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This article uses data from the second-generation Constellation Observing System for Meteorology, Ionosphere, and Climate
(COSMIC-2) satellites (wetPf2) to study the temperature and humidity properties of the air masses over Paracel and Spratly
Islands in the Vietnam East Sea (South China Sea). The satellite observational data were validated with the radiosonde data from
three stations in Vietnam: Hanoi, Danang, and Ho Chi Minh City. Subsequently, the wetPf2 data are used to analyze the
characteristics of temperature and relative humidity variations of the air masses over the Paracel and Spratly regions. Results show
that the mean error of the satellite observational data for temperature ranges from —0.06°C to —0.02°C, with standard deviations
ranging from 0.73°C to 1.04°C. The mean error of relative humidity fluctuates between 11.6% and 12.5%, with standard deviations
ranging from 15.1% to 19.1%. The values are reasonable and comparable to those in previous studies. Seasonal variations of
temperature and humidity show that the air mass over the Paracel Islands exhibits a larger annual temperature with an annual
variation of approximately 5.0°C, significantly higher than the value of 2.2°C in the air mass over the Spratly Islands. The difference
may be due to the greater influence of continental and seasonal wind systems in the northern region. Within both air masses, the
annual temperature variation in the boundary layer is much larger than that in the free atmosphere. Annual relative humidity
variation is higher in summer and autumn than in winter and spring. The significant changes in the relative humidity with height
during winter and no significant change of the relative humidity with height during summer may be related to the important role
of strong convective activity carrying moist air upward to higher atmospheric levels during the summer time.

1. Introduction

Observational data from traditional monitoring stations
(surface and radiosonde stations) are mainly located on land.
Researching the characteristics of atmospheric masses in
maritime areas faces many difficulties due to the lack of data.
With the development of remote sensing techniques, sat-
ellites enable measurements and estimation of temperature
and humidity profiles of atmospheric masses over the ocean,

where traditional observational data are scarce. The Radio
Occultation (RO) technique uses signals emitted by the
Global Positioning System (GPS) satellites to monitor the
Earth’s atmosphere. This technique was first used in the
GPS/MET (GPS Meteorology) project [1]. Subsequently, the
RO technique was further developed and improved by
Kursinski and colleagues [2]. Today, this technique has been
employed in many projects [3-8]. The projects have pro-
vided a large volume of Global Positioning System Radio
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Occultation (GPSRO) data on a global scale. GPSRO data are
an important source of atmospheric profile survey data,
particularly in regions without conventional radiosonde
monitoring stations, such as over the open oceans and polar
regions.

Many authors have evaluated the quality of GPSRO data.
GPSRO data are often evaluated by comparing one or several
meteorological fields of GPSRO data with radiosonde data.
Previous studies suggested that the temperature profile data
from FORMOSAT-3 (Formosa Satellite 3) are consistent with
that of radiosonde data in the Australian region [9, 10]. Over
China region, the average temperature difference was about
—0.10K, and the RMSE error was 4.84 K in the 0-40 km layer
[11]. Globally, the temperature profiles observed by the
Constellation Observing System for Meteorology, Iono-
sphere, and Climate (COSMIC) agree well with those ob-
tained from most types of radiosondes [12, 13]. Regarding
relative humidity profiles, GPSRO data tends to be drier
compared to radiosonde data, especially in the upper tro-
posphere, where the mean error can reach 5-8% [12].
Evaluation results of COSMIC-2/FORMOSAT-7 data show
that the average temperature difference between COSMIC-2
and radiosonde in the 8-30km layer is about —0.04 K, with
a standard deviation of 1.34K. The temperature profile of
COSMIC-2 in lower stratosphere is highly accurate when
compared to radiosonde data [14]. Another study showed
corresponding mean errors and standard deviations of 0.22K
and 0.95K (in the 8 km-11km layer) and 0.00K and 1.10K
(in the 12.5 km-16.5km layer) [15]. For relative humidity, in
the Asian monsoon region, the mean errors and standard
deviations are 10% and 15%-20%, respectively [16].

In addition to quality assessment, GPSRO data has also
been used to study and analyze the variations of meteoro-
logical variables. The COSMIC-2/FORMOSAT-7 project,
a collaborative effort between Taiwan and the United States,
uses low-Earth orbit satellites for atmospheric monitoring
and measurement. These satellites collectively provide 5000
soundings per day worldwide [8]. The wetPf2 (atmospheric
profiles of refractivity, temperature, and water vapor) data
from COSMIC-2/FORMOSAT-7 provides vertical profiles
of temperature, pressure, water vapor pressure, refractivity
index, and relative humidity. The vertical resolution of this
data is 50 m below 20km altitude and 100m at higher al-
titudes. The COSMIC-2/FORMOSAT-7 data have been used
to analyze the variations in total precipitable water (TPW) in
the East Sea and the Bay of Bengal. The results show that the
wetPf2 data are in good agreement with the analysis from
CFSR data and simulations from WRF [17].

Currently, in Vietnam, there are radiosonde monitoring
stations located in Hanoi, Da Nang, and Ho Chi Minh City
that perform measurements twice a day. The use of satellite
remote sensing data has significant potential in atmospheric
research and operational weather forecasting. RO data have
also been used to experimentally assimilate into numerical
models for rainfall forecasting in the Southern region of
Vietnam [18]. From October 2019, the COSMIC-2/FOR-
MOSAT-7 project has provided a large amount of wetPf2
data in the Vietnam region. This is a valuable data source
that helps enhance the spatial and temporal density of
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temperature and humidity profile data in the Vietnam re-
gion, particularly in the East Sea, where there are no
monitoring radiosonde stations.

The wetPf2 data show good quality in other regions of
the world. To enhance the effectiveness of using this data
over the Vietnam region, it is necessary to evaluate the
quality of the wetPf2 data by comparing them with Vietnam
radiosonde observations. Since radiosonde stations are not
available over the East Sea, detailed investigations of the
temporal and spatial variations in the characteristics of air
masses over the region have not been conducted using
observed data. After quality assessment, the wetPf2 data can
be employed to study the characteristics of atmospheric
fields over the East Sea region.

This article firstly assesses the quality of wetPf2 data in the
Vietnam region. The temperature and relative humidity
profiles of wetPf2 data are compared with radiosonde ob-
servations (RAOB) data in Hanoi, Da Nang, and Tan Son Hoa
(Ho Chi Minh City). The evaluated data are then used to study
the characteristics of temperature and humidity variations
with height and season for air masses in the Paracel Islands,
representing the northern air mass of the East Sea, and in the
Spratly Islands, representing the southern air mass of the East
Sea. The subsequent sections of the article include: Section 2
shows data and method, which outlines the data sources and
calculation methods, and evaluates the data quality; Section 3
presents the main findings of the article, analyzes the data
quality, and the characteristics of temperature and humidity
variations in the studied maritime area; and a summary and
discussion are given in Section 4.

2. Data and Methodology

2.1. Data. This study utilizes wetPf2 data (COSMIC-2/
FORMOSAT-7) from the Central Weather Administration
(CWA) during a period of 4years from October 2019 to
September 2023 (https://tacc.cwa.gov.tw/data-service/fs7rt_
tdpc/daily_tar/). The wetPf2 data includes vertical profiles of
temperature and relative humidity at a vertical resolution of
50 m. Radiosonde data (RAOB) for the same period are from
three radiosonde stations in Vietnam, namely Hanoi
(21.01°N 105.80°E), Da Nang (16.03°N 108.20°E), and Tan
Son Hoa (Ho Chi Minh City) (10.81°N 106.66°E). The RAOB
data are obtained from the University of Wyoming (https://
weather.uwyo.edu/upperair/sounding.html). The 30 years of
data (1991 to 2020) from the fifth generation of ECMWF
(European Centre for Medium-Range Weather Forecasts)
reanalysis, known as ERAS5 (https://cds.climate.copernicus.
eu), covering air temperature at the 2-meter level and winds
at the 10-meter level from the ground, are utilized to cal-
culate long-term climatological means for analyzing the
annual variation in air-mass characteristics.

2.2. Method for Comparison between wetPf2 and Radiosonde
Data. One of the most important steps in evaluating GPSRO
data are the selection of corresponding pairs of GPSRO and
RAOB data for comparison. Previous studies have proposed
various criteria for selecting data pairs. These criteria take into
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account differences in distance and time between the two
datasets such as differences of 100km, 200 km, 300 km in
distance, and 1h, 2h, 3h in observed time [9]; differences of
100km and 1h [13]; differences of 25km, 75km, 125km,
175km, 225km, 275km, and 0.5h, 1.5h, 2.5h, 3.5h, 4.5h,
and 5.5h [12]. In this work, we employ criteria involving
maximum time differences of 1h, 2h, and 3h, as well as
maximum spatial differences of 100 km, 200 km, and 300 km
to create nine groups (GP1 to GP9) of data for comparison
and verification, as illustrated in Table 1.

After selecting the data pairs corresponding to the above
data groups, the temperature and relative humidity data of
wetPf2 were interpolated to the standard isopressure levels
of 925mb, 850mb, 700mb, 500mb, 400mb, 300 mb,
250 mb, 200 mb, 150 mb, and 100 mb [13].

T=aT, +pT, (1)

RH = o.RH, + S.RH,, (2)
InP-InP,

T P, - InP, (3
InP, - InP

= 4

P InP, - InP, )

where T and RH are temperature and relative humidity at
pressure level P; T1, RH1 is the temperature and relative
humidity at the pressure level P1; T2 is the temperature; and
RH2 is the relative humidity at the pressure level P2.

Due to the significant variability of relative humidity or
any moisture parameter in the troposphere, interpolating
values between different levels, especially in the upper tro-
posphere (e.g., 250 mb, 200 mb, 150 mb, 100 mb, or close to
the tropopause), may introduce unwanted signals (or noise).
Although unwanted signals are unavoidable, to minimize the
noise, the very high vertical resolution (50m interval) of
GPSRO data is utilized. Applying the weighted interpolation
method (equation (2)) for relative humidity interpolation in
this dataset, with a maximum vertical interpolation distance
of less than 50 m, may reduce unwanted signals.

The mean and standard deviation of the error between
the RO and RAOB data were used for the evaluation.
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TaBLE 1: Data groups for pair comparison.

Distance (km) <I1h difference <2h difference <3h difference

Distance <100 GP1 GP2 GP3
Distance <200 GP4 GP5 GP6
Distance <300 GP7 GP8 GP9

In which, T" and RH" are the temperature and relative
humidity of the wetPf2 data; TR and RH® are the temper-
ature and relative humidity of the RAOB data; AT and ARH
are the differences in temperature and relative humidity
between the wetPf2 data and the RAOB data; ATm and
ARHm are the mean errors of temperature and relative
humidity; SDrand SDagry are the standard deviations of the
temperature and relative humidity errors; # is the number of
samples (pairs of data).

2.3. Method for Determining Characteristics of Meteorological
Fields of Air Masses. From wetPf2 data, we calculated the
average profile of temperature and relative humidity for air
masses over the Paracel Islands (13°N-18°N, 110°E-115°E),
Spratly Islands (7°N-12°N, 110°E-115E), and the land
(13°N-18°N, 101°E-106"E) regions (Figure 1).

The average gradient according to the altitude of the
mean temperature (ATm (z;)) and relative humidity (ARHm
(z1)) at level k is calculated as follows:

n

ATm(z;) = % (rh -1, (6)

i=1

where Tkw)i and TkWHJ are the temperature at k and k + 1 of the
i™ temperature profile wetPf2 data, respectively; and 7 is the
number of data.

3. Results

3.1. Evaluate Data Quality of wetPf2. Figure 2 presents the
mean error values (ATm) and the standard deviation of
temperature errors (SDpr) between wetPf2 data and the
radiosonde data at different altitudes corresponding to 9
groups of data. The values of ATm at all altitudes in all data
groups range from —0.31°C to 0.12°C. At altitudes of 925 mb,
300 mb, 250 mb, and 200 mb, all ATm values are negative,
indicating that the wetPf2 data generally have lower tem-
perature values compared to the radiosonde data. The mean
error values of the data groups range from —0.06°C to
—0.02°C. The SD, values at all altitudes are less than 1.7°C.
The SD,r values decrease from 925mb to 200 mb. At
200 mb, SD, ris the smallest, ranging from 0.42°C to 0.67°C.
From 200 mb to 100 mb, the SD, 7 values increase gradually
with average standard deviation values from 0.73°C to
1.04°C. The average standard deviation in the GP1 case is the
smallest, with a value of 0.73°C. The average standard de-
viation in the GP9 case is the largest, with a value of 1.04°C
(Figure 2). Previous studies reported a mean temperature
difference of 0.22K with a standard deviation of 0.95K
between wetPf2 data and RAOB data in the layer from 8 km
to 11km. In the layer from 12.5km to 16.5km, the mean
temperature difference is zero with a standard deviation of
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FIGURE 1: The study area and location radiosonde monitoring
stations.

1.10K [15]. Therefore, the calculated average temperature
errors and standard deviations in the Vietnam and East Sea
regions are reasonable.

Table 2 presents the correlation coefficient values (R (T))
of temperature between the wetPf2 data and the radiosonde
data at each altitude level for the 9 data groups. The results
show that the value of R (T) at all altitudes is equal to or
greater than 0.78. At the 700 mb and 500 mb levels, the value
of R (T) is lower than at other levels. The change in R (T)
values with respect to time differences (one to three hours) is
smaller than the change with respect to distances (100 km to
300km) (Tables 1 and 2). The GP1 case has the highest
average R (T) value (0.93), and the GP9 case has the lowest
average R (T) value (0.86). This means that the wetPf2 data
closer in time and distance to the radiosonde station ob-
servation have a better temperature correlation coefficient.
The overall values of R (T) for all data groups indicate a good
correlation between the temperature profile of wetPf2 data
and radiosonde data.

Figure 3 presents the variations of the mean error and
standard deviation of the error of relative humidity between
the wetPf2 data and the radiosonde data at the corre-
sponding altitude levels for the 9 data groups. Figure 3(a)
illustrates the profile of the mean error of relative humidity
(ARHm). The ARHm values below 400 mb are smaller
compared to the values above 400 mb. The ARHm values at
altitudes below 400 mb range from -5.6% to 4.6%. For al-
titudes above 400 mb, the ARHm values vary from 10.3% to
40.5%. The ARHm values do not differ significantly among
the 9 data groups, with most differences being less than 2.7%.
The average ARHm for all cases oscillates between 11.6% and
12.5%. In Figure 3(b), the variations of the standard de-
viation of the relative humidity error (SDry) are presented.
The SDpary values are smaller at lower altitude levels
compared to higher levels, and the maximum SDary is
observed at 250 mb and 200mb for all data groups. The
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minimum value of SDjgy is found at 925 mb. The smallest
average SD gy occurs in case GP1 (15.1%), while the largest
occurs in case GP9 (19.06%). The results also indicate that
the difference in the value of SDary with respect to time is
smaller than the difference in the value of SDgry with re-
spect to distance. Previous studies have shown that the mean
error of relative humidity is about 10% with a standard
deviation of 15% to 20% in the Asian monsoon region [16].
The mean error of relative humidity in this work ranges from
11.6% to 12.5% with a standard deviation of 15.1% to 19.1%,
which is consistent with previous research results.

Figure 3(b) shows that the standard deviation of the
humidity error is separated into three groups corresponding
to the three groups of distance from the observation station:
100 km, 200 km, and 300 km. This suggests that the mean
error (mean difference between satellite observation data
and radiosonde observation data) contains three sources
including (i) error due to satellite observation quality at the
same location with the radiosonde observation station, (ii)
difference in data due to temporal variations in the internal
characteristics of the air mass (due to satellite observation
time does not coincide with the observation time at the
radiosonde station), and (iii) difference due to satellite
observation and the spatial location of the radiosonde ob-
servation station in different air mass positions (Figure 3(b)).
In the future, if a sufficiently long dataset becomes available
for filtering satellite observation data and radiosonde ob-
servation data based on time and location, the errors in the
dataset will solely come from the quality of satellite ob-
servations. This could potentially lead to a substantial re-
duction in overall differences compared to the errors present
in the current dataset used in this study.

The correlation coefficient of relative humidity (R (RH))
between wetPf2 data and radiosonde data are presented for
each altitude level of the 9 data groups in Table 3. The results
indicate significant variation in the R (RH) values across
altitudes and data groups. At altitudes of 925mb and
850 mb, R (RH) values are relatively low, ranging from 0.43
t0 0.70. For altitudes ranging from 700 mb to 250 mb, R (RH)
exhibits higher values compared to other altitudes (R (RH)
> 0.60). Notably, the maximum value of R (RH) is observed
at the 500 mb altitude, ranging from 0.81 to 0.91, depending
on the data group. At levels lower than 500 mb, active
convection causes relative humidity (RH) to significantly
change with space, resulting in more pronounced differences
between RH data at radiosonde stations and satellite sample
locations, especially at 925 mb level (Figure 3(a)). Figure 3(a)
also shows that the mean error of RH at 500 mb is smaller
than at lower levels. At levels higher than 500 mb, the
amount of atmospheric moisture (mixing ratio) is relatively
small, leading to a relatively larger RH error (Figure 3(a)). In
addition, a larger number of samples at 500 mb (Figure 2)
makes R (RH) statistics more robust. These factors may be
important contributors to the correlation coefficient be-
tween the two data sources at the 500 mb level being the
largest compared to the remaining levels. The average R
(RH) value is highest for case GP1 (0.76) and lowest for case
GP9 (0.63). A comparison between wetPf2 data and RAOB
data have revealed that case GP1 yields the best results with
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FIGURE 2: Mean error and standard deviation of temperature error calculated between wetPf2 data and radiosonde data at various altitudes.
(a-i) correspond to data groups GP1, GP2, GP3, GP4, GP5, GP6, GP7, GP8, and GP9Y, respectively. The vertical axis denotes the barometric
level, the lower horizontal axis indicates the temperature error value, and the upper horizontal axis represents the number of samples. The

black solid line is the mean error value, the red dashed line illustrates the standard deviation of the error, and the blue solid (+) line indicates
the number of samples.

the least number of available observations. Conversely, case
GP9 produces the poorest results despite having a large
number of available observations.

Overall, the mean error values, standard deviations, and
average correlation coefficients between wetPf2 data and
radiosonde data for both temperature and relative humidity
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TaBLE 2: Correlation coefficients of temperature between wetPf2 data and radiosonde data at each corresponding altitude level for each

data group.
fr;e;)sure GP1 GP2 GP3 GP4 GP5 GP6 GP7 GPS8 GP9
925 0.97 0.97 0.96 0.94 0.94 0.93 0.89 0.90 0.89
850 0.96 0.96 0.96 0.94 0.95 0.94 0.91 0.91 0.91
700 0.89 0.88 0.88 0.87 0.86 0.83 0.84 0.83 0.80
500 0.87 0.87 0.87 0.87 0.85 0.83 0.84 0.82 0.81
400 0.90 0.88 0.88 0.90 0.88 0.87 0.86 0.85 0.84
300 0.93 0.92 0.93 0.92 0.91 0.92 0.90 0.89 0.89
250 0.96 0.95 0.95 0.94 0.93 0.93 0.92 0.92 0.91
200 0.96 0.96 0.95 0.94 0.93 0.93 0.91 0.90 0.90
150 0.93 0.94 0.93 0.92 0.92 0.91 0.89 0.84 0.85
100 0.91 0.91 0.90 0.87 0.86 0.85 0.83 0.78 0.79
0 0
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FIGURE 3: The mean error and standard deviation of the error in relative humidity between wetPf2 data and radiosonde data calculated for
nine data groups at corresponding altitude levels for: (a) the mean error of relative humidity and (b) the standard deviation of the error of

relative humidity.

TaBLE 3: Correlation coefficients of relative humidity between wetPf2 data and radiosonde data at each altitude level for the 9 data groups.

Pressure (mb) GP1 GP2 GP3 GP4 GP5 GP6 GP7 GP8 GP9
925 0.67 0.68 0.70 0.55 0.55 0.54 0.47 0.43 0.44
850 0.65 0.63 0.67 0.55 0.56 0.57 0.46 0.45 0.46
700 0.84 0.84 0.84 0.82 0.80 0.81 0.77 0.76 0.76
500 0.90 0.91 0.91 0.86 0.86 0.86 0.82 0.82 0.81
400 0.90 0.90 0.89 0.83 0.83 0.82 0.77 0.78 0.78
300 0.85 0.85 0.83 0.78 0.78 0.77 0.72 0.72 0.71
250 0.78 0.77 0.76 0.70 0.69 0.69 0.63 0.65 0.64
200 0.73 0.70 0.70 0.69 0.66 0.65 0.62 0.60 0.60
150 0.60 0.63 0.63 0.63 0.63 0.62 0.59 0.59 0.59
100 0.67 0.67 0.66 0.61 0.60 0.58 0.57 0.55 0.54
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are reasonable and comparable to those in previous studies.
Therefore, it is appropriate to utilize wetPf2 data which have
higher temporal and spatial resolution than radiosonde
station data for investigating the variability of temperature
and relative humidity in the Paracel and Spratly regions,
where operational radiosonde stations are currently
unavailable.

3.2. Characteristics of the Temperature and Humidity Fields in
Paracel and Spratly Islands Air Masses

3.2.1. Air temperature. Figure 4 illustrates the vertical
profiles of the seasonal mean temperature (Tm) for the four
seasons based on 6215 profiles of data in the Paracel region
(13°N-18°N, 110°E-115°E). The results clearly depict the
annual and vertical variations of the air mass temperature
over the area. The temperature decreases gradually from the
surface to the top of the troposphere (from 16.8km to
17.5km). The annual variation of Tm at each level follows
a distinct pattern, with the highest values observed in
summer and the lowest in winter. The Tm profile in the layer
from Okm to 3.5km demonstrates relatively significant
seasonal variations, with the amplitude of Tm variation
ranging from 1.3°C to 5.0°C. Near the surface, Tm values are
24.0°C in winter and 28.5°C in summer. The large seasonal
variation of Tm in lower levels may relate to the strong
influence of the winter monsoon flow in this region. During
winter, the winter monsoon brings cold air from the north,
significantly lowering the temperature in this area compared
to summer. Additionally, the effects of heating and near-
surface turbulence lead to a much larger annual temperature
variation in the boundary layer compared to the free at-
mosphere above. In the layer from 3.5km to 16km, Tm
exhibits small seasonal variations.

The amplitude of Tm seasonal variation at different levels
ranges from 0.4°C to 2.1°C. Above 16km, the seasonal
variation of Tm is larger than in the lower levels, with an
amplitude ranging from 1.6°C to 5.8°C. The lowest Tm values
are —83.1°C (in winter) and -79.4°C (in summer). These
values are consistent with previous studies that stated the
minimum temperature at the tropopause in the North Pa-
cific monsoon region was about 194.0K (-79.0°C) in
summer and from 189.4 K to 190.6 K (-83.7°C to —82.5°C) in
winter [19].

The vertical profiles of temperature (Tm) for the four
seasons, derived from 7730 profiles of data in the Spratly
Islands region, are presented in Figure 5. It indicates
a similar variation trend of Tm with altitude as observed in
the Paracel Islands region, decreasing gradually from the
surface to the tropopause. Regarding the annual variability
of Tim, in lower levels from the surface to 2.0 km, the highest
values are found in summer, while the lowest values occur in
winter. The amplitude of Tm seasonal variations at particular
levels ranges from 1.2°C to 2.2°C. Near the surface, Tm values
are 26.1°C (winter) and 28.3°C (summer). Compared with
the Paracel region, the seasonal temperature variability in
the Spratly Islands region is much smaller. This reflects the
weaker influence of the winter monsoon winds in this re-
gion, resulting in higher winter Tm values and smaller
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FIGURE 4: The average temperature profile of four seasons over the
Paracel Islands region (13°N-18°N, 110°E-115°E).

20
18 -
16 4
14 1
12 4
10 A
8
6
4 4
2
0

Height above mean sea level (Km)

-85 -75 -65 -55 -45 -35 -25 -15 -5 5 15 25 35

Mean temperature (°C)

—— Autumn
—— Winter

—— Spring
—— Summer

FIGURE 5: The average temperature profile of four seasons over the
Spratly Islands region (07°N-12°N, 110°E-115°E).

temperature variations throughout the year over the Spratly
Islands than over the Paracel region. From the 2.0km to
15.8 km levels, Tm values are higher in spring compared to
other seasons. The variations of Tm at particular levels
within the layer are small seasonally dependent, with
a variation amplitude ranging from 0.3°C to 1.4°C. In the
upper atmosphere above 15.8 km, the highest Tm values are
observed in summer. The amplitude of Tm variations at
particular levels in this layer is larger than in the layer below,
ranging from 1.4°C to 6.1°C. The minimum values of Tm are
—-79.1°C (summer) and —82.1°C (winter) (Figure 5).

To investigate the contrast in temperature between air
masses in the north and south of the East Sea at different
times of the year, Figure 6 presents the temperature dif-
ferences with altitude between the air masses over the
Paracel and Spratly regions during the summer (red line)
and winter (blue line). The figure shows that in summer, the
temperature difference between the two air masses is not
significant (Figure 6). There is a noteworthy cooling effect
(-1.0 to —2.3°C) in the lower atmosphere of the northern air
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FIGURE 6: Vertical profile of temperature difference between two air
masses over Paracel and Spratly Islands regions in summer (red)
and winter (blue).

mass (above the Paracel Islands) compared to the southern
air mass (above the Spratly Islands) during the winter
season. The substantial temperature difference in winter is
primarily influenced by the northward wind carrying cold
air from higher latitudes to the Northern Vietnam and East
Sea regions. Due to the characteristics of cold air in the
region, which is mainly concentrated in the lower tropo-
sphere (below 3 km), the colder air mass over the northern
part of the East Sea is predominantly concentrated at lower
altitudes (below 3 km) (Figure 6).

3.2.2. Relative Humidity. Figure 7 represents the vertical
profile of average relative humidity (RHm) in the range from
0km to 12 km in the Paracel Islands region. The results show
that the RHm values in the boundary layer are higher than in
the free atmosphere layer. In the near-surface layer, the
seasonal average humidity values range from 75.4% (sum-
mer) to 77.6% (winter). The RHm values increase with
height and reach a maximum at around 0.6km to 0.7 km.
This height is often the location of the lifting condensation
level (LCL). The maximum values of RHm are 80.7% in
spring, 80.5% in summer, 85.5% in autumn, and 85.3% in
winter. Due to the influence of winter monsoon winds, the
cold air flow brings low-temperature air from the northern
Asian continent to the East Sea, causing temperatures to
approach the dew point. This results in the highest relative
humidity values in this region during winter in the air layer
from the surface to 400 m (Figure 7). In the free atmosphere
layer, RHm decreases with height for spring, autumn, and
winter, reaching a minimum value at the mid-tropospheric
level, and then increases with height. However, for the
summer RHm profile, a secondary maximum is observed at
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FIGURE 7: Average relative humidity profiles of four seasons over
the Paracel Islands region (13°N-18°N, 110°E-115°E).

around 4.8km. This secondary maximum value may be
associated with the freezing level within convective clouds.

The amplitude of RHm variation with height is smallest
in summer and largest in winter. The minimum values of
RHm are 28.2% (spring), 56.4% (summer), 49.2% (autumn),
and 22.3% (winter) at the 8 to 9 km level. The amplitude of
the annual variation in RHm within the free atmosphere
layer is much greater than in the boundary layer, reaching
a maximum annual variation value of 35.8% (Figure 7). The
RHm values in summer are significantly higher than in
winter in the free atmosphere layer. The large decrease in
humidity with height during winter, while relatively little
variation in relative humidity occurs with height in summer,
may be related to the important role of strong convective
activity, which brings moist low-level air to higher atmo-
spheric layers during summer.

Figure 8 represents the vertical profile of the average
seasonal relative humidity (RHm) in the layer from 0km to
12 km in the Spratly Islands region. The results show that the
average seasonal humidity values range from 74.3% (sum-
mer) to 78.5% (winter) at the near-surface layer. Similar to
the Paracel Islands region, the RHm values increase with
altitude and reach a maximum at 0.65km. The maximum
values of RHm are 80.3% in spring, 81.6% in summer, 84% in
autumn, and 85.4% in winter. Subsequently, RHm decreases
gradually and reaches a minimum value in the middle
troposphere. The RHm values in the boundary layer are
higher than those in the free-atmosphere layer. In the layer
below 1.25km, the annual variation amplitude of RHm is
small (<7.5%). Mean relative humidity has the highest values
in winter. This may be due to the influence of winter
monsoon winds and ITCZ (The Intertropical Convergence
Zone) activities. The winter monsoon transports low-
temperature air to the East Sea in combination with the
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FIGURE 8: Average relative humidity profiles of four seasons over
the Spratly Islands region (07°N-12°N, 110°E-115°E).

ITCZ with active convection zone moving to lower latitudes
(near and over the Spratly Islands region) in the early winter
months. This results in high relative humidity within the air
mass during the winter (Figure 8).

In the free atmosphere layer, RHm is higher in summer and
autumn than in winter and spring. The amplitude of RHm
variation with height in summer and autumn is smaller than
that in winter and spring. The annual variation amplitude of
RHm at the same altitude reaches a maximum value of 29.2%
(Figure 8), which is smaller than that in the Paracel Islands
region. The RHm values in summer and autumn do not
significantly change with height in comparison to that in winter
and spring. This feature may be related to the important role of
strong convective activity in carrying moist low-level air to
higher atmospheric layers during summer and autumn.

3.3. The Difference between the Temperature and Humidity
Fields of Maritime Air Mass and the Continental Air Mass at
the Same Latitude. To highlight the distinctive features of
temperature and relative humidity variations over a mari-
time air mass, we compared the variations of the variables
over the Paracel Islands region and that over the land area
(13°N-18°N, 101°E-106"E). The land area region is chosen at
the same latitudes as the maritime (the Paracel Islands)
region. Based on surface station temperature statistics, the
hottest temperatures over the land region occur in late
spring to early summer [20]. The three-month period of
April, May, and June (AM]) is, therefore, selected to
compute the mean temperature during the hot months. The
winter period (DJF) is chosen to investigate the temperatures
of the two air masses during the coldest months.

Figure 9 represents the average temperature profiles in
April, May, and June (AM]) and during winter over the land
and the Paracel Islands areas. It shows that the average
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FIGURE 9: Average temperature profiles in hot months (AM]) over
land (red), over the sea (blue), and in winter (DJF) over land
(black), and over the sea (purple).

temperature profiles over the land area and the Paracel
Islands area did not exhibit significant differences at higher
levels (above 3 km). However, at lower levels (below 2 km)
during the hot months (AM]), the mean temperature of the
land air mass is 1°C to 2°C higher than that in the maritime
air mass due to heating over the land (Figure 9). The heating
over land during the hot months can be observed more
distinctly in Figure 10. Figure 10 displays the long-term
(30years) mean of 2m air temperature and 10m wind
vectors from the ERA5 data. In April, the continental air
mass exhibits noticeably higher air temperatures than the air
mass over the Paracel Islands region (Figures 1 and 10).
During the winter months, because the oceanic air mass is
significantly influenced by cold air flow from the winter
monsoon (Figure 11), the air temperature at lower levels of
the land air mass remains 1°C to 2°C warmer than in the
maritime air mass (Figures 1, 9, and 11).

Figure 12 represents the average relative humidity
profiles in summer and winter over the land and the Paracel
Islands areas. The results show that the amplitude of the
annual relative humidity variation (summer RHm—winter
RHm) is approximately 33.9% in the land air mass, which is
much higher than in the maritime air mass (Figure 12).

In summer, the mean RHm values for both regions are
high (Figure 12). Below 0.8km, the RHm value of the
maritime air mass is higher than that of the land air mass.
The summer mean RHm of the air mass over the sea is
higher in the lower part of the boundary layer, which may be
associated with the role of turbulent motions that transport
abundant moisture from the sea into the atmospheric
boundary layer. However, in the free atmosphere layer, the
summer mean RHm of the air mass over the land is higher
than that over the Paracel Islands region (Figure 12). The
reason may be that during the summer season, the southwest
monsoon wind transports a moist air mass from the Indian
Ocean to the mainland region [21]. Under the influence of
local factors and topography, convection develops strongly,
transporting moisture to higher levels in the free
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atmosphere. This could be an important factor leading to
higher RHm values over the land compared to the sea in the
upper levels (above 1km) in summer.

In winter, the average relative humidity profile exhibits
a significant difference in the mean RHm of the two air
masses within the atmospheric boundary layer (below 2 km).
The RHm value over the land is much lower than that in the
Paracel Islands region. During winter, the northeast mon-
soon brings a cool and dry air mass to this region [21]. Due
to the influence of the dry northeast monsoon winds, the
relative humidity of the air mass in the atmospheric
boundary layer of this land area is lower than that in the
Paracel Islands region. In the free atmosphere layer, the
relative humidity values of the two air masses do not differ
significantly, with a relatively lower value over the land area
compared to the Paracel Islands region (Figure 12).

4. Summary and Discussion

This article utilizes data from the second-generation
Constellation Observing System for Meteorology, Iono-
sphere, and Climate (COSMIC-2) satellites (wetPf2) to
investigate the temperature and humidity properties of
the air masses over the Paracel and Spratly Islands in the
East Sea. The satellite observational data have been vali-
dated against radiosonde data from three stations in
Vietnam: Hanoi, Danang, and Ho Chi Minh City. Sub-
sequently, the wetPf2 data are employed to analyze the
characteristics of temperature and relative humidity
variations in the air masses over the regions of the Paracel
and Spratly Islands.

The results show that the mean error of the satellite
observational data for temperature ranges from —0.06°C to
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-0.02°C, with standard deviations ranging from 0.73°C to
1.04°C and correlation coefficients ranging from 0.86 to 0.93.
The mean error of relative humidity fluctuates between
11.63% and 12.45%, with standard deviations ranging from
15.04% to 19.06% and correlation coefficients ranging from
0.63 to 0.76. The error statistics for the Vietnam region are
consistent with those of previous studies. The results confirm
that wetPf2 data are valuable for both research and oper-
ational applications in the region.

With a vertical resolution of 50 meters, the wetPf2 data
provide detailed information on the vertical and seasonal
variations of temperature and humidity over the Paracel and
Spratly Islands. Specifically, the air mass over the Paracel
Islands, representing the northern part of the East Sea,
exhibits a larger annual temperature variation with an
amplitude of approximately 5.0°C. This is significantly
higher than the value of 2.2°C observed in the air mass over
the Spratly Islands, representing the southern part of the East
Sea. This difference may be attributed to the greater influ-
ence of continental and seasonal wind systems in the
northern region. Due to the effects of heating and turbulent
mixing near the Earth’s surface, the annual temperature
variation amplitude in the boundary layer is much larger
than that in the free atmosphere.

The annual variation of relative humidity indicates
higher RH values in summer and autumn compared to
winter and spring. In the maritime boundary layer, the
annual amplitude of relative humidity variation is small.
Conversely, in the free atmosphere, relative humidity
experiences a considerable annual amplitude variation.
The maximum difference in RH between winter and
summer is 35.83% in the Paracel area and 29.20% in the
Spratly region.

The vertical variation of relative humidity shows peak
RH values at heights of about 0.65 km over both the Paracel
and Spratly Islands air masses, reaching a minimum in the
mid-troposphere region. While there is a significant decrease
in humidity with height during winter, no substantial change
in relative humidity with height is observed during summer.
The relatively smaller variation in relative humidity with
height in the summer than in winter may be attributed to the
crucial role of strong convective activities carrying moist air
upward to higher atmospheric levels during the summer.

Data Availability

The data used to support the findings of this study are
provided upon request or can be downloaded as following.
(1) The wetPf2 data (COSMIC-2/FORMOSAT-7) from the
Central Weather Administration (CWA) during a period of
4 years from October 2019 to September 2023 can be
downloaded at https://tacc.cwa.gov.tw/data-service/fs7rt_
tdpc/daily_tar/. (2) The RAOB data are obtained from the
University of Wyoming at https://weather.uwyo.edu/
upperair/sounding.html. (3) The 30 years of data (1991 to
2020) from the fifth generation of ECMWE (European
Centre for Medium-Range Weather Forecasts) reanalysis,
known as ERA5 can be downloaded at https://cds.climate.
copernicus.eu.
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