflects—thenature-of-thetropepause—as—a—transpoert-barrier

rovides a physically consistent representation of tropopause heights compared to the widely-tsed-conventional WMO thermal
tropopause. Determining the tropopause height with the help of RHi-GT is very simple. Starting at the highest available level

of a radiosonde, the first gradient in RHi that exceeds a value of 0.15% m~!is sought downwards, while the RHi itself must be
at least above 10%. In individual profiles from three different situations, the RHi-GT tropopause aligns better with signs of a
transport barrier, such as sharp gradients in absolute humidity or increases in static stability. When analyzing thermodynamic
variables over 10 years relative to the RHi-GT tropopause height it evident that RHi and static stability (N?) show a much
sharper and clearer transition between troposphere and stratosphere directly at the tropopause level compared to the thermal
tropopause. i i-primari :
The RHi Gradient Tropopause (RHi-GT) is sensitive to the choice of threshold values
Very weak gradients tend to produce high tropopause levels, while very strong gradients can lead to unusually low altitudes. For
the Meiningen radiosonde dataset, a gradient of —0.15%m " provides a balanced and physically consistent representation of
tropopause heights. The choice of a minimum RHi value has little impact for this gradient, though specifying a small threshold
may help account for variations in measurement quality or other datasets. Optimal values for the minimum RHi should be

explored in future studies using additional radiosonde and model data.
In conclusion, we can state that the new definition of a tropopause determined from gradients of relative humidity over ice,

articularly the vertical RHi gradient.

i.e. the RHi-GT, puts the focus on the transport barrier for water vapor; in this respect it outperforms the usual definitions
relying on the thermal structure of profiles only, and is very well suited for qualitative and quantitative investigations of the

tropopause region, especially including the relevant diabatic processes, as e.g. radiation and phase changes, respectively.

Code availability. Code for data processing, analysis and plotting is provided by Reutter (2025).

Data availability. The radiosonde data are publicly available from https://opendata.dwd.de/ at DWD. The processed data is available at
Reutter (2025)
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