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Abstract 11 

For better modeling the variations in the vertical distribution of water vapor, in this study, a new function 12 

for the vertical variation in water vapor was derived, named 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉 . From the analyses of 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  time-13 

series, it was found that its vertical distribution is strongly correlated with the relative magnitude of total 14 

precipitable water vapor (TPWV). This study proposed a method that used six data ranges of TPWV to determine 15 

the relative magnitude of TPWV. For the periodic variations in the classified 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  time-series in each of six 16 

TPWV ranges, a spatio–temporal 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  model was developed for each range. The new models were validated 17 

by comparing their predictions against the references from sounding data at 12 radiosonde stations in China, and 18 

their performances were also compared with that of the commonly used water vapor scale height (H) model. 19 

Results showed that, first, the number of stations that had reduced annual RMSE of H values in TPWV ranges 20 

from 1 to 6 accounted for 92%, 92%, 67%, 83%, 100%, and 100% of the total stations, respectively. Second, the 21 

proportions of the height range that had reduced annual RMSE of water vapor density (WVD) in all height ranges 22 

within all TPWV ranges were above 75% at the 12 stations. Last, considering all TPWV ranges as a whole, in each 23 

of 10 height ranges, the annual RMSEs of WVD of all the stations reduced at least 11%, 20%, 43%, 48%, 40%, 24 

38%, 32%, 35%, 32%, and 28%, respectively. 25 

Keywords: water vapor density; water vapor spatio-temporal model; water vapor vertical distribution  26 

  27 

mailto:profkzhang@cumt.edu.cn


2 

 

1 Introduction  28 

Water vapor (WV) is the main greenhouse gas and also an important part of the earth's atmosphere (Chahine 29 

1992). From global climate to local meteorology, it has a strong influence on climate at various spatio-temporal 30 

scales (Bevis et al. 1992; Zhao et al. 2012; Liu et al. 2013). WV mainly concentrates in the lower atmosphere and 31 

accounts for about 99% of the total WV content in the troposphere, with about half the total WV content in the 32 

altitude below 2 km (Viswanadham 1981). Although WV content in the atmosphere has a small portion (about 0 33 

– 4%), it is the most active and variable component in the atmosphere, and it is also one of the meteorological 34 

parameters that are most difficult to be characterized (Rocken et al. 1997). WV concentration in different heights 35 

within the lower atmosphere over a site may vary by order of magnitude (Jacob 2001). The variation in the spatial 36 

distribution of WV, especially in the vertical distribution (Bevis et al. 1992), plays a vital role in the vertical 37 

stability of the atmosphere and the structural evolution of an atmospheric storm system (Jacob 2001).  38 

According to the state equation of WV, the atmospheric water vapor density 𝜌𝑤 (WVD, unit: g/m3) at each 39 

layer of the atmosphere can be obtained by a function of the WV partial pressure 𝑒 (unit: hPa) and temperature 𝑇 40 

(unit: K) of the same layer, expressed as (Reber and Swope 1972; Tomasi 1981) 41 

𝜌𝑤 = 𝑒𝑅𝑇 (1) 

where R is the gas constant of water vapor ratio, and R = 0.4615 (unit: 𝐽/(𝐾 ⋅ 𝑔)). 42 

In the troposphere, generally speaking, the WV concentration is the largest at the ground surface level, there 43 

exists a correlation relationship of power-law between the atmospheric WVDs near the ground surface and the 44 

upper troposphere along the vertical direction over the same site. The relationship of power-law correlation can 45 

be expressed by the following exponential function, in which the trend of the decrease in WVD with the increase 46 

in altitude is assumed to be a uniform lapse rate (Reitan 1963) 47 

𝜌𝑤ℎ = 𝜌𝑤𝑠exp(−𝛽(ℎ − ℎ𝑠)) (2) 

where 𝜌𝑤𝑠  and 𝜌𝑤ℎ  (unit: g/m3) are the WVDs at the ground surface height (ℎ𝑠) and the height ℎ exceeds ℎ𝑠 (unit: 48 

km), respectively, along the vertical direction in the troposphere over the site; 𝛽 (unit: km-1) is a constant for the 49 

height range from ℎ𝑠 to ℎ. If 𝛽 is known, the WVD at height h can be obtained from 𝜌𝑤𝑠  and equation (2).  50 

The common precipitable water vapor (PWV, whose unit was in millimeter in this study) is the depth to 51 

which liquid water would stand if all the WV in a vertical column of air of unit cross-sectional area was condensed. 52 

Let 𝑃𝑊𝑉ℎ1ℎ2  denote the partial WV in the height range from ℎ1 to ℎ2 along the vertical direction over a site, it can 53 

be calculated by the integral of WVD in the range  54 

𝑃𝑊𝑉ℎ1ℎ2 = 1𝜌𝑣 ∫ 𝜌𝑤𝑑ℎℎ2ℎ1  (3) 

where 𝜌𝑣 is the water density (𝜌𝑣 = 1 g/cm3); 𝑑ℎ is the increment step (unit: km, the same as that of h). It is worth 55 

mentioning that if ℎ1 is at the surface and ℎ2 approaches the top of the troposphere, then the PWV in equation (3) 56 



3 

 

is the common total PWV (TPWV) of the troposphere along the vertical direction.  57 

Substituting equation (2) into (3) and let ℎ1 = ℎ𝑠, the following can be derived (Reitan 1963) 58 

𝑃𝑊𝑉ℎ𝑠ℎ = 𝜌𝑤𝑠𝜌𝑣 (1 − exp(−𝛽(ℎ − ℎ𝑠))𝛽 ) (4) 

When h in equation (4) approaches the tropopause, the WVD at this altitude is close to zero, and 𝛽  can be 59 

approximated by the inverse of H, where H is the so-called atmospheric water vapor scale height (unit: km), i.e. 60 

the equivalent height under the assumption that atmospheric WV is uniformly distributed in the entire vertical 61 

range of the troposphere, and it has a physical interpretation of the depth through which the WVD reduces to 1/e 62 

of its value at the base of the troposphere (Byers 1957; Tomasi 1977). It is an important parameter in terms of its 63 

control on the radiative balance and convective stability of the atmosphere (Weaver and Ramanathan 1995). 64 

Equation (4) can be then simplified to the following formula (Tomasi 1977, 1981) (note: due to 𝜌𝑣 = 1 g/cm3, it 65 

is not showed hereafter for simplicity) 66 𝑇𝑃𝑊𝑉 = 𝜌𝑤𝑠𝐻 (5) 

where TPWV stands for total PWV of the site. The use of TPWV here is for distinguishing it from a partial PWV 67 

within the troposphere expressed by equation (3). 68 

Since H can be utilized to obtain TPWV by multiplying with the surface WVD of the same site, some scholars 69 

studied the relationship between H and TPWV in land and ocean regions(Tomasi 1984; Bobak and Ruf 1996; 70 

Otárola et al. 2010). One of the possible ways to obtain H over a site is to use the ratio of WVDs measured at two 71 

sites that are closed to each other in the horizontal dimension but have a significant difference in altitude (Reber 72 

and Swope 1972; Ruf and Beus 1997). Whereas, the dynamic nature of the atmosphere means that WV is very 73 

active in the troposphere, especially in the lower layers, and its amount varies with time and height. Simply taking 74 

a constant value for H or a periodic function that only contains the time variable to model the temporal variation 75 

in H over a site, is not reasonable, because the H value at the same site varies not only with time but also with 76 

height (Byers 1957; Reitan 1963; John et al. 2005; Kennett and Toumi 2005; Otarola et al. 2011; Zhang et al. 77 

2015). Borger et al (Borger et al. 2020)developed an empirical parameterization for H and obtained a substantial 78 

improvement using the parameterization compared to the use of a prescribed constant WV profile.  79 

In the relationship between sea surface temperature and column WV over tropical and subtropical oceans, H 80 

is taken as an index of vertical moisture gradient between the boundary layer and the free troposphere(Kanemaru 81 

and Masunaga 2013). Given the global temperature dependence of H, Kennett and Toumi (Kennett and Toumi 82 

2005) examined the variation of H within the column to reflect changes in atmospheric moisture lifetime. As well, 83 

in the construction of tropospheric models, an exponential decrease function containing H, which itself is modeled 84 

as a seasonal function, is used for estimated ZWD (zenith wet delay) of GNSS (Global Navigation Satellite System) 85 

signal passing through troposphere (Ruffini et al. 1999; Schüler 2014). Moreover, to obtain a unique and stable 86 

WV estimate, in the process of constructing the tomographic models based on WV retrieved from GNSS 87 

measurements, the H value is often used as a vertical constraint which is an exponential function of WVD or wet 88 

refractive index in the estimation system of the tomographic models (Flores et al. 2000, 2001; Guo et al. 2016). 89 

In most applications, a constant H value selected from the range 1–3 km (based on the statistical distribution of 90 
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H) is typically used in the exponential function (Elósegui et al. 1998; Perler et al. 2011; Ding et al. 2018).  91 

The vertical distribution of WV also correlates with the water vapor state caused by some meteorological 92 

factors e.g. temperature and WV pressure of the site (Jacob 2001). For accurately modeling the temporal variation 93 

trend in the vertical direction under different water vapor states in the troposphere, in this study, a function for the 94 

vertical variation in WV in the troposphere was derived based on the ratios of the lapse rate of atmospheric partial 95 

WV at any heights to the TPWV of the site, named 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉 . Based on our analyses of the spatial and temporal 96 

characteristics of 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉   time-series, it was found that the vertical distribution of 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉   strongly 97 

correlates not only with the relative magnitude of its corresponding TPWV, but also the temporal periodicity. A 98 

method is studied to classify TPWV into different data ranges for determining the relative magnitude of TPWV, 99 

and a new temporal model is developed for the fitting of the vertical 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  distribution according to the 100 

periodic variations in the classified time series of 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉 .  101 

This paper is organized as follows. Section 2 introduces the methodology for the derivation of a function of 102 

the ratio of the lapse rate of partial WV at any height range to the TPWV over a site; Section 3 describes data 103 

selection and division for quantification and unification of the correlation between the vertical distribution of 104 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  and TPWV, and the construction of a temporal 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  model. Section 4 presents test results, and 105 

Section 5 gives concluding remarks. 106 

2 Methodology  107 

2.1 Derivation of formula for the vertical distribution of water vapor 108 

In practical applications, it is common that equation (2) is replaced by 𝜌𝑤ℎ = 𝜌𝑤𝑠exp(−(ℎ − ℎ𝑠)/𝐻), and 109 

equation (5) is used to obtain the empirical value of H using measured TPWV and surface WVD. However, this is 110 

not reasonable because equation (5) is derived from equation (4) under the condition that the height is close to the 111 

tropopause (rather than any other height). This implies that 𝛽 in equation (2) can be replaced by 1 𝐻⁄  only in the 112 

case that the height is close to the tropopause, rather than any other height below the tropopause. 113 

WV is very active in the lower troposphere and its vertical distribution may not follow an exponential decrease 114 

trend all the time, e.g., WVD in the upper troposphere can be even greater than the lower troposphere sometimes. 115 

Therefore, it is necessary to analyze WVDs at different heights in the troposphere, instead of directly using 116 

equation (2) or H. For obtaining a more accurate functional relationship between WVDs at two heights in the 117 

troposphere, a function of the ratio of the lapse rate of partial WV at any height range to the TPWV was introduced 118 

in this study (termed 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉), which reflects the variation of WV along the vertical direction, i.e., the vertical 119 

distribution of WV. The derivation of its formula is as follows. 120 

In the troposphere, the WV content generally decreases with altitude, and the decline rate of the WV content 121 

with altitude is the so-called lapse rate, which by definition is the negative of the change in WV content with 122 

altitude. Using 𝑃𝑊𝑉ℎ𝑖ℎ𝑡𝑟𝑜𝑝 to represent the WV content from any altitude ℎ𝑖 to the tropopause, the variation range 123 

of the 𝑃𝑊𝑉ℎ𝑖ℎ𝑡𝑟𝑜𝑝 from the ground surface to the tropopause is from TPWV to zero. Therefore, the lapse rate of 124 

PWV at ℎ𝑖, denoted by 𝑙𝑎𝑝𝑠𝑒𝑃𝑊𝑉𝑖, can be expressed by  125 
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𝑙𝑎𝑝𝑠𝑒𝑃𝑊𝑉𝑖 = 𝑃𝑊𝑉ℎ𝑖ℎ𝑡𝑟𝑜𝑝 − 𝑇𝑃𝑊𝑉ℎ𝑖 − ℎ𝑠  (6) 

where 𝑙𝑎𝑝𝑠𝑒𝑃𝑊𝑉𝑖 is in a unit of mm/km; ℎ𝑡𝑟𝑜𝑝 is the height of the tropopause. 126 

Let 𝑅𝑃𝑊𝑉𝑖  (unit: %) be the ratio of 𝑃𝑊𝑉ℎ𝑖ℎ𝑡𝑟𝑜𝑝 to TPWV  127 

𝑅𝑃𝑊𝑉𝑖 = 𝑃𝑊𝑉ℎ𝑖ℎ𝑡𝑟𝑜𝑝𝑇𝑃𝑊𝑉  (7) 

Extend equations (6) and (7) to any two heights ℎ𝑖 and ℎ𝑗 (ℎ𝑗 > ℎ𝑖) in the troposphere, the following can be 128 

obtained 129 

𝑙𝑎𝑝𝑠𝑒𝑃𝑊𝑉𝑖𝑗 = 𝑃𝑊𝑉ℎ𝑖ℎ𝑗ℎ𝑖 − ℎ𝑗  (8) 

𝑅𝑃𝑊𝑉𝑖𝑗 = 𝑃𝑊𝑉ℎ𝑖ℎ𝑗𝑇𝑃𝑊𝑉  
(9) 

From equations (8) and (9), the following can be derived 130 𝑙𝑎𝑝𝑠𝑒𝑃𝑊𝑉𝑖𝑗𝑇𝑃𝑊𝑉 = 𝑅𝑃𝑊𝑉𝑖𝑗ℎ𝑖 − ℎ𝑗  (10) 

Note that the sign of ℎ𝑖 − ℎ𝑗 in the above equations is already negative for a descent trend, and the absolute value 131 

of equation (8) is the mean WVD (i.e., 𝜌𝑤𝑖𝑗) in the height range between ℎ𝑖 and ℎ𝑗. 132 

Let 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑖𝑗 (unit: 1/km) denote the left-hand term of equation (10), then 133 

𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑖𝑗 = 𝑅𝑃𝑊𝑉𝑖𝑗∆ℎ𝑖𝑗  (11) 

𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑖𝑗 = − 𝜌𝑤𝑖𝑗𝑇𝑃𝑊𝑉 (12) 

where 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑖𝑗 is the ratio of 𝑃𝑊𝑉ℎ𝑖ℎ𝑗  in a unit height (or thickness) between ℎ𝑖 and ℎ𝑗 to TPWV.  134 

When ℎ𝑖 and ℎ𝑗 are very close (i.e. a very thin layer), 𝑊𝑉𝐷𝑖  and 𝑊𝑉𝐷𝑗  are very close as well. Replace the 135 

layer in equation (12) with its corresponding mid-height ℎ = ℎ𝑖+ℎ𝑗2 , then equation (12) can be expressed as  136 

𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉ℎ = − 𝜌𝑤ℎ𝑇𝑃𝑊𝑉 (13) 

Let ℎ𝑙  and ℎ𝑘  be any two heights over the site within the troposphere, the following relationship can be 137 

derived 138 

𝜌𝑤𝑙=𝜌𝑤𝑘 ∙ 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑙𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑘 (14) 
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where 𝜌𝑤𝑙, 𝜌𝑤𝑘, 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑙 and 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑘 are the WVDs and the rate of the variation in PWV at ℎ𝑙 and ℎ𝑘, 139 

respectively. 140 

In addition, it is worth mentioning that according to equations (5) and (13) the water vapor scale height 𝐻 141 

can be obtained from 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉ℎ  at the surface height, i.e., 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑠, as below 142 

𝐻 = − 1𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑠  (15) 

2.2 Temporal model 143 

Considering the characteristics of the annual and semi-annual variation of 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  time-series over a site, 144 

the trigonometric periodic function below was used to fit 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉 for the site in this study 145 

𝑓(𝑑𝑜𝑦) = 𝑎0 +∑(𝑎𝑖 𝑐𝑜𝑠(𝑖 ∙ 𝑑𝑜𝑦 ⋅ 𝑤) + 𝑏𝑖 𝑠𝑖𝑛(𝑖 ∙ 𝑑𝑜𝑦 ⋅ 𝑤))𝑛
𝑖=1  (16) 

where 𝑖 is the order of the trigonometric periodic function; 𝑎0, 𝑎𝑖 and 𝑏𝑖 are the coefficients to be solved; doy is 146 

the day of year; w is the angular frequency. 147 

3 Spatio–temporal characteristic of 𝒍𝒂𝒑𝒔𝒆𝑹𝑷𝑾𝑽 and modeling  148 

3.1 Data and data processing 149 

Sounding data from 12 radiosonde stations located in the longitude range 100 ºE−125 ºE and latitude range 150 

20 ºN−45 ºN in China over the 12-year from 2008 to 2019 were downloaded from the Integrated Global 151 

Radiosonde Archive (IGRA) (at https://www.ncdc.noaa.gov/data-access/weather-balloon/integrated-global-152 

radiosonde-archive). The distribution of the 12 stations, which are in three climate zones, respectively, is shown 153 

in Fig. 1. The reasons for the selection of these stations are that they had at least 10 continuous sounding layers 154 

containing the 10 standard pressure levels (1000, 925, 850, 700, 500, 400, 300, 250, 200). The temporal resolution 155 

of the sounding data was 12 hours (observed at 00:00 and 12:00 UTC). The vertical sounding profiles contained 156 

various meteorological measurements including pressure, temperature, WV pressure, relative humidity, etc. at 157 

each sounding layer. The following procedures were carried out for the sounding data from each of the stations. 158 

First, according to equations (1), (3), and (5), the values of WVD at each of the sounding height layers, and TPWV 159 

and H were calculated, and then according to equations (7) and (11), 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  at the mid-height of two adjacent 160 

heights ℎ𝑙 = (ℎ𝑖−1 + ℎ𝑖) 2⁄  (𝑖 is the index of the sounding height layer (ℎ𝑙𝑎𝑦𝑒𝑟)) was calculated. After this step 161 

was performed for all the sounding height layers across 12 -year period and for all the 12 stations on a doy-by-162 

doy basis, the dataset containing 𝑑𝑜𝑦, ℎ𝑑𝑜𝑦 , 𝜌𝑤𝑑𝑜𝑦, 𝑇𝑃𝑊𝑉𝑑𝑜𝑦 , 𝐻𝑑𝑜𝑦 , ℎ𝑙𝑑𝑜𝑦  and 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑑𝑜𝑦 was obtained for 163 

the investigation in the next sections. 164 

https://www.ncdc.noaa.gov/data-access/weather-balloon/integrated-global-radiosonde-archive
https://www.ncdc.noaa.gov/data-access/weather-balloon/integrated-global-radiosonde-archive
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Fig. 1 Distribution of the 12 IGRA stations in China selected for this research (the dashed lines are 

division for different climate zones). 
 

3.2 Spatio-temporal variation of 𝒍𝒂𝒑𝒔𝒆𝑹𝑷𝑾𝑽 165 

The spatial-temporal variation in 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑑𝑜𝑦 over the 10-year from 2008 to 2017 over each of the 12 166 

stations are shown in Fig. 2, where the 𝑑𝑜𝑦, ℎ𝑙𝑑𝑜𝑦  and 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑑𝑜𝑦 values were obtained from in the previous 167 

section, and the color bar indicates the value of 𝑇𝑃𝑊𝑉𝑑𝑜𝑦 . We can see that the characteristics of the distributions 168 

of 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  over all the stations are very similar in both time and spatial domains, while the fluctuations in 169 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  over these stations in different climate zones, are different. 170 

javascript:;
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Fig. 2 Vertical distribution of 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑑𝑜𝑦 in the 10-year from 2008 to 2017 over each of the 12 
stations. 

More specifically, at the CHIFENG (in a warm zone), SHENYANG, BEIJING, and ZHANGQIU stations 171 

(in monsoon climate of mid-latitudes), the vertical distribution of their 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑑𝑜𝑦 at the same time and the 172 

same altitude are relatively similar, the fluctuation amplitudes of the vertical distribution of 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑑𝑜𝑦 are 173 

relatively large than the other stations. The same results are from the WENJIANG, GUIYANG, QINGYUAN and 174 

KOWLOON stations (in subtropical monsoon climate), but their fluctuation amplitudes are relatively small 175 

compared to the previous 4 sites. While at the ZHENGZHOU (in monsoon climate of mid-latitudes), WUHAN, 176 

NANJING, and SHANGHAI stations (in subtropical monsoon climate), their 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑑𝑜𝑦 are similar because 177 

they are at the junction of monsoon climate of medium latitudes and subtropical monsoon climate, and the 178 

fluctuation amplitudes of 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑑𝑜𝑦 in a relatively uniform range – between the amplitudes of the above 179 

mentioned two regions. Overall, the 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  at the stations that are in the same climate zone have similarity. 180 

At each station, the fluctuation amplitudes of the 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑑𝑜𝑦 time-series were strong in winter but weak 181 

in summer, and its 𝑇𝑃𝑊𝑉𝑑𝑜𝑦  in winter was smaller than the other seasons, which implies notable temporal 182 

periodic variation in 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑑𝑜𝑦, the same as 𝑇𝑃𝑊𝑉𝑑𝑜𝑦 . In the vertical domain, the fluctuation amplitudes of 183 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑑𝑜𝑦 in the lower troposphere, especially at 1−3 km altitudes, were larger than the upper troposphere at 184 
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each station; and the 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑑𝑜𝑦 increased with the increase in height and tended to be stable at the highest 185 

altitude, with a value close to 0.  186 

3.2.1 Relationship between 𝒍𝒂𝒑𝒔𝒆𝑹𝑷𝑾𝑽 and TPWV  187 

To further study the relationship between 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  and TPWV over each of the 12 sites during the 10-year 188 

2008–2017, the 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑑𝑜𝑦 time-series of each site were sorted by their corresponding 𝑇𝑃𝑊𝑉𝑑𝑜𝑦  values in 189 

the same doy, and results are shown in Fig. 3, where the x-axis represents the value of TPWV, the y-axis represents 190 

the value of height and the z-axis represents the value of 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉 . Subfigure (a) shows the characteristics of 191 

the relationship between 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  and TPWV at six selected stations and subfigure (b) shows the results of the 192 

KOWLOON station in different doys in the four seasons, as an example of the 12 stations. Note that the selected 193 

CHIFENG and ZHANGQIU stations represent the stations located in the warm temperate zone and monsoon 194 

climate of medium latitudes, respectively; WENJIANG and KOWLOON represent the stations located in 195 

subtropical monsoon climate, and ZHENGZHOU and NANJING represent the stations at the junction of monsoon 196 

climate of medium latitudes and subtropical monsoon climate.  197 

  

Fig. 3 Distribution of 10-year 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑑𝑜𝑦  sorted by their corresponding 𝑇𝑃𝑊𝑉𝑑𝑜𝑦  values at each of the 

selected six stations (a) and results over KOWLOON in different doys in the four seasons (b).  

It can be seen from Fig. 3 (a) as a whole that the 𝑇𝑃𝑊𝑉𝑑𝑜𝑦  values over different stations show different 198 

fluctuation amplitudes of its corresponding vertical distribution of 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑑𝑜𝑦 . As the 𝑇𝑃𝑊𝑉𝑑𝑜𝑦   value 199 
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gradually increases from small to large, the fluctuation amplitude of its corresponding vertical distribution of 200 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑑𝑜𝑦  decreases and tends to be stable when 𝑇𝑃𝑊𝑉𝑑𝑜𝑦   closes to its maximum, and vice versa. For 201 

example, in each subfigure of Fig. 3 (a), the fluctuation amplitudes of the vertical distribution of 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑑𝑜𝑦 202 

in the TPWV range 0–20 mm, especially in small 𝑇𝑃𝑊𝑉𝑑𝑜𝑦  value, are larger than that in the TPWV range on the 203 

far right of the x-axis. Fig. 3 (b), which is the result at a doy time scale, shows that, although the 𝑇𝑃𝑊𝑉𝑑𝑜𝑦  values 204 

in different doys in the four seasons fall into different ranges, the vertical distribution of 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑑𝑜𝑦 in each of 205 

the four subfigures (or season) still tends to be stable with the increase of its corresponding 𝑇𝑃𝑊𝑉𝑑𝑜𝑦 . This trend 206 

is consistent with the results of Fig. 3 (a) but on a different time scale. The results indicate that within a certain 207 

period the vertical distribution of 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  strongly correlates with the magnitude of its corresponding TPWV 208 

value relative to the TPWV values of the period, i.e., the vertical distribution of 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  is independent of its 209 

corresponding TPWV value itself. For example, in a selected period at the same site, there are 10 groups of data 210 

including 10 TPWV values and their corresponding 10 vertical distributions of 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉 . If the 10 TPWV values 211 

are sorted by their magnitude, and their corresponding vertical distributions of 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  are also sorted by the 212 

magnitude of the TPWV values, then the newly sorted 10 groups of TPWV values can be used to determine their 213 

corresponding vertical distributions of 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉 . The magnitude of one of the 10 TPWV values relative to the 214 

other nine TPWV values is often called the relative magnitude of this TPWV, which is denoted by Rel-TPWV 215 

hereafter in this paper, merely for convenience.  216 

Comparing the four subfigures in Fig. 3 (b), one can also find that in different periods (or seasons), even 217 

though the Rel-TPWV values may be the same, i.e., under the same Rel-TPWV condition, but the fluctuation 218 

amplitudes of their corresponding vertical distributions of 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉   are different and vary with time (those 219 

unlisted doys had the same characteristic). For example, in the same position range on the x-axis from the top to 220 

the bottom subfigures, selecting the TPWV ranges of 10–20, 30–40, 40–50, and 10–20 mm, respectively, the 221 

fluctuation amplitudes in the third subfigure (doy 197–203, summer) are smaller than that of the other three 222 

subfigures. The same characteristic was also found at the other stations (which are not shown in this figure). 223 

3.2.2 Criterion of partition for time, height, and TPWV intervals 224 

The following conclusions can be drawn from the above 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  results over all stations. First, along the 225 

vertical direction, the 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉   value increases with the increase in height and tends to become 0 from a 226 

negative value. Second, in the same time session, the vertical distribution of 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  is related to the Rel-227 

TPWV of its corresponding TPWV. Last, under the same Rel-TPWV conditions, the fluctuation amplitude of the 228 

vertical distribution of 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  varies with time.  229 

To analyze the temporal and spatial characteristics of 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉, the aforementioned 10-year 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  230 

time-series over each of the 12 stations selected were divided into several sections both in temporal and vertical 231 

domains. In the temporal domain, the time series were partitioned by the time scale of doy. In the vertical domain, 232 

considering both the density of the sounding data of the station and the characteristics of the fluctuation amplitude 233 

of 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  along the vertical direction – the fluctuation amplitude below 6 km is much larger than that above 234 

6 km, and at below 3 km, the fluctuation amplitude is the largest. Hence, two different height intervals – a 0.5 235 

km interval for below 6 km and a 1 km interval for above 6 km were adopted. More specifically, the vertical 236 

profile of the 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉   time-series was portioned into several height ranges (denoted by ℎ𝑟 ): ℎ𝑟 =237 
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[ℎ𝑠, ℎ𝑠 + 0.5𝑘𝑚, ⋯ , ℎ𝑙𝑎𝑦𝑒𝑟 + 1𝑘𝑚,⋯ ], ℎ𝑙𝑎𝑦𝑒𝑟 ≥ 6𝑘𝑚, where ℎ𝑠 is the height of the station. 238 

For further analyzing the relationship between the vertical distribution of 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  and its corresponding 239 

Rel-TPWV value of a station in a long period, the Rel-TPWV of TPWV of the site needs to be determined using 240 

the following procedure proposed in this study. 241 

Step 1, according to the periodic characteristics of TPWV time series (Liu et al. 2015), a periodic function 242 

fitting the sample (i.e. measurements) of the 10-year 𝑇𝑃𝑊𝑉𝑑𝑜𝑦  time series was obtained. As an example, the 243 

magenta fitting curve is shown in Fig. 4 (a) for the KOWLOON station. Then the fitting function was applied to 244 

predict the TPWV value for each doy, which is denoted by 𝑇𝑃𝑊𝑉𝑓𝑑𝑜𝑦, and the discrepancies (residuals) between 245 

the 𝑇𝑃𝑊𝑉𝑑𝑜𝑦  and 𝑇𝑃𝑊𝑉𝑓𝑑𝑜𝑦 were calculated.  246 

Step 2, the set of 𝑇𝑃𝑊𝑉𝑑𝑜𝑦  residuals for each doy in the duration of the 10 years were used to calculate the 247 

standard deviation of 𝑇𝑃𝑊𝑉𝑑𝑜𝑦   for the doy, then according to the periodic character of the time series of 248 𝑇𝑃𝑊𝑉𝑑𝑜𝑦  standard deviations from doy 1 to 366, a fitting periodic model was obtained and applied to predict the 249 𝑇𝑃𝑊𝑉𝑑𝑜𝑦  standard deviation for each doy, denoted by 𝜎𝑓𝑑𝑜𝑦. Fig. 4 (b) shows the time series of the 𝑇𝑃𝑊𝑉𝑑𝑜𝑦  250 

standard deviations at each of the selected six stations, together with their fitting function (the magenta fitting 251 

curve).  252 

It is worth mentioning that, to avoid the influence of TPWV in extreme weather conditions on the standard 253 

deviation of 𝑇𝑃𝑊𝑉𝑑𝑜𝑦 , based on the statistical theory that the probability of a value being within a ±2 standard 254 

deviations range is greater than or equal to 0.95 (percentile), any 𝑇𝑃𝑊𝑉𝑑𝑜𝑦  that had the absolute residual value 255 

greater than 2 standard deviations was regarded as an outline, thus to be excluded from the sample data for the 256 

calculation of the standard deviation. After a simple recursive process for outline removal was completed, the 257 

final 𝑇𝑃𝑊𝑉𝑑𝑜𝑦  standard deviation was obtained.  258 

Step 3, both 𝑇𝑃𝑊𝑉𝑓𝑑𝑜𝑦 and 𝜎𝑓𝑑𝑜𝑦 on each doy were used to obtain the following five numerical boundaries 259 

for the doy: 𝑇𝑃𝑊𝑉𝑓𝑑𝑜𝑦 − 2𝜎𝑓𝑑𝑜𝑦, 𝑇𝑃𝑊𝑉𝑓𝑑𝑜𝑦 − 𝜎𝑓𝑑𝑜𝑦, 𝑇𝑃𝑊𝑉𝑓𝑑𝑜𝑦, 𝑇𝑃𝑊𝑉𝑓𝑑𝑜𝑦 + 𝜎𝑓𝑑𝑜𝑦, and 𝑇𝑃𝑊𝑉𝑓𝑑𝑜𝑦 + 2𝜎𝑓𝑑𝑜𝑦, 260 

and see the resultant five curves from doy 1 to 366 in Fig. 4 (a). 261 
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Fig. 4 (a) Time series of 10-year 𝑇𝑃𝑊𝑉𝑑𝑜𝑦  and its fitting function at KOWLOON; (b) standard deviation of 𝑇𝑃𝑊𝑉𝑑𝑜𝑦  

in 366 doys and its fitting function at each of the selected six stations. 

Step 4, the above five numerical boundaries form six TPWV ranges (denoted by 𝑇𝑃𝑊𝑉𝑟 , r=1, 2, …, 6) for 262 

each doy: [less than 𝑇𝑃𝑊𝑉𝑓𝑑𝑜𝑦 − 2𝜎𝑓𝑑𝑜𝑦 , 𝑇𝑃𝑊𝑉𝑓𝑑𝑜𝑦 − 2𝜎𝑓𝑑𝑜𝑦  , [𝑇𝑃𝑊𝑉𝑓𝑑𝑜𝑦 − 2𝜎𝑓𝑑𝑜𝑦 , 𝑇𝑃𝑊𝑉𝑓𝑑𝑜𝑦 − 𝜎𝑓𝑑𝑜𝑦  , 263 

[𝑇𝑃𝑊𝑉𝑓𝑑𝑜𝑦 − 𝜎𝑓𝑑𝑜𝑦 , 𝑇𝑃𝑊𝑉𝑓𝑑𝑜𝑦  , [𝑇𝑃𝑊𝑉𝑓𝑑𝑜𝑦 , 𝑇𝑃𝑊𝑉𝑓𝑑𝑜𝑦 + 𝜎𝑓𝑑𝑜𝑦  , [𝑇𝑃𝑊𝑉𝑓𝑑𝑜𝑦 + 𝜎𝑓𝑑𝑜𝑦 , 𝑇𝑃𝑊𝑉𝑓𝑑𝑜𝑦 + 2𝜎𝑓𝑑𝑜𝑦   264 

and [𝑇𝑃𝑊𝑉𝑓𝑑𝑜𝑦 + 2𝜎𝑓𝑑𝑜𝑦, greater than 𝑇𝑃𝑊𝑉𝑓𝑑𝑜𝑦 + 2𝜎𝑓𝑑𝑜𝑦 . The five numerical boundaries for all 366 doys form 265 

six 𝑇𝑃𝑊𝑉𝑟  curves.  266 

The six 𝑇𝑃𝑊𝑉𝑟  were taken as the quantified and unified Rel-TPWV, e.g., if 𝑇𝑃𝑊𝑉𝑑𝑜𝑦  values fall in the same 267 𝑇𝑃𝑊𝑉𝑟 , they are considered to have the same Rel-TPWV value. It is noted that in the special case that 𝑇𝑃𝑊𝑉𝑓𝑑𝑜𝑦 −268 2𝜎𝑓𝑑𝑜𝑦 less than 0, 𝑇𝑃𝑊𝑉𝑟 1 does not exist and 𝑇𝑃𝑊𝑉𝑓𝑑𝑜𝑦 − 2𝜎𝑓𝑑𝑜𝑦 in 𝑇𝑃𝑊𝑉𝑟  2 is replaced by 0, as a result, 269 

only five 𝑇𝑃𝑊𝑉𝑟  will be used in this case. Reflecting the results from the section above that is to say the vertical 270 

distribution of 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  is related to the Rel-TPWV of its corresponding TPWV in the same time session, i.e., if 271 

the Rel-TPWV is larger than others, the fluctuation amplitude of its corresponding 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  is smaller than the 272 

others, and also the vertical distribution is more stable, and vice versa. The TPWV values corresponding to each 273 

of the six 𝑇𝑃𝑊𝑉𝑟  (from 1 to 6) are then considered as the following six states of WV: maximal disturbance, sub-274 

disturbance, normal, normal, sub-saturated, and saturated, respectively; and their corresponding vertical 275 

distributions of 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  are considered as the following six vertical distributions of WV: maximal disturbance, 276 

sub-disturbance, normal, normal, sub-saturated, and saturated, respectively. 277 

According to the above partition criterion for time, height, and TPWV, the 10-year sample data of 278 
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𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑑𝑜𝑦  were first partitioned by the time partition criterion, then they were grouped by the 𝑇𝑃𝑊𝑉𝑟  279 

according to their corresponding 𝑇𝑃𝑊𝑉𝑑𝑜𝑦; finally, they were grouped by the ℎ𝑟 according to their heights. The 280 

resultant new groups of 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑑𝑜𝑦  sample data will be used to study the characteristics of the temporal 281 

variations of 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  and model for each group.  282 

3.2.3 Temporal and spatial characteristics of 𝒍𝒂𝒑𝒔𝒆𝑹𝑷𝑾𝑽  283 

For the spectrum analysis of each group of the 10-year 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑑𝑜𝑦 time-series at each of the 12 stations 284 

obtained in the previous section, the Fourier transform method was used, and results at the KOWLOON station 285 

(as an example) are shown in Fig. 5 for the characteristics of the temporal variation of 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  of the station. 286 

The magenta curve in each subfigure of Fig. 5 (b) is the fit curve of the 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑑𝑜𝑦 time-series has shown in 287 

the subfigure.  288 

  

Fig. 5 (a) Power-period of 10-year 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑑𝑜𝑦 time series at KOWLOON; (b) 10-year 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑑𝑜𝑦 and their 

fitting periodic function in selected ℎ𝑟 within six 𝑇𝑃𝑊𝑉𝑟  at KOWLOON. Note that six rows in both (a) and (b) 

represent the six 𝑇𝑃𝑊𝑉𝑟 . 

As can be seen from Fig. 5 (a), the 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑑𝑜𝑦 time-series in each of the selected ℎ𝑟 within six 𝑇𝑃𝑊𝑉𝑟  289 

generally present a notable periodic pattern, with significant annual and semi-annual cycles; in different ℎ𝑟 within 290 

different 𝑇𝑃𝑊𝑉𝑟  show different periodic characteristics are shown. In ℎ𝑟 6 within all 𝑇𝑃𝑊𝑉𝑟 , the annual cycle is 291 
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significant, while the semi-annual cycle is weak, the opposite is true in ℎ𝑟 10 within 𝑇𝑃𝑊𝑉𝑟  1, 2, and 6, while in 292 

some others the semi-annual cycle is equally significant with the annual cycle. Both in ℎ𝑟 4 within 𝑇𝑃𝑊𝑉𝑟  2 and 293 ℎ𝑟 10 within 𝑇𝑃𝑊𝑉𝑟  1, the 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑑𝑜𝑦 time-series show periods even less than a semi-annual cycle, e.g., a 4-294 

month cycle. Comprehensive consideration of the main annual and semi-annual periodic characteristics of the 295 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑑𝑜𝑦  time-series, the trig function of equation (16) taking the third order was adopted as its fitting 296 

function. It should be noted that the 4-month periodic characteristic may be insignificant or even not presented in 297 

a 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑑𝑜𝑦 time-series. In this case, the coefficient of the 4 months term in equation (16) will be very small 298 

or even close to 0. Consequently, the trig function only contains the annual and semi-annual periodic terms. A 299 

comparison between the six rows in the same columns of the subfigures in Fig. 5 (b) from 𝑇𝑃𝑊𝑉𝑟  1 to 6, it can 300 

be observed that the fluctuation amplitude of 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑑𝑜𝑦 also gradually decreases with the variation of 𝑇𝑃𝑊𝑉𝑟  301 

from 1 to 6 in each ℎ𝑟, and then tends to be stable, e.g., with the fluctuation amplitude ranges of [–0.52, 0  1/km 302 

to [–0.27, –0.23  1/km, [–0.41, 0  1/km to [–0.22, –0.18  1/km, and [–0.20, 0  1/km to [–0.12, 0  1/km in ℎ𝑟 4, 6, 303 

and 10, respectively. From the comparison between the same rows but in different columns, the fluctuation 304 

amplitude of 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑑𝑜𝑦 in each of the six 𝑇𝑃𝑊𝑉𝑟  is the largest in winter and smallest in summer, while it 305 

decreases with the increase in altitude, which is mainly due to a similar exponential decrease in water vapor with 306 

the increasing altitude.  307 

Results at the other stations were also investigated and the same temporal variation pattern was observed, 308 

although the fluctuation amplitude of 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑑𝑜𝑦 in different groups and different stations were different. The 309 

spatio-temporal modeling for each of the groups of the 10-year 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑑𝑜𝑦 data will be carried out in the next 310 

section. 311 

3.3 Construction of spatio-temporal 𝒍𝒂𝒑𝒔𝒆𝑹𝑷𝑾𝑽 model 312 

According to the classification of WV vertical distribution in section 3.2.2 that the vertical distribution of 313 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉   in the 𝑇𝑃𝑊𝑉𝑟   is considered as a type of WV vertical distribution, the true vertical distribution of 314 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  can be generalized as 315 

𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉 = 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑟 + 𝑑𝑖𝑠𝑡𝑢𝑟𝑏𝑎𝑛𝑐𝑒𝑟 (17) 

where 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑟 and 𝑑𝑖𝑠𝑡𝑢𝑟𝑏𝑎𝑛𝑐𝑒𝑟  are the 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  and its disturbance term in the corresponding 𝑇𝑃𝑊𝑉𝑟 , 316 

respectively; r is from 1 to 6.  317 

Based on the annual and semi-annual periodic characteristics of the 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑑𝑜𝑦 time-series in each ℎ𝑟 318 

within each 𝑇𝑃𝑊𝑉𝑟 , equation (16) (taking the third-order) was adopted as the fitting model for each of the groups 319 

of the 10-year 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑑𝑜𝑦 sample data 320 

𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉ℎ,𝑟 = 𝑎0,ℎ,𝑟 + 𝑎1,ℎ,𝑟 𝑐𝑜𝑠( 𝑑𝑜𝑦 ⋅ 𝑤) + 𝑏1,ℎ,𝑟 𝑠𝑖𝑛( 𝑑𝑜𝑦 ⋅ 𝑤) + 𝑎2,ℎ,𝑟 𝑐𝑜𝑠( 𝑑𝑜𝑦 ⋅ 2𝑤) +𝑏2,ℎ,𝑟 𝑠𝑖𝑛( 𝑑𝑜𝑦 ⋅ 2𝑤)+𝑎3,ℎ,𝑟 𝑐𝑜𝑠( 𝑑𝑜𝑦 ⋅ 3𝑤) + 𝑏3,ℎ,𝑟 𝑠𝑖𝑛( 𝑑𝑜𝑦 ⋅ 3𝑤) (18) 

where 𝑎0,ℎ,𝑟, 𝑎1,ℎ,𝑟, 𝑏1,ℎ,𝑟, 𝑎2,ℎ,𝑟, 𝑏2,ℎ,𝑟, 𝑎3,ℎ,𝑟 and 𝑏3,ℎ,𝑟 are the coefficients of the periodic terms; the subscripts h 321 
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and r are the indexes of ℎ𝑟 and 𝑇𝑃𝑊𝑉𝑟 , respectively; 𝑤 = 2π 365.25⁄ . The coefficients for each group of the 322 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑑𝑜𝑦 sample data for the KOWLOON station (as an example) are partially selected and shown in Table 323 

1.  324 

Table 1 Coefficients of the 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  model for the selected ℎ𝑟, i.e., ℎ𝑟 1 and 5, within the selected 𝑇𝑃𝑊𝑉𝑟 , 

i.e., 𝑇𝑃𝑊𝑉𝑟  2 and 6, at KOWLOON station. 

  𝑎0 𝑎1 𝑏1 𝑎2 𝑏2 𝑎3 𝑏3 

… 

 𝑇𝑃𝑊𝑉𝑟  2 

ℎ𝑟 1 -0.461 -0.018 0.018 -0.022 -0.027 0.012 -0.008 

… ℎ𝑟 5 -0.227 -0.011 -0.008 -0.011 -0.015 -0.005 -0.001 

… 

… 

 𝑇𝑃𝑊𝑉𝑟  6 

ℎ𝑟 1 -0.318 0.007 -0.002 0.010 0.003 0.001 0.003 

… ℎ𝑟 5 -0.213 -0.014 -0.006 -0.002 -0.001 -0.001 0.005 

… 

3.4 Residuals of 𝒍𝒂𝒑𝒔𝒆𝑹𝑷𝑾𝑽 model 325 

The 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉 residuals as the difference between the model-predicted and measured values as is shown in 326 

the sections above are shown in Fig. 6. We can see that, there are no pieces of very high or very low residuals in 327 

each of six 𝑇𝑃𝑊𝑉𝑟  at all six stations. Most of the residuals in each subfigure distribute around 0 in an 328 

approximately symmetrical pattern, with approximately constant and uniform diffusion across the left and right, 329 

meaning that the residuals are random, hence the fitting performance of the new model is reasonable. 330 

 
Fig. 6 Histogram of the residual distribution of 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  models in six 𝑇𝑃𝑊𝑉𝑟  at each of the selected 

stations (with the serial numbers of 1, 4, 5, 6, 9, and 12, instead of using the name of the stations for 

convenience). 

4 Evaluation of 𝒍𝒂𝒑𝒔𝒆𝑹𝑷𝑾𝑽 model 331 

To validate the aforementioned constructed 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  models, the 𝐻 and 𝜌𝑤 values for each doy in 2018 332 



16 

 

and 2019 predicted by the models (named 𝐻𝑚𝑑𝑜𝑦  and 𝜌𝑤𝑚𝑑𝑜𝑦, respectively) were compared against the 𝐻𝑑𝑜𝑦 and 333 𝜌𝑤𝑑𝑜𝑦 reference values in the same two years using the procedure introduced in Section 3.1. The model results 334 

were also compared with that two values predicted by the commonly used H model, named 𝐻𝐻𝑑𝑜𝑦 and 𝜌𝑤𝐻𝑑𝑜𝑦, 335 

respectively. Since there are no global H models are available at present, according to the periodic characteristics 336 

of H (Otarola et al. 2011; Zhang et al. 2015), instead, the coefficients of the periodic model of H over each station 337 

were obtained from the 𝐻𝑑𝑜𝑦  time series in the 10 years from 2008 to 2017 by equation (16) (the second-order 338 

was adopted). The validation process is as follows.  339 

(1) Validation of model-predicted 𝐻𝑚𝑑𝑜𝑦  and 𝐻𝐻𝑑𝑜𝑦 . 340 

According to the Rel-TPWV of 𝑇𝑃𝑊𝑉𝑑𝑜𝑦 relative to 𝑇𝑃𝑊𝑉𝑟  on the same doy at a station site, the periodic 341 

function coefficients in each ℎ𝑟 within the corresponding 𝑇𝑃𝑊𝑉𝑟  were selected, and the doy in 2018 and 2019 342 

were used as the input of equation (18) to calculate the 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉ℎ,𝑟  value for the doy. Then 𝐻𝑚𝑑𝑜𝑦  was 343 

calculated by the 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉ℎ𝑠,𝑟 at the surface using equation (15). 𝐻𝐻𝑑𝑜𝑦  on the same doy in 2018 and 2019 344 

resulting from the H model were obtained using the coefficients of the periodic H model of the same station. 345 

(2) Validation of model-predicted 𝜌𝑤𝑚𝑑𝑜𝑦 and 𝜌𝑤𝐻𝑑𝑜𝑦 in two cases below. 346 

Case 1: 𝜌𝑤𝑚𝑑𝑜𝑦 and 𝜌𝑤𝐻𝑑𝑜𝑦 resulting from two models and 𝑇𝑃𝑊𝑉𝑑𝑜𝑦 . 347 

For the same station site, 𝜌𝑤𝐻𝑑𝑜𝑦 at the surface and 𝜌𝑤𝑚𝑑𝑜𝑦 in each ℎ𝑟 were calculated using the following 348 

two equations 349 

𝜌𝑤𝐻𝑑𝑜𝑦𝑠 = 𝑇𝑃𝑊𝑉𝑑𝑜𝑦𝐻𝐻𝑑𝑜𝑦  (19) 

𝜌𝑤𝑚𝑑𝑜𝑦ℎ𝑟 = −𝑇𝑃𝑊𝑉𝑑𝑜𝑦 ∙ 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉ℎ,𝑟 (20) 

Then, for the 𝑖th sounding height layer,𝜌𝑤𝐻𝑑𝑜𝑦𝑖  and 𝜌𝑤𝑚𝑑𝑜𝑦𝑖  at height ℎ𝑑𝑜𝑦𝑖  were calculated by equation (2) 350 

and interpolation between (ℎ𝑟1, 𝜌𝑤𝑚𝑑𝑜𝑦ℎ𝑟1 ) and (ℎ𝑟2, 𝜌𝑤𝑚𝑑𝑜𝑦ℎ𝑟2 ) (where ℎ𝑟1 < ℎ𝑑𝑜𝑦𝑖 < ℎ𝑟2), respectively. 351 

Case 2: 𝜌𝑤𝑚𝑑𝑜𝑦 and 𝜌𝑤𝐻𝑑𝑜𝑦 resulting from two models and WVD at a specific altitude.  352 

For the same station, 𝜌𝑤𝑚𝑑𝑜𝑦𝑗  and 𝜌𝑤𝐻𝑑𝑜𝑦𝑗  at height ℎ𝑑𝑜𝑦𝑗  were calculated from 𝜌𝑤𝑑𝑜𝑦𝑖  at the height ℎ𝑑𝑜𝑦𝑖  (𝑖 353 

and 𝑗 are the indexes of the sounding layer from 1 to the last, respectively, and 𝑖 ≠ 𝑗) using the following equations  354 

𝜌𝑤𝑚𝑑𝑜𝑦𝑗 =𝜌𝑤𝑑𝑜𝑦𝑖 ∙ 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑚𝑗𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑚𝑖  (21) 

𝜌𝑤𝐻𝑑𝑜𝑦𝑗 = 𝜌𝑤𝑑𝑜𝑦𝑖 exp(−(ℎ𝑑𝑜𝑦𝑗 − ℎ𝑑𝑜𝑦𝑖 )/𝐻𝐻𝑑𝑜𝑦) (22) 

where 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑚𝑖  and 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉𝑚𝑗   were obtained by interpolating (ℎ𝑟1 , 𝜌𝑤𝑚𝑑𝑜𝑦ℎ𝑟1 ) and (ℎ𝑟2 , 𝜌𝑤𝑚𝑑𝑜𝑦ℎ𝑟2 ), (ℎ𝑟3 , 355 𝜌𝑤𝑚𝑑𝑜𝑦ℎ𝑟3 ) and (ℎ𝑟4, 𝜌𝑤𝑚𝑑𝑜𝑦ℎ𝑟4 ), respectively, where ℎ𝑟1 < ℎ𝑑𝑜𝑦𝑖 < ℎ𝑟2, ℎ𝑟3 < ℎ𝑑𝑜𝑦𝑖 < ℎ𝑟4, for an example. 356 
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(3) Using the above procedure to obtain 𝐻𝑚𝑑𝑜𝑦, 𝜌𝑤𝑚𝑑𝑜𝑦, 𝐻𝐻𝑑𝑜𝑦  and 𝜌𝑤𝐻𝑑𝑜𝑦 for all doys in 2018 and 2019 357 

for each of the 12 stations, then the statistics including annual bias and root mean square error (RMSE) of the 358 

differences between the model-predicted results and reference values were calculated for the models’ performance 359 

indicators. The formulas of the bias and RMSE are  360 

bias = 1𝑛∑(𝑉𝑎𝑙𝑢𝑒𝑚𝑖 − 𝑉𝑎𝑙𝑢𝑒𝑟𝑖)𝑛
𝑖=1  (23) 

RMSE = √1𝑛∑(𝑉𝑎𝑙𝑢𝑒𝑚𝑖 − 𝑉𝑎𝑙𝑢𝑒𝑟𝑖)2𝑛
𝑖=1  (24) 

where 𝑖 is the index of the sample data; the subscriptions 𝑚 and 𝑟 denote model and reference, respectively; n is 361 

the number of the samples contained in the statistics. 362 

4.1 Accuracy of 𝑯 predicted by two models 363 

The annual biases and RMSEs of 𝐻𝑚𝑑𝑜𝑦 and 𝐻𝐻𝑑𝑜𝑦  in 2018 and 2019 at each of the 12 stations are shown 364 

in Fig. 7 (a) and (b), where the circular and diamond points denote 𝐻𝐻𝑑𝑜𝑦  and 𝐻𝑚𝑑𝑜𝑦, respectively. One can see 365 

that the annual biases of 𝐻𝐻𝑑𝑜𝑦 of each station showed gradually increasing variation from negative to positive 366 

with the variation of 𝑇𝑃𝑊𝑉𝑟  from 1 to 6, passing through the value of 0 with 𝑇𝑃𝑊𝑉𝑟  from 3 to 4. While the biases 367 

of 𝐻𝑚𝑑𝑜𝑦 are slightly greater than 0 at the CHIFENG, BEIJING, ZHANGQIU, and ZHENGZHOU stations, and 368 

that of other stations are around 0.  369 
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Fig. 7 Annual biases (a) and RMSEs (b) of 𝐻𝑑𝑜𝑦 in 2018 and 2019 at the 12 stations predicted from the two models; 

(c) Improvement ratio of annual RMSE of 𝐻𝑚𝑑𝑜𝑦 relative to that of 𝐻𝐻𝑑𝑜𝑦 in six 𝑇𝑃𝑊𝑉𝑟  at each of the 12 stations. 

Fig. 7 (b) shows the following (1) in 𝑇𝑃𝑊𝑉𝑟  1 and 2, the annual RMSEs of 𝐻𝑚𝑑𝑜𝑦 were all smaller than that 370 

of 𝐻𝐻𝑑𝑜𝑦 at all 12 stations except BEIJING, and the number of stations that had reduced annual RMSE accounted 371 

for 92% of the 12 stations. More specifically, in 𝑇𝑃𝑊𝑉𝑟  1 and at KOWLOON, the RMSE of 𝐻𝑚𝑑𝑜𝑦  reduced about 372 

14%, which was the minimum among all the stations. The maximum improvement was about 67% at WUHAN. 373 

In 𝑇𝑃𝑊𝑉𝑟  2, the two exceptional values were about 5% at SHENYANG and 63% at NANJING. (2) In 𝑇𝑃𝑊𝑉𝑟  3 374 

and 4, the annual RMSEs of 𝐻𝐻𝑑𝑜𝑦  were most less than that in the other 𝑇𝑃𝑊𝑉𝑟  at all the stations, and they were 375 

most close to that of 𝐻𝑚𝑑𝑜𝑦 . Compared against the RMSEs of 𝐻𝐻𝑑𝑜𝑦, the number of the stations that had reduced 376 

annual RMSE of 𝐻𝑚𝑑𝑜𝑦 accounted for 67% and 83% of the 12 stations in the above two 𝑇𝑃𝑊𝑉𝑟 , respectively. (3) 377 

In 𝑇𝑃𝑊𝑉𝑟  5 and 6, the RMSEs of 𝐻𝑚𝑑𝑜𝑦 were all smaller than that of 𝐻𝐻𝑑𝑜𝑦  at all stations. The minimum and 378 

maximum improvements were about 8% at CHIFENG and 51% at SHANGHAI in 𝑇𝑃𝑊𝑉𝑟  5, respectively. The 379 

two exceptional values were about 15% at SHENYANG and 55% at WUHAN in 𝑇𝑃𝑊𝑉𝑟   6, respectively. In 380 

addition, the reduction in the annual RMSE of 𝐻𝑚𝑑𝑜𝑦 in 𝑇𝑃𝑊𝑉𝑟  from 1 to 6 at each station also can be observed 381 

from Fig. 7 (c). 382 

4.2 Accuracy of 𝝆𝒘 predicted by two models 383 

For each of the 12 stations, 𝜌𝑤𝑚𝑑𝑜𝑦 and 𝜌𝑤𝐻𝑑𝑜𝑦 in 2018 and 2019 were obtained from the two models and 384 𝑇𝑃𝑊𝑉𝑑𝑜𝑦 and 𝜌𝑤𝑑𝑜𝑦, respectively. Then the results were divided into 10 groups starting from the station height 385 

along the vertical direction with a 1 km interval. Their corresponding reference values obtained from the sounding 386 

data in the same 10 height ranges were used to evaluate the performance of the two models in each height interval. 387 

The bias and RMSE results are shown in the next two sections. 388 

4.2.1 Accuracy of 𝝆𝒘 resulting from models and TPWV  389 

In Fig. 8, considering both the bias and RMSE, it can be seen that, at stations 1, 5, and 12, the annual biases 390 

of 𝜌𝑤𝑚𝑑𝑜𝑦 are close to 0 in all 10 height ranges within all 𝑇𝑃𝑊𝑉𝑟 , and that of 𝜌𝑤𝐻𝑑𝑜𝑦 all increase from a small 391 
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negative value to 0 with the increase in height within all six 𝑇𝑃𝑊𝑉𝑟 . And the annual RMSEs of 𝜌𝑤𝐻𝑑𝑜𝑦 at these 392 

three stations are at least about 2 times that of 𝜌𝑤𝑚𝑑𝑜𝑦. The bias and RMSE values of the H model at station 5 in 393 

the height range from 1 to 5 are about from –4 to –2.5 g/m3, and from 1 to 4.5 g/m3, respectively. This performance 394 

of the H model is poor. At stations 4, 6, and 9 and in the same low height ranges, e.g., from 1 to 5, their absolute 395 

bias and RMSE values vary with the variation of 𝑇𝑃𝑊𝑉𝑟  from 1 to 6, e.g., the two values in 𝑇𝑃𝑊𝑉𝑟  3 and 4 are 396 

less than that in the other 𝑇𝑃𝑊𝑉𝑟 , which reflects that the H model is only suitable to the normal water vapor state. 397 

Note that since WV content in a low height layer is much larger than that in a high layer, this section mainly 398 

focuses on the results in low height layers. Based on both the bias and RMSE of 𝜌𝑤𝑚𝑑𝑜𝑦 and 𝜌𝑤𝐻𝑑𝑜𝑦 resulting 399 

from the two models and 𝑇𝑃𝑊𝑉𝑑𝑜𝑦, the new model is obviously superior to the H model in all height ranges 400 

within all six 𝑇𝑃𝑊𝑉𝑟  at all stations (the same results were also found from the other six unlisted stations). 401 

Fig. 8 Annual biases (a) and RMSEs (b) of 𝜌𝑤𝑚𝑑𝑜𝑦 and 𝜌𝑤𝐻𝑑𝑜𝑦 resulting from two models and 𝑇𝑃𝑊𝑉𝑑𝑜𝑦  in 

each of 10 height ranges within six 𝑇𝑃𝑊𝑉𝑟  at selected six stations. 

Due to the difficulty to find the difference between the RMSEs of 𝜌𝑤𝑚𝑑𝑜𝑦 and 𝜌𝑤𝐻𝑑𝑜𝑦 in higher height ranges 402 

in Fig. 8 (b), we counted the improvement ratios of the annual RMSE of 𝜌𝑤𝑚𝑑𝑜𝑦 relative to that of 𝜌𝑤𝐻𝑑𝑜𝑦 in the 403 

10 height ranges within all 𝑇𝑃𝑊𝑉𝑟  at the 12 stations, and results are shown in Fig. 9. It can be seen that the 404 
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proportions of the number of the height ranges that had reduced the annual RMSE of 𝜌𝑤𝑚𝑑𝑜𝑦 to all 10 height 405 

ranges within all six 𝑇𝑃𝑊𝑉𝑟  (i.e. a total of 60 height ranges) are from 75% to 80% at the CHIFENG, BEIJING, 406 

ZHENGZHOU, and ZHANGQIU stations; and the results at the other stations were all over 90%.  407 

 
Fig. 9 Improvement ratio of annual RMSE of 𝜌𝑤𝑚𝑑𝑜𝑦 resulting from new model and 𝑇𝑃𝑊𝑉𝑑𝑜𝑦  relative to that of 𝜌𝑤𝐻𝑑𝑜𝑦 

in each of 10 height ranges within each of six 𝑇𝑃𝑊𝑉𝑟  at each of the 12 stations. 

4.2.2 Accuracy of 𝝆𝒘 resulting from models and WVD at a specific altitude 408 

Fig. 10 (a) shows that the annual biases of 𝜌𝑤𝐻𝑑𝑜𝑦at all the 12 stations increase gradually with the increase 409 

in the height of 𝜌𝑤𝑑𝑜𝑦, and in the height range 2 or above, they are all above 0, which indicates that the H model 410 

only performs well within the height range 1 and all the positive bias values mean systematical overestimation of 411 

the model. In contrast, the biases of 𝜌𝑤𝑚𝑑𝑜𝑦 in the 10 height ranges all float around the 0 value. In Fig. 10 (b), the 412 

annual RMSEs of the two models at the 12 stations all show a tendency of larger RMSE in higher height ranges, 413 

i.e., the RMSE increases with the increase in the height of 𝜌𝑤𝑑𝑜𝑦, with different amounts of increase. Therein, the 414 

minimum increment in the RMSE of 𝜌𝑤𝐻𝑑𝑜𝑦 is 1.5 g/m3 (from 3.5 to 5.0 g/m3), and is at GUIYANG, where the 415 

RMSE of 𝜌𝑤𝑚𝑑𝑜𝑦 is from 1.1 to 3.1 g/m3; the maximum increment is 5.4 g/m3 (from 1.7 to 7.1 g/m3) and is at 416 

KOWLOON, where the RMSE of 𝜌𝑤𝑚𝑑𝑜𝑦 is from 1.4 to3.9 g/m3. Noticeably, the RMSE of 𝜌𝑤𝑚𝑑𝑜𝑦 is less than 417 

that of 𝜌𝑤𝐻𝑑𝑜𝑦 in all 10 height ranges. Compared with the 𝜌𝑤𝐻𝑑𝑜𝑦 result, the RMSEs of 𝜌𝑤𝑚𝑑𝑜𝑦 at all stations in 418 

each of the 10 height ranges reduce at least 11%, 20%, 43%, 48%, 40%, 38%, 32%, 35%, 32% and 28%, see Fig. 419 

10 (c). 420 

From the above results, it can be concluded that WVD at a lower height has resulted from the model and 421 

WVD at a higher height, while the small variation in the latter WVD (the variation in WVD at a higher height is 422 

small relative to WVD at the lower heights, but is large relative to WVD at the higher heights) has a great impact 423 
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on the former. In addition, the poor result of the H model is also caused by the fact that the model is based on the 424 

exponential decline trend along with the vertical range from the surface WVD to the tropopause. Therefore, the 425 

new model is superior to the H model because it reflects the relationship between WVDs at different heights. And 426 

when the new model is applied, the WVD at a lower height should be selected as far as possible to calculate the 427 

WVD at a higher height through the model. 428 
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Fig. 10 Annual biases (a) and RMSEs (b) of 𝜌𝑤𝑚𝑑𝑜𝑦 and 𝜌𝑤𝐻𝑑𝑜𝑦 resulting from the two models and 𝜌𝑤𝑑𝑜𝑦 from height 

ranges 1 to 10 at each of the 12 stations; (c) Improvement ratio of annual RMSE of 𝜌𝑤𝑚𝑑𝑜𝑦 relative to that of 𝜌𝑤𝐻𝑑𝑜𝑦. 

5 Conclusion 429 

The atmospheric water vapor in the troposphere varies with time and spatial location. Its vertical distribution 430 

presents temporal periodic features and also correlates with its state caused by some meteorological factors e.g. 431 

temperature and water vapor pressure. Water vapor scale height H is a common parameter reflecting the 432 

characteristics of the vertical distribution of atmospheric water vapor in the troposphere. The vertical distribution 433 

of water vapor may not be accurately exponential, since it is also correlative to the water vapor state over the site. 434 

In contrast, the traditional method of considering H value, to be either a constant or a periodic function is not a 435 

good choice.  436 

For better modeling the temporal variation trend in the vertical distribution of water vapor under different 437 

water vapor states in the troposphere, in this study, a new function for the vertical variation in water vapor was 438 

derived by the ratio of the lapse rate of partial water vapor at any height range to the total precipitable water vapor 439 

(TPWV) over the site, named 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉 . From the analyses of the 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  time-series obtained from the 10-440 

year from 2008 to 2017 sounding data over each of selected 12 radiosonde stations in China, it was found that the 441 

vertical distribution of the 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  not only strongly correlated with the relative magnitude of its corresponding 442 

TPWV at the same time and the same site, but also the 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  time-series show a periodic variation pattern in 443 

the temporal domain. For quantifying and unifying the standard of the relative magnitude of TPWV, this study 444 

proposed a method that was based on the periodic functions of TPWV and its standard deviation obtained from 445 

the 10-year data to construct six data ranges of TPWV. The vertical distributions of 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  corresponding to 446 

each of the six TPWV ranges (from 1 to 6) were considered as six vertical distributions of water vapor: maximal 447 

disturbance, sub-disturbance, normal, normal, sub-saturated, and saturated, respectively. Their corresponding 448 

TPWV ranges are also considered as the same six water vapor states.  449 
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From the investigation of the characteristics of the spatial and temporal variation of the processed 10-year 450 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉   time-series in different height ranges within each of six TPWV ranges, annual and semi-annual 451 

variation cycles were found in all the height ranges within all six TPWV ranges at all the stations. Thus, a 452 

trigonometric periodic function was adopted for the new model fitting the 10-year 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  sample data of each 453 

height range within each of six TPWV ranges at each station. The new fitting model was validated by comparing 454 

its prediction against the reference obtained from sounding data in 2018 and 2019 (out-of-sample data). Its results 455 

were also compared with that of the common H model. Results showed that the new 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉   model 456 

significantly outperformed the H model in the following aspects. First, the annual accuracies of H values resulting 457 

from the new model were improved over the H model to various degrees, and the number of the stations that had 458 

reduced annual RMSE of H values in the TPWV ranges from 1 to 6 accounted for 92%, 92%, 67%, 83%, 100%, 459 

and 100%, respectively, of the total stations. Secondly, the proportions of the number of the height ranges that had 460 

reduced annual RMSE of water vapor density (WVD) obtained from the new model and TPWV in all height ranges 461 

within all TPWV ranges were from 75% to 80% at the CHIFENG, BEIJING, ZHENGZHOU and ZHANGQIU 462 

stations; and the results at the other stations were all over 90%. Thirdly, considering all six TPWV ranges and all 463 

stations as a whole, the annual RMSEs of WVD obtained from the new model and WVDs in the height ranges from 464 

1 to 10 reduced at least 11%, 20%, 43%, 48%, 40%, 38%, 32%, 35%, 32%, and 28%, respectively. All results 465 

suggest that, under different water vapor states, the new 𝑙𝑎𝑝𝑠𝑒𝑅𝑃𝑊𝑉  fitting model reflects not only the temporal 466 

relationship between the surface WVD and the TPWV of a site but also the vertical distributions of WVDs of 467 

different heights well. 468 
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