10

15

20

Closing the gap in the tropics: the added value of radio-occultation
data for wind field monitoring across the equator

Julia Danzer', Magdalena Pieler!, and Gottfried Kirchengast!*

1Wegener Center for Climate and Global Change, University of Graz, Graz, 8010, Austria
2Institute of Physics, University of Graz, Graz, 8010, Austria

Correspondence: Julia Danzer (julia.danzer @uni-graz.at)

Abstract. Globally available and highly vertieal-vertically resolved wind fields are crucial for the analysis of atmospheric

dynamics for the benefit of climate studies. Most observation techniques have problems to fulfill beth-these requirements.

Especially in the tropics and in the southern hemisphere more wind data availability-is-are required. In this study we investigate
the potential of radio occultation (RO) data for climate-oriented wind field monitoring in the tropics, with a specific focus on the
equatorial area-between-band within +5° latitude. In this region, the geostrophic balance breaks down, due to the Coriolis force
term approaching zero—One-further-, and the equatorial balance equation becomes relevant. One aim is to understand how the
individual wind components of the geostrophic balance and equatorial balance approximations bridge across the equator and

where each component breaks down. We

aim focuses on the equatorial approximation, testing its quality by comparison with ERAS data-From-analyzing firstreanalysis
data. The analysis of the zonal and meridional wind component ;-we-find-that-showed a clear added value of including both
components in the total wind speed in the troposphere, In the stratosphere, the meridional wind component is more-volatein
its-derivation;howeverclose to zero for physical reasons, and has no impact on the total wind speedbenefits-from-a-computation

of-both-wind-components—tnvestigating-next the-bias-between-. As second aim we investigated the systematic data bias between
using the RO and ERAS i i tas-is-data and find it smaller than the bias resulting

from the approximation-ttseH—As-afinal-aspeet-we-approximations. We also inspected the monthly-mean RO wind data over
the full example year 2009. The bias in the core region of highest quality of RO data, which is the upper troposphere and lower

stratosphereis—mainty-, was generally smaller than -2 ms™';-whieh-, This is in line with the wind field requirements of the

World Meteorological Organization. This-is-encouragingfor-the-Overall, the study encourages the use of RO wind fields in-for
meso-scale climate monitoring over the entire globe, including the equatorial region, and evidenced the benefit of includin

the meridional wind component in total wind speed.
1 Introduction

Globally available upper air wind profiling information is crucial for the analysis of atmospheric dynamics for the benefit of

climate studies, as well as climate models and numerical weather prediction. To determine a wind flow in its full state, wind
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sensitive-wind-sensitive measurements need to ensure a high, 3-dimensional-three-dimensional resolution, global coverage,
and frequent observations from the troposphere to the stratosphere
(English et al., 2013; Baker et al., 2014; Eyre et al., 2020). However, wind measurements in the free atmosphere dependlng on
the observing system, lack very often one or more of these requirements.

Stoffelen et al. (2005, 2020) emphasize the need for horizontal resolutions smaller than 566-km-te—+6-10 km to 500 km,

to follow an atmospheric process in detail from initial small-scale amplitudes to evolving dynamical mesoscale structures.

The World Meteorological Organization (WMO) and the Observing Systems Capability Analysis and Review tool (OSCAR)
require a vertical wind information of about 1km in the troposphere and 2 km in the stratosphere, for weather and climate
applications, with a wind accuracy of 2ms~! (see WMO-OSCAR, 2023).

Furthermore, well-resolved wind data need to be available over the oceans, tropics, and Seuthern—Hemispheresouthern
hemisphere, where often a measurement gap is present. For example, land surface stations, ships, buoys, and wind scat-
terometers from satellites provide valuable surface data, but lack vertical profiling information. Aircrafts and atmospheric
motion vectors (AMVs) from geostationary or polar satellites provide a high temporal and horizontal sampling at several
heights, but fack-have distinct limits in accurate vertical geolocation and resolution and global representation. Wind prefiler;
racio-sondesprofilers, radiosondes, and pilot balloons, have a high vertical sampling, howeverhaving-but provide information
primarily at single locations over continents and the Nerthern-Hemispherenorthern hemisphere. On the other hand, the Atmo-
spheric Dynamics Mission (ADM-Aeolus) has-the-potential-of-provides 3D wind profiling with a frequent and high resolution
coverage, filling measurement gaps over the oceans, poles, tropics, and the Seuthera-Hemisphere-southern hemisphere, up to an
altitude of about 20 km. However, it depends on elearair-clear-air molecular scattering (no measurements within clouds), which
can be particularly tricky at tropical latitudes, due to the high-altitude cloud systems (see also, Stoffelen et al., 2005, 2020;

Kanitz et al., 2019). Finally, wind information is nowadays obtained also implicitly as part of variational data assimilation

“4D-Var”) in numerical weather prediction analyses that initialize the forecasts, such as through the geostrophic adjustment

and directly through the background error covariances (especially where the geostrophic balance applies) as well as through
4D-Var of humidity and/or ozone tracing data (Geer et al., 2018; Zaplotnik et al., 2023).

In this respect, a valuable complementary data source comes from exploiting a different satellite-based-satellite-based obser-
vation technique, the Global Navigation Satellite System (GNSS) radio occultation (RO) method. RO provides vertical profiles
of geophysical variables such as bending-angle;refractivity; pressure;density; refractivity, density, pressure, and temperature.
A basic introduction to the RO method can be found in, e.g., Kursinski et al. (1997); Hajj et al. (2002). The applications range
across climate monitoring and climate analysis, numerical weather prediction, as well as space weather applications (e.g.,
Healy, 2007; Cucurull, 2010; Foelsche et al., 2009; Anthes, 2011; Steiner et al., 2011).

There are several key advantages of RO data, which could make them a beneficial observation-based data set for indireet
(indirect) wind field monitoring. First of all, it provides a multi-satellite, long-term stable, global data set record, with no need
for inter-calibration between the missions (Wi
Wickert et al., 2001; Anthes et al., 2008; Foelsche et al., 2011a; Angerer et al., 2017; Steiner et al., 2020). In addition, theradio
oceultation-method-RO provides all-weather capability—This-, which is a specific advantage in the tropics with large high-
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altitude cloud systems ;-that can limit other observation systems, such as optical sounders. Furthermore, RO data is-are a
high vertical resolution data set, with a resolution of about 100 m to 200 m in the troposphere, to about 500 m in the lower
stratosphere at low to mid-latitudes, and near 1.5 km from the middle stratosphere towards high fatitudes-altitudes (Schwarz
et al., 2017, 2018; Zeng et al., 2019). RO data cover well the eemp}et&ugc)M)msM%cﬂhestratosphere with a core
in the upper troposphere

and lower stratosphere (e.g., Zeng et al., 2019; Steiner et al., 2020), having a horizontal resolution of about 200 km to 300 km

e.g., Kursinski et al., 1997; Foelsche et al., 2011b). Hence it can give additional wind profiling information #a-high-at higher
altitude regions, where other observation-based-observation-based data sets might only cover the troposphere and the-lower

region of high quality

stratosphere (e.g., radiosondes, Ladstidter et al. (2015); Bodeker et al. (2016)).

Traditionally, most RO climate studies concentrate on using the high-quality vertical temperature information (e.g., Li et al.,
2023; Ladstadter et al., 2023). With respect to numerical weather prediction, the RO bending angle and-refractivity-profiles(on
altitude-tevels)-or refractivity profiles are assimilated in forecasting and reanalysis systems (e.g., Kuo et al., 2000; Cardinali
and Healy, 2014; Hersbach et al., 2020). One-aspeetlt is important in this respect, emphasized in Scherllin-Pirscher et al.
(2017), is-hereby-of particular-impertance—RO-measurements-that RO data have the power of vertical geolocation, meaning
they ean—give-provide accurate information on the absolute pesition-altitude of a measured air parcel. Hence, RO provides
virtually independent information on altitude and pressure fields, enabling also to study a-very-an accurate representation of
the mass field driven wind field circulation. So far, only a few studies have analyzed the option of calculating wind fields from
RO geopotential fields ;-on isobaric levels. Scherllin-Pirscher et al. (2014) and Verkhoglyadova et al. (2014) have tested the
geostrophic wind approximation, excluding the tropics completely between +5%-and-+0°-North-and-South; respeetively £15°
latitude. Healy et al. (2020), on the other hand, tested the zonal equatorial balance equation around the equator, studying the
utility of RO data in a 5°-zonal band fer-RO-datain the stratosphere.

In a previous study, Nimac et al. (2023) started-to-analyze-analyzed the geostrophic approximation on a monthly 2.5° x 2.5°
latitude x longitude grid for ERAS5-reanalysis and RO data. It was poss1ble to reproduce the orlgmal windsrather ERAS winds
fairly well, and within the target accuracy of +£2ms™ tati i
speeds; such-as-in-regions-However, in the region of the jet stream, %&QW
target. Furthermore, over large mountain areas (e.g., Himalayan or Anthesregion)-where-the-ageestrophie-contributions-grow
in-importanee—Andes region) larger deviations were found, since the ageostrophic contribution grows in importance in such
the difference between RO and ERAS was noticeably smaller from 2016 onward, coinciding with an ERAS observing system

change. This emphasized the temporal stability of RO data and also points to the high-quality of RO data (Steiner et al., 2020).
In general, the wind speed estimates performed well towards the tropics up to even £5° around the equator-band;-goingfurther

W&%ﬁ%ﬁﬂﬁ%ﬁ%ﬂtﬁeﬁﬁﬁ%ﬂi&iﬁ%%m Within the equator band, the Coriolis force eeﬂvefges—tewafds
approaches zero and the smgularlty starts to dominate.
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also-points-to-the-high-quality-of RO-dataFor this physical reason it is not possible to use the geostrophic approximation to
retrieve wind fields over a narrow band around the equator, leaving a gap in RO wind field computation.
In this study we aim to close the-gap-inRO-wind-field-computation-this gap by deriving RO winds across the equator. While

in the important pre-work of Healy et al. (2020) a stratospheric zonal wind field was derived in a 10° equatorial band, we aim to
compute latitudinal x longitudinal resolved wind fields with RO data. For this purpose we investigate the zonal and-meridional

(u) and meridional (v) wind components, as well as total wind speed (1), based on the equatorial balance equation (Chandra
et al., 1990; Scaife et al., 2000; Holton, 2004). The method and used-data—sets-the data sets used are introduced in Section 2
and Section 3. In a first step, we assess the quality of the approximation, using monthly ERAS reanalysis data (Hersbach et al.,
2020) on a 2.5° x 2.5° latitudextongitude-grid as a reference. Here we compare the original ERAS wind components and wind
speeds to the ones computed from the equatorial balance approximation (Section 4.1). In a second step, we derive the zonal and
meridional wind components, as well as total wind speed, for monthly RO climatologies, analyzing the quality and added value
of RO wind field products over the equatorial band (Section 4.2). Finally, in Section 4.3, we test how the equatorial-balanced
wind speeds bridge the geostrophic wind speeds across the equator, closing the gap in the tropics with RO wind data. Summary

and Conclusions are then given in Section 5.

The overarching goal is to collect the knowledge from the prior (Nimac et al., 2023) and this current study, to produce a
long-term stable global climate RO wind field record, covering the upper troposphere up to the middle stratosphere, at monthl
and meso-scale resolution. In this respect the added value of RO data can play out; its unique combination of high vertical

resolution, accuracy, and long-term stability (=multi- lications are numerous

ear to multi-decadal stability). The possible a

from global climate wind field monitoring up to studies of changes in climate-related wind field dynamics.

2 Method for wind field derivation

In general a wind flow in the free atmosphere can be approximated by geostrophic balance, which equals an exact balance
between Coriolis force and pressure gradient force. Friction can be ignored in the free atmosphere, while ageostrophic contri-
butions become generally of higher relevance in the winter hemisphere, and also above large mountain areas (see e.g., Scaife
et al., 2000; Nimac et al., 2023). When winds are studied at the equator, the geostrophic balance breaks down, due to the
Coriolis force approaching zero, inducing a singularity in the geostrophic approximation. A solution for the wind equation in
the tropics, assuming a steady friction-less flow, is the equatorial balance equation. In this study we calculate wind speeds,
using the geostrophic balance and equatorial balance approximations, with the main focus on the latter one. The derivation of
RO wind fields, based on the geostrophic approximation, has already been thoroughly validated in a prior study (Nimac et al.,
2023). In our analysis we follow the accruracy requirements specified by the World Meteorological Organization (WMO),

see WMO-OSCAR, 2023. A-targetrequirement-for- The WMO provides detailed and differentiated requirements, for different

spatial and temporal resolutions, as well as for different applications (e.g. lications in numerical weather prediction). Since

we focus here on climate-related winds, with a fairly strong spatial and temporal averaging, we use an indicative threshold of
wind speed biases are-hereby-vatues-smaller than 2 ms™!-with-a-maximal-bias-threshold-of =5ms=L. We further note that
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the advantage of RO-based long-term wind records is their unique potential of being temporally stable, which is another WMO
requirement of stability. Considering monthly winds with accuracy within -2 ms~", this is roughly consistent with a decadal
stability of £0.5ms”" per decade, which is the associated WMO-based requirement that we use to evaluate long-term stability
(see Nimac et al., 2023).

The equatorial balance equation: to derive wind fields over the equator, we follow the formulation of Chandra et al.
(1990); Scaife et al. (2000). The equatorial wind data are derived from geopotential ®, given on isobaric levels, resulting in the

following formulation for the zonal and meridional wind components, w.; and v.p, respectively, over the equator:

e o L0271 0P (1)
b= B 0y* BRZ 02’
Lo 09 1
L os

3% 9yox BRZ, 0pdX

2

Veph =

where 3 equals 22/ Rg, with  being the Earth’s angular rotation rate (7.2921 x 10~° rad/s), and Rg is the Earth’s mean

radius ( 6371 km). < i < : np and A being the
latitude and longitude in degrees, respectively. In our analysis, the derivative has been implemented with the ferward-central

finite-difference method. In first numerical evaluations we tested different finite-differencing techniques (centered, forward
backward, and centralized with higher-order). We found that while forward and backward differencing is not recommendable
the central finite-difference method —showed the smallest bias with respect to original wind, and was as a result chosen for the

analysis. For details, please see Appendix A, Fig. Al.
The geostrophic balance equation: to derive wind fields outside the equator region, the geostrophic balance equation is

used (e.g., Scherllin-Pirscher et al., 2014). The wind components are stitl-derived from geopotential ®, given on isobaric levels,

resulting in the following formulation of the geostrophic zonal and meridional wind components, 1, and vg:

1 09

 f(p)Rg 9p
1 o0

f(@)Rgcosp O’
with f(p) = 2Qsinp being the Coriolis parameter,

implementing these derivatives byfhe%efwafd—ﬁfn{&dlffefeﬂe&mmm:mtraﬂmwvv@j@ggg& method.
Wind speed: for both methods we calculated the wind speed as V' = v/u? + v2, where the subscripts in our figures (Sect. 4

2
—~
W
~

Ug

Vg

and Sect. 4.3) will indicate, whether the wind speed was derived from the equatorial balance (eb) or geostrophic (g) wind field
approximation. Furthermore, the original wind speeds from the ERAS reanalysis data have the subscript (0), indicating the
original ERAS wind data.

Validation: we derived the equatorial winds and the geostrophic winds for the complete globe. However, from our prior

analysis we know, that between +5° latitude, the geostrophic approximation breaks down, since it is not the correct physical
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approximation for the wind retrieval (Nimac et al., 2023). In this region the equatorial balanced winds take over. Hence,
we indicate this latitudinal area in all our result figures with a light grey shaded area. Within this area, the validation of the
equatorial balance equation is conducted, aiming to bridge the equatorial gap -when deriving RO wind fields. The bias directly
obtained from the equatorial balance equation is studied as the difference between ERAS balanced (eb) and original (o) wind
speeds, while the systematic difference is studied as the difference between RO and ERAS balanced winds, as summarized in
Table 1:

Bias Definition Lat Range Lon Range
Equatorial-balance bias | ERA5., — ERA5, focus area +5° N/S all
Systematic data bias ROe¢b,g — ERA5p,q | focus area £5° N/S (eb); complete globe (g) | all

Table 1. Definition of the equatorial-balance bias and systematic data bias, as well as anatyzed-our latitudinal and longitudinal ranges-range

of focus in this specific stud

The biases are validated for zonal wind (u), meridional wind (v), as well as wind speed (V). As mentioned above, the target
threshold for data quality is 2 ms™!, with-a-maximal-bias-of +5ms—1in line with WMO requirements WMO-OSCAR,
2023. The threshetds-are-threshold is marked with dashed lines in the result figures.

3 Data sets

Monthly ERAS reanalysis data (Hersbach et al., 2020) and monthly averaged RO OPSv5.6 data (Angerer et al., 2017; Steiner
et al., 2020) from the year 2009 were used. This year was chosen for its high number of RO observations, representing a
good approximation for later years, when the COSMIC-2 mission started (June 2019), which has an especially high number
of observations in the tropics and the mid-latitudes. Fo-timit-the-length-of-the-paperJanuary-January 2009 was chosen as a
representative month fef—%he—ﬁgﬂfe—&ﬂalyﬁswm All other months were studied-as—wel-and-are-partiatly
sanalyzed as well and generally showed no major differences in
behavior, which justifies the representative-month approach for most result discussions. As we also performed the analysis
for the complete year 2009, for both ERAS and RO data, we draw from these results to discuss aspects of seasonal and

3.1 ERAS reanalysis data

The ERAS reanalysis data eombines-includes global 3D wind information and geopotential height, it is therefore the ideal
data set to test the validity of the equatorial balance equation. It is available for a long time period and readily accessible via
download from the Copernicus Climate Data Store (CCDS) (ECMWF-ERAS5monthly). The data are available on 37 levels
from 1000 hPa to 1 hPa, on a 0.25°x0.25° grid. Different grid resolutions were investigated for wind derivation :-to find the
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sensible spatial grid ;-for the equatorial balance approximation. Fig. 1 shows the result for the zonal equatorial balanced wind,
Uep, Where a) shows the result for the zonal wind component, tested for resolutions from 6-5>-1.0° up to 5°, and b) shows the

difference to the original ERAS zonal wind component.
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Figure 1. Influence of different spatial resolutions on the zonal-mean wind component. Panel a) shows the wind component, w5, panel b)

the difference of the calculated wind to the ERAS wind field zonal wind component w,,. The orange dashed line marks the 2ms ! threshold.

The analysis in Fig. 1 illustrates that a grid spacing of 8-5%and-1° is counter productive, as the « component shows large
fluctuations. A grid of 2.5° or 3° results in similar values —Fer-between derived and original wind fields. Furthermore
finer resolutions (temporal and spatial) increases the magnitude of the ageostrophic contributions, which are unbalanced

see, Bonavita, 2023). On the other hand, for a 5° spacing, the loss in resolution is noticeable.

As aresult, we chose a 2.5°x2.5° climatology for all further ERAS wind investigations. The data sets with lower resolutions

were derived from the original 0.25°x0.25° grid, via cosine-weighted binning. The wind component data from the reanalysis
is labeled u,, v,, and V,, corresponding to the eastward-, northward wind component, and the wind speed. A line above the
variable indicates a zonal average, e.g. u,. The wind components derived from the geopotenial via the equatorial balance

equation are referred to as uep, vep, and Vep, or with a subscript g, when we used the geostrophic approximation.

3.2 Radio occultation data

We-usen this study we focus on the potential of RO data to derive monthly meso-scale (2.5 X 2.5) wind products. A finer spatial
resolution is, on the one hand, not recommendable for RO data and this time frame. This would require more dense global
coverage with daily RO events, which is not the available up to now (see also Angerer et al. (2017); Ladstddter et al. (2023)
). On the other hand, as a further physical reason, the geostrophic and equatorial balance will also not hold well at higher

temporal or spatial resolution, leading to larger ageostrophic contributions. We analyze the monthly RO climatologies data
from multi-satellite missions in the year 2009. The RO phase data were derived at UCAR/CDAAC (University Corporation

for Atmospheric Research/COSMIC Data Analysis and Archive Center), while the further processing to geopotential height,
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Z(p), calculated on isobaric surfaces p, was performed using the WEGC Occultation Processing System OPSv5.6 (Angerer

et al., 2017; Steiner et al., 2020). The WEGC OPSvV5.6 retrieval system processes the atmospheric parameters as a function
of altitude or geopotential height, based on the refractivity equation, the equation of state, and the downward integration of

the hydrostatic equation. The physical atmospheric parameters (e.g., physical pressure) are derived using a moist-air retrieval

algorithm, which combines the individual profiles with background information by optimal estimation; see Li et al. (2019)
for details. The conversion to geopotential ®(p) is defined as ®(p) = Z(p) - go, where gy =+9.80665 m/s?, being the global
standard gravity at mean sea level. In the year 2009, data is available from the following missions: Satélite de Aplicaciones
Cientificas (SAC-C) (e.g., Hajj et al., 2004), Gravity Recovery And Climate Experiment (GRACE-A) (e.g., Beyerle et al.,
2005), Formosa Satellite Mission 3/Constellation Observing System for Meteorology, Ionosphere, and Climate (Formosat-
3/COSMIC) (e.g., Anthes et al., 2008), and from the Meteorological Operational Satellite (MetOp-A) (e.g., Luntama et al.,
2008). The year 2009 was chosen as a representative data set to analyze the wind dynamics within a full year, having at
the same time the advantage of a rather high occultation statistics, due to the fully available six-satellite constellation of the
Formosat-3/COSMIC mission (Angerer et al., 2017).

The monthly climatologies were produced on a 2.5° x 2.5° grid, using a Gaussian-600 km radius which corresponds to

the distance from the erid point, defined as the center location of the area of influence, within which the profiles contribute
to the erid point mean. In performing the averaging, the profiles are weighted according to their distance from this center
location with a bivariate (latitude-longitudeweighting;-within-aradius-of-606-dm=) gaussian function which peaks at the center

and features a standard deviation of 150 km along latitude and 300 km along longitude, respectively. Details are given in the
resentation by Ladstidter (2022). The geopotential climatologies ®(p) are available from 1000 hPa to 5 hPa, on 147 levels.

The geopotential was further binned to a 5° x 5° grid, using a cosine weighted binning. From this larger bins, the equatorial
balanced winds were calculated

Gaussian smoothing with a 5° longitudinal smoothing window improved the results. This smoothing was therefore applied to
the equatorial-balance wind fields derived from RO data. The larger binning was performed to avoid small fluctuations in the

ing. Tests revealed that a

wind data, which required larger climatologies. Regarding geostrophic winds, the 2.5° x 2.5° grid could be maintained. The
most prominent difference in the computation between equatorial and geostrophic winds is that the former requires a double
derivative, while the latter requires a single derivative. Hence, small fluctuations in the data are enhanced for the equatorial
balance equation, which makes the derivation of winds a bigger challenge. However, we emphasize at this point, that due to
the COSMIC-2 mission (start in June 2019), which provides a higher sampling in the tropics, the potential of finer resolutions
is given (Schreiner et al., 2020; Ho et al., 2020).

For the comparison between calculated ERAS5 and RO wind, an interpolated ERAS reanalysis data set with 364 levels from
1000 hPa to 10 hPa was used. Since RO data were binned to a 5°x5° grid (see Sect. 3.2, to have a sufficient number of
observations per grid cell), the ERAS data set was also transferred to a 5°x5° grid, using cosine weighted binning. For this

specific data set the prefix ERA is used.
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4 Results and discussion

To validate the equatorial balance equation, the zonal and meridional wind components, and wind speed were calculated
according to the equations introduced in Sect. 2. We analyze the bias from the equatorial balance equation in Sect. 4.1. The
systematic bias between the observation-based RO data set and the reanalysis data set, is investigated in Sect. 4.2. Hereby,

the potential of RO wind products over the equatorial region is tested. The results on closing the gap across the equator

are discussed in Sect. 4.3. Furthermore, all vertically-resolved plots are shown down to 800 hPa, since our focus is the free
atmosphere, excluding the atmospheric boundary layer and hence frictional force.

4.1 ERAS5 wind validation

To test the quality of the equatorial balance equation, both wind components individually, and the aceumutated-total wind speed

are compared to the original wind field in ERAS. Fig. 2 shows the original wind and the ealeutated-wind component/wind speed
calculated with the equatorial balance equation, as well as the respective difference for January ;-2009. For-thezonally-averaged

The analysis was performed in 20° meridional bands. We find that the zonal wind component Hf—m—aﬂd—\aﬁﬁd—%peed—‘w

h)—Fig-—2-€)shows-shows maximum magnitudes larger than —30 ms~! around 8 hPa, and up to 10 ms~! between 50 hPa to

30 hPa for both, original and derived, zonal wind (Fig. 2a and 2b).
The analysis of the difference between z

fhfeshe}def—_%%rﬁs——%wafd&}eweﬁpfesstﬂe&com uted and original ERAS fields illustrates generally a good agreement

within +2ms~" in the app

average stratosphere, reaching 5 ms”! when the absolute magnitudes reach maximum values; i.e., around 8 hPa and between
50hPa to 30 hPa, respectively. Furthermore, the analysis shows that the different longitude bands coincide in the stratosphere.
Also in the middle to upper troposphere, the difference between the derived winds and the original winds is predominantly
within the threshold, however, the individual longitude bands do not coincide anymore (pressures higher than the 100 hPa_
level).

In Fig, 2, middle row, we show the meridional wind component, where the magnitudes of the wind speed are much smaller.
We show here the results of the meridional wind component for all longitude bands. In further analysis we will only present
results based on one exemplary longitude band around the prime meric i idi ifrd-bi

eral(Greenwich)

meridian (-10° to 10° longitude), keeping notice that we had studied the other sectors as well, which qualitatively showed

. 2d and 2e). Second, the
meridional wind is much smaller than the zonal wind (close to zero compared to the zonal wind). Third, even the bias in

similar behavior. First of all the meridional wind is very small in the tropical stratosphere (see Fi
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the zonal component is larger than the meridional component itself, and finally, since the meridional wind is very small it
cannot be well represented by the equatorial balance equation. In the troposphere, the meridional eempenentisnotreproduced

ortcommes—o mertdional-equatortal-approximation; wind-speed b produced—-when—ustng

=yt sing Vo ~-freerf:wind speed increases to values around £4 ms ™. The difference fluctuates within the
£2ms " threshold, also in the tropical troposphere. This result hints to an added value of the meridional wind component in
the troposphere, while in the stratosphere the wind is governed by the zonal component.

Finally, we study the total wind speed (V,;, Fi
has an added value for the total wind speed (V= v/u? § v?), since its magnitude is close to zero in the stratosphere. In this first
analysis we included the meridional wind component in the computation of wind speed, finding that it was possible to derive
the wind fields close to the original wind speed (Fig. 2¢ and 2h), and within our defined threshold (Fig. 2h), from the middle
troposphere up to the stratosphere.

. 2 bottom row). To this end the question is, if the meridional wind component

“To better understand the potential
added value of the meridional wind component in total wind speed. we study in Fig. 3 the impact of the v component on the
final product in more detail. We show a vertical-latitudinal cross section and approximate the total wind speed by only using the
zonal wind component (first column), compared to including both components for the wind speed estimate (second column).
We study the absolute (top row) and relative (bottom row) difference to the original ERAS data. In the absolute difference,
i ind—two estimates of wind speed show very similar results in the
stratosphere. This is because the meridional component is close to zero in magnitude, having only a negligible impact on the
total wind speed.

The situation changes in the troposphere at pressures higher than the 100 hPa level. The wind speed clearly improves when

ERAS-data- component for the estimate of wind speed (cf. Fig. 3a to Fig. 3b). The differences between derived and calculated

wind speed are mainly within the target threshold of =2 ms—! when including the meridional wind. Also the relative difference

bottom row) illustrates this clear improvement in the total wind data, when comparing Fig. 3¢ to Fig. 3d. This result indicates

that the calculation of total wind speed benefits from including the meridional wind component in the troposphere, while in the
stratosphere the close-to-zero meridional wind brings in no added value.
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In-a-final-analysis-in-this-seetion-Furthermore, we investigate the bias resulting from the equatorial balance approximation
for the complete year 2009 (Fig. 4). Ourfoeus-ties-We show these results on the three representative levels, 200 hPa, 50 hPa
and 10 hPa, relatingroughty-to-the-tropopauserepresenting the tropical upper troposphere, lower stratosphere and middle

stratosphereNimac-et-al;2023)—Feor-all-seasons, respectively. Across all seasons, the equatorial balance approximation isless
aceurate-forlower-pressuresshows best results at lower altitudes. For the lower stratosphere, the region below the maximusm-bias

threshold shifts away from the equator with the seasons, with an offset in the direction of the winter hemisphere. For 10 hPa,

the middle stratosphere, the approximation is least accurate during northern hemisphere summer months. When-averagingfrom

4.2 RO wind validation

In this section we investigate the systematic data bias between RO and ERAS reanalysis-data—Fer-derived wind fields. To

remind the reader, we use a two-step approach to assess the potential of using the equatorial-balance equation for RO wind
field derivation across the equator (see also Table 1). In a first step, we decomposed the analysis into the bias originating from
the approximation itself (first step, only ERAS, Section 4.1). In a second step, we now assess the systematic bias between

Uep, RO v and RO V,, the spatial patterns look very similar to the wind fields calculated with ERAS data, see Fig. 5 top to
bottom row, respectively. Between 30 hPa and 10 hPa the bias between the two data sets and for the zonal wind (up, top row)
lies between +2ms~! and 5 ms ™!, increasing towards higher altitudes and exceeding the maximum threshold (Figure 5c).
A possible reason could be, that the impact of the residual ionospheric error, as well as measurement noise increase towards

higher altitudes for RO data (e.g., Danzer et al., 2013, 2018; Liu et al., 2020). With the exception of this region and the boundary

layer, the target threshold of +2ms~! is rarely exceeded-, and the wind speed differences are very small between the two
data sets. When studying the differences between the two data sets for meridional wind and wind speed (Figure 5f and 5i), the
results look ve romising, and differences are also well within £2ms~! in the core region of RO data, which is the upper

troposphere and lower stratosphere (roughly from 8 km to 35 km).
Nimac et al. (2023) found that the bias between RO V,, and ERA V; decreased after 2016, when ERAS5 undertook a major

observing system change. It is reasonable to assume that similar behavior could be observed for RO V,;, and ERA V. We

farthernote-that-withrespeetto-RO-data-the-As the number of RO satellite missions in operation changes, there are fluctuations
in the number of available RO profiles to aggregate for a given time period. The years 2008 and 2009 show a really-high
i isti i Cavai isstonshigh number of daily occultations (roughly 2500 to 3000 events). In the

years 2011 and 2012 there is a significant drop in the available-oceultations{(Angereretals20+7daily available occultations
rougly 1500 events), see Angerer et al. (2017). In those years we have no further data from the F3C-FM3 satellite, and also the

SAC-C mission ended. However, with the launch of the COSMIC-2 mission in 2019, which is specifically designed for a high

coverage in the tropics up to the mid-latitudes (Schreiner et al., 2020; Ho et al., 2020), the accuracy of RO data in the equatorial
region will further increase. This possibly also allows to use a —2-5°%2-5>2.5° x 2.5° wind field grid in future studies.
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In a final analysis we investigate the seasonal development of the systematic data-bias-in-wind-speed-(first row) and total
wind speed bias (second and third row) for the complete year 2009 (see Fig. 6). Fhere-With respect to the systematic data
bias (first row) between RO (RO V,;,) and ERAS (ERA V,;) there is little to no deviation ef ROVofromERAVfor-the

tropopatse—(200-hPaj)-and-from the upper troposphere (200 hPa) to the lower stratosphere (56-hPa50 hPa) all year. At-the
+6-hPa-Only at the 10 hPa level we observe somewhat larger deviations, most notable in the northern hemisphere summer

months. The numbers of RO profiles accumulated to generate the monthly RO data set dropped by around 33% in June 2009
compared to other months in the same year. This possibly decreases the data quality and therefore we observe an increase in
the systematic data bias (e.g., Scherllin-Pirscher et al., 2011; Schwarz et al., 2017). The bias is within 2 ms~ ! and £5ms~1,
indicating that towards high altitudes the wind speed retrieval over the tropics gets more challenging. We still see a potential
for improvements in the ongoing workfer-, by correcting residual biases of RO data in the upper stratosphere (Danzer et al.,

2021; Liu et al., 2020).

The second and third row of Fig. 6 examines the difference between RO computed winds relative to the original ERAS
winds. The second row only uses the zonal wind component for the estimate of the total wind speed, while in third row both
the zonal and meridional components are included. When comparing the two rows, the figure illustrates a clear benefit for wind
speed when including the meridional wind (third row). The geographical band we are focusing on is between £5° latitude
(light shaded grey area). Within this area the bias clearly decreases between RO and ERAS wind speed, at the 200 hPa and
50 hPa levels. At the 10 hPa level the pattern is similar between the second and third row, illustrating the decreasing influence
of the meridional wind component, see also the discussion in Sect. 4.1.

Summarizing the results of the current and previous section, meso-scale climate wind field derivation was possible across
the equator using RO data, when focusing on its core vertical region of high quality and resolution. Furthermore, we found
that the wind speed benefits from the meridional wind component in the troposphere, while in the stratosphere it decreasingly.
becomes negligible.

4.3 Closing the equatorial gap

In this final results seetionrsection, we aim to bridge the wind field gap over the equator +-to complete with a wind field
product over the complete globe. For this reason, we have once more a closer look at the zonal and meridional wind, as well
as wind speed, at the three respective pressure levels 10 hPa, 50 hPa, and 200 hPa (first to third row, Fig. 7). In Fig. 7 we
compare the computed winds, i.e., equatorial balance (eb) and geostrophic balance (g) RO and ERAS5 winds, to original (o)
ERAS winds (black solid line). We analyze how the equatorial balance and geostrophic balance approximations bridge over the
equator, thereby finding some interesting results. We observe that the zonal geostropic wind () actually does not break down
between £5°, neither for RO or ERAS computed winds. The results for %, are actually closer to the original wind (black line,
Fig. 7a, d, and g), than the computed zonal equatorial balanced winds (u¢p, RO and ERAS). The component that-actually-drives
the-geostrophie-break-down-primarily responsible for the increase of the geostrophic bias over the equator is the meridional
wind component (vy), showing the largest differences with respect to the original ERAS meridional component (v,) at 10

hPa, decreasing towards 200 hPa (Fig. 7b, e, and h). Here, the equatorial balance solution (vep, RO and ERAS) clearly better
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reproduces the ERA5 meridional winds, having the smallest bias at 200 hPa, with an increasing bias towards 10 hPa. Since
the geostrophic meridional wind drives the equatorial breakdown (vg), as a result, also the geostrophic wind speed (V) shows
larger biases over the equator, while the equatorial wind speed (V;) is a better fit between £5° (Fig. 7c, f, and i).

Finally, we use our knowledge from the prior analysis to compute a complete global wind field data set, using RO data.
In Fig. 8 we show the result based on the four seasonal representative months; January, April, July, and October. The wind
fields are illustrated as a vertical cross section from 1000 hPa to 10 hPa, dependent on latitude. The Lh.s. of this plot (Fig. 8a,
b, ¢, d) shows the bias between the computed RO wind fields, relative to ERAS computed wind fields. Between £5° we use
the equatorial balance equation for the calculation of the wind speed (V;), while outside this latitude band the geostrophic
balance approximation is applied (V). We find that the bias between the two data sets is very low, with differences dominantly
less than 2 ms~!. In the equatorial latitude band we find small exceedances in the lower troposphere, while the upper tropo-
sphere and lower stratosphere (UTLS ) are very close to ERAS. This feature clearly relates to the core region of high-quality
high-quality RO data, which is in the U —Heweverinthe Jower-tropesphere;-the larger-influence-of- moisture eads—toa

data-preduetupper troposphere and lower stratosphere. With decreasing altitude and therefore increasing moisture content, the
., Lietal., 2019). The RO information

dominates between about 8 km to 35 km in the tropics (e.g., Scherllin-Pirscher et al., 2011).

As a final comparison, we show on the r.h.s. of Fig. 8e, f, g, h, the respective RO wind fields relative to the original ERAS

retrieval of atmospheric parameters relies increasingly on backeround information (e.

wind data. We can conclude that the quality of the wind fields is especially above 500 hPa very good, and mostly within the
required +-2 ms~1. Outside this latitude band we apply the geostrophic approximation, and find also a high wind speed quality.
Exceptions are the stratospheric polar jet stream and the sub-tropical jet stream, where larger deviations are found. However,

this was not part of this specific analysis. More information can be found in Nimac et al. (2023).

5 Summary and Conclusions

In this study we investigated the potential of radio occultation data-fer(RO) data for climate-oriented wind field monitoring in
the tropics, with a specific focus on the equatorial area-between-band within £5° latitude. We analyzed the equatorial balance
equation within this tatitade-band and computed wind-fields-on-RO wind fields at a 5° x 5° resolution. In a wider range over the
tropics, we computed the RO wind fields, using the geostrophic approximation, on a higherreselved-higher-resolved 2.5° x 2.5°
grid. We also calculated the winds using ERAS data, applying the same physical equations and resolutions for the comparison
analysis - (basic ERAS resolution 2.5° x 2.5°).

In a first step, we analyzed the bias solely resulting from the equatorial balance approximation, by studying the difference
between ERAS-computed-winds-and-original-computed winds from ERAS geopotential and original ERAS winds. In a second
step, we compared the RO-computed-winds-to-balance-derived approximate RO winds to the approximative ERAS eomptted
winds—Finatly—we-winds. This two-step approach allowed to separately study the bias resulting from the approximation
itself, and the systematic bias between the two data sets. We also analyzed how the geostrophic and egquatorial-balanced
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equatorial-balanced zonal winds, meridional winds, and wind speeds bridge tewatrds-across the equator, to understand which
wind component drives the geostrophic breakdown over the equator.

The results showed that we sueeesstully—eould-could successfully apply the equatorial balance equation for the RO wind

field computation across the equator. A-resetution-of-For the v component this was already examined by Healy et al. (2020)
in a zonal analysis. In our study we were able to resolve the zonal wind by a 5° x 5% was-pessible-to-obtainfor-the zonat
and-meridional-wind-eomponentslatitude x longitude grid. Furthermore, we included in this analysis the meridional wind
component, as well as total wind speed, applying the same grid resolution. However, espeeiatty-the meridional wind component
was st iel ' i &%&%WW@L&%

51 : = in the troposphere, while
in the stratosphere its contribution is negligible. Hence, a wind flow with small magnitudes and also changes in the direction

of magnitude smaller than the zonal wind s

of the flow (changing sign) is challenging to reproduce.

Nevertheless, the analysis clearly showed that calculating both, the zonal and meridional wind components, resulted in a

higher quality of the-total wind speed in the troposphere. In the stratosphere, total wind speed fields()is governed by the
zonal component and no added value furnished by the meridional component. The biases were mostly within the target quality
threshold of +2ms™!, decreasing a bit in quality upward towards the 10 hPa level. At-that-pointIn this respect we emphasize
that the COSMIC-2 mission (Schreiner et al., 2020; Ho et al., 2020), with a-high-eceultation-statisties-dense RO event coverage
in the tropics, will improve-future-substantially improve RO wind fields in this area. Furthermore, the potential exists to-go-to

A-partieutarty-interesting-Another important result was found when analyzing the individual wind components (u and v)

and total wind speed (1), for geostrophic (g), equatorial-balanced-equatorial-balanced (eb), and original (o) winds, comparing
RO and ERAS data. We found that the dominant wind component, which drives the geostrophic breakdown, is the meridional

wind, while the zonal geostrophic wind works very-wel-also-over-well also across the equator. The geostrophic zonal wind (u,)
performed even a bit better in quality than the equatorial zonal wind (u.p). Nevertheless, the equatorial balance approximation
works as a robust solution of the wind equation just ever-the-latitade-band—=5>within the equatorial £5° band. Outside this
latitude-bandit-isnot-the-correct-solution-band, it is no longer a valid approximation and hence breaks down. We tested also
combinations of the total wind speed in this region, as a vector sum of zonal geostrophic wind and meridional equatorial wind
in a specific altitude range. The results were quite satisfactory as well (not shown)—Fe-find-a-, but to explore in detail a most
suitable combined wind eenstruetion-is-field construction needs to be part of a future study.

To summarize, we find-the-results-encouraging-sinee-we-see-found encouraging results in that we revealed that RO data do
indeed have the potential of long-term wind field monitoring over the complete globe, introdueing-including across the equator.
A meso-scale climate resolution of 5° x 5° latitude x longitude was possible to be demonstrated for the RO data in this specific
region, for the zonal and meridional wind component, with clear added value from RO data due to their accuracy and high
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Data availability. All computed wind field data for the year 2009 can be found under WEGC-cloud. The folder contains the following three
files: (i) the wind field calculated from the WEGC Occultation Processing System OPSv5.6 RO data, (ii) the wind field calculated from
ERAS reanalysis data and further interpolated at the WEGC, and (iii) the wind field calculated from the download from the Copernicus Data
store. The original RO OPSv5.6 data are available under WEGC-OPSv5.6

Appendix A

We tested different finite-differencing techniques (centered, forward, backward, and centralized with higher-order). We found

that while forward and backward differencing is not recommendable (for truncation errors being of order O (h)), centralized

and higher-order centralized methods show very similar results when using ERAS data on a 2.5° x 2.5° grid.
The standard central (Eq. A1) and higher-order central (Eq. A2) finite difference methods for the second-derivative (curvature)
operator -2 . on a function f(z), with  being the step size of the numerical erid, were used in our study through the followin

*f(x) _ flath)—2f(z)+flz—h)

2
. ¢ & TOw "
8282(;) - —f(x+2h)+16f(x+h)—?;(;{ng)+16f($*h)*f(l'*Qh)+O(h4)' (A2)

bias based on ERAS data (balance-derived versus original) while the right column shows the impact of the bias based on
RO data (balance-derived versus original). We inspect the two relevant bias types, (i) a zonal mean (Vi — Vo) between
derived wind field and original ERAS5 wind, and (ii) the local bias within single grid cells, taking the zonal mean afterwards
(Ven Vo).

rid points (|Vrp — Vo) is slightly smaller when using the standard central method, while the zonal mean bias improves a bit

with the higher-order method. These biases are amplified when using the RO data available on a 5° x 5° grid (right column).

Here the difference in the local bias is found larger, with the standard central method outperforming the higher-order method.
This larger local bias of the higher-order 5-point method (Eq. A2) compared to the standard 3-point method (Eq. A1) is likely.
caused by the fairly large latitudinal range of the former across the central grid point, spanning across four 5° steps.

For the zonal-mean bias, again the higher-order method performs somewhat better, with the quality depending on altitude
level and month. Overall, since the equatorial balance approximation is, strictly speaking, only fully valid at the equator, the
approximation error from including data points outside of the £5° equator band is considered larger than the gain from applying.
the higher-order method. For this reason, the standard centered differencing method was finally chosen as the primary method
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Figure 2. Panels a), d) and g) show the u, v and V' component of the original ERAS data (first column). Panels b), €) and h) show the wind
components calculated with the equatorial balance approximation (second column). The bettom-row-last column illustrates the difference
between the eatentated—values-derived and the original wind data from ERAS. Nete-that-+-The wind components and ¥~wind speed are
plotted-as-studied for 20° meridional bands and a zenal-average~while-the+-compenentisshown-as-the-mean-of the tongi

t0+0°45° latitudinal averaging.
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Figure 3. Absolute (first row) and relative difference (second row) between derived and original ERAS zonal-mean total wind speed, shown

as a vertical-latitudinal cross sections. First column uses only the zonal-mean component as an approximation for wind speed, while the

second column includes the zonal and meridional component to estimate the total wind speed.
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Figure 5. Panels a), d) and g) show the u, v and V' components calculated with the equatorial balance approximation for ERAS data, while
panels b), e) and h) show the the same using RO data. The bottom row illustrates the difference between the values calculated between RO

data and ERA5 data. Note that u and V" are plotted as a zonal average, while the v component is shown as-exemplary for the mean-of-the
longitude sector —10° to 10°.
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Figure 6. Temporal-Seasonal development of the systematic data bias (first row) between RO and ERAS data, studied for the year 2609:2009

on three representative pressure levels. Second and third row illustrate the seasonal development of the zonal-mean total wind speed bias

using for the former only the zonal component as an approximation for wind speed, while the latter includes the zonal and meridional

component in the estimate.
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Figure 7. Detailed analysis of zonal wind (u, first column), meridional wind (v, second column), and wind speed (V/, third column), at
the three pressure levels 10 hPa, 50 hPa, and 200 hPa (first to third row). Results are shown for the original (o), equatorial-balanced (eb),
geostrophic (g) ERAS data and RO data (eb, g). w and V' are plotted as the zonal mean, while the v component is calculated as a mean from

the longitudinal sector —10° to 10°.
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Figure 8. Zonal-mean wind-speed-systematic data bias, panels a) to d), and zonal-mean wind speed approximation-bias, panels e) to h). To

construct the RO and ERA wind fields, the equatorial balance equation is used inside the equatorial band (ILat.| < 5, while outside this region

the geostrophic balance approximation is used.
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Figure Al. Figure illustrating the bias resulting from using two different finite difference methods, i.e., comparing standard centralized and

higher-order centralized differencing. To show different relevant aspects of averaging, the bias is computed as the zonal-mean bias between
balance-derived RO or ERA5 wind field and original ERAS wind field (Veg — Vo), and also as the local bias within individual grid cells,

taking afterwards the zonal mean (|Vgp — Vo|). Panels a, b and ¢ show the bias for ERAS data, while d, e, and f show the bias for RO data.
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