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Abstract. The tropical width is changing, with a poleward
expansion being linked to anthropogenic climate change.
This in turn has great implications on the temperature and
precipitation patterns in the subtropical regions. Previous
studies have found varying widening trends, most of which
have been derived using reanalysis and climate model data.
These trend discrepancies underline the need for studies us-
ing alternative datasets. Here, we explore the potential of
GNSS radio occultation (RO) data for analyzing the tropi-
cal width as an independent observational source of informa-
tion with key characteristics: high accuracy, global availabil-
ity, and long-term consistency. We evaluate the skill of RO
temperature and newly established RO wind records to accu-
rately capture tropical width features, using tropopause break
and jet stream metrics. The results are compared to three
state-of-the-art reanalysis datasets (i.e., ERAS, MERRA-2,
and JRA-3Q). Zonal-mean patterns and the regional structure
of tropical width features are investigated to test the utility of
RO in respect to its spatial robustness. Furthermore, we pro-
vide a perspective on the necessary record length for reliable
trend estimation of the tropical width. Comparisons of RO to
reanalyses show overall high agreement of the zonal-mean
values. As for the zonally resolved metrics, results from re-
analyses and RO align well with exceptions over the northern
hemisphere. While the RO record length is still a bit too short
for detecting tropical width trends, the results are encourag-
ing and confirm that RO is a valuable alternative observation-
based dataset, with increasing relevance towards the future.

1 Introduction

Commonly the tropical edge in response to climate change
is investigated using climate model output (e.g., Chemke and
Polvani, 2019; Waugh et al., 2018) and reanalysis records
(e.g., Davis and Davis, 2018; Nguyen et al., 2018; Staten et
al., 2018). Most of these studies reveal that the tropics are ex-
panding poleward due to anthropogenic climate change (e.g.,
Davis and Birner, 2013; Grise et al., 2019; Hu et al., 2018;
Staten et al., 2019), which has great implications on the tem-
perature and precipitation patterns in the subtropics (Amaya
et al., 2018; Feng and Fu, 2013; Sharmila and Walsh, 2018;
Xian et al., 2021).

However, the reported trend results of the tropical width
are not fully consistent (Staten et al., 2018) and often over-
look the complex uncertainty of the underlying dataset (Bal-
dassare et al., 2023). In the case of reanalyses, the error char-
acteristics include the amount and source of assimilated data
combined with model uncertainties, such as assigned weights
or set parameters (Hoffman et al., 2017; Long et al., 2017;
Parker, 2016). This in turn, can lead to biases in the trend
estimation and thus merits comparison and validation with
observations.

Global navigation satellite system (GNSS) radio occul-
tation (RO) provides atmospheric information, with clearly
quantified error characteristics, including the sampling er-
ror and structural uncertainty (Scherllin-Pirscher et al., 2011;
Steiner et al., 2013) — posing an alternative, observation-
based dataset for studying tropical width metrics. The GNSS
RO technique has the decisive advantage of long-term stabil-
ity with no need for inter-calibration between satellite mis-
sions because it is based on precise time measurements. Data
are provided with global coverage, near-all weather capa-
bility, and a specifically high-vertical resolution in the up-
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per troposphere and lower stratosphere (UTLS) (e.g., An-
gerer et al., 2017; Foelsche et al., 2011; Scherllin-Pirscher et
al., 2021; Steiner et al., 2020a). In the low- to mid-latitudes of
the upper troposphere a resolution of about 100 to 200 m, and
about 500 m in the lower stratosphere can be attained (Zeng
et al., 2019). This is particularly interesting for the investiga-
tion of features in the troposphere and the tropopause region,
such as variability and changes of the tropical width. Fur-
thermore, the location of the measured air parcel can be pre-
cisely positioned, which enables independent information on
altitude and pressure (Scherllin-Pirscher et al., 2017). Con-
sequently, the RO method offers benchmark-quality tempera-
ture data and high-quality information on geopotential height
fields (Steiner et al., 2013).

To investigate the width of the tropics, a variety of differ-
ent methods were developed and tested, commonly referred
to as tropical width metrics (Adam et al., 2018; Davis and
Birner, 2017). The primary purpose of these metrics is to
determine the poleward edges of the Hadley cell and their
changes in response to climate change. Many metrics exist,
which can be more generally divided into direct and indirect
measures of the circulation edges. The most common cell
edge metric is the meridional mass stream function (PSI),
which is directly connected to the Hadley cell (e.g., Grise
and Davis, 2020; Staten et al., 2018). Other metrics focus
more on tropical tropospheric features, which are connected
with the Hadley circulation and hence represent more indi-
rect measures (Waugh et al., 2018). These include the sub-
tropical jet (STJ), tropopause break (TPB) and eddy driven
jet (EDJ). The correlations and interconnections between in-
dividual metrics have been of interest (Davis and Birner,
2017; Davis and Rosenlof, 2012), with a recent focus on
their specific association with the Hadley cell. For instance,
Menzel et al. (2019, 2024) found a disconnect between the
PSI and the STJ and thus argue that the STJ should not be
used as a Hadley cell metric. Furthermore, the TPB correlates
with the STJ (Davis and Birner, 2017; Waugh et al., 2018),
which additionally questions the applicability of TPB associ-
ated metrics to determine the Hadley cell edges. As a counter
example, although the EDJ lies outside the Hadley circula-
tion and the tropical belt, changes of the EDJ metric corre-
late well with the ones from the Hadley cell edges (Menzel
et al., 2023; Waugh et al., 2018). In accordance, the met-
ric selection must be considered carefully in respect to the
research question. All metrics represent important features
of the tropical atmosphere, with individual influences on re-
gional weather and climate patterns. Under climate change,
shifts in these tropical width features can therefor lead to dif-
ferent changes in these subtropical patterns.

Initial studies exist analysing the tropical width using RO
data (Ao and Hajj, 2013; Davis and Birner, 2013). Subse-
quent research has shown that the high-quality temperature
record from RO can be used to investigate zonally averaged
as well as regional structures (Anjana et al., 2023; Luan et
al., 2020; Mathew and Kumar, 2018). A main focus hereby
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has been on temperature-based metrics such as the TPB.
Other variables and metrics from RO are still relatively un-
explored. Most recently, there has been progress in deriv-
ing wind fields from RO geopotential height data (Danzer
et al., 2024; Nimac et al., 2025) and further beyond the fun-
damental geostrophic and gradient wind. These new higher-
order wind estimates open the possibility to investigate wind-
based metrics, such as the STJ, EDJ and possibly the PSI
metric.

In this study, we test the potential of RO temperature and
wind data to investigate the tropical width and its changes
based on selected common tropical width metrics, including
TPB, EDIJ, STJ, and PSI. We validate RO in respect to most
recent reanalysis datasets, inspecting the spatial and tempo-
ral consistency of a monthly timeseries. We separately test
zonal-mean tropical width metrics and zonally resolved trop-
ical width metrics, using high-quality temperature data and
new higher-order climatic wind fields, while also comparing
different modern reanalyses in the process.

This paper is structured as follows. The datasets and
methodology are detailed in Sect. 2, while Sect. 3 presents
the results for the selected metrics based on RO and reanal-
ysis data. Finally, discussions and conclusions are addressed
in Sect. 4.

2 Data and methods
2.1 GNSS RO data

In this study, monthly-mean RO multi-satellite temperature
and wind climatology data is analysed. These are com-
puted from RO phase data at UCAR/CDAAC (University
Corporation for Atmospheric Research/COSMIC Data Anal-
ysis and Archive Center), which provides data from six
satellite missions: CHAMP (Wickert et al., 2001), GRACE
(Beyerle et al., 2005), FORMOSAT-3/COSMIC (Anthes et
al., 2008), C/NOFS (de La Beaujardiere, 2004), SAC-C (Hajj
et al., 2004), MetOp (Luntama et al., 2008). These satellites
produce an average of 60000 profiles per month (Angerer
et al., 2017). The phase data is processed with the Wegener
Center (WEGC) Occultation Processing System OPSv5.6,
providing high-quality temperature and geopotential height
data on altitude levels (Angerer et al., 2017; Steiner et
al., 2020a), which are mapped to pressure levels.

The RO data used in this study are derived with a moist
air retrieval, combining ECMWF short-range forecast data
with RO observations in the lower to mid troposphere (see
Steiner et al., 2020a, Table 1). The monthly-mean data are
computed on a 2.5° x 2.5° latitude x longitude grid on 137
pressure levels, from 1000 to 10hPa. The horizontal grid
is established using spatial and temporal weighting of the
RO profiles. Hereby, the spatial weighting uses an area of
influences which corresponds to a constant 600 km radius,
where the profiles are weighted according to their distance to
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the center location applying a bivariate (latitude—longitude)
Gaussian function. The function has a peak at the center
and a respective standard deviation of 150km (300km) in
the latitudinal (longitudinal) direction. The temporal weight-
ing uses Gaussian-time weighting within +2d. Temporal
and spatial weighting ensures that the observed information
is fully utilized, while keeping the number of empty grid
points low, with remaining gaps filled using bilinear interpo-
lation (see further details in Ladstidter et al., 2022; Yessim-
bet et al., 2024). RO data have their highest precision and
accuracy in the upper troposphere-lower stratosphere region,
with uncertainty estimates of less than 0.7K for individ-
ual temperature profiles from 8 to 30km and an accuracy
of about 0.1 K (Scherllin-Pirscher et al., 2021). RO climate
data records are therefore well suited for reliable trend anal-
yses including benchmark quality temperature and geopoten-
tial height fields with a structural uncertainty of tempera-
ture trends of less than 0.05 to 0.1 K per decade for global
to latitudinal means and a structural uncertainty of geopo-
tential height trends of less than 4 m per decade within the
RO core region (Steiner et al., 2013, 2020a). Climatological
wind is derived from geopotential fields on pressure levels.
As a novelty the winds are computed using a best-estimate
algorithm which dynamically applies the most suitable wind
retrieval method dependent on latitude and altitude. Thereby,
the method uses the initial corresponding balanced wind es-
timates (i.e., the geostrophic equation in the troposphere and
the gradient wind in the stratosphere) and adds advective
contributions on top of these initial wind estimates. Further-
more, in the equatorial region curvature terms are included to
the equatorial balanced winds. As to the quality of the wind
fields, values are within =2 ms™! (Danzer et al., 2024; Ni-
mac et al., 2025) and thus fulfil the WMO-OSCAR standard
for horizontal wind information (see WMO-OSCAR, 2025).

The respective multi-satellite record spans from 2001 to
2020. However, we chose to only study the period Septem-
ber 2006 to December 2020, due to fewer satellite missions
in the early stages and hence a lower number of occulta-
tion events, increasing sampling and statistical errors (An-
gerer et al., 2017; Scherllin-Pirscher et al., 2017; Steiner et
al., 2020a). Compared to initial RO studies of the tropical
width (e.g., Ao and Hajj, 2013; Luan et al., 2020), we use a
finer horizontal grid, which is possible due to the high num-
ber of RO profiles since 2006. This allows for a more detailed
spatial investigation.

2.2 Reanalysis data

Three state-of-the-art reanalyses are selected, those are:
ERAS5 (Hersbach et al., 2020) by the European Center for
Medium-Range Weather Forecasts (ECMWF), MERRA-2
Analysis (Gelaro et al., 2017) by the National Aeronautics
and Space Administration (NASA) and JRA-3Q (Kosaka et
al., 2024) by the Japanese Meteorological Agency (JMA).
Just like with the RO dataset, we use temperature and zonal
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wind reanalysis data on isobaric levels to calculate various
tropical width metrics, as well as the meridional wind to anal-
yse the atmospheric mass stream function. The horizontal
resolution, vertical range, number of pressure levels and the
time period studied for each dataset are listed in Table 1. For
comparison with the RO record, the monthly reanalysis data
are downloaded on their native grid and then regridded using
Climate data operators (CDO) bilinear interpolation function
“remapbil” (Schulzweida, 2023) to match the 2.5° x 2.5° lat-
itude x longitude grid of the RO data. We note that the in-
dividual reanalyses refer to the interpolated version, unless
stated otherwise.

2.3 Tropical edge metrics

To quantify the tropical width, we analyzed five differ-
ent metrics using zonal-mean and zonally resolved tropical
width metrics. These metrics describe different features of
the atmosphere at the tropical edge, a detailed description is
given below:

1. TPB (maxdZ/d¢) is the latitude where the merid-
ional tropopause height gradient has its maximum be-
tween 0 and 60° latitude. The tropopause height is de-
fined according to the World Meteorological Organiza-
tion (WMO, 1957) as “the lowest level at which the
lapse-rate decreases to 2°C km~! or less, provided that
the average lapse-rate between this level and all higher
levels within 2km does not exceed 2°Ckm™!”. The
tropopause features a height drop between the tropics
and extra-tropics, which has previously been applied
to define the tropical edge (e.g., Davis and Rosenlof,
2012).

2. TPB (max A6), also known as the maximum dry bulk
static stability, estimates the latitude of the maximum
potential temperature difference at the tropopause and
the minimum value of the air column (Davis and Birner,
2013, 2017). Again, this metric is defined between
the equatorial boundary 10° and polar boundary 60°.
Although the RO dataset based on moist-air retrieval
is available from 1000hPa upward, the data is only
observation-dominated at higher levels, while informa-
tion from ECMWEF forecasts comes in at lower levels
(Steiner et al., 2020a). Therefore, we specifically se-
lect the minimum value for RO at the 400 hPa level fol-
lowing Luan et al. (2020). For reanalysis the minimum
value is located near the surface. Previous comparisons
have shown good agreement with some seasonal excep-
tions (Luan et al., 2020).

3. EDJ is located at the latitude of the zonal wind max-
imum closest to the 850hPa level poleward 15° and
equatorward 70° (Adam et al., 2018). For RO data,
the metric is adapted to select the maximum at the
700hPa level. As described for TPB (maxA6f) met-
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Table 1. List of datasets and their associated information used in this study.

Data product Institution ~ Horizontal resolution No.of Vertical range  Time range
(lat x long)  pressure (hPa) (studied)
levels
RO OPSv5.6 WEGC 2.5°%x25° 137 1000-10  2006-2020
ERAS ECMWF 0.25° x 0.25° 37 1000-1  1980-2024
MERRA-2 ASM  NASA 0.5° x 0.625° 42 1000-10  1980-2024
JRA-3Q IMA 0.375° x 0.375° 45 1000-0.01  1980-2024

ric above, RO provides independent high-quality in-
formation at higher levels of the troposphere, where
the data is purely observation-based and not combined
with ECMWF forecasts. This specific level is at the up-
per range previously used to study the EDJ (Keel et
al., 2024; Woollings et al., 2010), hence additional tests
are provided. Figure 1 shows generally good agreement
for the tested levels for zonal-mean and zonally resolved
results, and thus supports the decision to use the 700 hPa
level for RO. Over Europe and Eastern Asia, the metric
deviates for the individual levels and hence should be
interpreted with care.

4. STJ describes the latitude of the subtropical jet core,
which is identified at the zonal wind maximum between
100 and 400 hPa after subtracting the zonal wind of the
EDJ. The STJ is defined in the latitude range from 10 to
60°.

5. PSI is defined as the zero crossing of the meridional
mass stream function at 500 hPa between 30 and 60°
latitude. The zonal-mean PSI metric is calculated ac-
cording Eq. (1):

2wacose [P_
y =229 [ hap, (1)
8 0

where a is Earth’s radius, ¢ is the latitude, g is the grav-
itational acceleration, p is the pressure and v denotes
the zonal-mean meridional wind. For the longitudinally
dependent metric, first the meridional component of the
divergent wind vgy is calculated using the windspharm
software package (Dawson, 2016), then the longitudi-
nally dependent stream function ¥ (Galanti et al., 2022)
is calculated using to Eq. (2):

1 [P
Y= —/ vaivdp. 2
8Jo

The Tropical-Width Diagnostic software package for
Python (PyTropD) builds the foundation for this metric
calculations (Adam et al., 2018). Although this pack-
age was originally developed for computing zonal-mean
metrics, by now it has also been tested for zonally re-
solved results. Luan et al. (2020) investigated the re-
gional tropopause, whereas Liu et al. (2021) analysed
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the jet streams at individual longitudes. As described
above, the computation of the zonal-mean mass stream
function and the zonally resolved mass streamfunction
is not identical. For the regional streamfunction, we
build on initial work of Schwendike et al. (2014) and
later studies by e.g., Galanti et al. (2022).

2.4 Additional methods

To compare the metric results from RO and reanalyses, sta-
tistical methods are applied. A correlation is performed on
monthly-mean anomaly values. The metric results over time
are linearly interpolated to fill missing values, this is e.g.,
the case for the PSI metric over the summer months when
the Hadley cell is highly asymmetric. Statistical significance
of a correlation is assumed for p value < 0.001 (i.e., 99.9 %
confidence interval).

3 Results

In this section, we test the suitability of RO data to (i) cal-
culate zonal-mean tropical width metrics and (ii) investigate
the regional structure of the selected metrics. Hereby, RO
will be validated using reanalyses. Finally, we (iii) provide
a perspective on the necessary record length for trend stud-
ies using these metrics, to emphasize the future value of the
long-term consistent RO record.

3.1 Zonal-mean metrics

In an initial analysis we study the monthly time series of
the selected zonal-mean temperature and wind metrics over
the RO record period September 2006 to December 2020
(Fig. 2). The time series compares RO data and multiple re-
analysis, providing a first insight for the northern and south-
ern hemisphere, hereafter NH and SH, respectively. The val-
ues from RO show good agreement with values from reanal-
yses for the TPB metrics and STJ metric, following the same
patterns over time. Contrarily, while the EDJ appears to fol-
low a similar seasonal cycle for all datasets, the absolute po-
sition of this metric differs for RO. The results of the EDJ
from RO, in comparison to the reanalysis datasets, are shifted
towards the equator particularly in the NH. This could be a

https://doi.org/10.5194/wcd-6-1683-2025



A. Reiter et al.: Radio occultation data for the analysis of tropical width metrics 1687

(a)

1.00 @)
O
O [}

0.98
(]
E
o
z 0.96 o
S
o]
k=l
g 0.94
(=]
(@)

0.92

[}
® NH 60° S 700 hPa —— 800 hPa
0.90 O SH ( 750 hPa .~ —— 850 hPa
o )
700 hPa 750 hPa 800 hPa 120°W 60° W 0° 60° E 120°E

Figure 1. Results of the EDJ metric at different pressure levels for monthly ERAS values averaged over the period 1980 to 2024 on its native
grid, (a) shows correlation values for 700, 750, and 800 hPa with the commonly used 850 hPa level, (b) depicts the zonally resolved metric.

result of the chosen method, as explained in Sect. 2.3, the
EDIJ for RO is calculated at 700 hPa, in contrast to the reanal-
yses where this metric is calculated at 850 hPa. An extended
discussion on the time series analysis of these metrics us-
ing RO data is done in Davis and Birner (2013). They inves-
tigated the seasonal cycle and interannual variability of the
Hadley cell. However, their study is based on a rather short
RO record from 2007 to 2011 using data from the COSMIC
mission.

To better quantify the validity of the RO dataset, corre-
lations between RO and reanalyses, between different re-
analyses, and between reanalyses on different grid spacings
are presented in Fig. 3. Figure 3a shows the correlation re-
sults between RO and the three state-of-the-art reanalyses.
Hereby, the TPB metrics, STJ metric and EDJ metric have
strong correlations. Especially the jet metrics in the SH are
in very good agreement between the datasets, which indi-
cates the high quality of the derived zonal wind component
from RO. The correlations with reanalyses are clustered very
close together for the individual metrics and hemispheres,
with the exception of TPB (maxdZ/d¢). For this metric, the
correlation values between RO and MERRA-2 are noticeably
lower which differs from the results of the other reanalyses.
Overall, the high correlation values provide a first impression
that RO is suitable for determining these zonal-mean tropical
width metrics.

A first attempt to calculate the mass stream function us-
ing RO winds accounting for advection terms was performed.
However, the results show that the underlying wind field esti-
mates from RO geopotential height are at this point not qual-
ified to determine the Hadley cell edge using the PSI metric.
In the NH (in Fig. 2e), the calculated results appear to be
in range of the Hadley cell edge as determined by reanaly-
ses, while in the SH, the wind estimates of the meridional
wind component seem to lack the necessary detail to calcu-
late the PSI metric. Figure 3a supports these findings, as no
correlation can be found between RO and reanalyses in the
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SH. In the NH, the correlation is very weak. However, we
note that this does not speak against the overall quality of the
higher order winds, rather the zonal-mean meridional wind
is a small term, which can so far not be captured accurately
with the applied wind equations. For further details on the
underlying wind data see Nimac et al. (2025). Overall, our
results demonstrate a great improvement of the initial winds
calculated from RO data (Scherllin-Pirscher et al., 2014),
as the zonal average of previous wind estimates, such as
geostrophic and gradient wind, was by default zero and thus
the zonal-mean stream function could not be calculated at all.
In this regard, we highlight the importance of advancements
in the development of global, observational winds to validate
reanalysis and climate model data, which has also previously
been emphasized by others (Pikovnik and Zaplotnik, 2025).
As a conclusion from the analysis in Fig. 2, the PSI metric
calculated from RO winds will not be further investigated in
this study. Results from reanalysis data are still included in
our investigation, as the Hadley cell edge represents a very
important feature of the tropical atmosphere, and the PSI is
one of its most common metrics.

A critical factor that must be taken into account is the role
of grid dependence. The correlation presented in Fig. 3a is
performed for RO and reanalyses interpolated on the same
grid (i.e., 2.5° x 2.5°), which is rather coarse compared to
the native grid of the reanalysis fields. As a result, it could
be argued that there is a loss of information. The grid de-
pendence of the specific metrics and in respect to the stud-
ied dataset has been previously discussed. Davis and Birner
(2016) showed that the horizontal resolution is of relevance
in trend studies of the tropical width, as a finer grid can re-
sult in a narrower tropical belt. Furthermore, the spread in
trend results from various climate models can be attributed to
their different grid sizes. Another study by Luan et al. (2020)
based on reanalysis, showed that for various TPB metrics
on a regional perspective, the structure of the tropopause re-

Weather Clim. Dynam., 6, 1683-1698, 2025



1688

A. Reiter et al.: Radio occultation data for the analysis of tropical width metrics

(a) TPB (max 0Z/dp) (b) TPB (max Af)
50 1NH; Ey
AL
= “WYVLUVLYUN VUL
£ -30 " : e
SR RTR TR L TRTATAT AR TR
(L B B
- SH20'08 2010 2012 2014 2016 2018 2020 2008 2010 2012 2014 2016 2018 2020
C) STy
ol APk AR A
T A
2 VNN YWY Y YNY
5 oMM MMM M A A M M M
Yy
2008 2010 2012 2014 2016 2018 2020 SHzo'os 2010 : 2012 2014 2016 2018 2020
5 (EI){ PSI
40 nf
s
s Dataset
E:;g O C i —— ERA5 ---- MERRA-2
iAol ot
_50 SH

2008 2010 2012 2014 2016 2018 2020

Figure 2. Time series of five different metrics (a—e) describing the monthly latitudinal edges of the tropical width (TPB, STJ) and Hadley
cell (PSI), as well as the location of the eddy driven jet (EDJ) from September 2006 to December 2020. The NH and SH edge is shown for
the RO and reanalysis datasets. The range of the vertical axis is chosen for the respective results.

mained the same for multiple tested grids. This information
will be further important in Sect. 3.2.

Here we provide further information on the relevance of
the grid spacing of the underlying dataset for these specific
metrics. Overall, the methods applied in this study use either
linear interpolation between two data points or a function to
determine the weighted center, to reduce the grid dependence
of the metrics (Adam et al., 2018). Figure 3b illustrates the
grid dependence of each metric for reanalyses. Generally, the
correlation between the native grid and interpolated grid for
all reanalyses show good agreement, which indicates that the
results from the datasets on their native grid and lower resolu-
tion grid are nearly identical. This strengthens the confidence
in the RO datasets and underlines that the results provided
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can be highly relevant despite the lower grid resolution. Nev-
ertheless, two things stand out from this plot. One aspect is,
TPB (maxdZ/d¢) on both hemispheres has lower correla-
tion values than the other metrics, seen for all datasets. An-
other aspect regards the PSI metric in the NH. For this metric,
the correlation is smaller for ERAS and MERRA-2, whereas
the correlation values stay high for JRA-3Q. This is the only
instances where we see a difference between the individual
datasets. In any way, the results from both TPB (maxdZ/d¢)
and PSI in the NH depict a strong correlation, although these
metrics appear to be more sensitive to the underlying resolu-
tion of the dataset.

Figure 3c visualizes the correlation values of the five met-
rics between the different reanalysis datasets. The results
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Figure 3. Correlation of monthly anomalies of tropical edge values between the different datasets for five different metrics over the time
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reanalyses interpolated to the RO grid and on their native grid, and (c) depicts the correlation among the different reanalysis datasets. All
correlations are statistically significant (p value < 0.001), apart from the PSI metric in (a).

show overall strong correlations with no specific differences
between the hemispheres for the TPB and jet metrics. Con-
trary, the PSI metric displays a greater correlation in the
SH in comparison to the NH. Consistent with the correla-
tions between RO and reanalyses (i.e., Fig. 3a), for TPB
(maxdZ/d¢) the correlations among the individual reanaly-
ses are slightly lower than for the other metrics. The correla-
tion for this metric improves for the reanalyses on their native
grid (Fig. Al). Generally, for both TPB metrics, ERAS and
JRA-3Q, which are newer datasets, are considerably stronger
correlated among each other than towards MERRA-2. It is
also noteworthy that the correlation results of the jet metrics
are approximately equal to one, which suggests that the indi-
vidual reanalysis are very similar.

3.2 Regional structure of the metrics

Next, we evaluate the utility of RO data to examine the re-
gional structure of the TPB and jet metrics. Figure 4 presents
the results of the longitudinally resolved metrics for the NH
and SH averaged over the inspected period, September 2006
to December 2020, for RO and reanalyses. The plot shows
differences in the regional structures and the location of these
metrics. An additional plot (Fig. A2) provides information
for reanalyses on their native grid, showing that the overall
structure of the metrics remains.

The TPB metrics (Fig. 4a—b) display a mostly uniform
structure around the globe, where TPB (maxdZ/d¢) is lo-
cated slightly more poleward than TPB (maxA#), which po-

https://doi.org/10.5194/wecd-6-1683-2025

sition varies around 30° on each hemisphere. In contrast, the
jet stream metrics reveal a stronger regional variance. Fig-
ure 4c and d show two distinct jets over all longitudes, al-
though we note that for shorter time steps the jets can merge
into one at particular longitudes and for some seasons (Lee
and Kim, 2003). The STJ (Fig. 4d) in the NH is located
around 15° N in the eastern Pacific and over the Atlantic, and
at about 30° N over America, Asia and the western Pacific. In
the SH the STJ is rather uniform at 30° S, with an exception
over the eastern Atlantic. The EDJ (Fig. 4c) is found more
poleward compared to the STJ. In the NH the EDJ varies
around 45° N and in the SH it is located even further towards
the pole at about 50°S. The structure of the EDJ seems to
be influenced by the topography, explicitly in the NH. Fi-
nally, Fig. 4e, shows the PSI metric for reanalyses. The mass
stream function forms sub cell structures, which can vary in
their extent and strength and show a clear seasonality (Li et
al., 2022). As aresult, this metric is not always globally avail-
able. The PSI metric displays a relatively uniform edge in
the NH, which stretches from the mid Pacific to the Tibetan
Plateau. In the SH, there is more variation. In general, we
note that our analysis focuses on monthly values averaged
over a longer time period. Thus, we are not explicitly regard-
ing the seasonal cycle of the metrics, although the location
and structure of the seasonal metrics can differ (see e.g., Li
et al., 2022; Luan et al., 2020).

Below each map showing the regional structure of each
metric, a difference plot more clearly visualizes the specific

Weather Clim. Dynam., 6, 1683-1698, 2025
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Figure 4. Mean longitudinally varying tropical edge of the NH and SH for RO and reanalyses for five cell edge metrics (a—e) over the RO
period. Additionally, the difference between RO and reanalyses is shown for each edge, with the land surface indicated in grey shading. The

PSI-metric (e) is only shown for reanalyses.

difference between RO and the reanalyses datasets. Overall,
the metric results from different datasets align well. Some
exceptions occur over the NH, specifically for the EDJ met-
ric there are some notable systematic differences over cer-
tain regions, which result most likely from the level selec-
tion of 850 hPa for reanalyses and 700 hPa for RO data (see
also initial validation in Fig. 1). Also, for the STJ in the NH,
differences between the RO dataset and reanalyses occur at
some longitudes near 175, 120 and 60° W. In general, the
temperature-based metrics show closer agreement than the
wind-based jet metrics and the differences for all metrics are
smaller over the SH than in the NH. The hemispheric differ-
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ences could be a result of the underlying topography, as in the
SH, there is generally less land surface and mountain ranges
which can influence the position of the specific tropospheric
features.

Furthermore, it is hypothesised that the differences might
be smaller over the oceans compared to over land surfaces,
due to the available number of observations assimilated in
reanalyses. More precisely, reanalyses assimilate observa-
tional data from various sources. However, in assimilating
many observational data sources, reanalyses introduce spatial
and temporal inhomogeneities. One important observational
data source for reanalyses are radiosondes, which are mostly
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available over the land surface (Fujiwara et al., 2017). This
can lead to these theorized differences and could also con-
tribute to possible land-sea contrasts. The hypothesis cannot
be uniformly confirmed among the different metrics. While
TPB (maxA#6) indeed shows larger differences among RO
and reanalysis over land, TPB (maxdZ/d¢) has the great-
est deviations above the ocean. As for the jets, the deviations
between RO and reanalyses appear to be connected to the to-
pography. In regions with high mountain ranges, such as the
Rocky Mountains and Tibetan plateau, it is difficult to deter-
mine these metrics.

Trend perspectives

Finally, we provide a perspective on the needed time length
to calculate trends, in order to emphasize the possible future
value of the long-term consistent RO record for trend stud-
ies. In this regard, we investigate the three reanalysis datasets
over their longer record (i.e., 1980 to 2024). Figure 5 shows
all possible trend values for a given time window length (i.e.,
15, 25, 35 years) over the reanalysis record period for the
respective datasets, metrics and hemispheres. Additionally,
the median of all calculated trends for a specific time win-
dow and dataset is marked, to indicate the overall trend of
the metric.

Figure 5 demonstrates the importance of a sufficient record
length for trend analysis of tropical widening. Previously,
also shorter data records, such as the RO record, have been
used in trend studies of the tropical width, providing vary-
ing results (Ao and Hajj, 2013; Darrag et al., 2022). Figure 5
clearly visualizes the wide spread of trend for these shorter
records. For instance, 15-year trends over the 1980 to 2024
time period range from poleward to equatorward shifts for
the metrics on both hemispheres. Particularly, TPB (maxA®)
and EDJ show a larger spread of the calculated trend signals.
The inconclusive trend results continue also for the 25-year
periods, with the exception of TPB (maxA#) and PSI in the
SH. Besides these, the trend value distribution only starts to
support the general understanding of tropical widening, for
the longest time window length in this study, i.e., 35 years.
Here, the trends for most datasets and metrics are unilaterally
placed relative to zero, indicating a significant poleward shift
of the metric. This is denoted by positive trend values in the
NH and negative trend values in the SH.

Generally, there are differences between temperature and
wind-based metrics. While the wind-based metrics exhibit a
greater spread of trends in the NH, temperature-based met-
rics show more spread of trends in the SH. Furthermore, the
distribution and range of the trends for the temperature-based
metrics differ more between the datasets. Interestingly, the
STJ and EDJ metric, which are both based on zonal wind,
showcase very similar results between the different datasets.
The spread of the single trends for a time window length and
their distribution is consistent between all datasets. This is
unlike the other metrics, which are based on temperature data
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(i.e., TPB) and the meridional wind (i.e., PSI), where the re-
sults of the individual datasets visibly differ. Furthermore,
the STJ and EDJ trend results in the SH are more consis-
tent with less spread than in the NH, where metrics over high
mountain regions may add to the greater spread.

We note that the broad distribution of the trend values
for a time window length might also indicate the strong in-
fluence of climate variability and other drivers of tropical
width change, obscuring the global warming signal. Multi-
ple drivers, such as internal climate variability and natural
and anthropogenic external forcings, influence the location
of these tropical width metrics, as discussed in recent litera-
ture (Grise et al., 2019; Staten et al., 2019). These effects also
complicate the estimation of tropical widening trends and un-
derline the importance of a sufficiently long data record.

Besides the record length also the long-term consistency of
the used data set is significant for trend assessments, which
is a known flaw of reanalysis (Fujiwara et al., 2017). In this
regard, one surprising and interesting result can be seen in
Fig. 5a. The results of MERRA-2 in the SH indicate an equa-
torward shift, which is contrary to the other datasets and met-
ric results of this study. While in general, narrowing trends
in various TPB metrics for MERRA-2 have been found in
other studies (Martin et al., 2020; Zou et al., 2023), this spe-
cific difference in the results of the TPB (maxd Z/d¢) results
has not been documented. No information on a similar dis-
covery could be found in the literature, as to the best of our
knowledge, a trend for this particular metric over the avail-
able record length (i.e., 1980 onwards) has not been investi-
gated for MERRA-2. Additional testing indicates a possibly,
artificially induced trend which results from an unexpected
change of the TPB (maxdZ/d¢) time series. More specif-
ically, when looking at the longer time series of the TPB
(maxdZ/d¢) in comparison between the different reanalysis
datasets, Fig. 6 suggests that the shift might have occurred
in the early 21st century. This potentially implies a possi-
ble discontinuity of the MERRA-2 temperature record near
the tropopause height. In this time period, multiple changes
in the data assimilation of the reanalysis have occurred, e.g.,
GNSS RO bending angles since July 2004, MLS temperature
from August 2004 and ATOVS starting in May 2007 are be-
ing assimilated in MERRA-2 (Fujiwara et al., 2017; Gelaro
et al., 2017). Based on these current findings, a long-term
trend of the TPB (maxdZ/d¢) metric in MERRA-2 should
be viewed with caution and a more detailed study on these
results would be of interest.

4 Conclusions and discussion

In this study we demonstrated the applicability of observa-
tional RO temperature and new RO wind data to examine a
range of tropical width metrics, including tropopause break
and jet stream metrics. The study focused on the potential
of RO data for zonal-mean and zonally resolved positions of
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selected tropospheric features using common tropical width
metrics. By showing similarly strong correlations between
RO and reanalyses, as demonstrated between different re-
analyses, our results illustrate the capability of this globally
available, independent observational dataset.

Our study results based on the WEGC RO OPSv5.6 record
and most recent reanalyses are consistent with previous find-
ings of RO records, the studied TPB metrics show high
agreement between the datasets (e.g., Darrag et al., 2022;
Luan et al., 2020). Furthermore, we extend upon earlier
temperature-based studies, additionally focusing on wind-
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based metrics and using new wind records from RO. The re-
cent development of these advanced RO wind fields beyond
the fundamental geostrophic approach allows a more detailed
investigation of the jet streams. Additionally, this study is the
first of its kind, analysing also regional jet streams based on
RO data. The results of the EDJ and STJ from RO agree with
the results from the three reanalyses. Especially in the SH,
the results of the jet streams show very close agreement be-
tween the datasets, highlighting RO as an important observa-
tional data source, where others, e.g., radiosondes are scarce.
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We have proven the general applicability of RO data to lo-
cate jet streams, however, currently, the EDJ metric shows
large systematic differences over some regions in the NH be-
tween RO and the reanalyses, which limits its utility for cli-
mate monitoring. Furthermore, other methods to define the
jets exist (Keel et al., 2024; Liu et al., 2021), which were not
tested in the process. Hence, a detailed investigation of fur-
ther jet metrics using RO observations presents an interesting
direction for future research to gain more insight into the jet
response to climate change.

Moreover, a focus of this work has been on the grid depen-
dence of the specific metrics. The RO record studied here is
available on a 2.5° x 2.5° grid. Despite this being a finer spa-
tial grid than used in previous RO-based studies, it is rather
coarse in comparison to state-of-the-art reanalyses. This is-
sue was tested by comparing results from native and regrid-
ded reanalyses. The findings are fairly consistent also for the
reduced grid spacing in the zonal-mean and for zonally re-
solved data, as shown also in Luan et al. (2020) for TPB
metrics.

While we see great potential in RO records for the study
of tropical atmospheric features, we also acknowledge their
constraints. RO data has been successfully applied in climate
studies, for instance, to investigate atmospheric temperature
trends (e.g., Ladstéddter et al., 2023; Steiner et al., 2020b) and
tropopause trends (Ladstédter et al., 2025; Meng et al., 2021)
over recent decades. However, for trend studies of the tropi-
cal width, which exhibits large variability, the record length
is not yet considered long enough using regionally resolved
RO data since 2006. This currently confines the full potential
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of the RO dataset. Consistent with other studies (e.g., Grise et
al., 2018), we showed that an extended record length is nec-
essary for trend estimation of these tropical width metrics.
A revenue of subsequent work will be to focus on regional
trends, which may manifest over shorter timescales due to a
more pronounced climate signal in certain geographic areas
(e.g., Manney and Hegglin, 2018; Martin et al., 2020).

To summarize, the obtained results show the potential of
RO data for the study of tropical width metrics, highlight-
ing a clear set of applicable methods for this specific obser-
vational dataset. This paves the way for future trend stud-
ies as the observational record grows. Our investigation ex-
tended beyond the well-established RO temperature record
to include advanced RO wind information. While we per-
ceived strong potential in RO data for temperature-based
metrics and zonal-wind-based metrics, we find that the com-
putation of the meridional RO wind component needs fur-
ther research. Nevertheless, results confirm a high suitabil-
ity for zonal-mean applications and zonally resolved studies.
The RO record is highly relevant in validating reanalysis and
climate model data, when the full potential of its long-term
consistency and high accuracy can be employed.
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