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Abstract: The geographical location of Yunnan province is at the upstream area of water vapor transportation
from the Bay of Bengal and the South China Sea to inland China. Understanding the spatiotemporal variations
of water vapor over this region holds significant importance. We utilized the GNSS data collected from 12
stations situated in Yunnan, which are part of Crustal Movement Observation Network of China, to retrieve
hourly precipitable water vapor (PWV) from 2011 to 2022. The retrieved PWV at Station KMIN were evaluated
by the nearby radiosonde data, and the result shows that the mean bias and RMS of the differences between
the two datasets are 0.08 and 1.78 mm respectively. Average PWYV values at these stations are in the range of
11.77 to 33.53 mm, which decrease from the southwest to the north of Yunnan and are negatively correlated
with the station heights and latitudes. Differences between average PWV in wet season and dry season range
from 12 to 27 mm. These differences tend to increase as the average PWYV increases. The yearly rates of PWV
variations, averaging 0.18 mm/year, are all positive for the stations, indicating a year-by-year increase in water
vapor. Amplitudes of the PWV annual cycles are 9.75-20.94 mm. The spatial variation of these amplitudes is
similar to that of average PWYV over the region. Generally, monthly average PWV values increase from January
to July and decrease from July to December, and the growth rate is less than the decline rate. Average diurnal
PWYV variations show unimodal PWV distributions over the course of the day at the stations except Station
YNRL, where bimodal PWV distribution was observed.

keywords: global navigation satellite system; precipitable water vapor; secular trend; annual cycle; diurnal
variation; radiosonde

1. Introduction

Water vapor in the atmosphere is a significant greenhouse gas [1,2] and it plays a crucial role in
various atmospheric physical and chemical processes. Water vapor is the most active ingredient of
the atmosphere. Its variations are closely associated with most weather phenomena. Additionally,
water vapor exerts influence on the global water cycle, the heat balance between Earth and the
atmosphere, as well as between Earth-atmosphere system and the outer space. It also facilitates the
transport of heat from tropical regions to middle and high latitudes [3]. Thus, the observation of
atmospheric water vapor content holds immense importance for weather, climate, and environment
studies.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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One term used to quantify the amount of water vapor is precipitable water vapor (PWV), which
represents the depth of water in a column of the atmosphere if all the water in that column were
precipitated as rain [4]. Atmospheric scientists have developed a variety of ways to measure PWV,
but each has its limitations. Accurate PWV can be obtained by using radiosonde data, which includes
relative humidity, pressure, and temperature observations at different altitudes [5]. However,
radiosondes are typically released only twice a day per site, and the distribution of these sites is
relatively sparse. As a result, they cannot provide PWV data with high spatiotemporal resolution [6].
Ground-based water vapor radiometers are instruments that scan the sky and measure the
microwave radiation emitted by atmospheric water vapor [7]. While they can provide PWV data with
high temporal resolution, their spatial resolution is limited due to the limited number of these
instruments in use. Satellite-based water vapor microwave radiometers can provide high-quality
PWYV data over oceans but face limitations over land. Although these microwave radiometers
onboard low-earth-orbit satellites offer high spatial resolution, their temporal resolution is often
compromised due to long revisiting periods of the satellites. Infrared water vapor radiometers
installed on geostationary satellite, e.g. Fengyun-4 satellites, retrieve PWV with high spatiotemporal
resolutions (temporal resolution of 4-15 minutes and horizontal resolution of several kilometers) [8],
but they are unable to accurately measure PWV on rainy or cloudy days.

Global Navigation Satellite System (GNSS) provides a cost-effective means of retrieving PWV
with high temporal resolution, regardless of weather conditions [9]. The GNSS signals experience
delays due to water vapor in the atmosphere. The relation between the zenith wet delay (ZWD) of
the microwave signals and PWV was modelled by Askne and Nordius [10], establishing the basis for
GNSS meteorology [11,12]. Since the usefulness of GNSS for water vapor retrieval was demonstrated
[6,9], it has been widely used in meteorological and environmental studies. These include
investigations into the relation between PWV and precipitation [13-15], deep convections [16-18], the
effects of incorporating the GNSS-derived PWYV into numerical weather prediction systems [19,20],
summer monsoon and atmospheric rivers [21-23], and drought monitoring [24]. Moreover, the long-
time and high temporal resolution GNSS-derived PWV data were utilized to analyze secular trends
and diurnal variations of PWV [25-29].

Yunnan province is situated in the southwestern region of China, bordering the southeastern
side of the Tibetan Plateau. It occupies the headwater area of several major rivers, e.g. the Jinsha River
and Nanpan River in Yunnan serve as the upper reaches of the Yangtze River and the Pearl River
respectively. Additionally, Yunnan is located in the upstream region of the water vapor
transportation from the Bay of Bengal and the South China Sea to inland China. The variations in
PWYV across this area reflect changes in local weather patterns, climate conditions, and hydrological
environment. Understanding these PWV variations is crucial for effective water resource and disaster
managements in Yunnan and downstream regions. Thus, many studies focused on the PWV
variations in this area. Fu et al. [30] and Hai et al. [31] utilized GPS data from 5-7 stations to analyze
the PWYV variations in Yunnan, but the PWV time series data used in their studies spanned only 1-3
years, which are insufficient for conducting secular PWV variation analyses. Shen and Duan [32] used
the monthly NCEP/NCAR reanalysis data to examine the spatiotemporal variation of PWV in
Yunnan, but the monthly data may not adequately capture short-term fluctuations, such as diurnal
PWYV variations. Li et al. [33] used GNSS data from 2010 to 2013 to analyze the multiscale temporal
variations of PWV. Since their GNSS data was from a single station at Dali, their results and
conclusions are confined to this small area rather than the entirety of Yunnan province. Hu et al. [34]
investigated the variations of GNSS-derived PWV over Yunnan-Guizhou Plateau. Their study
focused on the relation between PWV and precipitation during convective weather in the summer
season.

With the continuous advancements in both hardware and software of GNSS, the quality of GNSS
observations has evidently improved. As the high-quality GNSS observations accumulate in Yunnan,
it is of great importance to investigate PWV variations over this area with the recent GNSS
observables and latest data processing strategies. In this study, we adopted the GNSS data of recent
11 years (2011-2022) from 12 stations located at Yunnan to derive hourly PWV data. First, we
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evaluated the GNSS-derived PWV with radiosonde data. Then, we analyzed the geographical
distributions of multiple-year-averaged PWV values across the region. Next, we determined and
analyzed the secular trends and amplitudes of annual and semiannual cycles of PWV variations. At
last, we investigated the monthly and diurnal variations of PWV at the individual stations. These
analyses aim to provide a thorough understanding of the multiscale spatiotemporal variations of
PWYV and enhance our knowledge of the dynamic changes in PWV over Yunnan region.

2. Data and Methods

2.1. Data Description

The Crustal Movement Observation Network of China (CMONOC) has consistently conducted
long-term observations of GNSS data, ensuring a reliable and high-quality dataset. In this study, we
utilized GNSS data (sampling rate of 30 seconds) from CMONOC to retrieve hourly PWV data. The
period of the used data extends from July 1, 2011 to June 30, 2022 (11 years). To ensure comprehensive
coverage, we selected 12 stations located within Yunnan, spanning approximately 21°N to 29°N and
97°E to 107°E, to analyze PWYV variations. The geographical distribution of the stations is shown in
Figure 1 (red triangles). These stations are distributed with approximately even spacing. The
longitudes, latitudes, and heights of the GNSS stations are shown in Table 1.
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Figure 1. Geographical distributions of GNSS and radiosonde stations. The red triangles mark the
locations of the GNSS stations, and the blue dots denote the sites of radiosondes. The inset presents a
zoomed-out map highlighting the province of Yunnan, enclosed by a distinct red rectangle.

Each GNSS station is equipped with a TRIMBLE NETR9 receiver that is connected to a
TRM59800.00 or TRM59900.00 antenna. Additionally, there is a collocated meteorological sensor at
each station to record air pressures and temperatures. These measurements are essential for
converting zenith tropospheric delay (ZTD) to PWV. During the conversion process, a key parameter
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is water vapor weighted mean temperature (Tm), which directly affects the accuracy of the converted
PWV. Tm is usually estimated from the surface temperature (Ts) by using a simple linear model [9].
The linear relations between Ts and Tm are highly location-dependent in the region of Yunnan
[8,35,36], indicating that different Ts-Tm linear models may be adopted to calculate accurate Tm
values at different GNSS stations. We used the atmospheric profile data (from 2005 to 2018) observed
from 6 radiosonde stations to construct 6 site-specific Ts-Tm linear models respectively. These
radiosonde sites are within or near the region of Yunnan (blue dots in Figure 1). Table 1 shows the
coordinates of the radiosonde stations, as well as their corresponding Ts-Tm linear models. Each
constructed Ts-Tm linear model was utilized to calculate Tm for accurate PWV conversion at one or
serval nearby GNSS stations. The coordinates of these GNSS stations, along with their corresponding
Ts-Tm linear models are also shown in Tablel.

Table 1. The constructed Ts-Tm linear models and the coordinates of the related radiosonde sites and
GNSS stations. The first column shows the coordinates and names of the radiosonde sites.
Atmospheric profiles from these sites were utilized to construct Ts-Tm linear models shown in the
second column. Each Ts-Tm linear model displayed on a row was used to calculate Tm for the GNSS
stations presented on the same row, third column of the table.

Radiosonde GNSS
Lon(° E), LatC N), Hgt (m) Ts-Tm Model (K) Lon(° E), Lat(° N), Hgt (m)
_ YNZD 99.70, 27.82, 3296
XC (Xichang) 102.26, 27.90, 1599 Tm=0.58Ts+110.66 YNYS 10075, 2668, 2144

YNRL 97.85, 24.00, 723
YNSD 99.19, 24.71, 1479

TC (Tengchong) 98.48, 25.11, 1649 Tm=0.52Ts+130.75 YNYL 99.37, 25.88, 1696
YNLC 100.08, 23.87, 1559
) ~ YNMH 100.45, 21.95, 1166

SM (Simao) 100.98, 22.76, 1303 Tm=0.35Ts+181.68 YNM] 101.67, 23.42, 1282
MZ (Mengzi) 103.38, 23.38, 1302 Tm=0.49Ts+138.31 YNWS 104.25, 23.41, 1452
WN (Weining) 104.28, 26.86, 2236 Tm=0.62Ts+102.15 YNHZ 103.29, 26.41, 2264
KM (Kunming) 102.68, 25.01, 1892 Tm=0.45Ts+148.44 KMIN 102.80, 25.03, 1986

YNCX 101.49, 25.05, 1785

2.2. Retrieval of PWV

GNSS signals experience delays as they pass through the neutral atmosphere, resulting in the
measured distances between satellites and receiving antennas to be longer than the actual distances.
The slant path tropospheric delay (in length) can be calculated by

SPD = L N (s)ds (1)

where SPD is the slant path delay in length, s denotes the slant path passed by the GNSS signal,
and N(s) is the refractive index of the atmosphere. The N(S) is not a constant and it varies based
on several factors, including air pressures and temperature. Due to the challenges in obtaining
accurate vertical profiles of N(S) in practice, Equation (1) is not commonly used to derive the SPD.
In GNSS data processing, the tropospheric delay is estimated as an unknown quantity, and the ZTD
instead of SPD is estimated to reduce the number of the unknowns. The relation between SPD and
ZTDis

SPD = MF - ZTD @)

where MF is an elevation-angle-dependent mapping function. It can be written in continued fraction
form as [37,38]
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where e is the elevation angle of site-to-satellite direction, coefficient a,b, and c¢ are derived
from real observed meteorological data. Equation (2) is suitable for the stations with azimuthal-
symmetry local atmosphere. Under the circumstance of unsymmetrical atmosphere, two gradient
parameters are added into Equation (2) for compensating the asymmetry [39].

The estimated ZTD can be partitioned into zenith hydrostatic delay (ZHD) and ZWD. By using
the real observed surface air pressure, the ZHD can be modelled with the accuracy of several
millimeters. The commonly used ZHD mode is [40]

P

ZHD = 0.0022768 0 - 4)
1-0.00266c0s(2¢) —0.28-10°° - h

where P, is the surface pressure, ¢ is the latitude of the GNSS station, and h is the height of the

station (in meter). The ZWD can be acquired by ZTD minus ZHD. The conversion of ZWD to PWV
is

PWV =I1-ZWD ©)
where I isa dimensionless coefficient, which is given by [9,41]
6
= :/IO k )
-k " +k, + 2
PuR K M, 2 Tm]

where p, is the density of liquid water, R, is the specific gas constant of water vapor, k,k,, and
k, are constants, M,, and M, are molar masses of water vapor and dry air respectively, Tm is the

weighted mean temperature of atmosphere. The definition of Tm is [42]

(3
T, = m @)

where P, is the partial pressure of water vapor, T is the temperature. The practical application of

Equation (7) is limited because it relies on having accurate profiles of P, and T, which are not

readily available in many cases. Bevis et al. [9] used the radiosonde data to find the relation between
Tm and surface temperature (Ts), and they fitted a linear Ts-Tm model. Thus, with this model , one
can calculate the Tm from the observed surface temperature. We used the similar method to generate
the Ts-Tm models specific for the study area (see Table 1 for the Ts-Tm models).

We used the Bernese GNSS software version 5.2 [43] to estimate ZTD. The strategy of the data
processing is shown in Table 2.
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Table 2. Strategy of GNSS data processing.

Basic observables GPS L1+L2
Double differences

Modeled observables . .
Ionosphere-free linear combination

Satellite antenna center of,
Measurement models igsl4.atx
mass offsets

GPS attitude model Nominal (yaw-steering) attitude implemented

Troposphere a priori modelECMWEF-based hydrostatic delay mapped with hydrostatic VMF1

Ionosphere 2nd order effect applied

Adjustment method Weighted least-squares algorithms

Station coordinates Adjusted with minimum constraints

Estimated p.‘arametersTmp0Sphere Zenith tropospheric delay and two gradient parameters estimated

every hour

Ambiguity Partly fixed

In this study, all the meteorological data used for converting GNSS ZTD to PWYV (pressure for
calculating ZHD and temperature for converting ZWD to PWV) are observed with the collocated
meteorological equipment. We did not use other data (e.g. reanalysis data) or apply any interpolation
to fill the gaps of the meteorological observations. Thus, the retrieved PWV time series are free of the
potential biases caused by different meteorological data sources or by the interpolations.

3. Results

3.1. Continuity of GNSS ZTD and PWV time series

Using the 30s-interval GNSS observations, we estimated ZTD on an hour-by-hour basis.
Throughout the long-term observation period, the GNSS stations occasionally encounter some
interruptions due to instrument and electric failures. This causes the gaps of the observations. In
addition, some noisy GNSS observations were eliminated in the phase of quality checking during
data processing, which could further increase the gaps of the observations. As a result, ZTD on these
corresponding epochs could not be estimated. For assessing the continuity of the derived ZTD and
PWYV time series, we set an evaluation index named Data Available Rate (DAR). The definition of
DAR is the number of real retrieved data over the number of the ideal continuous data. The DAR of
ZTD for each station is shown in Figure 2 (red dots). The smallest DAR of ZTD is observed at Station
YNMH, which is 88%. At the other 11 stations, DAR of ZTD are larger than 90%, with 9 of them
having a DAR greater than 98%. Regarding PWV, DAR values are comparable to those of ZTD at
Station YNCX, YNLC, YNMH, YNSD, YNWS, YNYL, YNYS, and YNZD. However, at the remaining
stations, particularly at Station YNM]J, DAR of PWYV are significantly lower than those of ZTD. These
discrepancies arise due to a large number of missing meteorological observations at those stations
and no interpolation being applied to fill the gaps of meteorological data for converting the
corresponding ZTD into PWV.
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Figure 2. Data available rates (DAR) of ZTD and PWYV at each GNSS station. DAR = the number of
real retrieved data / the number of the ideal continuous data.

3.2. Evaluation of the GNSS PWV with Radiosonde Data

We evaluated GNSS-derived PWV with the radiosonde data. The GNSS station KMIN and
radiosonde station Kunming are located in the same city, and the distance between them is less than
15 km. Thus, the two stations are well spatially matched. We retrieved the PWV from the radiosonde
profiles (hereafter referred to as RDS-derived PWV). The PWYV is calculated as

PWV = [ %dP ®)

where ( is the specific humidity, P is the pressure of the atmosphere, and  is the gravitational
acceleration. In the computation, the § isnot regarded as a constant since its value is dependent on
the latitude and height.
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Figure 3. Comparison of GNSS and Radiosonde PWV at Station KMIN.

The temporal resolution of RDS-derived PWV is 12 hours, while that of GNSS-derived PWYV is
1 hour. To ensure fair comparisons, we chose data epochs that were present in both datasets. This
selection process resulted in a total of 4040 paired data points for the comparisons. Figure 3 (a) shows
both the time series of GNSS-derived PWV (red) and RDS-derived PWV (blue). The two datasets
match each other very well. The average bias between them is 0.08 mm, and the RMS of the
differences between them is 1.78 mm. Figure 3 (b) shows the scatter points of the two datasets and
also the linear fitting result. The slop of the linear fitted model is close to 1 (1.024) and the goodness
of fit is 0.97, which all indicate that the two datasets are highly consistent. These comparisons
demonstrate that the GNSS-derived PWYV has the similar accuracy as the RDS-derived one, and hence
can be used for analyzing water vapor variations.

3.3. Average PWV and Spatial Distribution

We averaged PWV values between 2011 and 2022 for each GNSS station. Figure 4 shows the
geographical distribution of the average PWV. The largest average PWYV is observed at Station YNRL
located at the west boundary of Yunnan province, which is above 30 mm, while the smallest one is
at Station YNZD located at the northwest of the area, which is only 11.8 mm (about 1/3 of the largest
one). Average PWYV at the other stations are in the range of 18 to 29 mm. In general, the average PWV
tends to decrease from southwest to the north of the area (Figure 4 contour lines). In addition to all-
season averaged PWV, we also calculated the average PWV in wet season (June to October) and dry
season (November to May) separately for the GNSS stations. The geographical distributions of wet-
season and dry-season averaged PWV are similar to that of the all-season averaged PWV (not shown).
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Figure 4. Geographical distribution of 11-year-averaged PWV observed at the GNSS stations. The
color on a circle indicates the value of average PWYV at that station. The red lines are the contour lines
of average PWV.

Figure 5 shows the relationship between the variation in average PWV and both the station
height and latitude. The largest average PWYV is observed at the station with the lowest height (YNRL:
723 m), while the smallest average PWYV is at the highest station (YNZD: 3297). It clearly shows that
the average PWV decreases as the height of GNSS station increases. As for the latitudes, it shows that,
in general, the average PWV decreases as the latitude of the station increases except for Station YNRL.
The latitude of Station YNRL is not the lowest one among the 12 GNSS stations, however, the average
PWYV observed at this station is largest. This is probably subject to the special local climate of Station
YNRL.
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Figure 5. Relation of the variation in average PWV with the station height and latitude. The color
represents the value of average PWV.

Figure 6 shows the all-season, wet-season, and dry-season averaged PWV for each station. At
most stations, the average PWV in wet season are about 10 mm larger than the all-season averaged
PWYV, while the average PWV in dry season are smaller than the all-season averaged PWV by about
10 mm. The lager all-season averaged PWYV generally corresponding to larger average PWV in both
wet season and dry season. The differences between average PWV in wet season and dry season at
these stations are in the range of 12 to 27 mm (Figure 6 blue bars). Overall, these differences tend to
decease as the average PWV decreases.
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Figure 6. All-season (black), wet-season (red), and dry-season (green) averaged PWYV for each GNSS
station. A blue bar is the difference between the average PWV in wet season and dry season at the
corresponding station. The stations are arranged with a PWV-deceasing order.

3.4. Secular, Annual and Semiannual Variations of PWV

The time series of GNSS-derived PWYV at these stations show significant annual cycles. Figure 7
shows the PWV variation at Station YNSD (other stations show similar variations). To quantitatively
analyze the PWV time series at the stations, we modelled the PWV variations with a mathematical
model that contains a secular trend, an annual cycle and a semiannual cycle. The model is written as

PWV (t) = a, +a, (t —2011.0) + A sin(2z(t —2011.0) + ¢, ) + A, sin(47z(t —2011.0) + ¢,) 9)
where t is the time in unit of year, @, and a, are the coefficients that describe the secular trend of

PWYV variation, A and A, are the amplitudes of annual and semiannual PWV variations, ¢, and

@, are the initial phases.
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Figure 7. GNSS-derived PWV time series at Station YNSD. The red solid line in (a) indicates the
secular trend of PWV variations. The red sinusoid in (b) consists of the secular and the annual
variation. In (c), the blue sinusoid is the semiannual variation superimposed on the secular trend, and
the red sinusoid consists of the secular, annual, and semiannual variations.

We estimated the coefficients of Equation (9) by the least-squared method for each station.
Figure 7 (a) shows the secular trend of PWV variations at Station YNSD (red line). The secular trend
is indistinctive, which indicates that the year-to-year change of PWV quantity is very slow. The
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superposition of the annual and secular variation for Station YNSD is shown in Figure 7 (b) (red
sinusoid), which well describes the magnitude of the fluctuation of PWV. When the term of
semiannual variation (blue sinusoid in Figure 7 (c)) is added, the model (red sinusoid in Figure 7 (c))
fits the GNSS-derived PWYV even better.

From the secular trends of PWYV variations, we derived the rate of interannual PWYV variations
for each station. The rates are positive at all stations (Figure 8), averaging 0.18 mm/year, which
indicates that the average PWV observed at each station increases yearly from 2011 to 2022. The
minimal rate is observed at Station KMIN, which is 0.11 mm/year, while at Station YNYC, YNYL,
and YNHZ, the rates are up to or above 0.22 mm/year (twice the minimal rate). The derived rate of
interannual PWYV variations at Station YNM]J is 0.29 mm/year (not shown in Figure 8), which is
significantly larger than the rates at the other stations. Due to the lack of collocated meteorological
data before 2017 at Station YNM], the time span of the available GNSS-derived PWV data at this
station (2017-2022) is much shorter than the data from the other stations (2011-2022). Thus, we believe
that the derived rate of interannual PWV variations at Station YNM]J is not as reliable as the derived
rates at the other stations.

30°N

25°N 1
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20°N , ‘
95°E 100°E 105°E
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Rate of interannual PWV variation(mm/year)

Figure 8. Rate of interannual PWYV variations and amplitude of annual PWV variations at each station.
The colors filled in the cirlcles indicate the rates of interannual PWYV variations and the arrows denote
the amplitudes of PWV annual variations.

Figure 8 also shows the amplitude of the annual cycle of PWYV variations at each station. The
average of the annual PWV variation amplittudes at these stations is 15 mm. The maximal amplittude
is observed at Station YNRL, which reachs 20.9 mm, while the minimum is at Station YNZD, which
is 9.7 mm. The distribution of the annual cycle amplitudes shows that the magnitude of the amplitude
decreases from the southwest to the north of Yunnan region . This phenomenon is highly similar to
the distribution of average PWYV (refer to Figure 4 for the average PWV distribution), indicating that
the lager average PWV consponding to the greater amplitude of annual cycle of PWV variations. The
amplitudes of semiannual PWV variations (not shown), in the range of 0.3 to 2.5 mm, are much
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smaller than the annual amplitudes (compare the blue sinusoid in Figure 7 (c) with red sinusoid in
Figure 7 (b)). On average the semiannual amplitudes are about one tenth of the annual amplitudes.

3.5. Monthly and Diurnal Variations of PWV

We averaged PWV values over the period from 2011 to 2022 for each individual month (January
to December). Figure 9 shows the monthly variations in PWV at the 12 GNSS stations. The curves
representing the month-to-month changes in PWV exhibit similar patterns across all stations. At most
stations, the maximal monthly average PWV vaules are in July (Station KMIN and YNWS in June),
and the minimums are in Jaurnary (Station YNMH and YNM]J in February). The curves are not
symmetric about the peaks: the increasing rates of PWV from January to July are less than the
deceasing rates from July to December. The distribution of PWV is uneven among the seasons, with
the wet season typically accounting for approximately 70% of the total PWV over the entire year on

average.
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Figure 9. Monthly PWYV variation at each station.

Using the hourly GNSS-derived PWV from 2011 to 2022, we calculated the all-season, wet-
season, and dry-season average PWYV values for each individual hour (0:00,1:00,..., 23:00). Figure 10
shows the diurnal PWV variations at Station KMIN and YNRL. The curves of all-season, wet-season,
and dry-season averaged PWV diurnal variations are similar at the same station. Diurnal PWV
variations at Station KMIN show the unimodal distribution pattern among the hours (Figure 10
(a)(b)(c)). Data of the other stations show a similar pattern of PWV distribution as Station KMIN
except for Station YNRL, where bimodal distribution of PWYV is observed. At Station YNRL, the all-
season, wet-season, and dry-season averaged diurnal variations of PWV all show that the high PWV
vaules occur both in the afternoon and at night.
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Figure 10. Diurnal PWYV variations at Station KMIN (left) and YNRL (right). (a) ,(b), and (c) are all-
season, dry-season, and wet-season averaged diurnal PWV varation at Station KMIN respecitvely,
while (d), (e), and (f) are for Station YNRL. The hours are local time.

Though diurnal PWYV variations observed at 11 out of 12 GNSS stations show a similar unimodal
distribution, the diurnal peaks (or valleys) of PWV values are asynchronous among different stations.
Table 3 shows the time of diurnal peak and valley for the all-season, wet-season, and dry-season
averaged PWV at each station (except Station YNRL). For these stations, the diurnal maximums
(peaks) of the all-season averaged hourly PWV appear at 17:00-23:00 local time, most at 17:00-19:00
(late afternoon), while the diurnal minimums (valleys) occur at 8:00-10:00 (morning). The differences
between time of diurnal PWV peaks in wet season and dry season are 0 to 5 hours (most no more
than 2 hours). The time of diurnal PWV minimum in dry season are 0 to 4 hours later than thoes in
wet season (most no more than 1 hour).
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Table 3. Hours (local time) of the diurnal PWV maximum (peak) and minimum (valley) at each station
(except Station YNRL).
Site All-season ave. - Dry-season ave.- Wet-season ave.-
max min max min max min

KMIN 21 10 23 12 20 8
YNCX 17 8 18 8 17 8
YNHZ 18 9 21 10 17 9
YNLC 17 8 17 9 17 8
YNMH 18 9 18 9 20 8
YNM] 23 8 21 8 23 8
YNSD 17 8 16 8 17 8
YNWS 19 8 20 9 18 8
YNYL 19 9 19 9 24 9
YNYS 18 9 18 9 18 9
YNZD 19 10 20 10 18 7

We calculated the magnitude of the diurnal PWV variation for each station. The magnitude,
describing diurnal PWV fluctuation, is defined as the diurnal PWV peak minus valley. Figure 11

shows the geographical distribution of the magnitudes of diurnal PWV variations. The magnitudes

of the diurnal PWYV fluctuations, averaging 1.1 mm, are station dependent. The smallest magnitude
(0.5 mm) is observed at Station YNRL, while at this station, the average PWV and the amplitude of
annual PWYV variations are both the largest among the other stations (refer to Figure 4 for the average
PWYV and Figure 8 for the amplitudes). The largest magitude is at Station YNHZ (1.6 mm), which is
about 3 times the magnitude at Station YNRL. However, Both the average PWV and the amplitude
of annual PWV variations at Station YNHZ are much smaller than those at Station YNRL. The
distribution of the magnitudes of diurnal PWV variations show no significant geographical pattern.

30°N

25°N 1

20°N
95°E 100°E 105°E
B
0.6 0.8 1.0 12 1.4 16

Magnitudes of diurnal PWV variations(mm)

Figure 11. Magnitude of diurnal PWYV variation at each station. The magnitude is defined as the
differnce between the diurnal PWV maximum and minimum.
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4. Discussion

We evaluated the GNSS-derived PWV with radiosonde data at Station KMIN, and the mean bias
and RMS of the differences between the two datasets are 0.08 mm and 1.78 mm respectively. Some
previous studies also did similar comparisons in the region of Yunnan. Fu et al. [30] and Hai et al.
[31] assessed the GNSS-derived PWV with RDS-derived PWV at 3 - 5 stations (including station
KMIN) located at Yunnan. Their results show high correlations between the time series of GNSS-
derived PWV and RDS-derived PWV (correlation coefficients larger than 0.9), which are consistent
with our results. Nonetheless, their comparisons show 5 — 7 mm RMS of differences between the two
datasets, which are much larger than the 1.78 mm RMS in this study. The result of Hai et al. [31]
shows significant biases between the GNSS-derived PWV and RDS-derived PWV, while there are no
evident biases observed in current study and in the study of Fu et al. [30]. Hu et al. [34] used the
ERADJ reanalysis dataset of the European Center for Medium-Range Weather Forecasts (ECMWF) to
evaluate the GNSS-derived PWYV, and their results show 2 — 6 mm biases and 4.5 — 7 mm RMS
between GNSS-derived PWV and ERA5-derived PWV. There are many factors for the different
evaluation results in these studies. Normally, the consistency of different-sourced PWV data in wet
season is poorer than that in dry season. Hai et al. [31] and Hu et al. [34] exclusively used the summer
data (in wet season) for the evaluation, which is responsible for the large biases and RMS in their
PWYV assessments. We used the all-season data for the evaluation, and applied the latest mapping
function to estimate the ZTD. Besides, we generated the site-specific weighted mean temperature
models for the region and used these customized models to convert the ZWD to PWYV. All these
contribute to the high consistency between GNSS-derived PWV and RDS-derived PWV in current
study.

The distribution of all-season averaged PWYV values show a clear southwest-to-north decreasing
pattern in the region of Yunnan, and both the average PWV in wet season and dry season show a
similar decreasing pattern to that of the all-season averaged PWV. These results confirm the study of
Shen and Duan [32], where they used NCEP/NCAR monthly reanalysis data of 1981-2010 to
investigate the spatiotemporal variations of PWV in Yunnan. Our results show the content of PWV
is highly dependent with the station height and latitude. In general, the higher station height (or
latitude) corresponding to less PWV. This negative correlation between PWV and station heights (or
latitudes) was also found in the studies of Jin et al. [25] and Shi et al. [28].

The diurnal variations in PWV at the stations in Yunnan exhibit a predominantly unimodal
distribution over the course of the day. However, it is worth noting that Station YNRL, located at the
west boundary of Yunnan, displays a distinctive bimodal distribution of PWV. Hai et al. [31] found
this bimodal diurnal PWYV distribution at a different station in Mengla county, which is at the south
boundary of Yunnan (Figure S1). These bimodal diurnal PWV distributions were observed at both
the west (Station YNRL at Ruili county) and south (Mengla county) boundary of Yunnan, indicating
the special local climate at these border areas.

5. Conclusions

Using GNSS data observed at 12 CMONOC stations located at Yunnan, China, we retrieved the
hourly PWV from 2011 to 2022 and analyzed multiscale spatiotemporal PWV variations over the
region. Evaluating the GNSS-derived PWV with radiosonde data at Station KMIN shows good
consistency between the two datasets, indicating that the GNSS-derived PWYV is as accurate as RDS-
derived PWV and hence it can be reliably used in meteorological studies. In the study area, the
average PWV values observed at different stations can be quite different: the maximum is three times
as large as the minimum. Generally, the average PWV increases with the decrease of station height,
and also with the decrease of station latitude (excluding Station YNRL). For these stations, the higher
average PWYV in wet season corresponding to higher average PWV in dry season, and the mean of
the differences between average PWV in wet season and dry season is 20 mm. We analyzed the
secular trends and cycles of the PWYV time series. The yearly rates of PWV variations are all positive
at the 12 stations. This phenomenon of increasing PWV year by year is in line with the context of
climate warming. The average amplitude of PWV annual cycles is 15 mm, which is about 10 times as
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large as the average amplitude of PWV semiannual cycles. Monthly PWV variations show that the
maximal monthly average PWV occurs in July or June, and the minimum appears in January or
February. The content of average PWV in wet season accounts for 70% of the sum of PWV over the
entire year. Average diurnal PWYV variations show unimodal distributions over the course of the day
at the stations, while station YNRL is an exception, where two diurnal PWV peaks were observed. At
most stations, the average diurnal PWV maximums occur in the late afternoon (17:00-19:00), and the
minimums appear in the morning (8:00-10:00).

In this study, both the largest average PWV and the greatest amplitude of the annual PWV cycle
were observed at station YNRL. The diurnal PWYV distribution of this station (bimodal) is different
from that of the other stations (unimodal). Besides, the average PWV at this station did not follow the
rule of negative correlation between PWV and latitude as the other stations do. All these indications
suggest that the local climate at Station YNRL differs from that of the other stations, which deserves
further investigations.
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