10

15

20

25

https://doi.org/10.5194/egusphere-2026-5901
Preprint. Discussion started: 21 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

A new observational perspective on global winds: consistent evidence
for changes in large-scale atmospheric dynamics

Annika Reiter!, Irena Nimac!, Julia Danzer!
"Wegener Center for Climate and Global Change, University of Graz, Graz, 8010, Austria

Correspondence to: Annika Reiter (annika.reiter@uni-graz.at)

Abstract. This study provides a holistic observational perspective on global upper-air winds over recent decades. We focus
on a new wind record from radio occultation (RO) satellite observations to explore current circulation changes, embedded in
a literature review and discussion on specific atmospheric features and their trends. Complementary to the RO wind fields, we
consider multiple reanalyses (ERAS, MERRA-2, JRA-3Q) and radiosonde (IGRA v2.2) data for our investigation. Global
wind trends in the free troposphere and stratosphere are cross-evaluated to identify spatial and temporal consistencies and
discrepancies among the datasets. Our results reveal overall coherence between RO and reanalyses for zonal and meridional
wind trends in both horizontal and vertical cross-sections. This includes a consistent general representation of jet stream
changes as well as a pronounced negative geopotential height trend above north-eastern Canada and Greenland accompanied
by corresponding changes in the wind fields. Especially the individual reanalysis products show a high degree of consistency
at synoptic scales. To substantiate our findings, vertical wind trend profiles from observational RO data and reanalyses are
compared to radiosonde data, further strengthening our confidence in the new RO wind dataset. The combined results showcase
the potential for robust trend assessment of wind patterns using long-term stable RO observations, particularly in the
stratosphere. Our study underscores the importance of complementing commonly used reanalysis products with purely

observational wind data to reliably enhance climate monitoring and analysis.

1 Introduction

The anthropogenic increase of the atmospheric greenhouse gas concentration has not only led to a significant rise in the global
mean temperature, but also impacted the dynamics of the atmosphere (IPCC, 2023). Synoptic-scale features of the general
circulation in the troposphere and stratosphere have been found to change. Model-based data, for example, show a poleward
shift in jet streams (Osso et al., 2025; Woollings et al., 2023), an expansion of the Hadley cell (Grise et al., 2019; Staten et al.,
2018), and a weakening of the quasi biannual oscillation (QBO) (Butchart et al., 2020; Kawatani and Hamilton, 2013). To
study the general circulation and its characteristic structures, high-quality upper-air data is necessary. Climate studies
essentially rely on three key data sources: observations, reanalyses, and climate models. These datasets must meet substantial
requirements, which include high three-dimensional spatial resolution, global coverage and temporal consistency (Baker et al.,

2014; Eyre et al., 2020, 2022).
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As a result, most studies investigate model-based datasets (i.e., climate models and reanalyses), which for instance, offer fine-
gridded spatial and temporal resolution. Nevertheless, model-based data is influenced by numerous factors, such as
parametrization schemes, initial and boundary conditions, and with respect to reanalysis, also the type, amount, and quality of
the assimilated data (Fujiwara et al., 2017; Hersbach et al., 2020; Kosaka et al., 2024). This in turn can introduce complex
uncertainties that are less understood and often overlooked in trend analyses (Baldassare et al., 2023; Belmonte Rivas and
Stoffelen, 2019; Hoffman et al., 2017). Furthermore, inconsistencies in long-term wind trends and regional differences in the
wind components have been found in reanalyses, including discrepancies in the trend magnitude and the trend direction (Davis
and Davis, 2018; Simmons, 2022; Yu et al., 2026).

Observational data, by contrast, can provide necessary validation and bias estimation, although studies using such data remain
limited when investigating the dynamics of the atmosphere. This is partly due to the requirements imposed on the dataset as
described above. Combining these key properties in one single wind observation product is an ongoing challenge, further
complicated by the necessity of a sufficiently long record for climate monitoring and analysis. To name a few specific
examples, radiosondes provide high-accuracy and high-vertical resolution up to the lower stratosphere, yet they are mainly
available over the land surface and the Northern Hemisphere (NH) (Durre et al., 2006, 2018). Atmospheric wind profiles from
the Aecolus satellite mission, using a Doppler wind lidar, offer global data with a broad horizontal and vertical resolution,
nevertheless this data is only available for the troposphere and spanning a limited time period, as the mission was launched in
2018 (Martin et al., 2021). As a last example, cloud motion vectors from the Multi-angle Imaging SpectroRadiometer Changes
have been gathering global data over the past two decades, this observation method is however highly sensitive to weather
conditions and favouring the troposphere (Di Girolamo et al., 2025).

Recently, awareness of the critical need for more observations in the free troposphere and stratosphere (FTS) has grown,
particularly in the stratosphere, a lack of wind observations was identified (Baker et al., 2014; Kozubek et al., 2021; Osso et
al., 2025; Yu et al., 2026). Moreover, a global observation-based study of the general circulation in the atmosphere and its
changes over recent decades is still missing. Simmons (2022) and Butchart (2022) provide a comprehensive investigation
utilizing reanalysis data within the troposphere and stratosphere, respectively. These studies offer an important overview of
the dataset performance on a global-scale and valuable insights into how specific features of the atmospheric circulation, and
their changes, are connected and how they compare in magnitude and extent. A solely observational analysis could additionally
exploit long-term consistency, which allows for a robust trend assessment and validation of model-based data results.

In that sense, a new wind product from Global Navigation Satellite System (GNSS) radio occultation (RO) data has been
developed which can provide this global observational perspective. RO multi-satellite data present an independent source of
benchmark-quality atmospheric profiles, with key advantages such as being long-term stable, with global-coverage and high-
quality in the FTS through near-all weather operational capability (Foelsche et al., 2011; Scherllin-Pirscher et al., 2017; Steiner
et al., 2020a; Zeng et al., 2019). Building on recent major progress, monthly climatic wind fields have been derived from RO
geopotential height climatologies, moving beyond fundamental geostrophic and gradient wind approximations (Danzer et al.,

2024; Nimac et al., 2025). In this newly applied formulations, advection and curvature terms are included, capturing now also
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large-scale planetary wave activity and jet—wave interactions (Nimac et al., 2026; Unegg et al., 2026). This leads to a promising
potential of new applications showcased for example by Reiter et al. (2025) for tropical width metrics.

Consequently, the objective of this study is twofold, (i) based on RO data, we want to examine observed trends of the general
circulation in the FTS over the most recent decades, and (ii) determine how these trends and patterns compare to other datasets
such as reanalyses and radiosondes. We consider a holistic view to gain insights into overall changes of the general circulation,
supported by a discussion of current literature on characteristic structures of the atmosphere. By assuming a different —
observational — perspective, we investigate the quality, as well as strength and weakness, of multiple observational and

reanalyses datasets building a basis for future studies on specific atmospheric features using also the RO wind dataset.

2 Data and methods

2.1 GNSS RO data

Radio occultation is an active limb sounding technique measuring the state of the atmosphere from space, whereby
observational data is gathered in the form of profiles (see e.g., Kursinski et al., 1997). This study builds on the profiles 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 Beaujardicre, 2004), SAC-C (Hajj et al., 2004), MetOp (Luntama et al., 2008), which collectively
average 60 000 globally distributed profiles per month. The excess phase data from these missions is provided at
UCAR/CDAAC (University Corporation for Atmospheric Research/COSMIC Data Analysis and Archive Center) and further
processed with the Occultation Processing System OPSv5.6 by the Wegener Center for Climate and Global Change (WEGC)
at the University of Graz (Angerer et al., 2017; Steiner et al., 2020a). Following quality assessment, such as removing outliers
at the excess phase stage and applying an ionospheric correction (Danzer et al., 2013; Vorob’ev and Krasil’nikova, 1994), the
OPSvV5.6 retrieval provides a daily geopotential height record on pressure levels from 2001 to 2020 (Schwirz et al., 2013).
This daily data is then aggregated using temporal and spatial weighting to monthly fields on a 2.5 x 2.5 latitude X longitude
grid.

In a next step, climatological wind fields from these geopotential fields are derived, following the approach by Nimac et al.
(2026) and Unegg et al. (2026). In more detail, the wind field estimation approach separates the FTS into three regions and
applies the best estimation method for each. Consequently, the global wind product is comprised of geostrophic wind including
advection in the extratropical troposphere, gradient wind including advective terms in the extratropical stratosphere and the
equatorial balance approach including curvature terms in the equatorial region.

The WEGC RO OPSv5.6 wind fields, hereafter RO winds, are computed at 127 pressure levels, in the FTS ranging from
800 hPa to 10 hPa. This altitudinal range is determined by two decisive factors: Firstly, the quality of the RO retrievals and
secondly, the utility and validation of the wind field method. Regarding the first, RO data is solely observation-based from the
mid stratosphere to the mid to upper troposphere. However, towards even lower levels, where the air is moist, the RO method

requires additional information from ECMWF short-term forecasts, serving as a background (Steiner et al., 2020a). Hence,
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RO data does not hold independent observations in the lowest levels of the atmosphere, which would conflict with the objective
of this study. With regard to the second factor, the wind field approximations have been specifically explored and tested for
this altitude range, where frictional force can be neglected (Nimac et al., 2025; Unegg et al., 2026). As for the temporal domain
of this study, while satellite RO data is available from 2001 onward, we investigate the WEGC RO OPSv5.6 record which
spans the time range from 2001 to 2020. For this specific study we choose the period September 2006 to December 2020, as
profile-statistics are higher due to the availability of multiple satellite missions (Angerer et al., 2017; Steiner et al., 2020a).

2.2 Reanalysis data

Reanalysis datasets provide temporally and spatially continuous, fine gridded information on the state of the climate system
by combining observational data with state-of-the-art numerical weather prediction models. Multiple reanalysis products exist,
differing, for example, in their assimilated data and underlying model configurations. Here we compare three of the most-
recent reanalyses, which are: ERAS (Hersbach et al., 2020) by the European Center for Medium-Range Weather Forecasts
(ECMWF), JRA-3Q (Kosaka et al., 2024) by the Japanese Meteorological Agency (JMA) and MERRA-2 Analysis (Gelaro et
al., 2017) by the National Aeronautics and Space Administration (NASA). For the present analysis we retrieve monthly fields
on pressure levels provided on their respective regular latitude-longitude grid (see Table 1). We note that these reanalyses

assimilate RO information (i.e., bending angle or refractivity profiles).

2.3 Radiosonde data

Radiosondes provide in situ measurements of atmospheric variables, via sensors mounted on weather balloons which transmit
information as the balloon rises through the troposphere up to the lower stratosphere (Durre et al., 2006). Radiosonde data is
available as profile information for atmospheric variables such as temperature, pressure, humidity and wind. In this study
quality-controlled radiosonde information is used as a second observational data source. More specifically, the monthly mean
Integrated Global Radiosonde Archive (IGRA) Version 2.2 record (Durre et al., 2018) from the National Oceanic and
Atmospheric Administration (NOAA) National Centers for Environmental Information (NCEI) is utilized. A continuous
record of monthly data, consistent with the temporal coverage of the RO dataset, is available for 337 stations, for which data
is provided either at 00:00 UTC, 12:00 UTC or both. As only one radiosonde dataset is used in this work, the term radiosondes
will hereafter refer to the IGRA v2.2 dataset.

2.4 Methods

The main focus of this paper is on monthly zonal and meridional wind information from observations (i.e., RO and
radiosondes) and reanalyses (i.e., ERAS, JRA-3Q, MERRA-2) as introduced above. Each respective dataset possesses unique
data characteristics and details, some of which are summarized in Table 1. For the purpose of this study, specific dataset
properties, such as the horizontal resolution, vertical range and the available time period must be aligned. As the RO winds

represents the key element of this investigation, the other datasets are fitted to these data characteristics, which are: (i) temporal
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coverage from September 2006 to December 2020, (ii) a vertical range from 800 hPa to 10 hPa, and (iii) a horizontal 2.5 x 2.5
latitude x longitude grid. Respectively, the reanalysis data are regridded using Climate Data Operators (CDO) bilinear
interpolation function “remapbil” (Schulzweida, 2023). For cross comparisons with wind information from radiosonde data,
which is only available for individual stations, we use collocated grid points for RO and reanalyses.

From this input data we calculate monthly anomaly values at each grid point. This is done by subtracting the climatological
monthly means over the investigation period from each individual month. Linear trends for each grid point and for zonal mean
fields, are then calculated using ordinary least square regression. For the latter, the zonal averaging is done prior to the trend
calculation. As temporal autocorrelation in the data can lead to an inflated estimate of the trend significance, we follow the
established approach by Santer et al. (2008) to account for the lag-1 temporal autocorrelation in the wind data. Consequently,
statistical significance was assessed with a two-sided #-test using the effective sample size, assuming significance for p-values
< 0.05 (95% confidence level).

Additionally, to assess similarities as well as differences between the trend results from the chosen datasets, we applied simple
statistical methods including ordinary least-square regression lines fitted to each dataset pairing and the corresponding Pearson

corelation coefficients.

Table 1: List of datasets used in this study and their original horizontal grid, number of pressure levels as well as their vertical range,
and temporal coverage. For IGRA v2.2 only stations fully covering our investigation period were selected. The full temporal range
of individual stations can however vary, with some records reaching back as far as 1905.

Data product Institution Horizontal grid No. of Vertical range (hPa) Available time
(latxlon) pressure range
levels
RO OPSv5.6 WEGC 2.59%2.5° 127 800-10 2006-2020
ERAS ECMWF 0.25°%0.25° 37 1000-1 1940-2026
MERRA-2 ASM NASA 0.5°%0.625° 42 1000-10 1980-2026
JRA-3Q IMA 0.375°%0.375° 45 1000-0.01 1947-2026
IGRA V2.2 NCEI - 22 1000-1 2006-2020
3 Results

3.1 Observation-based winds over recent decades

In this study, we begin by looking at mean global wind fields in the FTS based on a novel wind record from RO observations.
Figure 1 illustrates the average zonal and meridional wind flow of the general circulation over the RO measurement period on
three pressure levels representative of the lower stratosphere (50 hPa), the tropopause region (200 hPa), and the free
troposphere (500 hPa). On a global perspective, the zonal wind generally has greater magnitudes than the meridional wind,
such as presented in this figure. While the average zonal wind component has wind speeds up to 40 m s™!, the meridional wind

component is mostly in range of less than 5 m s™'. Focusing on the zonal wind, easterlies are located around the equatorial
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region throughout the investigated layers. In the lower stratosphere (Fig. 1a) easterlies dominate between 30° N and 30° S.
Outside this area, the westerly flow prevails, with a stronger flow in the Southern Hemisphere (SH). Westerlies govern the
155 troposphere over most of the extra tropics. The strongest winds are evident near the tropopause, where the STJ is located (Fig.
Ic). At lower levels the flow is again slightly weaker (Fig. 1e). Generally, the zonal wind flow is more uniform in the SH
compared to the NH. As for the meridional wind, large-scale patterns are weaker and less apparent (Fig. 1b, d, f). In particular,
at 200 hPa the meridional wind shows very regional bipolar patterns (Fig. 1d). The most distinctive patterns of the mean

meridional wind component can be identified in the high latitudes of the stratosphere (Fig. 1b).

(a) Zonal wind 50 hPa (b) Meridional wmd 50 hPa

(c) Zonal wind 200 hPa (d) Meridional wmd 200 hPa

120°E 60°W 0°W 60°E 120° E 120°E 60°W 0°W 60°E 120° E
ms™’ ms™’

20 30 40 7 -

20 <10 -5 0 5 10
160

Figure 1: Mean zonal (left) and meridional (right) RO wind from September 2006 to November 2020 on three pressure levels, 50
hPa (a-b), 200 hPa (c-d), 500 hPa (e-f).
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In concept, the mechanisms of the troposphere and stratosphere are inherently different. The troposphere is characterized by
differential heating of the Earth’s surface, its decreasing temperature with height, and the presence of water vapor, which
contribute to the troposphere containing most of the mass of Earth’s atmosphere and the occurrence of weather. In contrast,
the stratosphere presents a strong stable stratification with temperature increasing with height. Furthermore, the stratosphere
contains only minimal water vapor, so latent heating effects are negligible, but the presence of the ozone layer introduces its
own distinct dynamics (e.g., Holton and Hakim, 2012). Consequently, the drivers of wind variability differ for these two layers.
Finally, we note that the phenomena that signify the general circulation and prominent modes of natural variability are distinct

for each atmospheric layer (Butchart, 2022).

3.2 Observed changes of the wind components

Building on the foundation of the average zonal and meridional wind flow, we now examine how these patterns have changed
over recent decades (Fig. 2). Contrasting the large-scale patterns of the mean flow presented in Fig. 1, the observed trends are
more heterogenous, depicting many regional changes over the globe. The trends for both wind components are mostly in range
between +£3.0 m s! per decade, with stronger trend patterns at the tropopause and in the troposphere, and slightly weaker and
more uniform trends in the lower stratosphere. The similarities in trend strength between the wind components has also been
identified by Simmons (2022) in ERAS over the period 1979 to 2022.

We will start our discussions with the zonal wind component, then move to the meridional flow and with each, shift the focus
from the lower stratosphere to the troposphere. At the 50 hPa level (Fig. 2a), a negative trend signal is found, that indicates a
strengthening of the temporal-mean easterly flow in the tropics. For context, the equatorial region of the stratosphere is
characterized by the QBO, which is a very distinct mode of natural variability. The QBO describes how the zonal wind
transitions between an easterly flow and a westerly flow within a period of about 28 months (Baldwin et al., 2001). A long-
term weaking of the QBO amplitude in the lower stratosphere has been found with distinct disruptions of the QBO in the year
2016 and 2019/2020 (Anstey et al., 2022; Healy et al., 2020; Kawatani and Hamilton, 2013). Returning to the present study,
we inspect a relatively short time series and do not expect to capture a long-term trend signal. However, we see a potential
area of application of the RO wind record in future studies. Other than this trend pattern, a positive trend in the subtropics
presenting a weakening of the easterlies is evident in Fig. 2a. Particularly in the SH Pacific equatorward of 30°, a significant
trend is shown. Also, a significant strengthening trend of the westerly winds over North America stands out. This represents

the strongest zonal wind trend pattern in the lower stratosphere.



190

195

200

https://doi.org/10.5194/egusphere-2026-5901
Preprint. Discussion started: 21 October 2026 EG U h .
© Author(s) 2026. CC BY 4.0 License. spnere

@‘ @ Preprint repository

(b) Meridional wind trend 50 hPa

sy

T

e w sl

a5 7
60° , /7;7/7%// = 4

s
=T

Lz

&

120°E 60°W 0°W 60°E 120° E per decade 120°E 60°W 0°W 60°E 120° E

-3.0 -2.4 -1.8 -12 -0.6 0.0 0.6 1.2 1.8 24 3.0

Figure 2: Observed trends of the zonal (left) and meridional (right) RO wind over recent decades. Trends are shown for three
pressure levels, 50 hPa (a-b), 200 hPa (c-d), 500 hPa (e-f). Unhatched areas indicate statistical significance at the 95% confidence
interval, while hatching denotes regions with no robust statistical trend.

At the 200 hPa level (Fig. 2¢), in the NH a noticeable band-pattern stretches from the central Pacific all the way over Europe.
These bands of positive and negative trends occur alternating along the latitude lines and could be a shift of the jet latitude or
change of the jet strength. A possible displacement or change in the strength of the jet is also observed in the SH over Australia
and the Pacific Ocean. However, for the jets, a comparison to existing literature has proven difficult as studies show strong
dependencies on the time period and season, as well as the region, vertical level, and dataset investigated. For example,
Woollings et al. (2023) have found that the NH winter (December-January-February; DJF) westerly jet on both hemispheres
has shifted poleward over the period 1979 to 2019 in ERAS reanalysis data. They further substantiated their findings by climate

model experiments, attributing the changes to the increasing GHG concentrations in the atmosphere. Another study by Hallam
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et al. (2022) based on the second version Twentieth Century Reanalysis (20CR) stretching over the period 1871 to 2011, found
no displacement or increase of the jet speed over the North Pacific, while a poleward shift and significant increase in jet speed
were found for the North Atlantic jet. The later findings are in agreement with Hermoso et al. (2024), who identified an
intensification of the North Atlantic jet for the period 1979 to 2022 studying ERAS data for DJF. A prior study for the SH by
Waugh et al. (2020), has identified considerable regional variations over the individual ocean basins. Over the period 1980 to
2018, they discovered a significant strengthening and insignificant equatorward shift over the Southern Pacific Ocean and a
slight strengthening and significant poleward trend for the Southern Atlantic and Indian Ocean basins. Their findings are based
on 850 hPa level data, hence focusing on lower tropospheric changes. Besides the jet regions, changes at the 200 hPa level
have also been noted for the tropics. In this respect, Simmons (2022) found a statistically significant strengthening of the
tropical easterlies for the period 1979 to 2022, when analysing ERAS data. This pattern is not evident for the period investigated
here, which is depicting strengthening as well as weakening trends over easterly flow areas.

In the troposphere at 500 hPa (Fig. 2e), a strong weakening trend of the tropical easterlies is visible in the RO data, which
deviates from results of the reanalyses over the same period (plots not shown). These results need to be viewed cautiously.
Towards lower levels the moisture content of air becomes increasingly relevant, affecting the RO retrieval process. The strong
positive trend in the tropics could therefor potentially be an artefact or bias from moisture changes in the tropical troposphere
(Danzer et al., 2014; Scherllin-Pirscher et al., 2011). Other than that, the positive trend pattern over the northern Atlantic and
the band-pattern in the SH identified at 200 hPa (Fig. 2¢) persist, see also discussion above.

In contrast to the zonal flow, changes of the meridional wind component are more difficult to interpret. While the mean wind
fields (Fig. 1b, d, f) already are more nuanced with less distinct patterns, the corresponding trends (Fig. 2b, d, f) are even more
regional, particularly at lower levels. Still, a prominent trend pattern is visible over Canada and Greenland. Over this region,
strong trends are evident for both the zonal and meridional wind throughout all levels shown in this investigation. Fig. 2
indicates a strengthening of the equatorward flow above western Canada and the poleward flow over Greenland. Consistent
with the changes in the zonal flow, this points to an increase in the large-scale cyclonic regime. Other than that, the meridional
flow shows alternating trend patterns at higher latitudes. At the tropopause and in the troposphere (Fig. 2d, f) some of these
extend all the way towards the tropics, for example in the NH between 60° E and 120° E. These trend patterns do not coincide

with the underlying structure of average meridional or zonal flow (Fig. 1d, f).

3.3 Underlying changes in geopotential height

To gain a broader understanding of the observed wind trends, we extend our analyses and examine the trend of geopotential
height fields. Geopotential height quantifies the vertical extent of pressure surfaces above mean sea level, as these undulate in
response to horizontal density variations in the atmosphere under the influence of Earth’s gravity field. Whereby, differences
in geopotential height on a constant pressure surface create a horizontal pressure gradient force, which is responsible for large-
scale atmospheric motion (Holton and Hakim, 2012). As detailed in the data and methods section, geopotential height data

from RO represents an established long-term stable, high-quality record (Scherllin-Pirscher et al., 2017; Steiner et al., 2020a)
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and builds the foundation for the RO wind fields. Hence, we assume trends, but also biases within the RO wind dataset, could
potentially be visible at this stage of the processing.

Figure 3 shows that geopotential height has been predominantly increasing over the last decades, with some of the strongest
trends occurring near the tropopause, where global values largely exceed 20 m per decade (Fig. 3b) and zonal mean values
show a rising trend of more than 40 m per decade in the tropical region (Fig. 3d). A positive trend in geopotential height, such
as depicted here, can in most cases be indicative of either a warming of the atmospheric column below or a decrease (increase)
in cyclonic (anticyclonic) regimes within the air column (He et al., 2024). Thus, trends in geopotential height can be framed
as an indicator of the combined response of the climate system to thermodynamic and dynamic changes (Christidis and Stott,
2015). Already initial fingerprinting studies using RO geopotential height data for the observation period 2001 to 2010 detected

an emerging climate change signal, which reflects the overall warming of the troposphere (Lackner et al., 2011).

(a) Geopotential height trend 50 hPa
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Figure 3: RO geopotential height trends from September 2006 to November 2020 displayed on three pressure levels, 50 hPa (a), 200
hPa (b), 500 hPa (c) and as vertical cross-section of the zonal mean (d). Unhatched areas indicate statistical significance at the 95%
confidence interval, while hatching denotes regions with no robust statistical trend.

The elevating trends seen throughout Fig. 3 are in accordance with the rise of global mean temperature. However, atmospheric

heating has been observed to take place within the lower layers of the atmosphere. Whilst the troposphere has been found to
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warm, the stratosphere exhibits a cooling signal due to human-induced climate change (e.g., Ladstéddter et al., 2023; Steiner et
al., 2020b). As a result, care needs to be taken when interpreting Fig. 3a which depicts the lower stratosphere. The shown trend
in this figure realistically stems from the expanding troposphere below. Indeed, Fig. 3d shows that in the NH, the magnitude
of the positive geopotential height trend signal is becoming smaller towards the mid stratosphere. In the SH, over the
midlatitudes the rise in geopotential height stays relatively consistent up to 10 hPa.

Over the poles, geopotential height has been decreasing at higher altitudes. Particularly over north-eastern Canada and
Greenland a strong negative trend was identified for this period of observations, which stretches throughout the stratosphere
and troposphere. This negative trend can be interpreted as a lowering of the pressure surfaces and possibly indicate a weakening
of the prominent high-pressure regime above Greenland during this observational period. Kumar et al. (2025) found a similar
trend pattern of geopotential height over the period 2000 to 2021 at the 500 hPa level, while prior to that, trend patterns are
significantly different. It has to be noted, that the dynamics over Greenland and its ice masses are highly complex and
influenced by e.g. internal variability of the climate system, such as the North Atlantic Oscillation (Woollings et al., 2010). In
this regard, the time period investigated here, is presumably not long enough to determine long-term trends. Consequently,

studies based on longer records may show different results for specific regions.

3.4 Comparison to reanalyses

We now turn to the second part of this investigation, in which we compare the RO wind record with reanalyses to interpret the
robustness of our findings and assess the quality of the datasets. Figure 4 and Fig. 5 show a cross-comparison of trend results
for the zonal and meridional wind components at each grid point between all pairs of datasets to indicate their consistency or
lack thereof. The first three columns display the comparison of RO and reanalyses, the later three are comparisons between
the different reanalysis datasets. Overall, the trend results from these individual datasets show relatively strong agreement,
especially in the lower stratosphere the results are highly consistent.

Taking a specific look at the zonal wind component (Fig. 4), the trend results from individual datasets align very closely
towards the poles and towards higher altitudes. In general, there are greater variations between RO and reanalyses then there
are between the individual reanalysis records and the results from all comparisons scatter more widely at the tropopause. The
greatest variability of the datasets can be found between the RO record and reanalyses over the equatorial latitudes in the
troposphere. In contrast to this, the closest agreement can be seen from ERAS and JRA-3Q for all latitude sections and levels.
Comparison of these two reanalysis datasets with MERRA-2 show some deviations of the trend results specifically over the
equatorial region in the troposphere and towards the tropopause.

This plot also corroborates the results found in Fig. 2. While the strongest trends are observed around the equator and low
latitudes towards the tropopause, the weakest trends are located above the poles and in the lower stratosphere. Trends in the
SH tend to be smaller than in the NH. Moreover, the absolute magnitude of the trends is found to be within a highly consistent
range for all datasets under consideration. It is notable that no dataset includes trend values that deviate to a greater extent, as

these would be evident along the identity line.
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Figure 4: Correlation of the zonal wind trend of dataset pairs from RO and multiple reanalyses for each grid point. The colours split
the scatterplot into different latitudinal sections. Each dataset correlation is labelled respectively, the first dataset indicated in the
labelling is drawn on the x-axis, whereas the second dataset of the label is set along the y-axis. Linear regressions are shown for each
latitude section in the according colour, the overall fit for all datapoints is shown in a bold black line. The respective regression
coefficient is denoted by m, r indicates the correlation value, where the statistical significance is indicated by an asterisk for the 95%
confidence interval.

Regarding the meridional wind (Fig. 5), the results look similar, although the distinction between the troposphere and lower
stratosphere is less pronounced. Here the correlation reveals comparable results on multiple levels. As for the zonal wind, the
meridional results from different reanalysis are more closely connected then the ones from RO and reanalyses and the trends
spread most at the tropopause. For the meridional wind the differences indicated around the equator between RO and reanalyses
are less than for the zonal wind. Also, the deviations between ERAS and JRA-3Q towards MERRA-2 are less with some
exceptions south of the equator at the tropopause level. Concerning the magnitude of the trends, Fig. 5 shows that the trends

of the meridional wind are strongest in the NH mid to high latitudes, whereas trends in the SH are again slightly weaker.
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Figure 5: Same as Fig. 4 for the meridional wind component.

Following this pairwise-comparison of global wind trends at individual levels, we next consider the vertical structure of zonal-
mean wind trends. Figure 6 displays the results from RO data and reanalysis datasets, providing a perspective on the
performances of the datasets over the vertical range. Overall, the datasets appear to agree on the major trend patterns and trend
directions, except for the topical troposphere.

In the stratosphere, a distinct positive trend is centred around 20 hPa over the tropical latitudes, presenting a weakening of the
mean easterlies, consistent with the findings in Fig. 2a. From there, a negative trend pattern stretches over the mid latitudes
that shifts into a positive pattern again towards the higher latitudes. The magnitude of the corresponding trends differs with
the hemisphere. The negative trend of the mid latitudes is stronger in the SH, while the positive trend of the high latitudes is
stronger in the NH. The general structure and magnitude of the pattern is coherent throughout all datasets.

In the troposphere, the datasets indicate consistent trend results over the poles and high latitudes. The structure of the trend
patterns at about 40° N and 30° S, with positive trends towards the poles and negative trends towards the equator, is indicative
of a poleward shift of the STJ (see also of Fig. 2¢). Towards the tropics the findings get somewhat inconsistent. More precisely
below 100 hPa and between £20° latitude, the datasets depict varied trend directions and trend magnitudes. While RO signifies
a strong positive trend pattern, ERAS shows a weaker positive trend. Contrary to this, MERRA-2 presents a negative trend,
whereas JRA-3Q has a very weak negative trend pattern in this region. As mentioned above, changes in the moisture content

of the atmosphere could potentially bias RO retrievals and the derived findings in this area. Vergados et al. (2015) found
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distinct patterns of high relative humidity in the tropical atmosphere up to 500 hPa and identified discrepancies between RO
observations and older reanalyses. Moreover, the tropical troposphere is affected by complex dynamics such as, tropical
cyclones, gravity waves, atmospheric planetary waves and the Monsoon dynamics, which can make the accurate representation

of wind fields and the corresponding trend detection more difficult (Anstey et al., 2022; Emanuel, 2024; Scherllin-Pirscher et
al., 2021; Zhang et al., 2025).
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Figure 6: Zonal mean zonal wind trend for RO (a), ERAS (b), JRA-3Q (¢) and MERRA-2 (d) over the period September 2006 to
November 2020. The contour lines indicate the underlying zonal mean zonal wind field in m s™. Solid lines indicate positive
windspeeds, the dashed lines indicate negative values. Unhatched areas indicate statistical significance at the 95% confidence

interval, while hatching denotes regions with no robust statistical trend.

3.5 Comparison to radiosonde data

335

To conclude our investigation of large-scale dynamics in the FTS and offer yet more insights into the performance of RO and

reanalyses, their wind trends are compared to another independent upper-air observational record, namely radiosondes. Figure

7 includes zonal and meridional wind trends from eight exemplary radiosonde stations located across the globe. The stations
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are selected to showcase diverse vertical wind trend profiles, with distinct trend magnitudes and trend directions. All datasets
appear to perform well in this intercomparison, although some differences are noticeable. For instance, the single reanalysis

trends match very closely throughout all altitude layers and at all stations, while the consistency with the other datasets is not

as strict.
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Figure 7: Zonal and meridional wind trends at specific locations (a-h) for RO (purple), radiosondes (apricot) and reanalyses (teal)
data from September 2006 to November 2020. Eight radiosonde stations were selected and compared to the nearest grid point of the
other datasets. For each subplot, the respective location and station identification code of the radiosonde record are indicated.
Radiosondes are abbreviated with RS in the figure.
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Specifically, from 30 hPa up in the NH and around the equator, the trend results from RO, radiosondes and reanalyses tend to
diverge. Some greater deviations between the trend profiles also occur towards the lowest levels, below 500 hPa, by the RO
data. These findings were expected as RO has its core region of highest data quality in the upper troposphere to the mid
stratosphere, with increasing bias towards the surface (Scherllin-Pirscher et al., 2011; Steiner et al., 2020b). Contrary to that,
some results from radiosondes deviate strongly at high altitudes (for low-pressure levels i.e., in the stratosphere). Radiosondes
provide highest accuracy throughout the troposphere to the lower stratosphere, with considerably less soundings available
above 30 hPa. Consequently, there are some data gaps for radiosondes at the highest levels of this investigation. Furthermore,
we note that although we are using IGRAv2 radiosonde data (Durre et al., 2018), which has a quality assurance system in
place, some trend values do not seem plausible. For example in Fig. 7b, d, and h trends of the zonal wind component from
radiosondes diverge strongly from the other datasets above 30 hPa.

Finally, we want to draw the attention to Fig. 7e, which was selected to highlight a region of relatively strong disagreement
between the individual datasets. Multiple stations within this area around Malaysia and Indonesia were tested, showing similar

unsteady results, which might suggest important local effects affecting the wind trends in this region.

4 Conclusions and discussion

In this work we provide a new observational perspective on the atmospheric general circulation over recent decades by using
both independent observational records and reanalysis data. A central focus was the use of a new wind dataset from RO multi-
satellite observations, representing its first systematic application for global wind field analysis. Based on the different datasets,
we show that the dynamics of the atmosphere have been changing. Over the period September 2006 to December 2020 trends
in zonal and meridional winds are largely within 3 m s per decade. Notable during this period are e.g., the poleward-shifting
pattern of the upper-tropospheric jet streams visible in the trend of the zonal wind component and an increasing cyclonic
regime over north-eastern Canada and Greenland identified in the zonal wind, meridional wind, and geopotential height trends.
The present work specifically evaluated and cross-compared observations (RO and radiosondes) and multiple reanalyses
(ERAS, JRA-3Q, MERRA-2). The findings are mostly consistent between the data records over horizontal and vertical cross-
sections, with wide agreement in the general representation of the patterns and magnitude of change. Particularly towards the
tropopause and stratosphere, there is consistency between the wind records, which increases the confidence in the identified
trend patterns and the utilized datasets in the respective regions. Differences in the wind trends occur primarily in the equatorial
latitudes between +£20°. These inconsistencies, between individual reanalyses datasets and also when compared to RO, point
to the complex dynamics of the equatorial region and to observational limitations of the RO winds towards the lower
troposphere likely to due to the impact of water vapor on the RO retrieval (see e.g., Vergados et al., 2015). The vertical profile
analysis of wind trends from IGRA v2.2 radiosonde data shows encouraging results compared to RO and reanalyses. Only the

upper and lower altitudinal boundaries can illustrate larger deviations, highlighting the need for cautious use of datasets outside
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their specific core regions. In this context, RO winds are especially valuable for stratospheric studies, as they provide high data
quality up to the mid-stratosphere (Danzer et al., 2021; Liu et al., 2024).

Previous studies have noted that consistency between individual reanalysis datasets and their agreement with climate models
increases the trust in the derived trends (Butchart, 2022; Simmons, 2022). Still, we emphasize through our cross-comparison,
including purely observational data, that independent observational constraints remain essential to further strengthen
confidence in reanalyses and climate model results. The study of Di Girolamo et al. (2025) showed the value of providing a
comprehensive global evaluation combined with the analysis of specific atmospheric features. In line with this, our global
investigation provides a complementary and more general assessment of the dataset performance, giving insights into the
spatial and temporal consistency of the datasets, which is particularly important for trend analysis and consequently, for the
assessment of climate change. We note that the found discrepancies among datasets in the tropical troposphere merit further
investigation.

Despite the limited temporal extent, which does not yet allow to explicitly address anthropogenic climate change, the RO
record and its observational period, provide an additional data source for investigating recent and ongoing atmospheric
changes. One prominent example within this period is the recovery of the ozone layer, which has affected long-term trends
particularly in the SH. Since the year 2000, a pausing and in some cases even a reversing of the reported poleward shift of the
Hadley cell edge and jet stream latitude (long-term trend signals) was identified (Banerjee et al., 2020). Another example for
the NH, is a short term trend in the intensity of the stratospheric polar vortex, depicting a weakening trend from 1980 to 2000
and a strengthening trend from 2000 onwards (Kumar et al., 2025). Both these examples could potentially be investigated
using the RO record in future studies. This underscores the value of utilizing also relatively short but high-quality data sets to
capture and analyse most recent trends, offering a different perspective with other learnings and insights from those obtained
by long-term records.

To summarize, our analysis demonstrates that studies of global upper-air winds and their trends can substantially benefit from
the use of multiple observational datasets. In particular, the consensus among independent records strengthens confidence in
the obtained results and thereby provides a robust foundation for advancing our understanding of atmospheric dynamics. We
showed that the newly proposed RO winds successfully captured current trends, revealing their potential for climate analysis
of large-scale atmospheric circulation characteristics. Finally, we conclude that long-term consistent, high-quality
observational records, including RO winds, are essential for the robust quantification of changes and the critical validation of

model-based trend results.

Data availability

The WEGC RO OPSv5.6 record wused to produce the wind fields is available at
https://doi.org/10.25364/WEGC/OPS5.6:2021.1 (EOPAC Team, 2021). ERAS5 was downloaded from the climate data store
(https://climate.copernicus.eu, last access: 30 July 2026; Hersbach et al., 2023), MERRA-2 was acquired from GES DISC
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(https://disc.gsfc.nasa.gov, last access: 30 July 2026; Global Modeling and Assimilation Office (GMAOQO), 2015), JRA-3Q was
obtained from NSF NCAR Research Data Archive (https://rda.ucar.edu, last access: 30 July 2026; Japan Meteorological
Agency, 2024). Monthly-mean IGRA v2.2 sounding data are available at NOAA National Centers for Environmental
Information (https://www.ncei.noaa.gov/pub/data/igra/monthly/, last access: 30 July 2026; Durre et al. 2016).
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