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Abstract

Shipboard radiosonde soundings are important for detecting and quantifying the multiscale variability of
atmosphere-ocean interactions associated with mass exchanges. This study evaluated the accuracies of shipboard
Global Positioning System (GPS) soundings in the eastern tropical Indian Ocean and South China Sea through a
simultaneous balloon-borne inter-comparison of different radiosonde types. Our results indicate that the
temperature and relative humidity (RH) measurements of GPS-TanKong (GPS-TK) radiosonde (used at most
stations before 2012) have larger biases than those of ChangFeng-06-A (CF-06-A) radiosonde (widely used in
current observation) when compared to reference data from Vaisala RS92-SGP radiosonde, with a warm bias of
5°C and dry bias of 10% during daytimes, and a cooling bias of -0.8°C and a moist bias of 6% during nighttime.
These systematic biases are primarily attributed to the radiation effects and altitude deviation. An empirical
correction algorithm was developed to retrieve the atmospheric temperature and RH profiles. The corrected
profiles agree well with that of RS92-SGP, except for uncertainties of CF-06-A in the stratosphere. These correction
algorithms were applied to the GPS-TK historical sounding records, reducing biases in the corrected temperature
and RH profiles when compared to radio occultation data. The correction of GPS-TK historical records illustrated
an improvement in capturing the marine atmospheric structure, with more accurate atmospheric boundary layer
height, convective available potential energy, and convective inhibition in the tropical ocean. This study
contributes significantly to improving the quality of GPS radiosonde soundings and promotes the sharing of
observation in the eastern tropical Indian Ocean and South China Sea.
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1 Introduction

Observational vertical profiles of atmospheric temperature,
relative humidity (RH) and pressure are crucial for exploring the
atmospheric boundary layer, validating the ground-based and
satellite remote sensor retrievals, investigating the synoptic-scale
low-level westerly and upper-level easterly wind bursts (which
are commonly associated with El Nifio events) (Eisenman et al.,
2005), and developing water vapor and cloud parameterizations
in atmospheric models (e.g., Meehl, 1997; Luers and Eskridge,
1998; Vomel et al., 2002; Seidel et al., 2004; Kuo et al., 2005; Bald-

win et al., 2001; Durre et al., 2006; Yu et al., 2009; Wang et al.,
2010, 2014; Qin et al., 2012; Cheng et al., 2015; Chang et al., 2018;
Zhang et al., 2019). These vertical records have been primarily
provided by balloon-borne radiosonde sensors for more than 50
years (Luers and Eskridge, 1998). The compilations of such
ground-based records are worldwide available, e.g., the Integ-
rated Global Radiosonde Archive (IGRA), the World Meteorolo-
gical Organization (WMO) standard upper-air observatory data-
set, and the National Weather Service Archive (NWSA). Never-
theless, there were sparse sounding records and associated ap-
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plications in the Eastern Tropical Indian Ocean (ETIO) and the
South China Sea (SCS), to some extent limiting the investigations
of atmosphere-ocean interaction in these regions (Wang et al.,
2010, 2019; Xie et al., 2014; Peng et al., 2016; Shi et al., 2017).

In recent decades, large amounts of Global Positioning Sys-
tem (GPS) soundings have been deployed over the ETIO and SCS
covering the period from 2006 to present by the South China Sea
Institute of Oceanology (SCSIO), Chinese Academy of Sciences,
China (Fig. 1). However, as will be discussed later, 711 sounding
historical records of first-generation sea-based radiosonde (used
at most stations before 2012) have suffered from significant sys-
tematic biases in temperature and RH measurements. The use of
these sea-based historic radiosonde records in climate studies
and atmospheric reanalysis has been seriously hindered by their
inhomogeneity due to the upgrades in instrument type, observa-
tional practice, or other issues (Zhai and Eskridge, 1996). Quanti-
fying error sources in radiosonde records and making associated
corrections are urgently needed. It is important to note that the
Radio Occultation (RO) data could be affected by cloud biases
and algorithm errors (Zou and Tian, 2018; Zou et al., 2019; Tian
and Zou, 2020), with errors of around 1°C from the surface to about
40 km (Angling, 2016). Globally, due to the errors/uncertainties
caused by instrumentation displacement (e.g., inconsistent refer-
ence frame, antenna phase variations, irradiation coating tech-
nology and hardware changes), there have been plenty of studies
focusing on quantifying and correcting the temperature and RH
biases for different types of radiosondes and significantly improv-
ing their applications, especially for Vaisala radiosondes like
Vaisala RS80, RS90, and RS92 (e.g., Miloshevich et al., 2001; Wang
etal., 2002; Zhang et al., 2019).

Simultaneous balloon-borne inter-comparison provides an
efficient way to identify the error sources for different radio-
sondes types (Suortti et al., 2008; Sinha et al., 2016). Previous ra-
diosonde inter-comparison campaigns, especially those organ-
ized by the WMO, have been instrumental in assessing the accur-
acy and diversity of widely used operational radiosonde types
(e.g., Hooper, 1986; Nash and Schmidlin, 1987; Schmidlin, 1988;
Ivanov et al., 1991; Yagi et al., 1996; Nash et al., 2006; Balagurov
et al.,, 2006; Da Silveira et al., 2006). Especially, the 8th interna-
tional radiosonde inter-comparison, performed in Yangjiang,
China, during July 12 to August 3, 2010 (Nash et al., 2011; Li et al.,
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2011), have assessed the capability of the Vaisala R$92 radio-
sondes and suggested that Vaisala R§92-SGP has high level of ac-
curacy and consistency (Jauhiainen and Lehmuskero, 2005), can
provide a simultaneous reference for the inter-comparison cam-
paigns (Luers, 1997; Nash et al., 2011; Li et al., 2011). In this
study, the systematic errors of the sea-based GPS radiosondes
over the ETIO and SCS are evaluated through simultaneous inter-
comparison with the Vaisala RS92-SGP, and empirical correc-
tions were applied to the historical radiosonde records.

The simultaneous GPS sounding inter-comparison was con-
ducted during the R/V ShiYan 1 in the spring of 2012, comprising
20 balloon-borne radiosonde flights for Vaisala RS92-SGP,
Beijing GPS-TK and Changfeng CF-06-A. The subsequent sec-
tions of this study is organized as follows. Section 2 describes the
GPS radiosonde systems and data. Section 3 presents the results
of the radiosonde-based biases. Correction models will then be
developed in Section 4. In Section 5, the historical radiosonde re-
cords will be corrected and validated, followed by the summary
and discussion in Section 6.

2 Materials and methods

2.1 GPS-TanKong (GPS-TK) radiosonde system

The GPS-TK radiosonde is the first-generation Chinese sea-
based upper-air sounding system designed by the Key Laborat-
ory of Middle Atmosphere and Global Environment Observation
(LAGEO) of the Institute of Atmospheric Physics (IAP), China. It
was used for low-layer atmospheric measurement and consists of
a ground system, antenna, and radiosonde. The radiosonde is
equipped with a cylindrical rod thermistor temperature sensor, a
planar thin-film humicap humidity sensor and GPS positioning
system to obtain temperature, RH and altitude profiles, respect-
ively. The rod temperature sensor in the GPS-TK radiosonde has
a bigger size and slower response compared to the thin wire ca-
pacitor of CF-06-A and Vaisala RS92-SGP, which could lead to
temperature biases due to solar and infrared radiation heating/
cooling and the time lag of the sensor in responding to temperat-
ure gradients (Mcinturuff et al., 1979). The production calibra-
tion of the GPS-TK relies on the basic humidity calibration mod-
el and also partly on linear temperature dependence calculation
modeling, potentially resulting in a dry bias in RH measure-
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Fig. 1. Geographical maps of GPS-TK (a) and CF-06-A (b) historical radiosonde records over the ETIO and SCS. Colored symbols rep-

resent the various years when the datasets were collected.
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ments under cold and humid conditions (Wang et al., 2002). Ad-
ditionally, the GPS-TK radiosonde lacks a pressure sensor, and its
pressure profiles are reconstructed from temperature, RH and
altitude profiles derived from the sounding (refer to Appendix for
details).

2.2 ChangFeng-06-A (CF-06-A) radiosonde system

The CF-06-A is a new-generation China sea-based sounding
system developed by Beijing Changfeng Micro-electronics Tech-
nology Co. (CFMTC), Ltd., China, which consists of CF-GPS-JS
receiving system, ground check kit, antenna and radiosonde. The
CF-GPS-JS system is responsible for receiving ground-based pos-
itioning information, tracking and demodulating radiosonde
transmission signals, and transmitting meteorological and posi-
tioning information back to the terminal computer for data pro-
cessing. The radiosonde of CF-06-A includes a bead resistance
temperature sensor known for its good radiation characteristics
and a high sensitivity, along with a thin-film capacitors humidity
sensor from Sweden manufacturers. The 8th WMO international
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inter-comparison has confirmed that CF-06-A can provide high-
quality pressure, temperature, humidity, and wind measure-
ments with proper error correction (Nash et al., 2011). However,
it's important to note that these WMO inter-comparisons were
conducted based on land releases, which may not fully represent
conditions at sea.

2.3 Vaisala RS92-SGP radiosonde system

The Vaisala RS92-SGP originates from the Finland. The main
system of Vaisala includes a processor (Vaisala, DigiCORA III),
GPS antenna (GA20), UHF antenna (RB21), ground check kit
(GC25), balloon launcher (ASAP), and GPS radiosonde sensor
(RS92-SGP). The all-digital RS92-SGP, equipped with the newest
Vaisala, Ltd. radiosonde model, has been widely used since 2005
(Jauhiainen and Lehmuskero, 2005). It features capacitive wire
temperature sensors and thin film capacitor-heated twin humid-
ity sensors, and incorporates a reconditioning method to com-
pletely remove chemical contamination using the ground check
kit. Table 1 shows the details of these three radiosondes.

Table 1. Characteristics of GPS-TK, CF-06-A, and RS92-SGP radiosonde systems (updated table of Xie et al., 2014)

Radiosonde Manufacturer Temperature sensor Humidity sensor Dlgltallfrquency Anti-radiation coating Weight/g
and country specification
GPS-TK LAGEQ, IAP, band-gap thermistor: polymer capacitive: ~ range from 400 MHz no aluminised 150
Beijing (China) type SHT 10, type SHT 10, to 406 MHz,
range from -40°C to range from 0% to 100%RH, tuning N/A,
+125°C, resolution 0.4% RH, stability N/A,
resolution 0.04°C, response time 8 s, R/S power N/A
response time5s, uncertainty N/A,
uncertainty N/A, area 4.94 mm x 7.47 mm,
area4.94 mm x 7.47 mm, software adjustment, no
software adjustment, no
CF-06-A Beijing Changfeng bead thermistor: thin-film capacitor: ~ range from 400 MHz  space micro-process 270
Micro-electronics type MF51MP, type Sweden XCO06, to 406 MHz, anti-radiation technology,
Technology Co. range from -90°C to +60°C, range from 0% to 100 % tuning, any in range, aluminized, protective
(China) resolution 0.1°C, RH, stability +/- 10 kHz, cap
response time 0.8 s, resolution 1 % RH, R/S power 100 mW
uncertainty 0.5C, response time 1.5 s,
diameter 0.8 mm, uncertainty 5% RH,
software adjustment, yes area 3.8 mm x 5 mm,
software adjustment, no
RS92-SGP  Vaisala, Ltd. thin wire capacitor: thin-film capacitor, range from 400 MHz  reflectivity coating, 290
(Finland) range from -90°C to +60°C, heated twin sensor to 406 MHz, aluminized, shiny silver
resolution 0.1°C, (polymer for low RH): tuning 10 kHz,
response time 0.4 s, type RD100, stability +/- 2 kHz,
uncertainty 0.2°C, range from 0%-100% RH, R/S power 60 mW
diameter 0.5 mm, resolution 1% RH,
software adjustment, yes response time 0.5 s,
uncertainty 2% RH,
area 2.5 mm x 2.5 mm,
software adjustment, yes
Note: R/S, root mean square power; N/A, not available.
Table 2. Details of 20 simultaneous balloon-borne radiosonde flights over the ETIO
No. Longitude Latitude Local time Day/night No. Longitude Latitude Local time Day/night
1* 111.092°E 7.860°N Feb. 28, 14:00 day 11 82.504°E 3.485°S Mar. 20, 20:00 night
2 90.483°E  6.009°N  Mar. 10, 18:00 day 12 82535°E  4.474°S  Mar. 21, 08:00 day
3 90.462°E 6.050°N Mar. 11, 00:00 night 13 80.080°E 4.989°S Mar. 22, 20:00 night
4 89.003°E 5.993°N Mar. 11, 20:00 night 14 80.003°E 3.494°S Mar. 23, 14:00 day
5 86.995°E 6.020°N Mar. 13, 20:00 night 15 80.014°E 2.995°S Mar. 23, 20:00 night
6 84.497°E  5964°N  Mar.15,20:00 night 16 80.090°E  0.494°S  Mar. 25,02:00 night
7 82.469°E 6.001°N Mar. 16, 19:00 night 17 80.132°E 0.017°S Mar. 25, 14:00 day
8 82.535°E  0.943°N  Mar. 18, 20:00 night 18 80.049°E  0.492°N  Mar. 25,20:00 night
9 82.508°E 0.009°S Mar. 19, 02:00 night 19 84.009°E 0.026°N Apr. 04, 19:00 night
10 82.544°E 1.454°S Mar. 19, 20:00 night 20 86.002°E 0.003°N Apr. 05, 14:00 day

Note: Bold font represents the daytime flights and unbold font represents the nighttime flights. Symbol * represents the missing of RS92-SGP
measurement. Local time format: month day, hour (UTC+6).
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2.4 Dataset of simultaneous inter-comparison soundings

The simultaneous high vertical resolution measurements de-
rived from the GPS radiosondes comprised 14 nighttime flights
and 6 daytime flights (Table 2, one RS92-SGP daytime sounding
missing). During each balloon flights, the three GPS radiosondes
were suspended using a wire approximately 8 m in length, posi-
tioned near the tail and separated from each other by 1 m. Met-
eorological parameter Measurements were taken with a time res-
olution of 2 s. Altitude derived from GPS was used as the vertical
coordinate. Figures 2a-d depict two examples of simultaneous
temperature and RH measurements from RS92-SGP, CF-06-A
and GPS-TK, illustrating the common characteristics of daytime
and nighttime flights. Figure 2e provides a schematic detailing
the connection of radiosondes and the balloon during the simul-
taneous inter-comparison soundings.

2.5 COSMIC RO dataset

The Constellation Observing System for Meteorology, Iono-
sphere and Climate (COSMIC) RO provides approximately
2 500 atmospheric profiles every day within a height range of
0.1-40 km around the world. The profiles are provided with
100-m vertical resolution, although the actual resolution is
a function of height and is about 1 km in the tropical tropopause
transition layer. The National Center for Atmospheric Research
(NCAR) has made available COSMIC profiles corrected for the
effects of water vapor on the GPS signal. Further details regard-
ing COSMIC-derived temperature and RH measurements could
be found in Ho et al. (2009), He et al. (2009), and Yunck et al.
(2009).

3 Results
3.1 Significant biases in historical GPS sounding records
During 2006-2011 ETIO and SCS cruise experiments of GPS-

TK observation stage, 711 historical sounding records were con-

a. temperature profile (day)

ducted by SCSIO. Temperature and RH soundings using the GPS-
TK radiosonde were conducted every 6 h during this stage. Com-
parisons were made between collocated tropical ocean atmo-
spheric temperature and RH profiles from historical GPS-TK ra-
diosondes and from COSMIC to assess the accuracy of GPS-TK
soundings. Note that the collocation of COSMIC is within 3 h and
400 km by comparing to the shipboard sounding locations.
Figure 3 illustrates the relative differences of temperature and RH
between GPS-TK and COSMIC RO as a function of altitude height
for 45 daytime and 36 nighttime collocation cases. The temperat-
ure biases in the low-level troposphere were estimated to be
around 8°C during daytime (Figs 3a and b) and around 3°C dur-
ing nighttime (Figs 3c and d), while RH biases were found to be
between 10% to 40% for dry biases when comparing with the
satellite RO of COSMIC. These results indicate warm temperat-
ure and dry RH biases in GPS-TK historical sounding records
compared to valuable reference data, particularly in daytime,
suggesting that the temperature and RH biases derived from
GPS-TK radiosondes found in Fig. 3 are attributed to the influ-
ence of solar radiation as discussed by Vomel et al. (2007) and
Yoneyama et al. (2008).

3.2 Temperature and RH biases derived from simultaneous inter-
comparison

3.2.1 Biases in temperature profiles

The temperature profiles of GPS-TK and CF-06-A and their
differences with RS92-SGP are shown in Fig. 4. The temperature
biases between GPS-TK and RS§92-SGP vary significantly over the
LT both during daytime and nighttime (Figs 4a and e). The mean
biases of GPS-TK exceed 2°C at most altitudes with a maximum
difference of up to 6°C and a predominant Root Mean Square
(RMS) difference of 0.6 C in the troposphere during the daytime.
These significant biases of GPS-TK are mainly attributed to solar
radiation heating. Anomalously large biases also appeared dur-
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Fig. 3. Comparisons of GPS-TK radiosonde with COSMIC: mean (red) (a) and Root Mean Square (RMS) (blue) (b) of GPS-TK temper-
ature difference in daytime; comparisons of GPS-TK radiosonde with COSMIC: mean (red) (c) and RMS (blue) (d) of GPS-TK RH dif-
ference in daytime; comparisons of GPS-TK radiosonde with COSMIC: mean (red) (e) and RMS (blue) (f) of GPS-TK temperature dif-
ference in nighttime; comparisons of GPS-TK radiosonde with COSMIC: mean (red) (g) and RMS (blue) (h) of GPS-TK RH difference
in nighttime. The collocation of COSMIC is within 3 h and 400 km. Gray lines: individual GPS-TK difference. Gray linesin a, ¢, e, and g
are the individual temperature differences for each inter-comparison. UT: upper troposphere; LT: lower troposphere.

ing the nighttime. The GPS-TK shows a cold bias of -0.8°C, with a
RMS difference of 0.8°C below 10 km. Such nighttime biases are
believed to result from the inadequate treatment of long-wave ra-
diation cooling.

The relative systematic error of CF-06-A radiosonde is within
0.4°C and the standard deviation is within 0.7°C in the 8th WMO
inter-comparison (Nash et al., 2011; Li et al., 2011). In our inter-
comparison, the mean temperature biases of CF-06-A during
day-time flights show slightly warm biases, increasing continu-
ously with altitude from zero to 1.5°C below 17 km (Fig. 4c), in-
dicating that temperature correction model is inflexible and the
solar heating is insufficiently corrected during the daytime. Dur-
ing the nighttime flights, the CF-06-A shows a cool bias of -0.5C
in the lower troposphere (below 12 km), and these differences
decrease significantly with altitude, turning into a warm bias of
0.4°C around 17 km (Fig. 4g). This might be due to the overcor-
rection of radiation cooling biases. The RMS of the CF-06-A typic-
ally consists of a nearly constant value in the range 0f 0.1-0.2°C
during daytime and 0.2-0.3°C during nighttime below 17 km
(Figs 4d and h). These relative homogeneous curves indicate that
the error characteristics of CF-06-A are insensitive with altitudes
below 17 km both during daytime and nighttime. Above 17 km,
the error characteristics became more complicated, with a large
RMS difference of 1°C. These phenomena indicate that the tem-
perature correction models of the CF-06-A become disoriented in
strong temperature inversion environments.

3.2.2 Biases in RH profiles
As noted by Wang et al. (2002), the temperature-dependence
errors are among the most important contributors to the total RH

errors in radiosonde measurements. Figure 5 shows the mean RH
biases of the GPS-TK and CF-06-A compared to RS92-SGP dur-
ing daytime and nighttime flights. The GPS-TK exhibits a dry
mean bias of 10% over the troposphere during daytime and a
moist bias of 6% during nighttime from the lower to upper tropo-
sphere (Figs 5a and e). The RMS of the GPS-TK contains large
variations in the range of 5%-8% during daytime and a consist-
ent 4% during nighttime, indicating that the RH sensor has a poor
response to humidity changes in warm temperature environ-
ments. The dry biases in radiosonde humidity profiles can lead to
severe underestimation of convective available potential energy
and overestimation of convective inhibition (Guichard et al.,
2000). The comparison of RH data between L-band and 59-701
sounding system of Yao et al. (2017) revealed that the RH bias is
related not only to ambient temperature change, but also to RH
changes, reflecting the possible “wet hysteresis loop” effect of hu-
midity sensors.

During the 8th WMO inter-comparison, the RH measure-
ments of CF-06-A basically showed a dry trend compared to the
Vaisala radiosonde, with 4% below 14 km and 12 % above 14 km
(Lietal., 2011). Additionally, the Vaisala radiosondes were found
to have a calibration-based dry bias (Miloshevich et al., 2001) or a
contamination dry bias (Wang et al., 2002). In our inter-compar-
ison, the RH mean biases for the CF-06-A measurements show a
dry bias of 4% during daytime (Fig. 5¢) and a moist bias ranging
from 4% to 8% during nighttime (Fig. 5g) throughout the tropo-
sphere, indicating good consistency within the diurnal variation.
It approves the fact that the CF-06-A is equipped with equivalent
sensors of the twin H-Humicap with an aluminized plastic shield
(CF GPS radiosonde system, 2009). The RMS of the CF-06-A
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of Xie et al. (2014).
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Fig. 6. Around clock biases of temperature (a), RH (b), altitude (c), and refractivity (d) derived from GPS-TK minus RS92-SGP (blue
line) and CF-06-A minus RS92-SGP (red line). The green line represents the daytime and nighttime demarcation line in local time.
Rose-color values represent temperature (a), RH (b), altitude (c), and refractivity (d).

shows nearly constant variation in the range of 5%-6% during
daytime (Fig. 5d) and 5%-10% during nighttime (Fig. 5h), indicat-
ing the stability of the CF-06-A RH sensors during both daytime
and nighttime flights. Several correction methods have been pro-
posed to address the daytime dry bias, which may be caused by
solar radiation error (e.g., Miloshevich et al., 2009; Wang et al.,
2013).

3.2.3 Around-clock biases

In this subsection, the around-the-clock biases are examined
to further investigate the time-depended biases and the errors
caused by the altitude mismatch (Fig. 6). Results show a warm bi-
as of 0.4°C for CF-06-A and 0.5°C for GPS-TK during daytime
(06:00-20:00, local time). The temperature biases between CF-06-
A and RS92-SGP are relative homogeneous (Fig. 6a), differing
from the increasing biases with the altitude shown in Fig. 4c.
These differences are partly due to errors of altitude mismatch
(Fig. 6¢). The temperature biases between GPS-TK and RS92-SGP
show positive values as increasing with the time, reaching a
range of 3.5-8°C, which are obviously larger than those in Fig. 4a.
The discrepancy is likely due to the negative biases that inducing
a false cold bias and causing the negative contributions to alti-
tude-related errors (Fig. 6¢). During the nighttime, the temperat-
ure biases are relative homogeneous with slightly negative val-
ues closed to zero for both GPS-TK and CF-06-A. During this

period, the altitude biases are relatively small over the tropo-
sphere, indicating weak contributions of altitude biases to the
temperature measurements of GPS-TK and CF-06-A, and long-
wave radiation cooling being important. Notably, one temperat-
ure measurements derived from the GPS-TK at 18:00 has a spe-
cial fluctuation, with a maximum warm bias of 4.5°C compared to
RS92-SGP before sunset (local time 18:40) (Fig. 6a). This bias de-
creases quickly until sunset, and then the bias becomes slightly
positive after sunset, indicating the negative contribution of alti-
tude bias to the temperature bias as seen in Fig. 4e. This result
suggests that the temperature sensors of GPS-TK are highly sens-
itive to solar radiation. For CF-06-A, the temperature is close to
that of R§92-SGP, indicating good performance of temperature
sensor during the daytime.

The RH biases of GPS-TK and CF-06-A show dry values dur-
ing the daytime, consistent with the previous daytime results
(Wang and Zhang, 2008; Sun et al., 2010). It is noteworthy that the
CF-06-A measurements have moist biases around the sunrise
and sunset (local 08:00 AM and 06:00 PM), which are different
from the noontime (local 02:00 PM) measurements (Fig. 6b).
Moist biases of around 5% are observed throughout the night-
time both in GPS-TK and CF-06-A. The qualitative agreement of
RH measurements between these two types of radiosondes en-
hances the confidence in isolating the bias sources for daytime
and nighttime.
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3.3 Corrections

3.3.1 Temperature corrections

The results indicate that the temperature recorded by the
GPS-TK and CF-06-A soundings are influenced by solar radi-
ation heating, sensor infrared radiation cooling and altitude mis-
match. These factors lead to discrepancies between the sensor
temperature and the ambient air temperature. The GPS-TK uses
a bimetal spiral band-gap thermistor to measure temperature,
which lacks radiation protective shields and has uncontrollable
emissivity. Consequently, it poorly reflects solar radiation and
strongly absorbing and emitting infrared radiation. An analysis
was conducted to establish the error characteristic of the GPS-TK
associated with environmental changes. Luers and Eskridge
(1995) and Luers and Eskridge (1998) performed sensitivity ana-
lysis of temperature measurements, testing the influence of vari-
ous parameters on temperature error, including background
temperature, pressure, humidity, cloud cover, solar angle and
balloon rise rate. In this study, the reference dataset of RS92-SGP
was chosen to represent the ambient atmospheric environment,
and the parameters of solar angle and altitude mismatch are con-
sidered. Figure 7a shows the temperature error for GPS-TK for
daytime and nighttime flights. The temperature error is signific-
antly influenced by nighttime infrared radiation, which can res-
ult in errors up to -0.5°C. During daytime, the sonde absorbs
more solar radiation at noontime, heating the sonde and enhan-
cing the temperature error. The nighttime temperature error is
less for CF-06-A (Fig. 7b) because of the low emissivity of the
bead thermistor. During daytime, the temperature error of CF-
06-A shows a positive trend with increasing altitude at sunrise
and noontime, while at sunset, the error shows negative values
due to the low solar angle. Indeed, the primary solar radiation-
induced biases were identified and corrected based on the solar
zenith angle for different daytime flights. However, having only
one sunrise and sunset profile for daytime flights introduces un-
certainty in building the correction model. This limited-sample-
driven bias evaluation and correction could only be used as a ref-
erence. More inter-comparison sample should be used to ad-
dress this challenge, as discussed in the discussion section.
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3.3.2 RH corrections

The GPS-TK uses a unique capacitive sensor element for
measuring RH, with calibration coefficients applied internally to
calibrate the signals from the sensors. Figure 5 illustrates the ma-
jor errors of the GPS-TK RH measurement in the ambient air. In
this analysis, the correction algorithm for those errors is evalu-
ated (Fig. 8a). The RH error profiles of GPS-TK are possibly re-
lated to basic calibration model error, temperature dependence
correction error and altitude mismatch errors. During nighttime,
the error profile shows obvious moist biases in the LT. During
daytime, the error profiles show significant dry biases in the
range of -10% to -20% around noontime and sunrise, while at
sunset, the error profiles show slight differences within zero value
versus altitude due to the low solar angle.

The RH measurement of CF-06-A radiosonde uses a capacit-
ive thin-film humidity sensor, which has similar characteristics
to the RS92-SGP. These RH sensors can take up water with
reduced hysteresis and are more stable at higher humidity
(Antikainen and Paukkunen, 1994). The error characteristics of
RH around sunrise and sunset show a moist bias of 5% versus
altitude, which is related to solar-challenging environments. The
nighttime measurements show obvious moist biases in the tropo-
sphere. The error profiles of CF-06-A (Fig. 9b) are used to correct
the RH measurements. Notably, the limited RH samples, espe-
cially in daytime flights, could not fully address the biases and as-
sociated calibration models in the RH profiles of GPS-TK and CF-
06-A.

3.3.3 Bias correction model development

The correction algorithm implementation is as follows: the
original temperature and RH measurements of the GPS-TK and
CF-06-A (T, and RH,)) are adjusted by subtracting the error pro-
files in Figs 7 and 8 (C,{H, D) and Cyy(H, D)), resulting in the cor-
rected temperature (Topg) and RH (RHgg) given by

Tcorr = To — Cr(H, D), (1

RHcorr = RHo — Cru(H, D), )

b. CF-06-A day and night temperature error
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Fig. 7. Temperature errors of GPS-TK (a) and CF-06-A (b) radiosondes in daytime and nighttime. Shown are: the mean nighttime
error profile (blue), the mean sunrise time profile (green), the mean noontime profile (red), and the mean sunset time profile (purple).
MS: middle stratosphere; LS: lower stratosphere; UT: upper troposphere; LT: lower troposphere.
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b. CF-06-A day and night RH error
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Fig. 8. RH errors of GPS-TK (a) and CF-06-A (b) radiosondes in daytime and nighttime. Shown are: the mean nighttime profile (blue),
the mean sunrise-time profile (green), the mean noontime profile (red), and the mean sunset-time profile (purple). MS: middle strato-
sphere; LS: lower stratosphere; UT: upper troposphere; LT: lower troposphere.

where H represents the altitude and D represents the time (sun-
rise, sunset, noontime and nighttime). Figure 9 shows the biases
of the GPS-TK/CF-06-A corrected temperature associated with
the R§92-SGP during daytime and nighttime. The remaining ran-
dom errors of the GPS-TK temperature measurements are within
+1.0°C during daytime and about +1.6°C during nighttime. The
mean biases of GPS-TK measurement are near zero both during
daytime and nighttime. The RMS of GPS-TK corrected temperat-
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ure during daytime remains significant, although its magnitude is
smaller than that of uncorrected temperature profiles. The night-
time RMS is about 0.6 °C, almost the same as the original records.
These results indicate that uncertainties like sensor sensitivity,
missing ground-check correction and cloud cover still affect GPS-
TK soundings.

Removing the radiation effects from CF-06-A during daytime
and nighttime temperature measurements yields a new bias
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Fig. 9. Temperature errors of GPS-TK and CF-06-A corrected measurements by comparing to RS92-SGP. a and b. Mean and RMS
temperature errors of corrected GPS-TK in daytime; ¢ and d. mean and RMS temperature errors of corrected CF-06-A in daytime; e
and f. mean and RMS temperature errors of corrected GPS-TK in nighttime; g and h. mean and RMS temperature errors of CF-06-A in
nighttime. Red line: mean error. MS: middle stratosphere; LS: lower stratosphere; UT: upper troposphere; LT: lower troposphere.
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characteristic as compared with R§92-SGP. The random temper-
ature errors of CF-06-A during daytime are about +0.2°C with a
slight RMS of 0.05°C in the troposphere, while the errors fluctu-
ate largely in the stratosphere (Fig. 9c, grey shadow). During
nighttime, the errors are about +0.4°C in the troposphere and still
fluctuate above 17 km (Fig. 9g). The results show that the resid-
ual errors preserve the random errors and that temperature
measurements remain unstable in the stratosphere. The RMS of
the CF-06-A corrected temperature in Figs 9d and h tends to be
near zero in the troposphere.

Figure 10 shows the errors of GPS-TK and CF-06-A corrected
RH by comparing them with RS92-SGP. Removing the errors
yields new differences for both the GPS-TK and the CF-06-A.
After the correction, the mean differences for both radiosondes
are close to zero, and the RMS is smaller than that of original re-
cords for both daytime and nighttime. The results indicate that
the GPS-TK and CF-06-A radiosondes suffered from significant
error sources such as the basic calibration model error, temperat-
ure dependence error, and altitude mismatch error. The correc-
tion implementation greatly contributes to reducing these error
sources. However, due to a lack of reliable reference measure-
ments, there remain obvious random errors in CF-06-A and GPS-
TK. Other error sources, like chemical contamination error,
sensor-arm-heating error, ground-check error and sensor aging
error (<0.5% RH/a), are still unresolved.

3.4 Application of corrections to historical records and validation

3.4.1 Corrections of GPS-TK historical records
The above correction algorithms were applied to the GPS-TK
historical records, and their accuracy was further quantified by
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comparing them with the collocated COSMIC data. COSMIC
measurement occurring within 3 h and 400 km of radiosonde re-
leases from 2006 to 2012 were used for this comparison. In total,
there were 45 daytime matches and 36 nighttime matches. Each
GPS-TK historical record was interpolated to a 100 m interval and
visually inspected for reasonableness before comparison. The
results indicated that all matched soundings passed the com-
pleteness check with high quality. Figures 11 and 12 illustrate the
temperature and RH measurements for both daytime and night-
time. Before correction, the temperature biases of GPS-TK exhib-
ited anomalously large deviations (from 1°C to 7°C at the surface
to over 10°C in the upper troposphere) and a daytime RMS error
of 1.5°C, reflecting significant solar radiation heating errors in the
GPS-TK historical daytime dataset. After corrections, most warm
biases were removed and the remaining errors converge to relat-
ive homogeneity (averaging about 2°C). The difference in RMS
before and after corrections was approximately 0.05°C. For night-
time, the effect of the correction was weaker due to the persistent
warm biases, differing from the results compared with RS92-SGP.
This discrepancy likely arises from the impacts of the time and
distance mismatch between COSMIC and radiosonde (Sun et al.,
2010).

Application of the correction algorithms to the GPS-TK his-
torical RH records also improved their accuracy for both during
daytime and nighttime (Fig. 12). Before correction, the GPS-TK
RH measurements showed a dry bias increasing with altitude
from -6% to -22% during daytime. After correction, the mean bi-
as reduced to -10% at most levels. During nighttime, the correc-
tion effected on GPS-TK RH measurements was less clear. As
seen in Figs 5e and 13e, the GPS-TK RH biases derived from COS-
MIC differed significantly from those derived from Vaisala RS92-
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Fig. 10. RH errors of GPS-TK and CF-06-A corrected measurements by comparing to R§S92-SGP. a and b. Mean and RMS RH errors of
corrected GPS-TK in daytime; c and d. mean and RMS RH errors of corrected CF-06-A in daytime; e and f. mean and RMS RH errors of
corrected GPS-TK in nighttime; g and h. mean and RMS RH errors of CF-06-A in nighttime. Red line: mean error. LS: lower strato-

sphere; UT: upper troposphere; LT: lower troposphere.
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Fig. 11. Inter-comparison of GPS-TK historical records with COSMIC temperature measurements before and after correction. a and
b. Mean and RMS temperature differences of GPS-TK in daytime before correction; c and d. mean and RMS temperature differences of
GPS-TK in daytime after correction; e and f. mean and RMS temperature differences of GPS-TK in nighttime before correction; g and
h. mean and RMS temperature differences of GPS-TK in nighttime after correction. Gray lines in a, c, e, and g are the individual tem-
perature differences for each inter-comparison. The collocation of COSMIC is 3 h and 400 km. UT: upper troposphere; LT: lower tro-

posphere.

SGP during nighttime. This discrepancy is likely associated with
the COSMIC vapor pressure convertion from refractivity.

After the correction, the GPS-TK historical radiosonde re-
cords showed gratifying improvements, with smaller and more
stable biases and a reduced influence of radiation effects.

3.4.2 Validation

After applying corrections, each radiosonde sounding was ex-
amined for “reasonableness” by analyzing the Atmospheric
Boundary Layer Height (ABLH), Convective Available Potential
Energy (CAPE) and Convective Inhibition (CIN). Figure 13 shows
the ABLH from 20 simultaneous radiosonde records before and
after corrections during daytime and nighttime. Before correc-
tions, the ABLH derived from GPS-TK showed significant differ-
ences, with a mean value of 700 m. After corrections, the ABLH
variations range of 800-1 000 m for GPS-TK and CF-06-A during
daytime (Fig. 13b), which aligns more closely with RS92-SGP ex-
pectations for marine tropical environments. Figures 13c and d
indicate that the variations in GPS-TK and CF-06-A measure-
ments are similar to those of RS92-SGP before and after correc-
tions during nighttime, suggesting that the ABLH derived from
GPS-TK and CF-06-A is minimally influenced by temperature
and RH corrections during nighttime.

Figure 14 shows histograms of CAPEs and CINs before and
after corrections. CAPEs are calculated from temperature, RH
and pressure profiles up to an altitude of 6 000 m. The majority
(54.82%) of corrected GPS-TK soundings have CAPE values
above 300 J/kg during June, July and August (JJA), which repres-

ents a 40% increase over uncorrected soundings (Fig. 14a). Gen-
erally, CAPE values over the marine tropical environment are suf-
ficient for convective initiation, with values derived from NCEP
reanalysis in JJA reaching 1 002.5 J/kg. These corrected sound-
ings appear “reasonable” with high values and percentages of
CAPEs. The dry biases in RH measurements might be a key reas-
on for the weak CAPEs within uncorrected sounding records (Lu-
cas and Zipser, 2000; Guichard et al., 2000; Wang et al., 2002; Xie
etal., 2014). The features of the CIN were also evaluated (Fig.
14b). Results show that the CIN derived from the corrected GPS-
TK profiles correspond well with the NCEP reanalysis data (aver-
age value 37.4 J/kg in JJA over the SCS), with reasonable mag-
nitude and proper percentage (Fig. 14b).

4 Summary and discussion

The biases in the historical temperature and RH radiosonde
records have been revealed by through comparisons with COS-
MIC RO, leading to an unrealistic marine atmospheric environ-
ment for scientific applications. Based on the simultaneous inter-
comparison, the error characteristics of GPS-TK and CF-06-A ra-
diosondes have been examined, and a correction methodology
has been developed to correct the historical radiosonde records.

The mean temperature biases of GPS-TK show a warm bias of
2°C near surface to a predominant warm bias of 6°C in the upper
troposphere during daytime and a notable cool bias (about
-0.5°C) with an RMSE of 0.8C in the lower level (below 7 km)
during nighttime. For RH inter-comparisons, the GPS-TK indic-
ates a dry mean bias of -10% during daytime and a moist bias of
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Fig. 12. Inter-comparison of GPS-TK historical records with COSMIC RH measurements before and after correction. a and b. Mean
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Fig. 14. Histograms of CAPEs (a) and CINs (b) derived from GPS-TK historical soundings during the JJA (June, July and August,

2006-2011) before (blue) and after (red) corrections.

6% during nighttime. The daytime inter-comparisons of the CF-
06-A with the RS92-SGP show that the temperature has a warm
bias which increases with altitude within 1°C in the upper tropo-
sphere and varying greatly in the stratosphere. During nighttime,
the mean temperature biases change from a cool bias of -0.4C
below 12 km to a warm bias in the upper troposphere. The RH
shows a dry bias of 2%-4% during daytime and a moist bias in the
range of 4%-8% during nighttime throughout the troposphere.
The GPS-TK exhibits relatively larger errors both during daytime
and nighttime compared to CF-06-A, indicating pronounced ra-
diation effects. Around-clock biases denote that the altitude mis-
match significantly influences the temperature and RH measure-
ments in both CF-06-A and GPS-TK.

An empirical correction derived from this inter-comparison is
applied to remove the radiation-dependence and altitude mis-
match errors in GPS-TK and CF-06-A. The corrected temperat-
ure and RH profiles align well with those obtained from the RS92-
SGP, except for the stratosphere measurements of CF-06-A due
to strong random errors. The correction algorithms are applied to
the GPS-TK historical radiosonde records and the corrected res-
ults are verified by comparing with the COSMIC. After correc-
tions, significant improvements are observed within the GPS-TK
historical radiosonde records, showing smaller biases and a weak
influence of radiation effects. The corrected temperature and RH
profiles are generally reasonableness in reflecting the realistic
marine atmospheric environment. Before corrections, the ABLH
calculated from daytime soundings exhibited significant errors
with low values, which are related to the temperature bias. The
dry RH biases in GPS-TK humidity data contribute to low CAPEs
and large CINs in uncorrected sounding records. After correc-
tions, there are substantial improvements in the magnitude and
intensity percentage of ABLH, CAPEs and CINs.

However, there are importance caveats to consider. For day-
time soundings, clouds can affect solar radiation error in very
complicated ways, making daytime error correction unreliable
(Luers, 1997). Clouds do not affect the nighttime results. Addi-
tionally, the above correction algorithm does not consider the
sonde age, which can introduce errors due to unstable drifts dur-
ing the storage (Wang et al., 2002). The basic calibration model of
CF-06-A in the stratosphere is generally considered “unreason-
able” and further confirmation of error characteristics is needed.

One uncertainty in our correction algorithm implementation

is the small sample size of shipboard simultaneous inter-compar-
ison soundings. The five daytime flights were utilized as a group
under one bias source of solar zenith angle by considering differ-
ent launched times of sunrise, noon, and sunset. Indeed, having
only one sunrise and sunset profile for daytime flights introduces
significant uncertainty in building the correction model. This
limited-sample-driven bias evaluation and correction during
sunrise and sunset profiles could only be used as a reference. The
limitations of shipboard less simultaneous inter-comparison
sounding make it challenging to understand the uncertainties
and sensitivities of soundings along with different errors. To ad-
dress the challenge of limited samples, we propose establishing
an environment simulation laboratory that accurately simulates
the oceanic atmosphere and performs traceable calibrations.
This will help improve the limitations of shipboard simultaneous
inter-comparison soundings in this study. We intend to build a
system of calibration probes to validate the temperature and RH
probes of GPS-TK and CF-06-A, similar to the approach by Mi-
loshevich et al. (2009). These probes’ accuracies will be well char-
acterized as a function of height, RH, thermal lag and time of day
(or solar zenith angle) through large-sample laboratory experi-
ments.
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Appendix: Reconstructed formula of atmospheric pressure and validation

Based on the temperature, RH and altitude profiles derived from the GPS radiosonde sounding, the atmospheric pressure is calcu-
lated as follows. For the given parameters P,, T}, RH,, and H, in the first layer and T,, RH,, and H, in the second layer (Fig. A1), Eq. (A1)
is used to calculate the P, in the second layer:

AH
Pp=P-exp| ———mm——— |, (A1)

Ty
18 410.01 x
273.15

where P, is the first layer pressure (hPa), P, is the second layer pressure (hPa). AH is the thickness between the first and second layers,
AH = H, - H, (unit: m); Ty is the mean virtual potential temperature between the first and second layers. The mean virtual potential
temperature is calculated as follows:

Ty =T-(1+0.378¢/P), (A2)

where T is the mean temperature between the first and second layers, T = T, - T, (unit: K); € is the mean vapor pressure between the
first and second layers (unit: hPa). The mean vapor pressure is calculated from the Goff-Gratch equation (Goff and Gratch, 1946)
based on the RH and temperature T , where RH =RH, -RH,, T =T, - T;.

Altitude

N —_— e — — e — — —

Py, T, RH,, H,

Py, Ty, RH,, H,

Fig. A1. Schematic showing the stratified structure of atmospheric parameter in calculating the pressure.

Figure A2 shows the atmospheric pressure profile derived from RS§92-SGP and the back-calculated pressure based on the temper-
ature and RH profiles derived from the same sounding. The results show that the reconstructed pressure profile consistent with the
sounding output very well in the troposphere, within a barely bias of 2 hPa. However, the biases show with a significant value of
+15 hPa in the stratosphere, indicating the poor performance of black-calculated equation and lack of vapor pressure due to the ex-
tremely cold and dry condition. The reconstructed formula is major applied to fill the missing pressure values, especially for GPS-TK
sounding that with no pressure output.
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Fig. A2. Pressure profile derived from direct measurements of RS92-SGP (red line) and the reconstructed pressure profile derived
from RS92-SGP temperature and RH measurements (blue line) (a), and their biases (b).
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