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ABSTRACT

Understanding the bias and uncertainty between radio occultation (RO) retriev-
als and radiosonde observations (RAOBs) impacts climate studies and numerical
weather predictions. In this study, the temperature and humidity data independently
retrieved by University Corporation for Atmospheric Research (UCAR) and NOAA
Center for Satellite Applications and Research (STAR) from COSMIC-2 RO data
are compared with in-situ Vaisala RS41 and RS92 RAOB data. Collocated 7-month
of COSMIC-2 RO and RS41/RS92 RAOB data are analyzed to investigate the
height and day-night dependence of temperature and humidity biases. It is found
that UCAR and NOAA/STAR COSMIC-2 temperature retrievals are consistent
above 12.5 km. There are warm biases in RS92 data compared to RS41 data over
the height region above 17.8 km, mainly due to the warm daytime bias in RS92 data.
The main temperature difference between UCAR and NOAA/STAR retrievals is
~0.1-0.2K over 8 - 11 km, due to differences in the variational retrieval algorithms.
Over 8 - 11 km, the relative temperature difference between COSMIC-2 retrievals
and RS41/RS92 RAOBs are more significant than other heights. The UCAR and
NOAA/STAR COSMIC-2 humidity retrievals generally consist in the troposphere,
especially above 4.8 km. There are systematic wet biases below 4.2 km in the RO re-
trievals relative to RAOB humidity data. The COSMIC-2 retrieval and RS92 RAOB
comparison show a clear day-night humidity bias difference below 4.2 km due to
slight dry biases in the daytime RS92 data. The RO versus RAOB comparison helps
quantify the temperature and humidity biases among different radiosonde sensor
types and different RO retrieval algorithms.

1. INTRODUCTION

Long-term consistent atmospheric temperature climate
data records (CDRs) with accurate uncertainty estimates
are critical for detecting climate changes and understand-
ing their feedbacks in the troposphere and stratosphere (Se-
idel et al. 2009; Thorne et al. 2011). Water vapor is one
of the most important greenhouse gases in the atmosphere
(Solomon et al. 2007). The trapping effect of water vapor in
the air plays a crucial role in climate change (Forster et al.
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2007). Accurate and consistent water vapor measurements
in the troposphere are essential for studying water vapor
feedback on clouds and hydrological cycles, which are still
among the most significant uncertainties in understanding
climate change (Solomon et al. 2007). Radiosonde observa-
tions (RAOBs) have provided long-term in situ operational
measurements of global atmospheric pressure, temperature,
humidity, and wind in the troposphere and lower strato-
sphere for decades, making RAOBs the backbone observa-
tion system for both numerical weather prediction (NWP)
and climate monitoring.

RAOB temperature measurements have been used to
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construct long-term CDRs and moisture climatology (e.g.,
Haimberger et al. 2008; Sherwood et al. 2008; Seidel et al.
2009; Haimberger and Andrae 2011; Thorne et al. 2011).
However, the quality of radiosonde temperature and mois-
ture measurement varies for different sensor types, heights,
and changes in environmental conditions primarily due to
the influence of solar and infrared radiation on the therm-
istor (e.g., Gaffen 1994; Luers and Eskridge 1995, 1998;
Luers 1997; Haimberger et al. 2008; Sun et al. 2013). To
correct the RAOB solar/infrared radiation errors, the manu-
facturers introduced radiation correction tables for specific
radiosonde types. Also, various statistical, laboratory, or
physical-based correction schemes have been developed to
correct known RAOB temperatures and humidity observa-
tional errors for the individual types of radiosondes (Leiterer
et al. 1997; Wang et al. 2002; Turner et al. 2003; Andrae et
al. 2004; Haimberger 2007; Vomel et al. 2007; Haimberger
et al. 2008).

However, due to a lack of benchmark temperature and
humidity references, it is difficult to quantify the remaining
radiation temperature biases and possible geographically
and temporally dependent errors even after applying cor-
rections (e.g., Gaffen 1994; Haimberger et al. 2008; Ho et
al.2010a; Sun et al. 2013). Therefore, the significant uncer-
tainties among long-term temperature CDRs and moisture
climatology constructed from satellite and in situ radio-
sonde measurements are still among the most challenging
issues for climate change research.

All-weather temperature and water vapor profiles can
be obtained from Global Positioning System (GPS) radio
occultation (RO) data (Anthes et al. 2000; Kursinski and
Hajj 2001; Ho et al. 2009a, b, 2010b). Because the quality
of RO data does not change during the day or night and is
not affected by clouds (Anthes et al. 2008; Ho et al. 2020a),
the RO temperature and water vapor profiles co-located
with RAOBs are useful for identifying the variation of tem-
perature and humidity biases over time. In the past, atmo-
spheric variables such as temperature and humidity profiles
retrieved from Constellation Observing System for Me-
teorology, Ionosphere, and Climate and Formosa Satellite
Mission 3 (hereafter COSMIC-1) and METOP GRAS have
been used as references to identify RAOB sensor-dependent
biases. For example, He et al. (2009), Sun et al. (2010,2013,
2019), and Ho et al. (2020a, b) used RO temperature data in
the lower stratosphere to quantify the temperature biases for
several RAOB sensor types. Ho et al. (2010a) demonstrated
that RO-derived water vapor profiles could be used to distin-
guish systematic biases among humidity sensors of RAOB.

As the follow-on mission of the COSMIC-1 mission,
the COSMIC-2/FORMOSAT-7 constellation with six satel-
lites was successfully launched into a 24-degree inclination
low Earth orbit on 25 June 2019. COSMIC-2 is an interna-
tional and inter-agency RO mission with the program par-
ticipants from NOAA (National Oceanic and Atmospheric

Administration), U.S. Air Force (USAF), Taiwan’s Nation-
al Space Organization (NSPO), and the University Corpora-
tion for Atmospheric Research (UCAR). The UCAR COS-
MIC Data Archive Center (CDAAC) is the COSMIC-2 data
processing center (DPC). The NOAA National Environ-
mental Satellite, Data, and Information Service (NESDIS)
Center for Satellite Applications and Research (STAR)
provides validation and quality monitoring of COSMIC-2
data. NOAA/STAR also processes COSMIC-2 data inde-
pendently through post-processing to evaluate the impact of
different implementations of processing algorithms on the
RO data quality (Ho et al. 2020b).

Each of the six satellites in the COSMIC-2 constella-
tion has the primary Tri-GNSS Radio-occultation System
(TGRS) payload for RO measurements. The TGRS was
designed with a steering beam-phase array antenna and ad-
vanced receiver to receive navigation signals from multiple
Global Navigation Satellite System (GNSS) satellites such
as the US Global Positioning System (GPS), the European
Galileo system, and the Russian GLONASS (GLObal NAv-
igation Satellite System). Such a design enhances RO signal
quality with a higher Signal-to-Noise Ratio (SNR) and deep-
er penetration depth, increasing the number of successful
RO retrievals, especially in the lower tropical troposphere
(Cao et al. 2020; Ho et al. 2020b; Schreiner et al. 2020;
Chen et al. 2021a, b; Shao et al. 2021). COSMIC-2 occulta-
tions mainly distribute from 45°N and 45°S. COSMIC-2 is
the first RO sensor that provides routine GLONASS GNSS-
RO measurements for operational NWP applications. It
routinely offers atmospheric and ionospheric data to daily
near-real-time weather forecasts, climate studies, and space
weather applications.

While the time delays and carrier phases derived from
the GNSS RO satellite remote sensing measurements are
traceable to the international standard of units (SI trace-
ability), the derived temperature and humidity profiles can
vary with different processing modules. These RO-retrieved
temperature and humidity profiles are often used to evalu-
ate the quality of other atmospheric measurements such as
RAOB (Ho et al. 2010a, b, 2017, 2020a; Sun et al. 2013,
2019), microwave (Ho et al. 2009b), and infrared sounding
measurements (Ho and Peng 2019; Xue et al. 2019). To re-
trieve temperature and moisture profiles in the troposphere
and lower stratosphere from RO data, variational algorithms
are used to invert the RO refractivity profiles (Ho et al.
2022). To process COSMIC-2 RO data, UCAR and NOAA/
STAR have independently developed one-dimensional vari-
ational (1IDVAR) retrieval algorithms to convert the COS-
MIC-2 refractivity into vertical temperature and moisture
profiles (wet profiles). In particular, the IDVAR retrieval
of two variables, e.g., the humidity and temperature in the
troposphere, from a single quantity such as refractivity is
an under-determined inversion problem. The a priori atmo-
spheric model needs to decouple moisture and temperature
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information from the refractivity profiles. Therefore, the
differences in the setup of background error covariance to
characterize the monthly variability of atmospheric tem-
perature and humidity profiles, the setup of observation er-
ror covariance of measurement noise, a priori (first guess)
model, and the relative constraints applied to the allowable
deviation from the observation and correspondence to the a
priori in the IDVAR retrieval can affect the accuracy and
the uncertainty of retrieval products at different heights.
Therefore, it is crucial to understand and evaluate the con-
sistency and difference of COSMIC-2 temperature and hu-
midity data processed by different retrieval algorithms such
as those from UCAR and NOAA/STAR.

With up to 5000 RO profiles of high vertical resolution
and uniformly distributed in time and space within 30°N to
30°S (Ho et al. 2020b), COSMIC-2 provides a unique op-
portunity to compare RO-retrieved mid to low latitude tem-
perature and water vapor data with RAOB measurements
in the tropical and sub-tropical regions. In the upper tro-
posphere and lower stratosphere regions, although moisture
exists, the contribution of moisture to refractivity measure-
ment is minimal. Therefore, the focus of the comparison is
on the temperature between COSMIC-2 and RS41/RS92
RAOB over the height region above 8 km. In the tropo-
sphere, humidity changes rapidly as approaches the surface,
and humidity contributes more to refractivity measurements
than the temperature. Due to the under-determined nature of
retrieving two variables (temperature and humidity) from
one observable, such as refractivity in the IDVAR retrieval,
RO retrievals’ humidity and temperature are coupled. The
temperature retrievals can be affected more by the a priori
model than the humidity in the lower troposphere in the
IDVAR. Therefore, this study quantifies the humidity bi-
ases and uncertainties over the height region below 8.4 km.

The focus of this research is on the relative inter-consis-
tency among RAOB measurements and COSMIC-2 retriev-
als. Instead of assuming that either RO or RAOB is the truth
over all heights for both temperature and humidity products,
we point out that such consistency varies over height regions
and day or night time conditions. Therefore, the objective of
this study is two-fold. First, we will use temperature and hu-
midity data derived from the COSMIC-2 to characterize and
compare the variability of temperature biases in the upper
troposphere and lower stratosphere and humidity biases in
the troposphere with different types of radiosonde sensors,
namely, Vaisala RS41 and RS92. Vaisala RS92 was a pri-
mary radiosonde type in the global operational upper-air net-
work over two decades (Bodeker et al. 2016). Starting in late
2013, RS92 was gradually replaced by Vaisala RS41. Vais-
ala RS41 is expected to provide a more accurate measure-
ment of atmospheric temperature, humidity with improved
precision. Both RS92 and RS41 radiosondes provided the
backbone temperature and moisture measurements for NWP
and satellite-based sounding senor validation. COSMIC-2

RO data also offer a unique opportunity to serve as a ref-
erence to characterize and understand the height and solar
zenith angle (SZA)-dependence of biases and uncertainties
of Vaisala RS41 and RS92 radiosonde measurements.

Secondly, we will also use in-situ RAOB sensor mea-
surements to examine COSMIC-2 neutral atmospheric pro-
files’ quality. Ho et al. (2009a) have quantified the quality
of RS92 using COSMIC data. The temperature difference
between RS92 and COSMIC in the lower stratosphere is
within +/-0.1 K. The consistent RAOB measurements over
a certain height and SZA range can serve as references to
determine the height and SZA-dependence of the consis-
tency and difference between UCAR and NOAA/STAR
COSMIC-2 wet profile retrievals. We will assess the ac-
curacy and uncertainty of COSMIC-2 temperature in the
upper troposphere and lower stratosphere and moisture in
the troposphere.

In the following sections, the COSMIC-2 wet profile
datasets and RAOB datasets used in this study are described
in sections 2.1 and 2.2, respectively. Section 2.3 presents
the collocation-based comparison method. The overall com-
parison of UCAR and NOAA/STAR COSMIC-2 tempera-
ture and water vapor profiles with RS41 and RS92 RAOB
measurements is shown in section 3.1. Sections 3.2 and 3.3
offer the evaluation of day/night differences of temperature
and humidity biases between COSMIC-2 and RAOB, re-
spectively. Conclusions are presented in section 4.

2. RAOB AND COSMIC-2 DATA AND ANALYSIS
METHODOLOGY

2.1 Vaisala RS41 and RS92 RAOB Data

RAOBs provide long-term global in situ temperature,
moisture, and wind measurements in the troposphere and
lower stratosphere. Radiosonde measurements have been
ingested to construct atmospheric temperature CDRs and
moisture climatology to understand climate variability and
change in the troposphere and stratosphere and their feed-
back mechanisms (Seidel et al. 2009; Thorne et al. 2011).
Long-term stable and consistent RAOBs with accurate un-
certainty estimates are critical to the climate trend detection,
NWP, and satellite-based atmospheric sounding measure-
ment communities.

However, it has long been recognized that the RAOB
measurement quality varies for different sensor types, al-
titude, and solar elevation angle (e.g., Luers and Eskridge
1995, 1998; Luers 1997). The causes of temperature and
humidity measurement uncertainties for RAOB sensors
include solar and infrared radiation on the thermistor, air
friction correlated with balloon speed and air density, and
changing environment. RAOB sensor-specific correction
schemes were derived using limited data by considering
minor factors such as pressure, solar elevation angle, and
balloon ascent speed. Due to a lack of stable and accurate
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references, it was reported (Gaffen 1994; Haimberger et
al. 2008; Sherwood et al. 2008; Ho et al. 2010a; Sun et
al. 2013) that the temperature and moisture measurement
errors remain in RAOB data even after the correction. In
particular, radiosonde measurements’ uncertainty and accu-
racy vary with different sensor types, making the long-term
temperature CDRs and moisture climatology still subject to
significant uncertainty.

Therefore, it is essential to understand the RAOB-re-
lated temperature and humidity biases through comparisons
with other data. This paper focused on analyzing and evaluat-
ing the quality of temperature and humidity data of two types
of RAOBs, namely Vaisala RS41 and RS92 sonde, through
comparison with collocated COSMIC-2 RO retrievals.

The RS41 and RS92 radiosonde data used in this study
were downloaded from the NCAR data archive (https://rda.
ucar.edu/datasets/ds351.0/). The data include the pressure,
geopotential height, air temperature, dew point temperature,
wind direction, and speed at up to 20 mandatory levels from
1000 millibars to 1 millibar, plus a few significant pressure
levels. These radiosonde data generate atmospheric tem-
perature, pressure, and moisture profiles together with the
exact radiosonde types. Figure 1 depicts the geophysical lo-
cations for RS41 and RS92 data from October 2019 to April
2020, collocated with COSMIC-2 RO data and analyzed in
this study. There are relatively fewer collocated RS92 sta-
tions than RS41 stations.

Vaisala RS92 was a primary radiosonde type in the
global operational upper-air network and provided the
backbone temperature and moisture measurements for
NWP and satellite-based sounding senor validation. Over
the past two decades, RS92 was used as a reference sonde
in the Global Climate Observing System (GCOS) Reference
Upper-Air Network (GRUAN; Bodeker et al. 2016). RS92
was the workhorse of GRUAN before 2017. Vaisala RS41
(https://www .vaisala.com/en/products/instruments-sensors-

and-other-measurement-devices/soundings-products/rs41)
is equipped with an advanced platinum resistor-based tem-

perature sensor. Its humidity sensor is based on a thin-film
capacitor with an internal temperature sensor. Vaisala RS41
improves measurement accuracy for temperature, humidity,
and other variables such as pressure and wind parameters
throughout the atmosphere. Vaisala RS41 replaced RS92 in
late 2013 and is currently the dominant radiosondes used by
GRUAN stations.

Several earlier works (He et al. 2009; Ho et al. 2010a;
Jensen et al. 2016; Kawai et al. 2017; Sun et al. 2019) have
studied the data quality of RS92 and RS41. In addition,
they are using different methods such as analyzing dual-
launch data of RS41 and RS92 or use the RAOB-collocated
RO data as the reference. It was found (Jauhiainen et al.
2014; Jensen et al. 2016; Kawai et al. 2017) that the tem-
perature measurement precision in the lower stratosphere
(above 100 hPa) is within 0.15 and 0.2 K for RS41 and
RS92, respectively. Below 100 hPa, the precision of RS41
temperature measurement is within 0.3 K. As a compari-
son, the temperature precision of RS92 is within 0.5 K be-
low 100 hPa. The RS92 has a ~0.1 K warm temperature
bias above 100 hPa from the COSMIC-RS92 temperature
comparison over 60°S to 60°N latitude regions (Ho et al.
2010b). The altitude-dependent humidity difference be-
tween RS41 and RS92 is, in general, within 4% at pres-
sure > 200 hPa or equivalently at altitudes below ~11.8 km
(Kawai et al. 2017). The mean difference between RS41
and RS92 humidity at altitudes below ~11.8 km is ~2 %.
The COSMIC-2 RO retrievals provide more temperature
and humidity profiles than COSMIC-1 in the tropical re-
gion with higher SNR and deeper penetration depth. They
can serve as stable and accurate temperature references in
the lower stratosphere and humidity references in the lower
troposphere. It offers opportunities to understand and char-
acterize the measurement accuracy and uncertainty of RS92

Radiosonde station co-located with COSMIC-2 observations
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Fig. 1. Global distribution of RS41 and RS92 stations with colors indicating different radiosonde types.
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and RS41 radiosondes. This study evaluates the height and
day/night dependence of uncertainty and accuracy of RS41
and RS92 RAOB temperature and humidity data by com-
paring with COSMIC-2 RO retrieval products.

2.2 COSMIC-2 RO Retrieval Products

COSMIC-2 provides comprehensive coverage of oc-
cultations in low and mid-latitude regions, i.e., from 45°N
and 45°S. Through the combination of high-performance
GPS+GLONASS receiver and steering beam antenna de-
sign, COSMIC-2 increases the number of successful RO
retrievals per satellite and enhances the GNSS-RO measure-
ment quality with higher SNR and improved penetration
depth in the tropical troposphere (Ho et al. 2020b; Schreiner
et al. 2020).

Figure 2 shows the penetration depth above mean sea
level (MSL) for COSMIC-2 occultations over the ocean and
land as a function of SNR,i.e.,L1 SNR at 80 km, compared
with other RO sensors as COSMIC-1, KOMPSAT-5 (Ko-
rean Multi-purpose Satellite 5) and TSR-X (TerraSAR-X).
Here the penetration depth is defined as the cut-off retrieval
height above ground level. The SNR-dependent penetration
depth over land and ocean shows that COSMIC-2 produces
more than twice higher SNR values than any previous RO
missions. Over land, due to the impacts of terrain altitudes,
the penetration depth is in most cases above MSL height =
1 km and reaches below 1 km when SNR > 2500 v/v. Over

the ocean, the penetration depth of COSMIC-2 is below
0.5 km for SNR > 1250 v/v. In general, the higher SNR of
COSMIC-2 allows quantitatively more profiles with deeper
penetrations over both land and ocean than previous RO
sensors (also see Ho et al. 2020b).

The six small satellites in the COSMIC-2 constellation
provide as much as ~5000 RO measurements per day. On
16 March 2020, COSMIC-2 RO data were available to the
public for atmospheric and climate studies and NWP appli-
cations. Early evaluation of COSMIC-2 data quality shows
compatible stability, precision, accuracy, and uncertainty
regarding accuracy with those from COSMIC-1 (Ho et al.
2020b). The assimilations of COSMIC-2 data into the NWP
systems show positive impacts of COSMIC-2 RO data at
higher troposphere and lower stratosphere on weather pre-
dictions (Healy 2020; Shao 2020). Because more than 85%
of COSMIC-2 data were cut off after quality control (QC),
much less COSMIC-2 impacts were found in the current
EMC NWP system (see section 5 in Ho et al. 2022; Healy
2020; Shao 2020).

To invert the fundamental observable (time delay) for
RO occultations to the temperature and moisture profiles in
the troposphere and lower stratosphere, an IDVAR inver-
sion approach needs to be developed and applied to resolve
the ambiguity of RO refractivity associated with both tem-
perature and water vapor in the lower troposphere. Both
UCAR and NOAA/STAR have independently developed
IDVAR retrieval algorithms to retrieve optimal temperature
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Fig. 2. Penetration depths as functions of L1 SNR over (a) land and (b) ocean for multiple RO missions.
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and humidity profiles from COSMIC-2 RO refractivity pro-
files. In this study, we analyzed two versions of wet pro-
file data (see Table 1) that are produced by UCAR, namely

UCAR wetPf2 (https://data.cosmic.ucar.edu/gnss-ro/cos-
mic2/nrt/), and by NOAA/STAR, namely NOAA/STAR

wetPrf (ftp:/ftp.star.nesdis.noaa.gov/pub/smcd/scda/GNS-
SRO/COSMIC2/wetPrf/).

In the official release of COSMIC-2 RO data in Oc-
tober 2019, UCAR implemented the wetPf2 IDVAR re-
trieval algorithm (Wee 2018) to process COSMIC-2 data.
The features of the UCAR wetPf2 IDVAR retrieval algo-
rithm include the use of statistical observation error, con-
sistent background error with correlations to multi-variate,
and ECM (Error Covariance Matrix) with higher spatial
(10° x 10°) and temporal (monthly) resolution in com-
parison with the previous ECM with limited three latitudes
and four seasonal dependence (Wee 2018). The wetPf2 re-
trieval algorithm also implemented variational Abel trans-
form for bending angle optimization and considered terrain
variation by incorporating a digital elevation model. Wee
(2018) stated that to reduce the refractivity bias impact to
the retrievals due to the possible super-refraction condition,
and the wetPf2 water vapor profiles may substantially fit
the background below 2 km. This means that the UCAR
wetPf2 water vapor profiles below 2 km altitude are heavily
weighted by the a priori water vapor. We used UCAR Near-
Real-Time (NRT) COSMIC-2 wetPf2 in this study where
the Global Forecasting System (GFS) of NOAA National
Centers for Environmental Prediction (NCEP) six-hour
forecasts are used as the a priori.

On the other hand, NOAA/STAR independently de-
veloped a COSMIC-2 1DVAR retrieval algorithm to ensure
the IDVAR water vapor retrievals are using the information
primarily from the refractivity instead of from the a priori.
The NOAA/STAR COSMIC-2 wetPrf data are available
at  ftp:/ftp.star.nesdis.noaa.gov/pub/smed/scda/GNSSRO/
COSMIC2/wetPrf/. In the IDVAR algorithm for NOAA/
STAR wetPrf, the background error covariance and obser-
vation error (measurement noise) covariance matrices are
constructed with GFS gridded low-resolution reanalysis
data and proportional to monthly variations of temperature,
humidity, and refractivity in corresponding latitude bins.
The first guess (a priori) profiles in NOAA/STAR wetPrf
are taken from GFS 6-hour forecast data interpolated to
RO measurements’ time and location to separate the pres-
sure, temperature, and moisture contributions to the refrac-
tivity. Table 2 lists the difference between NOAA/STAR
wetPrf and UCAR wetPf2 IDVAR retrieval algorithms. In
NOAA/STAR 1DVAR, a very tight retrieval constraint is
used to constrain the residual refractivity (between refrac-
tivity computed from the final temperature and moisture
minus the observed refractivity) to be within the known
observation errors (Ho et al. 2022). In the implementation
of NOAA/STAR wetPrf, the residual refractivity threshold
is set as 0.1% of given RO-observed refractivity. If this is
unreachable, then the threshold is relaxed to 0.5%. The most
probable outputs are that the optimal estimator converges
with residual < 0.1%, or it does not converge even with a re-
laxed 0.5% threshold. Such criteria ensure that the IDVAR
retrievals are mainly contributed from the refractivity but

Table 1. Temperature/humidity profile data for the COSMIC-2
used in the inter-comparison with RS41 or RS92 radiosonde mea-

surements.
Data Set Name Provided by Time Coverage
UCAR-wetPf2 UCAR 2019/10/01 to 2020/04/30

NOAA/STAR wetPrf NOAA/STAR  2019/10/01 to 2020/04/30

Table 2. Comparison between NOAA/STAR wetPrf and UCAR wetPf2 1DVAR retrieval algorithms. ECMWF stands for European Centre for

Medium-Range Weather Forecasts.

NOAA/STAR wetPrf IDVAR

UCAR NRT wetPf2 1IDVAR (Wee 2018)

Scaled monthly variability of refractivity from

Observation Error Covariance .
GFS reanalysis data

Statistical variability of bending angle (estimated
with 9-year period of RO data)

Monthly variability of temperature and humidity

Background Error Covariance profiles from GFS reanalysis data

Monthly variability of temperature, pressure, and
relative humidity from ECMWF data over 9 years

Observation and Background Error Covariance
Matrix (ECM) Resolution and Construction

Five latitude bins; Monthly; Precomputed on
fixed levels

10°x10° Latitude/Longitude bins; Monthly; Precom-
puted on fixed levels

Input to the algorithm Refractivity

Bending angle processed with variational regulation
of Abel transform

Initialization a priori (first guess) model and
control

Global Forecasting System (GFS) 6-hour fore-
cast; Tight constraints on residual refractivity

Global Forecasting System (GFS) 6-hour forecast
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not a priori. The difference of the constraints on the infor-
mation from the a priori model between the UCAR wetP{2
and NOAA/STAR wetPrf model can directly impact the re-
trieved data products in terms of temperature and humidity
biases uncertainties. The NOAA/STAR 1DVAR retrieval
algorithm is detailed in Ho et al. (2022).

The differences in the COSMIC-2 1DVAR retrieval
algorithms are expected to exemplify themselves in the
temperature and humidity differences over certain height re-
gions. In this regard, using RAOB data can help evaluate the
differences in the temperature and humidity data between
COSMIC-2 retrievals from UCAR and NOAA/STAR. In
this study, the temperature and humidity data from UCAR
wetPf2 and NOAA/STAR wetPrf COSMIC-2 retrievals are
compared with RS41 and RS92 RAOB data to evaluate the
uncertainty in the COSMIC-2 retrievals and the quality of
RAOB data. The COSMIC-2 wet profile data contain lati-
tude and longitude of the RO perigee point, temperature,
pressure, specific humidity profile, and mean sea level
height. The profile data are interpolated to 100-meter height
intervals. The UCAR wetPf2 data have been available in
near real-time since 1 October 2019. This paper evaluates
UCAR and NOAA/STAR COSMIC-2 wetPf2 data from 1
October 2019 to 30 April 2020, by comparing RS41 and
RS92 RAOB data.

2.3 Collocation and Data Analysis Method

In the COSMIC-2 retrievals versus RAOB inter-com-
parison study, the data associated with the COSMIC-2 RO
soundings and the RAOB measurements must be screened
and collocated. In this study, collocated COSMIC-2 re-
trievals and RS41 or RS92 RAOB data within 150 km
and 2 hours in locations and time are collected equator-
ward within 48° latitude. The COSMIC-2 geo-location is
defined at the longitude/latitude of the perigee point at the
occultation point. For COSMIC-2, RO profiles with at-
tributes flags ‘bad’ = 1, ‘L2P” = 1 are all screened out to
ensure consistency in the RO data quality (personal com-
munication with CDAAC). The ‘bad’ flag indicates that the
COSMIC-2 retrievals are expected to be of bad quality and
should be excluded in the analysis. The ‘L2P’ flag indicates
the rising COSMIC-2 occultations, which use GPS trans-
mitters and the L2P carrier frequency. There was a bias in
the processing (personal communication with CDAAC) of
L2P data in the provisional version of COSMIC-2 data, and
therefore COSMIC-2 data with the ‘L2P’ flag were exclud-
ed in our analysis. This study’s COSMIC-2 and RAOB data
are collected over 7 months from October 2019 to April
2020. In total, about 2600 closely collocated COSMIC-2
and RS41 pairs and about 1200 collocated COSMIC-2 and
RS92 pairs are collected for this study. During the earlier
post-launch time of COSMIC-2, when the satellites in the
COSMIC-2 constellation were in the process of settling

down to the final orbital altitude and being homogeneously
distributed, there are rare chances that the profiles observed
by two COSMIC-2 satellites can meet the colocation cri-
teria and match with the same RAOB. In our analysis, we
don’t differentiate among the six satellites of the COS-
MIC-2 constellation. The profiles observed by two COS-
MIC-2 satellites are treated as two independent matched
profiles with RAOB and are equally evaluated in the bias
and uncertainty analysis.

We use the hydrostatic equation to convert the RAOB
pressure level to the geometric height. Then we interpolate
the COSMIC-2 temperature data to the radiosondes’ geo-
metric height at 8,9.7, 11, 12.5, 14.25,16.5, 17.8, 20, 26 4,
and 30 km the RO versus RAOB temperature bias analysis,
which is consistent with the mandatory levels of RAOB. For
the RO versus RAOB humidity data comparison, the sam-
pling interval is 0.6 km over the height region of interest
below 8.4 km. The spatial resolution chosen in this paper
is twice higher than the mandatory levels of RAOB in this
region. Both RO and RAOB humidity data are resampled
to these fixed levels for comparison. Using this approach,
we maintained high spatial resolution below 8.4 km and ac-
counted for more RAOB data for comparison.

The mean temperature and humidity differences be-
tween COSMIC-2 retrievals and the corresponding RS41 or
RS92 pairs at the same height level i are computed using
the equation

AY (D)=L x 37 (Vo (e ) Yeaon(is )} (1)

Jj is the index for all the matched pairs collected at all RS41
or RS92 stations. The RO versus RAOB temperature and
humidity difference data are also used to compute the un-
certainty (standard deviation) of the mean difference at the
height level of interest.

3. COMPARISON RESULTS

3.1 Overall Comparison of COSMIC-2 Temperature
and Humidity Retrievals with RS41 and RS92
RAOB Measurements

The humidity and temperature profiles processed by
UCAR and NOAA/STAR COSMIC-2 IDVAR retrieval
algorithms are compared with collocated RS41 and RS92
RAOB observations. The temperature profile comparisons
are focused on the troposphere and lower stratosphere re-
gions, i.e., height > 8 km, where the amount of water vapor
is negligible. The evaluation of humidity data quality is fo-
cused on the region with a height below 8 km.

Figures 3a and b show the height-dependent mean
temperature biases [u(AT)] and associated uncertainties
[0(AT)] of UCAR and NOAA/STAR COSMIC-2 temperate
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Fig. 3. (a) (b) Biases (dot lines) and uncertainties (dash lines) of COSMIC-2 temperature profiles retrieved by UCAR wetPf2 and NOAA/STAR wet-
Prf algorithms in comparison with (a) RS41 and (b) RS92 RAOB data. (c) (d) Biases (dot lines) and uncertainties (dash lines) of UCAR and NOAA/
STAR COSMIC-2 humidity retrievals in comparison with (¢) RS41 and (d) RS92 RAOB data. The height variation of the number of samples used
in the corresponding bias analysis is shown as solid lines in each panel.

retrievals relative to RS41 and RS92 RAOB observations,
respectively. The height-varying number of collocated RO-
retrievals and RAOB used to derive the bias statistics are
also shown in each panel. The number of matched samples
between RS41 and UCAR or NOAA/STAR COSMIC-2 re-
trievals is almost double of those matched cases with RS92.
At height = 8 km, the number of matched samples are about
at the maximum with Nycag.rsa1 = 2684, Nyoaassrar-rsat = 2539,
Nucarrso: = 1283, and Nyoausrarrse: = 1189. The number of
RAOB-matched UCAR COSMIC-2 retrievals is slightly
more than those matched with NOAA/STAR retrievals.

To quantify the temperature bias differences over dif-
ferent height regions, Tables 3 and 4 show the mean temper-
ature bias difference [¢(AT)] over three height regions, e.g.,
8-11,125-16.5, and 17.8 - 26.4 km, which are derived

from the comparison of two retrievals with RS41 and RS92
RAOB observations shown in Figs. 3a and b, respectively.

The overall consistency of the temperature biases de-
rived from two COSMIC-2 1DVAR retrievals can be seen
in several aspects. Compared with RS41 RAOB, both and
ATrarrsy in Fig. 3a show small negative biases over the
height region between 17.8 and 26.4 km. Similarly, both
ATyearrsor and ATsruprsor in Fig. 3b show slightly larger
negative biases over the same height region. Quantitatively,
the mean biases of this height region in Tables 3 and 4 show
that u(ATycarrsor) 1s lower than u(ATycagrsa) by 0.17 K
while u(ATsruprs02) i lower than (AT srarrsa) by 0.05 K.
Using UCAR or NOAA/STAR COSMIC-2 temperature as
the reference, this indicates that the RS92 RAOB has a warm
bias of around 0.1 K over the height region between 17.8 and
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Table 3. Mean temperature biases (uncertainties) (K) and mean humidity biases (uncertainties) (g kg') between two RO retrievals and

RS41 RAOB observations over different height regions.

COSMIC-2  u(AT) [6(AD)] (K) p(AT) [6(AD)] (K)  p(AT) [6(AT)] (K)  p(AH) [6(AH)] (gkg") pu(AH) [0(AH)] (gkg™)
Retrieval (8 -11 km) (12.5-16.5 km) (17.8 - 26.4 km) (below 4.2 km) (4.8 - 8.4 km)
UCAR wetPf2 0.22(0.95) 0.00(1.10) -0.01(1.42) -0.28(1.24) 0.01(0.50)
STAR wetPrf 0.39(1.13) -0.04(1.19) -0.12(1.59) -0.33(1.33) 0.01(0.54)

Table 4. Mean temperature biases (uncertainties) (K) and mean humidity biases (uncertainties) (g kg!) between two RO retrievals and

RS92 RAOB observations over different height regions.

COSMIC-2  pu(AT) [0(AD)] (K)  p(AT) [6(AD)] (K)  p(AT) [o(AD] (K)  p(AH) [o(AH)] (gkg") p(AH) [o(AH)] (g kg")
Retrieval (8- 11 km) (12.5 - 16.5 km) (17.8 - 26.4 km) (below 4.2 km) (4.8 - 84 km)
UCAR wetPf2 0.16(0.93) -0.01(1.09) -0.18(1.50) -0.21(1.25) 0.05(0.58)
STAR wetPrf 0.35(1.14) -0.01(1.18) -0.17(1.68) -0.23(1.37) 0.06(0.63)

26.4 km in comparison with RS41 RAOB. This is consistent
with the previous analysis of the COSMIC RO and RAOB
data (Ho et al. 2010b), suggesting that the temperature bi-
ases are mainly in the radiosonde data. Ho et al. (2020b)
showed that RS92 has warm stratospheric biases, and RS41
has smaller warm biases than RS92.

Over the height region between 12.5 and 17 km, the
RS41 and RS92 RAOBs match both UCAR and NOAA/
STAR COSMIC-2 temperature profiles very well with al-
most 0 K biases. The major temperature difference between
COSMIC-2 retrievals and RAOB occurs over the height
region between 8 and 11 km, as shown in Figs. 3a and b.
Over this height region, the mean biases u(ATycar.rsa1) and
U(AT year-rsor) are both positive with the values of 0.22 and
0.16 K, respectively, while p(ATszarrsar) and u(AT sruz.rs02)
are positive and around 0.39 and 0.35 K, respectively. There
is a net difference of ~0.2 K between UCAR and NOAA/
STAR temperature retrievals over the 8 to 11 km height
range, with warmer NOAA/STAR temperature retrieval.

In terms of uncertainties, the o(AT) of UCAR wet-
Pf2 versus RS41 or RS92 RAOB is, in general, smaller
than o(AT) of NOAA/STAR wetPrf versus RS41 or RS92
RAOB with the difference in 0(AT) being minimum around
height = 17.8 km and reaching the maximum of 0.2 K and
0.3 K at 8 and 30 km, respectively. Such difference in the
biases over 8 - 11 km and uncertainties between UCAR
and NOAA/STAR temperature retrievals can be due to the
differences in the IDVAR retrieval model implementation
such as different background and observation error cova-
riance model used, weighting on the a priori model, and
background and observation ECM construction.

The height-varying humidity difference between COS-
MIC-2 IDVAR retrievals and RS41 or RS92 RAOBs are
shown in Figs. 3¢ and d, respectively. Tables 3 and 4 show
the mean humidity biases (uncertainties) over two height
ranges between COSMIC-2 retrievals and RS41 or RS92

RAOBsS, respectively.

The humidity differences between two COSMIC-2
retrievals and RAOBs such as AHycurgsai, AHgragrsars
AHycarrso, and AHgragrsor are all relatively small above
4 km (see Tables 3 and 4). This suggests the overall consis-
tencies between COSMIC-2 retrievals and RAOBs, which
indicates the consistency between the UCAR and NOAA/
STAR COSMIC-2 humidity retrievals compared with RS41
and RS92 RAOBs over this height region. Below 4 km,
UCAR and NOAA/STAR COSMIC-2 humidity retrievals
deviate from RS41 or RS92 RAOB observations with in-
creasing negative humidity biases approaching the surface.
This may indicate systematic wet biases in the RAOB data
relative to the near-surface RO humidity retrievals. Such
near-surface negative humidity bias between COMSIC-2
and RAOBs is consistent with the previous results from
comparing COSMIC-1 and RAOB observations (Wang et
al. 2013). This may indicate the negative refractivity bi-
ases owing to super-refraction (see section 5.4 of Ho et al.
2020b). On the other hand, the UCAR and NOAA/STAR
COSMIC-2 humidity retrievals over the height range O -
4.2 km are quite consistent, as can be seen from the over-
all humidity difference matching in Figs. 3c and d and the
mean humidity difference values in Tables 3 and 4. The dif-
ference of the mean humidity bias between RS41 and RS92
over 0 - 4.2 km is about 0.07 and 0.10 g kg from UCAR
and NOAA/STAR retrievals, respectively, indicating slight
dry bias of RS92 relative to RS41 over this height range.

The above analysis of overall temperature and humid-
ity biases between two COSMIC-2 retrievals and RS41/
RS92 observations shows the differences between UCAR
and NOAA/STAR COSMIC-2 1DVAR retrieval algorithms
are manifested mainly in the temperature bias differences
over the height range 8 - 12.5 km. The humidity retrievals
of these two algorithms generally matched quite well over
the height region of interest.
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3.2 Variation of Temperature and Humidity Biases
Between RO and RAOB over Day and Nighttime

3.2.1 Day and Nighttime Temperature Bias
Comparison

To study the dependence of the temperature and hu-
midity biases of COSMIC-2 retrievals versus RAOB obser-
vations on the solar zenith angle, the bias data are processed
according to three SZA groups such as daytime (SZA <
80°), dusk/dawn (80° < SZA < 100°), and nighttime (SZA >
100°). Figure 4 shows the height-dependent temperature bi-
ases over three SZA zones derived from the comparisons of
UCAR and NOAA/STAR COSMIC-2 retrievals with RS41
(Figs. 4a - b) or RS92 (Figs. 4c - d) RAOB observations.
Figure 5 shows the mean temperature biases and uncertain-
ties (also listed in Tables 5 and 6) over three height regions
(8-11,12.5-16.5,and 17.8 - 26.4 km) and three SZA zones
from the data shown in Fig. 4. The number of COSMIC-2
and RAOB collocations over the dusk/dawn zone is rela-
tively small compared to daytime and nighttime zones. In
this analysis, we focus on the comparison over the day and
night SZA zones.

As shown in Figs. 4a - b, the daytime biases AT ycar.
rsa1 And ATgraprsar over the height from 17.8 to 26.4 km
derived from COSMIC-2 retrievals relative to RS41 RAOB
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comparison are slightly higher than the corresponding
nighttime biases. Quantitatively, the mean daytime bi-
ases U(ATycarrsa) and u(ATsppprsa) over 17.8 - 26.4 km
(Figs. 5a - b and Table 5) are higher than the nighttime
biases by 0.13 and 0.17 K, respectively. Since the daytime
biases of AT ycar.rsar and AT g4z rs4; are relatively small over
this region, the comparison suggests that there are ~0.1 K
warm biases in the RS41 nighttime measurements, which
can come from the temperature correction scheme imple-
mented for RS41.

From Figs. 4c - d and Table 6, the daytime COSMIC-2
versus RS92 biases ATycarrsor and ATgr4prs0o are on aver-
age lower by ~0.24 and 0.15 K, respectively, than the corre-
sponding night time biases over the height region from 17.8
to 26.4 km. This indicates that the cause of the overall 0.15
- 0.24 K warm bias of RS92 RAOB measurements from 17.8
to 26.4 km (shown in Fig. 3b) is due to the warm daytime
bias of RS92 which could be traceable to the calibration of
the daytime temperature for the RS92 sensor (Dirksen et al.
2014). The radiation-induced error in radiosonde tempera-
ture measurements is a significant issue with radiosonde ob-
servations in the upper troposphere and lower stratosphere.
While rising in altitude, the radiosonde can experience less
efficient ventilation due to the reduced air density around the
radiosonde at high altitudes. Therefore, the solar radiation on
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Fig. 4. Left panels in (a) - (d): Height-dependent temperature biases and uncertainties (K) of (a) UCAR wetPf2 versus RS41, (b) NOAA/STAR
wetPrf versus RS41, (¢) UCAR wetPf2 versus RS92, and (d) NOAA/STAR wetPrf versus RS92 RAOB observations in three SZA zones of daytime
(SZA < 80°), nighttime (SZA > 100°), and dusk/dawn (80° < SZA < 100°). Right panels in (a) - (d) show the height-varying sample number cor-
responding to the collocated cases in the three SZA zones shown in the left panels.
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Fig. 5. Mean temperature biases (K) of (a) UCAR wetPf2 versus RS41, (b) NOAA/STAR wetPrf versus RS41, (c) UCAR wetPf2 versus RS92, and
(d) NOAA/STAR wetPrf versus RS92 RAOB observations in the zones of daytime (SZA < 80°), nighttime (SZA > 100°), and dusk/dawn (80° <
SZA < 100°) over three height regions in the upper troposphere and lower stratosphere.

Table 5. Mean temperature biases (uncertainties) (K) between RO retriev-
als and RS41 RAOB observations over three height regions and three SZA

zones.
Height Range | RO Retrievals Day Night Dusk/Dawn
811k UCAR wetPf2  0.25(093)  0.15(098)  0.22(0.93)
- m
STAR wetPrf ~ 0.43(1.11)  0.31(1.17)  0.39(1.11)
UCAR wetPf2  -0.00(1.06)  -0.02(1.15)  0.03(1.14)
12.5-16.5km
STAR wetPrf  -0.04(1.15)  -0.06(1.24)  -0.02(1.25)
UCAR wetPf2  0.03(143)  -0.10(1.38)  0.02(1.40)
17.8 -264 km
STAR wetPrf  -0.08(1.61)  -0.25(1.56)  -0.05(1.58)

Table 6. Mean temperature biases (uncertainties) (K) between RO retriev-
als and RS92 RAOB observations over three height regions and three SZA

zones.
Height Range | RO Retrievals Day Night Dusk/Dawn
. UCAR wetPf2  0.11(0.79)  0.16(1.00)  0.30(1.16)
- 11 km
STAR wetPrf ~ 0.37(0.98) 0.22(1.21) 0.54(1.42)
UCAR wetPf2  0.02(0.94)  -0.06(1.19)  -0.01(1.29)
12.5-16.5 km
STAR wetPrf ~ 0.04(1.01)  -0.09(1.28)  -0.02(1.41)
UCAR wetPf2  -0.32(1.50) -0.08(1.52)  -0.02(1.46)
17.8 - 26.4 km
STAR wetPrf  -0.28(1.68)  -0.13(1.70)  -0.01(1.63)
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the radiosonde sensor can cause its temperature to be typi-
cally warm biased during the daytime.

Over the height region of 12.5 to 16.5 km, the bias
difference between day and nighttime is relatively small,
as shown in Fig. 5 and Tables 5 - 6, which suggests the
consistency among UCAR and NOAA/STAR temperature
retrievals, and RS41 and RS92 RAOB measurements over
this height range.

Over the height range 8 - 12.5 km, the AT ycag.rssr and
ATycarrso> of day time and nighttime are aligned well, as
shown in Figs. 4a and c and quantitatively in Tables 5 and 6.
The corresponding mean day-night temperature bias differ-
ence of both AT ycarrsast and AT ycar.rsor from 8 to 11 km is
less than 0.1 K. This indicates that the day-night difference
for RS41 and RS92 measurements is relatively small over
this height region. On the other hand, the mean biases of
NOAA/STAR COSMIC-2 temperature retrievals relative to
RS41 and RS92 from 8 to 11 km are higher by 0.1 - 02 K
than those of the UCAR temperature retrievals. This sug-
gests that the COSMIC-2 1IDVAR temperature retrieval
algorithms’ uncertainty and the difference can be the lead-
ing cause of the temperature bias difference over this height
region.

In terms of uncertainties, Fig. 5 shows a relatively larger
temperature bias uncertainty over the 17.8 - 26.4 km height
region than the other two regions. This is due to the uncer-
tainty bump above 17.8 km, as shown in Fig. 4. This uncer-
tainty bump is due to the transition from a geometric optics-
based algorithm to a wave-optics algorithm in retrieving RO
bending angle from excess phase data. Due to the multi-path
propagation of GNSS signals in the troposphere, which is af-
fected by refractions through the atmosphere with moisture,
pressure, and temperature profile variations, a wave-optics
algorithm is used to retrieve bending angles below ~18 km.
Such transition at ~18 km in the bending angle retrieval al-
gorithm produces larger uncertainty in COSMIC-2 bending
angle data over height region around 18 km relative to other
height regions above 8 km. The bump around 18 km in the
COSMIC-2 refractivity uncertainty shown in Ho et al. 2020b
is of similar shape as the bump of temperature uncertainty
shown in Fig. 4. This suggests that the temperature compari-
son between COSMIC-2 and RAOB captures the uncertain-
ty in the COSMIC-2 bending angle retrievals.

Figures 4a and b show that the standard deviations
of ATycarrssr and ATgpaprssr Over daytime, nighttime, and
dusk/dawn are relatively consistent for the RS41 versus
UCAR or NOAA/STAR temperature retrieval compari-
son. The standard deviation (AT s;sz.rs41) 1S more signifi-
cant than 0(AT ycagrsar) by 0.2 - 0.3 K at height = 8 and 30
km, and they are matched at 17.8 km. On the other hand,
Figs. 4c and d show that the standard deviations of both
ATycarrsor and ATsrurrsor are different between over day-
time and nighttime with the nighttime o(ATssz.s41) and
0(ATsar.rs02) being more significant for height below 17.8

km. Similarly, 0(ATszag-gsa1) s larger than o(AT ycg.rsar) at
8 and 30 km.

3.2.2 Day and Nighttime Humidity Bias Comparison

The radiosonde sensor measurement accuracy var-
ies considerably in times and locations for different sensor
types (e.g., Wang and Zhang 2008; Ho et al. 2010a; Sun et
al. 2013). Various methods have been developed to correct
known humidity observational errors for radiosonde through
statistical approaches (Turner et al. 2003; Vomel et al.
2007), and laboratory or physical-based correction schemes
(Leiterer et al. 1997; Wang et al. 2002). Such humidity cor-
rections vary by day and night time and according to sensor
types. Due to the lack of benchmark humidity references, it
is still challenging to quantify the possible errors even af-
ter applying those humidity corrections. Consequently, the
moisture climatology constructed using radiosonde mea-
surements is still subject to significant uncertainty.

On the other hand, the humidity data retrieved from
RO data using IDVAR algorithms can have uncertainties
due to the difference in constructing and implementing the
1DVAR retrieval algorithms. This section compares the hu-
midity data derived from collocated COSMIC-2 retrievals
and RS41 or RS92 observations over daytime and night-
time. The variation of RO versus RAOB humidity biases
over height and day/night are evaluated.

Figure 6 shows the analysis of the humidity biases be-
tween COSMIC-2 retrievals and RAOB observations ac-
cording to daytime, dusk/dawn, and nighttime SZA zones.
In particular, the height-dependent humidity biases over
these three SZA zones are derived from the comparisons
of UCAR and NOAA/STAR COSMIC-2 humidity retriev-
als with RS41 (Figs. 6a - b) or RS92 (Figs. 6¢ - d) RAOB
observations. To quantify the humidity biases among vari-
ous RAOB measurements, retrieval algorithms, and SZA
zones, the mean humidity biases over two height regions
(below 4.2 km and 4.8 - 8.4 km) are calculated for each
case in Fig. 6. The results are summarized in Fig. 7 and
Tables 7 - 8.

Over the height range below 4.2 km, Figs. 6a - b show
that the humidity biases between UCAR or NOAA/STAR
COSMIC-2 humidity retrievals and RS41 RAOB are nega-
tive over three SZA zones. This can also be observed in
Fig. 7 by comparing the mean daytime, nighttime, and
dusk/dawn humidity biases below 4.2 km with those above
4.2 km. These humidity biases all have a similar pattern
of growing bias amplitude as approaching the lower alti-
tude. These water vapor biases could be due to the COS-
MIC-2 negative refractivity biases resulting from the su-
per-refraction condition for the RO signal in the moisture
lower troposphere (see section 5.4 of Ho et al. 2020b). The
mean day versus night humidity bias difference between
COSMIC-2 retrievals and RS41 RAOB below 4.2 km are
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Table 7. Mean humidity biases (uncertainties) (g kg') between RO retrievals
and RS41 RAOB observations over two height regions and three SZA zones.

Height Range | RO Retrievals Day Night Dusk/Dawn
UCAR wetPf2  -026(1.21) -0.32(1.24) -0.28(1.31)
Below 4.2 km
STAR wetPrf ~ -0.28(1.31) -042(1.34) -0.36(1.36)
UCAR wetPf2  0.01(0.48) 0.01(0.52)  -0.01(0.49)
4.8 -84 km
STAR wetPrf ~ 0.02(0.52)  -0.00(0.56)  0.00(0.54)

Table 8. Mean humidity biases (uncertainties) (g kg') between RO retrievals
and RS92 RAOB observations over two height regions and three SZA zones.

Height Range | RO Retrievals Day Night Dusk/Dawn
UCAR wetPf2  -0.13(1.24)  -0.30(1.32)  -0.28(1.16)
Below 4.2 km
STAR wetPrf  -0.08(1.37) -0.41(1.43)  -0.35(1.18)
UCAR wetPf2  0.07(0.60) 0.04(0.61) 0.03(041)
4.8 -84 km
STAR wetPrf ~ 0.09(0.64) 0.00(0.68) 0.06(0.48)

~0.06 and 0.14 g kg™ for u(AHycar.rsa1) and u(AHspyp 1),
respectively. This suggests that the daytime and nighttime
biases of UCAR COSMIC-2 humidity versus RS41 RAOB
are matched quite well below 4.2 km, as shown in Fig. 6a.

On the other hand, the day-night humidity bias dif-
ference can be identified below 4.2 km when comparing
UCAR and NOAA/STAR retrievals with RS92 RAOBs, as
shown in Figs. 6¢ - d and Table 8. Particularly, the mean
daytime humidity biases u(AHycar-rson) and u(AHsap.gso2)
below 4.2 km are higher by 0.17 and 0.33 g kg, respec-
tively, than those of nighttime, with the daytime biases be-
ing closer to 0 g kg™'.

The mean nighttime biases below 4.2 km between
UCAR or NOAA/STAR humidity and RS41 or RS92 data,
i.e., W(AH ycapssrar-rss) versus u(AHycapsrar-rsor), are in the
range of -0.3 to -0.4 g kg''. From Tables 7 and 8, it can also
be found that the mean humidity bias of RS41 versus UCAR
or NOAA/STAR humidity at daytime is lower by 0.13 and
0.2 g kg, respectively, compared to those of RS92.

In summary, the humidity biases between UCAR or
NOAA/STAR COSMIC-2 and RS41 or RS92 data are all
consistently negative except the daytime humidity biases
of RS92. The out-of-family daytime humidity bias of COS-
MIC-2 versus RS92 can be owing to the daytime correction
applied to RS92 RAOB data to correct the solar radiation-
induced error. Such radiosonde type-dependent difference
in the daytime humidity bias needs further investigation into
the RAOB sensor property and the correction schemes’ dif-
ference to the daytime RS92 RAOB temperature and hu-
midity data.

Over the height range above 4.8 km, the mean humid-
ity biases between UCAR or NOAA/STAR COSMIC-2 re-
trievals and RS41 RAOB are all less than 0.02 g kg™, which

suggests that the UCAR or NOAA/STAR COSMIC-2 re-
trievals both agree well with RS41 RAOB. There is no day-
time versus nighttime humidity bias difference for height
> 4.8 km. For the comparison with RS92 RAOB, the day-
time means humidity biases ((AHycagrso2) and w(AHgpag.
rso2) are slightly higher than those of nighttime by 0.03 and
0.09 g kg'!, respectively. The remnant slight day-night hu-
midity bias difference for height > 4.8 km might be related
to the correction of RS92 temperature and humidity data
over this height region.

In Fig. 7, the daytime, nighttime, and dusk/dawn hu-
midity bias uncertainty below 4.2 km are shown to be much
larger than those above 4.2 km. In Figs. 6a - b, it is shown
that the daytime, nighttime, and dusk/dawn humidity bias
uncertainty of UCAR or NOAA/STAR COSMIC-2 retriev-
als versus RS41 comparison are all matched well above 1
km, and there is no day-night dependence. The o(AH) of
UCAR wetPf2 versus RS41 RAOB is in general smaller
than o(AH) of NOAA/STAR wetPrf versus RS41.

4. SUMMARY

This paper compares COSMIC-2 humidity and tem-
perature retrievals processed by UCAR and NOAA/STAR
IDVAR algorithms with collocated Vaisala RS41 and
RS92 measurements, respectively. The temperature pro-
file comparisons are focused on the upper troposphere and
lower stratosphere regions, while the evaluation of humid-
ity data quality is mainly in the mid and lower troposphere.
Both height and SZA dependence on temperature and hu-
midity biases and uncertainties are investigated with col-
located COSMIC-2 RO and RS41 and RS92 RAOB data
from 1 October 2019 to 30 April 2020. The temperature and
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humidity biases and uncertainties between Vaisala RS41
and RS92 RAOBs are evaluated using COSMIC-2 RO re-
trievals as a reference. Also, RAOB data are used to assess
the differences between COSMIC-2 retrievals from UCAR
and NOAA/STAR in terms of temperature and humidity
accuracy and uncertainty.

The analysis shows that the UCAR and NOAA/
STAR COSMIC-2 temperature retrievals are, in general,
very consistent at height above 12.5 km. Over the height
region from 12.5 to 16.5 km, the temperature bias differ-
ence among UCAR and NOAA/STAR temperature retriev-
als and RS41 and RS92 RAOB measurements are minimal
(mostly < 0.05 K) with no significant (< 0.05 K) daytime
and nighttime difference. This suggests the consistency in
temperature data among two COSMIC-2 retrievals and two
RAOBs over this height region.

Over the height region between 17.8 and 264 km,
RS92 RAOB has a warm bias of around 0.1 K in compari-
son with RS41 RAOB when using either UCAR or NOAA/
STAR COSMIC-2 temperature retrieval as the reference,
which is consistent with previous studies (Ho et al. 2010b)
using COSMIC-1 in the comparison. The COSMIC-2
and RS92 analysis shows the RS92 warm biases (~0.15 -
0.24 K) mainly during the daytime. Such daytime tempera-
ture bias for RS92 may be traceable to the remnant error
after applying the correction to the daytime temperature for
the RS92 sensor. Compared with UCAR and NOAA/STAR
COSMIC-2 temperature retrievals, there are ~0.1 K warm
biases in the RS41 nighttime measurements over the height
from 17.8 to 26.4 km.

Over the height range of 8 - 11 km, both UCAR and
NOAA/STAR COSMIC-2 temperature retrievals are of
positive difference (ranging from 0.1 to 0.4 K) compared
to RS41 and RS92 temperature data. The main difference
between UCAR and NOAA/STAR COSMIC-2 temperature
retrievals occur over the height range 8 - 11 km with a net
difference of ~0.1 - 0.2 K and NOAA/STAR temperature
retrieval being warmer. Such temperature difference can be
mainly due to the difference in the IDVAR retrieval algo-
rithms, particularly the treatment of the a priori model over
this height region. We also found that the day-night dif-
ference for RS41 and RS92 measurements compared with
UCAR retrievals are both small (mean temperature bias dif-
ference < 0.1 K) over this height region. Comparisons of
COSMIC-2 humidity retrievals with RS41 and RS92 RAO-
Bs all show that there are systematic wet biases in the near-
surface (below 4.2 km) RAOB humidity data relative to the
RO retrievals, which is consistent with the previous results
from the comparison between COSMIC-1 and RAOB ob-
servations (Wang et al. 2013). It is shown that UCAR and
NOAA/STAR COSMIC-2 humidity retrievals are, in gen-
eral, very consistent in the troposphere, significantly above
4.2 km over lands. The mean humidity difference between
RS41 and RS92 below 4.2 km is about 0.07 - 0.10 g kg™, due

to a slight daytime dry bias in RS92 relative to RS41. There
is also a clear day-night humidity difference below 4.2 km in
comparing COSMIC-2 retrievals with RS92 RAOBs, main-
ly due to the daytime RS92 data. The humidity difference
below 4.2 km of UCAR COSMIC-2 versus RS41 RAOB
over daytime is very close to those for nighttime.

It is worth noting the temperature bias between 8 to
11 km that exists between the two retrievals and the con-
sistency between humidity retrievals below 8 km despite
the different retrieval constraint preferences used in each
IDVAR algorithm. Such differences in the temperature
and humidity retrievals mainly come from the constraints
between a priori model and observation in the IDVAR al-
gorithm. The temperature retrievals are more sensitive to
such constraints than the humidity in the lower troposphere.
The sensitivity of temperature and humidity retrievals to
the differences between 1DVAR algorithms will be further
investigated in future studies.

For both temperature and humidity, the uncertainties
of UCAR wetPf2 versus RAOB are in general smaller than
those of NOAA/STAR wetPrf, with the uncertainty differ-
ences being minimum at around 17.8 km and reaching the
maximum at 8 and 30 km, respectively.

The multi-aspect comparison and height/SZA-depen-
dence analysis of COSMIC-2 RO and RS41/RS92 RAOB
temperature and humidity data presented in this paper pro-
vide comprehensive evaluations of the bias and uncertain-
ty of RAOB data versus RO data, the quality of RO data
products processed using different retrieval algorithms and
the quality of different types of RAOB measurements. This
paper shows the radiosonde sensor-dependent and RO re-
trieval scheme-dependent difference in the temperature and
humidity difference over a certain height and SZA range.
The reasons for such differences require further investiga-
tion into the difference in the sensor-dependent corrections
applied to the RAOB data and the difference between the
RO data IDVAR inversion schemes. With COSMIC-2 be-
ing operational and other commercial RO sensors adding
more RO data, such multi-aspect inter-comparisons be-
tween RO and RAOB data can help improve RO and RAOB
data processing quality, which can reduce the uncertainties
in the long-term temperature and moisture CDR.
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