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With the 1 h-averaged data of atmospheric precipitable water vapor (PWV) for 2015–2018 retrieved from 18 ground-based Global
Positioning System (GPS) observation stations near Poyang Lake (PL), China, the diurnal variations of the PWV during
midsummer (July-August) are studied by the harmonic method. Results show that signiﬁcant diurnal variations of PWV are
found at the 18 GPS stations. The harmonics with 24 h cycle (diurnal cycle) over PL (i.e., Duchang and Poyang) and Nanchang city
only have about 50% (or even smaller than 50%) of variance contribution with the amplitude of about 0.2 mm, while above 70%
(or even 80%) of variance contribution occurs elsewhere around PL, with the amplitude of about 0.9 mm. The harmonics with
diurnal cycles in most stations peak from afternoon to evening (i.e., 1200-2000 LST), but one exception is Duchang site, where the
diurnal cycle peaks in the morning (i.e., 1000 LST). Moreover, the harmonics with 12 h cycle (semidiurnal cycle) have the
relatively uniform amplitude of about 0.2 mm, but their variance contributions show uneven distribution, with the contributions
of about or above 50% in PL and Nanchang city (the semidiurnal cycles peak about 0000 LSTor 1200 LST) and below 30% (or even
10%) in other areas. The preliminary diagnosis analysis shows that the diurnal variation of the low-level (below 850 hPa) air
temperature (increasing after the sunrise, decreasing after the sunset, and peaking around 1400-1800 LST) may be responsible for
the diurnal cycle. Moreover, in PL (Duchang and Poyang) and Nanchang city, the eﬀects (heating or cooling) of lake and urban,
the diurnal variation of the 10 m wind over PL, and the acceleration of PL on overlying air also contributed to the diurnal variation
of PWV.

1. Introduction
Water vapor is an important part in the atmosphere. It is not
only a necessary condition for precipitation but also an
important indicator of climate variation [1]. Besides, water
vapor also plays an important role in atmospheric radiation
and water cycle [2]. The traditional method to detect water
vapor in the atmosphere is mainly based on the water vapor
sensor equipped on the sounding balloon (the traditional
surface water vapor sensor cannot obtain the high-level
water vapor information). However, the sounding observations have relatively low spatial-temporal resolution. In
China, the spatial and temporal resolutions of sounding data
are about 250 km and about 12 h [0800 local solar time (LST)
and 2000 LST], respectively. With the relative large spatial

and temporal variation of water vapor in atmosphere, the
sounding data cannot satisfy the requirement to study the
spatial and temporal variations of water vapor [2]. Recently,
with the development of Global Positioning System (GPS)
remote sensing technology, the precipitable water vapor
(PWV) in atmosphere (i.e., the water vapor content in the
whole atmospheric column) can be retrieved by calculating
the delay of GPS satellites signals through GPS processing
software, and the delays are induced by the atmospheric
refraction, which is closely related to water vapor in atmosphere [3, 4]. The PWV retrieved by GPS is well-known
GPS PWV, which is not aﬀected by the precipitation, clouds,
aerosols, and so forth. Moreover, it has the characteristics of
all-weather observation, high spatial-temporal resolution,
and low cost [5, 6]. More importantly, the GPS PWV has
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high accuracy. By comparison with the sounding PWV, the
root mean square error is generally less than 3 mm [7, 8], and
the correlation is usually more than 0.95 [2].
The diurnal variation of water vapor in atmosphere is
closely related to moist convection, precipitation, convergence
of near-surface winds, surface evaporation, etc. [2, 9, 10]. The
diurnal variation of PWV at some areas in the world has been
revealed. For example, Dai et al. [2] investigated the diurnal
variation of PWVs at 54 GPS stations in the United States
during 1996–2000 and found that GPS PWVs over most of the
stations had signiﬁcant (the variance contribution to subdaily
variation is more than 50%) diurnal cycle (the period of 24 h)
signals with an amplitude of 1.0–1.8 mm during summer, and,
in other seasons, the signals of diurnal cycle are reduced. Ma
et al. [11] diagnosed the diurnal variation of PWV in eastern
Tibet in summer and indicated that the diurnal cycle had the
main (variance more than 50%) signals of diurnal variation
of PWV, while the half-daily (12 h) cycle had some contribution. In Qilian Mountains, the PWV in summer has
also obvious diurnal variation feature, which is mainly
comprised of diurnal cycle and semidiurnal cycle, and in
days without precipitation the diurnal cycle dominates the
diurnal variation of PWV, while the diurnal cycle and
semidiurnal cycle are important in days with precipitation
[12]. In Lhasa valley, the diurnal variation of PWV is also
mainly composed of diurnal cycle and semidiurnal cycle,
and these cycles are the strongest in summer [12]. Besides,
Liu and Liu [13] discovered that the minimum of GPS PWV
over Beijing is presented in 0800-1200 LST, while the
maximum occurred during 0100-0300 LST. Fu et al. [14]
claimed that the GPS PWV over Hubei is bottomed during
0000-0600 LST and peaked at about 1800 LST. The diurnal
variation of GPS PWV over Dalian is somewhat diﬀerent,
with the maximum in about 1600 LST and the minimum in
about 2200 LST [15].
Poyang Lake (PL) is the largest freshwater lake in China.
It is also a seasonal lake. In summer (July-August), the
coverage of PL peaks about 3800 km2 area, with a 130 km
length, an average of 30 km width (the maximum width is
approximately 75 km), and a mean depth less than 6 m
[16, 17]. Due to the diﬀerence of speciﬁc heat capacity
between land and water, PL has an obvious inﬂuence on
local weather and climate, especially at the diurnal change.
In summer, PL is a heat source in nighttime and has a
signiﬁcant heating eﬀect on the surrounding air, while it is a
cold source in daytime with an obvious cooling eﬀect [18].
With the signiﬁcant diurnal variation of lake-land temperature diﬀerence, there is distinct land-lake breeze over PL
and this land-lake breeze is strong in summer [19]. Besides,
Fu et al. [20] indicated that the PL is conducive to weakening
the crossing convective storm in noontime in summer. PL is
a large body of water, and it can swap the water vapor with
the overlying air through latent heat ﬂux [21], ﬁnally affecting the water vapor over PL and its neighborhood [22].
PL is located in the East Asian summer monsoon region.
Here, the western Paciﬁc subtropical high (WPSH) is an
important system [23], which is closely associated with the
timing and spatial distribution of the summer climate in
China [24, 25]. In general, the ridge line of the WPSH
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gradually moves northward since spring and arrives at 27°N
or further north after late June, and then it ﬂuctuates around
27–32°N during midsummer (July-August) [25]. Finally, in
early September, the WPSH rapidly withdraws southward
with the ridge line at south of 27°N [25]. Clearly, the PL
(about 29°N) is located within the main body of WPSH
during midsummer and controlled by sunny, hot, and dry
weather. Therefore, in the midsummer (PL has the largest
water coverage) with the hot, dry, and sunny weather, the
exchange of water vapor between PL and overlying air
should be strong. Also, Wang et al. [26] conﬁrmed that the
latent heat ﬂux over PL is the maximum in the summer
based on the turbulent ﬂux observations.
What are the characteristics of the diurnal variations of
PWV over PL? Are the diurnal variations of PWV at stations
close to PL the same as those at stations far away from PL? In
order to answer these questions, the GPS PWV data at 18
stations around PL in midsummer (the water vapor exchange between lake and overlying air is the largest) have
been investigated in this paper. Section2 describes data and
its processing. Section 3 presents the climatology of GPS
PWV over PL. The diurnal variation features are depicted in
Section 4, and conclusions are given in Section5.

2. Data and Processing
In 2009, Jiangxi Meteorological Bureau and Jiangxi Surveying and Mapping Bureau jointly built 62 ground-based
GPS observation stations, and these GPS stations are installed in the meteorological observation sites [27]. In the
neighborhood of PL, there are 18 ground-based GPS stations
(Figure 1). The ground-based GPS stations have been operational since 2009, collecting satellite pseudorange, carrier
phase, navigation ﬁle, and other information with sample
frequency of 15 s or 30 s. However, some ground-based GPS
stations were relocated and revamped before 2015 [28].
Therefore, in this paper, the ground-based GPS data from
2015 to 2018 are used, and these data are obtained from
Jiangxi Meteorological Administration (JMA) through the
Intranet of JMA (i.e., http://10.116.89.55/cimissapiweb/).
Besides, the 2 m air temperatures at the 18 GPS stations
(obtained from the JMA) and the ECMWF ERA5 reanalysis
data (obtained form https://climate.copernicus.eu/climatereanalysis) are also used in the paper.
Since the observed data (pseudorange, carrier phase,
etc.) of ground-based GPS are not direct water vapor information, it is necessary to convert them into common
PWV by using GPS professional processing software.
GAMIT software (v10.6), which has been developed by
Massachusetts Institute of Technology, Scripps Institution of
Oceanography, and Harvard University, is used to retrieve
PWV. In order to improve the accuracy of PWV, the
weighted average temperature model improved by Shan
et al. [29] based on the sounding data in Jiangxi (China) and
zenith static delay model (Hopﬁeld model) improved by Zou
et al. [30] are introduced into the GAMIT software.
Meanwhile, to further improve the accuracy of PWV, 4 long
baseline international IGS tracking stations’ (LHAZ, ULAB,
PIMO, and CUSV) detected data are also introduced in the

Advances in Meteorology

3

30N

75
Pengze

Jiu jiang

De'an

ng
ya
Po

Wuning

Jingdezhen

Duchang

La
ke

Yongxiu

1200
Poyang

800
500

28.8N

200

Fengxin

Yugan

Wannian

GPS PWV (mm)

29.4N
29.1N

r = 0.982

70

29.7N

65
60
55
50

Nanchang

28.5N
Gao'an
28.2N

Jinxian
Fengcheng

45
Yiyang
Yingtan

Fuzhou
27.9N
115.2E

40
40

45

50
55
60
65
Sounding PWV (mm)

70

75

115.5E 115.8E 116.1E 116.4E 116.7E 117E 117.3E

Figure 1: The GPS observation stations (solid circle) and the
topography (shadow) (unit: m around PL).

retrieval of GPS PWV. The data are obtained from http://
igscb.jpl.nasa.gov.

3. The Climatology of GPS PWV over PL
The validation on GPS PWV over Jiangxi, China, has been
tested by Zou et al. [30]. The GPS PWVs in Nanchang site at
UTC 0000 and 1200 LST during 2010, which were derived by
the similar method in Section 2, were in good agreement
with the sounding PWVs, with the temporal correlation of
0.97 and the mean bias of 0.37 mm [30]. This result provides
evidence that the derived GPS PWV is reliable and can be
applied in the climate studies. In order to further validate the
GPS PWV around PL, a comparison of the GPS PWV and
the sounding PWV in Nanchang site at UTC 0000 during
June-August 2017 is performed. It is noted that only
Nanchang site around PL has both GPS measurement and
sounding measurement. Figure 2 compares the individual
PWV measurements at UTC 0000 made using GPS method
and sounding data. It can be seen that the GPS PWVs are in
good consistency with the sounding PWVs, with the correlation of about 0.982. The GPS PWV overestimates the
PWV by about 1.5 mm (i.e., the mean bias), which is
somewhat more than the statistics of 2010 [30]. The fact that
the PWV data in this validation only includes the data
during humid summer is responsible for that [2]. In the
statistics of 2010, the PWV data also contains the dry winter
data (the PWV may be smaller than 10 mm). In fact, the
mean bias of about 1.5 mm is equivalent to the relative bias
of only about 3%. These suggest that the GPS PWV has high
accuracy and is suitable for studying the diurnal variations.
The monthly GPS PWV over PL averaged from 2015 to
2018 shows that the GPS PWV rapidly increases before June
while it sharply decreases after August, and the maximum
(minimum) is presented in July (December) with about 55
(15) mm (Figure 3(a)). In fact, the change of GPS PWVs
between June and August is very slight, with the variation
below 2 mm per month (Figure 3(a)). This is consistent with
the monthly variations of GPS PWV at Ganzhou [31] and is

Figure 2: The scatterplots of PWV (mm) at UTC 0000 derived
from GPS and sounding data at Nanchang site for June-August
2017. r is a correlation coeﬃcient.

slightly diﬀerent from that in Beijing, in which the GPS
PWV in June is obviously smaller than those in July and
August [13]. The fact that the East Asian summer monsoon
gradually moves northward before about mid-August is
responsible for the diﬀerence in PWV between PL and
Beijing because the East Asian monsoon can carry a big
amount of water vapor [32]. In the spatial distribution of
GPS PWV at midsummer (July-August), the large values
(more than 56.6 mm) are mainly situated over PL and
Nanchang (the capital of Jiangxi Province in China) which is
located to southwest of PL. The maximum of GPS PWV is
not located at PL or its vicinity but at Nanchang city
(Figures 1 and 3(b)). This may be induced by the heat island
eﬀect of Nanchang city [33] because high surface temperature can enhance surface evaporation and high air temperature is favorable for accommodating more water vapor.
Figure 3(b) also depicts the spatial distribution of the
diurnal variation of the absolute GPS PWV (i.e., the maximum of GPS PWV minus the minimum). It is clear that the
diurnal variations of the absolute GPS PWV are small over
PL with the value less than 1 mm, while the large diurnal
variations are located outside of PL with the value more than
2 mm. It is very interesting that the region with small diurnal
variation of the absolute GPS PWV is just overlapping the
area with large value of GPS PWV.

4. Diurnal Analysis
4.1. Analysis Method. The hourly mean GPS PWVs in individual stations around PL are ﬁrst made by averaging the
hourly data in midsummer during 2015–2018. It is noted
that, in order to preserve the integrity of diurnal variation of
GPS PWV data, the days with more than one-fourth of the
observations missing are excluded. Then the hourly
anomalies are obtained by removing the daily mean. With
relatively short record and many missing gaps, Dai et al. [2]
indicated that the above method for deriving the mean
diurnal anomalies worked best for GPS PWV data compared
to other methods (including high-pass ﬁltering).
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Figure 3: (a) The monthly averaged GPS PWV (mm) over PL from 2015 to 2018. (b) The spatial distribution of GPS PWV (solid lines) and
the diurnal variation of the absolute value of the PWV (shadow, unit: mm) over PL at midsummer (July-August).

Harmonic analysis can extract the known periodic signals from an irregular variation series, and then the periodic
signals can be quantitatively described by amplitude, phase,
and variance contribution. In view of these advantages,
recently, harmonic analysis has been widely used to analyze
the diurnal variation characteristic of a meteorological
variable. For example, Dai et al. [2], Liang et al. [12, 34], and
Ma et al. [11] used it in studying the diurnal variation
characteristics of GPS PWV in diﬀerent regions. Therefore,
the method of harmonic analysis is also selected to study the
diurnal variation of GPS PWV over PL in the current paper.
The harmonic analysis [2] can be expressed as
4

PW t1  � PW0 +  Sn t1  + R,

(1)

n�1

Sn t′  � An sin nt′ + σ n  � an cos nt′  + bn sin nt′ ,

(2)

where Sn (n = 1, 2, 3, and 4) denotes harmonics with periods
of 24, 12, 8, and 6 hours, respectively. t′ is time with expression in degrees or radians (i.e., t � 2πt′ /24, where t is
time in hours), and PW0 is the daily mean value. R is the
residual. An is the amplitude, and σ n is the phase that can be
easily calculated using σ n � π/2 − 2πntmax /24(tmax is the time
when the maximum of Sn ﬁrst appears). The calculations of
an and bn in (2) are as follows [34]:
an �

2 M
2πn
t,
 y cos
M t�1 t
M

(3)

bn �

2 M
2πn
t,
 yt sin
M t�1
M

(4)

where M is sample size (24 in this study) and yt is the hourly
anomaly series of GPS PWV. In order to assess the contribution of harmonics with diﬀerent periods to hourly
anomaly series of GPS PWV, the variance contribution (Vn )
is also used, and its expression is as follows [26]:

Vn �

M
An
,
M
2 t�1 yt − y2

(5)

where y � M
t�1 yt /M is the daily mean of GPS PWV.
4.2. Variance Contribution. The spatial distributions of
variance contributions in harmonics with periods of 24
(diurnal cycle) and 12 hours (semidiurnal cycle) are shown
in Figure 4. It is clear that, in the diurnal cycle (Figure 4(a)),
small variance contributions (less than 0.5) are located over
PL and Nanchang city, which just coincides with the area of
large GPS PWV (Figure 3(b)). In the other areas (except for
Nanchang and PL), the variance contributions of diurnal
cycle are almost more than 0.8 (Figure 4(a)). Interestingly,
the spatial distribution of variance contribution with
semidiurnal cycle (Figure 4(b)) is just opposite to that of
diurnal cycle (Figure 4(a)), with the large variance contribution (more than 0.3 or even 0.6) in PL and Nanchang city
and the small (less than 0.3 or even 0.1) variance contribution in other areas. Moreover, the cumulative variance
contributions of diurnal cycle and semidiurnal cycle are
more than 0.8 in the whole region (not shown). This indicates that the diurnal cycle and semidiurnal cycle dominate the diurnal variation of GPS PWV over PL and its
neighborhood, and, more speciﬁcally, in PL and Nanchang
city, both cycles play important roles (the contribution of
semidiurnal cycle is slightly more than that of diurnal cycle),
while the diurnal cycle is dominant in other areas.
4.3. Amplitude. It can be clearly seen from Figure 5(a) that
the spatial distribution of the amplitude of harmonic with
diurnal cycle is quite analogue to that of variance contribution (Figure 4(a)). In areas far away from PL (i.e., PL and
its coast) and Nanchang city, the amplitudes are about
0.9 mm, similar to that in Qinghai-Xizang Plateau [11] and
slightly smaller than that in the United States [2]. Importantly, over PL and Nanchang city, the amplitudes of harmonics with diurnal cycle are smaller than 0.3 mm or even
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Figure 5: The amplitudes of (a) diurnal (24 hours) cycle and (b) semidiurnal (12 hours) cycle.

0.2 mm. This further suggests that the harmonics with diurnal cycle are relatively weak (intense) in PL and Nanchang
city (elsewhere). Unlike that of the harmonics with diurnal
cycle, the amplitude of harmonics with semidiurnal cycle
distributes relatively homogeneously, ranging from 0.1 mm
to 0.3 mm, with about 0.25 mm over PL and its surrounding
areas. As can be seen from the comparison of Figures 5(a)
and 5(b), the amplitudes of the harmonics with diurnal and
semidiurnal cycles over PL and Nanchang city are commensurate, while those with diurnal cycle in other areas are
obviously large. This is in accordance with the distributions
in variances of the harmonics with diurnal and semidiurnal
cycles (Figure 4).
4.4. Phase. Figure 6(a) shows the distribution of the phase
(i.e., the occurrence time of maximum value) of the harmonics with diurnal cycle. It can be seen that over the PL and
its surrounding areas the harmonics with diurnal cycle peak
from 1200 LST to 2100 LST (i.e., from midafternoon to
evening). One exception is the Duchang site, where the

maximum of the harmonics with diurnal cycle presents at
1000 LST (i.e., morning). Moreover, the harmonics with
semidiurnal cycle usually peak at night (2300-0400 LST)
(Figure 6(b)). Here, the time smaller than 0 in Figure 6(b)
represents 2300 LST. Importantly, it can be seen form
Figure 6(b) that the semidiurnal cycles over PL and Nanchang (2300-0100 LST) peak earlier than over other areas
(0100-0400 LST). It is noted that the second cycle of the
semidiurnal harmonics over this region peaks around 11001600 LST, with the early peak at PL and Nanchang.
In order to describe the features of the harmonics with
diurnal cycle and semidiurnal cycles over lake, urban, and
rural areas more clearly, the diurnal GPS PWV anomaly and
the ﬁtted diurnal and semidiurnal harmonics over Duchang
site (it is the closest to PL and may represent lake), Poyang
site (it is also close to the PL, but the distance between the
site and lake is only larger than that between Duchang and
lake), Nanchang site (it is in the urban and may represent
urban), and Fengxin site (it is less aﬀected by lake and urban
and may represent rural) are shown in Figure 7. In fact, other
sites far away from PL and Nanchang city also can better
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represent the rural, and the diurnal variations of GPS PWV
anomaly and the ﬁtted diurnal and semidiurnal harmonics
have similar features (not shown). It can be seen that the
ﬁtted diurnal harmonics and the semidiurnal harmonics can
together represent the diurnal variations of GPS PWV
anomaly very well (Figure 7). Over Poyang and Duchang

(the two sites closest to lake) and Nanchang (in urban), the
diurnal and semidiurnal harmonics are equivalent
(Figures 7(a)–7(c)), while the diurnal cycle is the dominant
in Fengxin (i.e., rural) (Figure 7(d)). This is consistent with
the analysis of the variance contribution (i.e., Section 4.2).
Figure 7 also shows that the semidiurnal harmonics over lake
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(Duchang and Poyang) and urban (Nanchang) are homologous, with similar phase (peaking at about 1000 and
2200 LST) and similar amplitude (about 0.25 mm). However, the phases of the diurnal harmonics over lake and
Nanchang are diﬀerent; they peak at diﬀerent times, around
1000-1800 LST (Figures 7(a)–7(c)).

5. Discussion on the Causes of Diurnal
Variations of GPS PWV
There are many processes that can result in diurnal variations in atmospheric water vapor, including the surface
evapotranspiration, the atmospheric low-level moisture
convergence, the precipitation, and the large-scale vertical
motion [2]. Besides, the low-level water vapor transport and
the latent heat ﬂux are also important processes aﬀecting
PWV. It is noted that the vertical mixing in the planetary
boundary layer (the lowest 1–2 km) only aﬀects the vertical
distribution of water vapor but does not aﬀect the value of
PWV [2].
Figure 8(a) depicts the diurnal variations of the mean
temperature (averaged from 2015 to 2018) at diﬀerent height
over PL [i.e., the grid of (116.25°E, 29°N)] during July-August
based on ECMWF ERA5 reanalysis data. It is clear that the
air temperatures below 850 hPa (especially below 925 hPa)
increase after the sunrise (about 0600 LST), with peak
around 1400-1800 LST, and decrease after the sunset (about
1900 LST), with bottom around 0300-0900 LST. The high air
temperature in low level (including near surface) not only
enhances the evapotranspiration of the surface but also
enlarges the saturated water vapor content of low-level air,
converting part of the low cloud (hydrometeor) into water
vapor. This is conducive to increasing the PWV. Conversely,
the low air temperature in low level (including near surface)
reduces the evapotranspiration and the saturated water
vapor content, decreasing the PWV. Therefore, the diurnal
variation of the low-level air temperature is conducive to
increasing (decreasing) the PWV during 1400-1800 (03000900) LST. This is just consistent with the diurnal variation
of the PWV at Fengxin (which is less aﬀected by the lake and
urban) (Figure 7(d)), indicating that the diurnal variation of
the low-level air temperature (which is in fact induced by
solar radiation) is dominant to aﬀect the PWV. In fact, the
amplitude diﬀerences at diﬀerent stations in Figure 3(b) and
Figure 5(a) may also be induced by the diﬀerent diurnal
variation of low-level air temperature in diﬀerent stations.
Over PL and Nanchang, the diurnal variation of air temperature is obviously smaller than that over outside the PL
and Nanchang (not shown). It is noted that, in Figure 8(a),
the slight increase (decrease) of air temperature below
925 hPa at about 0500 (1600) LST (i.e., the dashed lines in
Figure 8(a)) may be induced by the heating (cooling) of the
underlying PL.
Near-surface winds are important factors to inﬂuence
the water vapor transport (because the water vapor mainly
resides in the low level) and the latent heat ﬂux (which is
proportional to the 10 m wind speed). Figure 8(b) (arrows)
depicts the diurnal variations of the 10 m winds over PL (i.e.,
the grid of (116.25°E, 29°N) in ERA5 reanalysis data). It is
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clear that the wind directions over PL rotate clockwise with
time, with easterly wind at 0000 LST. In the morning (i.e.,
0700-1200), the winds over PL convert to southerly wind,
and the speed peaks at about 0900 LST (Figure 8(b)). The
winds over PL shift to northerly wind during 1500-1800 LST
with the speed peaks at about 1700 LST and then turn to
easterly wind (Figure 8(b)). Since Duchang (the only site
where the GPS PWV peaks in the morning) is located at the
north shore of PL (Figure 1), the near-surface air over
Duchang mainly comes from PL in the morning (southerly).
Meanwhile, the large speed of wind over PL at about 1000
LST can strengthen the pumping of water vapor from underlying water by increasing the latent heat ﬂux and then
increases the PWV over Duchang by the water vapor
transport. Clearly, the large southerly wind over PL at about
1000 LST is an important factor causing the GPS PWV in
Duchang to peak at about 1000 LST. Besides, Figure 8(b) also
shows that the 10 m meridional wind over PL is distinctly
larger than that over Nanchang during 0800-1100 LST
(prevailing southerly winds) and 1600-1900 LST (prevailing
northerly winds). In fact, this reﬂects the accelerated eﬀect of
water body on overlying air due to the small surface friction
of lake. The acceleration of near-surface wind can also
contribute to the increase of GPS PWV at Duchang in the
morning because it can enhance the convergence of air
(water vapor) at the north shore of PL. Therefore, the peak of
GPS PWV at Duchang in the morning (about 1000 LST)
may be jointly induced by the diurnal variation of wind over
PL and the accelerated eﬀect of lake on wind.
Under the background of the warming in the low-level
air (which can not only enhance the evapotranspiration but
also enlarge the saturated water vapor content, favoring the
increase of PWV) during afternoon (Figure 8(a)), the PWVs
should increase. But why does the PWVs over PL and NC
decrease (i.e., why does the valley of semidiurnal cycle
appear at afternoon) (Figure 7)? In order to address this
question, the diurnal variations of mean vertical motion
(omega) at diﬀerent levels below 775 hPa over PL are drawn
in Figure 9(a). As can be seen, during 1000-1900 LST, the
omegas over PL are persistently positive with the maximum
of above 1.2 Pa s−1 at about 1400 LST, indicating obvious
downward motion. The obvious descending motion is instrumental in accumulating dry air coming from high levels,
resulting in the reduction of PWV over PL. It is noted that
the time-height variations of mean omega over Nanchang
are similar to those over PL (not shown). This behavior may
be responsible for the decreases of the GPS PWVs and the
semidiurnal harmonics over PL and Nanchang during afternoon (Figure 7(a)–7(c)).
Why does the obvious downward motion appear over PL
and Nanchang during afternoon? The other areas far away
from PL and Nanchang city have no similar behaviors
during afternoon (not shown). Is it related to the temperature eﬀects of the PL and the Nanchang city urban conditions? At afternoon (about 1400 LST), in warm season
(summer), the land temperature around PL is obviously
larger than the lake temperature [18]. Then, the large landlake temperature diﬀerence (the land is warmer than lake)
can produce the lake breeze with air ﬂowing from lake to
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nearby land [19, 35]. This can result in descending motion
over PL due to the compensation of air in high level to near
surface, even maybe weakening the crossing storm [20]. In

contrast, at night, the large lake-land temperature diﬀerence
(the lake is warmer than land) can yield the land breeze with
air ﬂowing to lake from nearby land. The land breeze
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converges air over PL, resulting in ascending motion over PL,
even maybe enhancing the crossing storm [36]. The evolution of
the observed 2 m air temperature diﬀerence between Fengxin
(far away from PL and Nanchang city) and Duchang (nearby
PL) or Poyang (nearby PL) also shows that the sites nearby PL
are cooler than the site far away from PL (Figure 9(b)), further
conﬁrming the PL as a cold source in daytime.
Figure 9(b)also shows that the observed 2 m air temperature diﬀerences between Fengxin and Nanchang are
similar to those between Fengxin and Poyang. Why they are
similar? There are two reasons aﬀecting the 2 m air temperature of city. One is the city-heat-island eﬀect, which can
warm the city at nighttime in summer (it is similar to lake),
resulting in large 2 m air temperature diﬀerence between
Nanchang and Fengxin. The other one is that more condensation nuclei (e.g., aerosol and dust) reside over city due to
the human activities [37]. The condensation nucleus can
absorb and reﬂect the solar radiation (daytime), reducing the
solar radiation reaching the surface [38]. This can decrease the
2 m air temperature in Nanchang during daytime, producing
a negative air temperature diﬀerence between Nanchang and
Fengxin. In fact, the evolutions of 2 m air temperature difference between Nanchang/Duchang and other rural sites far
away from Nanchang and PL (Gao’an, Wannian, Jingdezhen,
etc.) are similar to that between Nanchang/Duchang and
Fengxin (not shown). Also, Xu et al. [12, 34] and Zhu et al.
[39] indicate that the 2 m air temperature in urban of
Shanghai was smaller than that in suburb during afternoon.
Like the lake-eﬀect temperature of PL, the city-eﬀects temperature can also drive descending (ascending) motion in the
afternoon (early morning), ﬁnally resulting in the decrease
(increase) of GPS PWV over Nanchang (Figure 7(c)).

6. Summary
The hourly atmospheric precipitable water vapor (PWV)
during 2015–2018 from the 18 ground-based GPS stations in
the surrounding areas of Poyang Lake (PL), China, is retrieved by the GAMIT software developed by MIT. The
monthly mean GPS PWVs (i.e., the PWV retrieved by GPS
data) over PL show that the PWVs rapidly increase before
June, while they sharply decrease after August, with the
maximum (minimum) of 55 (15) mm at July (December).
Besides, the changes of GPS PWVs during June-August are
very slight, with the variation of less than 2 mm per month.
The spatial distribution of the mean GPS PWVs during
midsummer shows that, over PL (Duchang and Poyang, i.e.,
the two closest sites from PL) and Nanchang City (the capital
of Jiangxi Province, located at about 30 km southwest of PL),
the GPS PWVs are obviously larger than those over other
areas. In order to study the diurnal variations of the GPS
PWVs over PL and its surrounding areas, the 1 h-averaged
data of GPS PWVs at diﬀerent ground-based stations are
converted into diurnal anomalies by removing the daily
mean, and then the harmonic analysis method is employed
to research the diurnal variation.
Signiﬁcant diurnal variations of GPS PWVs are found at
the 18 ground-based GPS stations. The harmonics with 24 h
cycle (diurnal cycle) over PL (Duchang and Poyang) and
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Nanchang city have about 50% (or even smaller than 50%)
variance contribution, with the amplitude of about 0.2 mm,
while those over other areas have above 70% (or even more
than 80%) variance contribution, with the amplitude of
about 0.9 mm. Besides, the harmonics with 24 h cycle in the
surrounding areas of PL peak from the afternoon to the
evening (i.e., 1200-2000 LST), except for the Duchang station at the north shore of PL, which peaks in the morning
(i.e., 1000 LST).
The harmonics with 12 h cycle (semidiurnal cycle) over
PL and its surrounding areas have relatively uniform
amplitude of about 0.2 mm, but their contributions to the
subdaily variance are signiﬁcantly diverse. In PL (Duchang and Poyang) and Nanchang city, the semidiurnal
cycles account for about 50% (or even more than 50%) of
the variance contribution and peak at about 0000 LST or
1200 LST. However, in other areas, the semidiurnal cycles
occupy less than 30% (or even less than 10%).
The hourly mean temperatures (ECMWF ERA5 data) in
diﬀerent heights over PL during July-August show that the air
temperatures below 850 hPa increase after the sunrise (about
0600 LST), peak around 1400-1800 LST, decrease after the
sunset (about 1900 LST), and bottom around 0300-0900 LST.
The diurnal variation of air temperatures contributes to the
diurnal cycle of PW. However, in PL and Nanchang city, the
reasons to inﬂuence the diurnal variation are more complex.
The peak of the 10 m southerly wind over PL at about 0900
LST modiﬁes the diurnal variation of PWV at Duchang site at
the north shore of PL, because it increases the PL moistened
air transporting to Duchang. Besides, the acceleration of PL
on overlying air increases the convergence of the near-surface
air in Duchang at about 0900 LST, also favoring the increase
of PWV. In addition, the cooling of the PL and Nanchang city
(condensation nucleus absorbs and reﬂects the solar radiation) during afternoon can induce the remarkable downward
motion, producing the decrease of PWV.
This study examined the diurnal variation of PWVs over
PL and its surrounding areas, and the results suggest that the
diurnal variations of PWV over PL and Nanchang city are
similar, with the semidiurnal cycle (12 h cycle) accounting
for about 50% of variance contribution. Some probable
reasons aﬀecting the diurnal variations of PWV are also
discussed. Nevertheless, further analyses (such as the
quantitative diagnostic analysis and numerical simulation)
are needed in the future.
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