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Abstract

For better modeling the variations in the vertical distribution of water vapor, in this study, a new function
for the vertical variation in water vapor was derived, named lapsegpy. From the analyses of lapsegpy,y time-
series, it was found that its vertical distribution is strongly correlated with the relative magnitude of total
precipitable water vapor (TPWV). This study proposed a method that used six data ranges of TPWV to determine
the relative magnitude of TPWYV. For the periodic variations in the classified lapsegpy,, time-series in each of six
TPWV ranges, a spatio—temporal lapsegpyy model was developed for each range. The new models were validated
by comparing their predictions against the references from sounding data at 12 radiosonde stations in China, and
their performances were also compared with that of the commonly used water vapor scale height (H) model.
Results showed that, first, the number of stations that had reduced annual RMSE of H values in TPWV ranges
from 1 to 6 accounted for 92%, 92%, 67%, 83%, 100%, and 100% of the total stations, respectively. Second, the
proportions of the height range that had reduced annual RMSE of water vapor density (WVD) in all height ranges
within all TPWV ranges were above 75% at the 12 stations. Last, considering all TPWV ranges as a whole, in each
of 10 height ranges, the annual RMSEs of WVD of all the stations reduced at least 11%, 20%, 43%, 48%, 40%,
38%, 32%, 35%, 32%, and 28%, respectively.
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1 Introduction

Water vapor (WV) is the main greenhouse gas and also an important part of the earth's atmosphere (Chahine
1992). From global climate to local meteorology, it has a strong influence on climate at various spatio-temporal
scales (Bevis et al. 1992; Zhao et al. 2012; Liu et al. 2013). WV mainly concentrates in the lower atmosphere and
accounts for about 99% of the total WV content in the troposphere, with about half the total WV content in the
altitude below 2 km (Viswanadham 1981). Although WV content in the atmosphere has a small portion (about 0
— 4%), it is the most active and variable component in the atmosphere, and it is also one of the meteorological
parameters that are most difficult to be characterized (Rocken et al. 1997). WV concentration in different heights
within the lower atmosphere over a site may vary by order of magnitude (Jacob 2001). The variation in the spatial
distribution of WV, especially in the vertical distribution (Bevis et al. 1992), plays a vital role in the vertical

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

According to the state equation of WV, the atmospheric water vapor density p,, (WVD, unit: g/m?) at each
layer of the atmosphere can be obtained by a function of the WV partial pressure e (unit: hPa) and temperature T

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

e

Py =77 )

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

In the troposphere, generally speaking, the WV concentration is the largest at the ground surface level, there
exists a correlation relationship of power-law between the atmospheric WVDs near the ground surface and the
upper troposphere along the vertical direction over the same site. The relationship of power-law correlation can
be expressed by the following exponential function, in which the trend of the decrease in WVD with the increase

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

Pwy, = Pwsexp(—B(h — hy)) )

where p,, and p,, (unit: g/m®) are the WVDs at the ground surface height (hy) and the height h exceeds h, (unit:
km), respectively, along the vertical direction in the troposphere over the site; f (unit: km™) is a constant for the

height range from h; to h. If B is known, the W¥D at height 4 can be obtained from p,,. and equation (2).

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

which liquid water would stand if all the WV in a vertical column of air of unit cross-sectional area was condensed.
Let PWV}ZZ denote the partial WV in the height range from h, to h, along the vertical direction over a site, it can

be calculated by the integral of WVD in the range
h2

1
PWV,'? = > pwdh 3)

v Jhq

where p,, is the water density (p, = 1 g/lcm?); dh is the increment step (unit: km, the same as that of /). It is worth

mentioning that if h; is at the surface and h, approaches the top of the troposphere, then the PV in equation (3)
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is the common total PWV (TPWV) of the troposphere along the vertical direction.

Substituting equation (2) into (3) and let h; = hg, the following can be derived (Reitan 1963)

PWVR =pw5<

(4

1 —exp(=p(h - hs))) @

B

When / in equation (4) approaches the tropopause, the WVD at this altitude is close to zero, and § can be
approximated by the inverse of H, where H is the so-called atmospheric water vapor scale height (unit: km), i.e.
the equivalent height under the assumption that atmospheric WV is uniformly distributed in the entire vertical
range of the troposphere, and it has a physical interpretation of the depth through which the WVD reduces to 1/e
of'its value at the base of the troposphere (Byers 1957; Tomasi 1977). It is an important parameter in terms of its
control on the radiative balance and convective stability of the atmosphere (Weaver and Ramanathan 1995).
Equation (4) can be then simplified to the following formula (Tomasi 1977, 1981) (note: due to p, = 1 g/cm?, it

is not showed hereafter for simplicity)

TPWV = p,, H (5)

where TPWV stands for total PWV of the site. The use of TPWV here is for distinguishing it from a partial PWV
within the troposphere expressed by equation (3).

Since H can be utilized to obtain 7PWV by multiplying with the surface WVD of the same site, some scholars
studied the relationship between A and TPWV in land and ocean regions(Tomasi 1984; Bobak and Ruf 1996;
Otarola et al. 2010). One of the possible ways to obtain H over a site is to use the ratio of WV Ds measured at two
sites that are closed to each other in the horizontal dimension but have a significant difference in altitude (Reber
and Swope 1972; Ruf and Beus 1997). Whereas, the dynamic nature of the atmosphere means that WV is very
active in the troposphere, especially in the lower layers, and its amount varies with time and height. Simply taking
a constant value for A or a periodic function that only contains the time variable to model the temporal variation
in H over a site, is not reasonable, because the H value at the same site varies not only with time but also with
height (Byers 1957; Reitan 1963; John et al. 2005; Kennett and Toumi 2005; Otarola et al. 2011; Zhang et al.
2015). Borger et al (Borger et al. 2020)developed an empirical parameterization for A and obtained a substantial

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

In the relationship between sea surface temperature and column WYV over tropical and subtropical oceans, H
is taken as an index of vertical moisture gradient between the boundary layer and the free troposphere(Kanemaru
and Masunaga 2013). Given the global temperature dependence of H, Kennett and Toumi (Kennett and Toumi
2005) examined the variation of A within the column to reflect changes in atmospheric moisture lifetime. As well,
in the construction of tropospheric models, an exponential decrease function containing H, which itself is modeled
as a seasonal function, is used for estimated ZWD (zenith wet delay) of GNSS (Global Navigation Satellite System)
signal passing through troposphere (Ruffini et al. 1999; Schiiler 2014). Moreover, to obtain a unique and stable
WYV estimate, in the process of constructing the tomographic models based on WV retrieved from GNSS
measurements, the H value is often used as a vertical constraint which is an exponential function of WVD or wet
refractive index in the estimation system of the tomographic models (Flores et al. 2000, 2001; Guo et al. 2016).

In most applications, a constant A value selected from the range 1-3 km (based on the statistical distribution of

3
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H) is typically used in the exponential function (Elosegui et al. 1998; Perler et al. 2011; Ding et al. 2018).

The vertical distribution of WV also correlates with the water vapor state caused by some meteorological
factors e.g. temperature and WV pressure of the site (Jacob 2001). For accurately modeling the temporal variation
trend in the vertical direction under different water vapor states in the troposphere, in this study, a function for the
vertical variation in WV in the troposphere was derived based on the ratios of the lapse rate of atmospheric partial
WYV at any heights to the TPWV of the site, named lapsegpy, - Based on our analyses of the spatial and temporal
characteristics of lapsegpy time-series, it was found that the vertical distribution of lapsegpyy strongly
correlates not only with the relative magnitude of its corresponding 7PWV, but also the temporal periodicity. A
method is studied to classify TPWV into different data ranges for determining the relative magnitude of TPW7V,
and a new temporal model is developed for the fitting of the vertical lapsegpy distribution according to the

periodic variations in the classified time series of lapsegpyy .

This paper is organized as follows. Section 2 introduces the methodology for the derivation of a function of
the ratio of the lapse rate of partial WV at any height range to the TPWV over a site; Section 3 describes data
selection and division for quantification and unification of the correlation between the vertical distribution of
lapsegpyy and TPWV, and the construction of a temporal lapsegpyy model. Section 4 presents test results, and

Section 5 gives concluding remarks.
2 Methodology

2.1 Derivation of formula for the vertical distribution of water vapor

In practical applications, it is common that equation (2) is replaced by p,,, = pw.exp(—(h — hs)/H), and
equation (5) is used to obtain the empirical value of H using measured TPWV and surface WVD. However, this is
not reasonable because equation (5) is derived from equation (4) under the condition that the height is close to the
tropopause (rather than any other height). This implies that 8 in equation (2) can be replaced by 1/H only in the

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

WYV is very active in the lower troposphere and its vertical distribution may not follow an exponential decrease
trend all the time, e.g., WVD in the upper troposphere can be even greater than the lower troposphere sometimes.
Therefore, it is necessary to analyze WVDs at different heights in the troposphere, instead of directly using
equation (2) or H. For obtaining a more accurate functional relationship between WVDs at two heights in the
troposphere, a function of the ratio of the lapse rate of partial WV at any height range to the TPW ¥ was introduced
in this study (termed lapsegpyy ), which reflects the variation of WV along the vertical direction, i.e., the vertical

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

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

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

. . h . L
altitude. Using PWVhim’p to represent the WV content from any altitude h; to the tropopause, the variation range

of the PWV;"OP from the ground surface to the tropopause is from TPWV to zero. Therefore, the lapse rate of

PWYV at h;, denoted by lapsepyy;, can be expressed by
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h.
lapsepyy; = T (6)
L S

where lapsepyy, is in a unit of mm/km; hyy,), is the height of the tropopause.

Let RPWV; (unit: %) be the ratio of PWV, ™" to TPWV

htro
PWV;” P

)
TPWV

RPWYV; =

Extend equations (6) and (7) to any two heights h; and h; (h; > h;) in the troposphere, the following can be

obtained
h .
lapSepW L= PWVhil (8)
Vil hy— by
h .
Pwv, ’
= hi )
RPWYV;; TPWYV
From equations (8) and (9), the following can be derived
lapsepwy;;  RPWVy; (10)

TPWV  h;—h

Note that the sign of h; — h; in the above equations is already negative for a descent trend, and the absolute value

of equation (8) is the mean WVD (i.e., pWij) in the height range between h; and h;.

Let lapseg PWVy; (unit: 1/km) denote the left-hand term of equation (10), then

RPWV;
lapseRPWVi,- = Al (11)
ij
Pwi;
lapseRpWVij = _m (12)

where lapseRpWVl.j is the ratio of PWVh};j in a unit height (or thickness) between h; and h; to TPWV.

When h; and h; are very close (i.e. a very thin layer), WVD; and WVD; are very close as well. Replace the

hi+

h; .
. . then equation (12) can be expressed as

layer in equation (12) with its corresponding mid-height h =

P
lapSeRpWVh = _TP‘A;V (13)

Let h; and h;, be any two heights over the site within the troposphere, the following relationship can be

derived

lapserpwv,

Pw, (14)

“Pwi lapserpwv,,
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where py,;, P, lapsegpyy, and lapsegpyy, are the WVDs and the rate of the variation in PWV at h; and hy,

respectively.

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

can be obtained from lapsegpyy, at the surface height, i.e., lapsegpyy,, as below

1
Heo— (15)
lapsegrpwy,

2.2 Temporal model

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

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

n
f(doy) = ay + Z(ai cos(i-doy - w) + b; sin(i -doy - w)) (16)
i=1
where i is the order of the trigonometric periodic function; a,, a; and b; are the coefficients to be solved; doy is

the day of year; w is the angular frequency.
3 Spatio—-temporal characteristic of lapsegpyy and modeling

3.1 Data and data processing

Sounding data from 12 radiosonde stations located in the longitude range 100 °E—125 °E and latitude range
20 °N—-45 °N in China over the 12-year from 2008 to 2019 were downloaded from the Integrated Global
Radiosonde Archive (IGRA) (at https://www.ncdc.noaa.gov/data-access/weather-balloon/integrated-global-
radiosonde-archive). The distribution of the 12 stations, which are in three climate zones, respectively, is shown
in Fig. 1. The reasons for the selection of these stations are that they had at least 10 continuous sounding layers
containing the 10 standard pressure levels (1000, 925, 850, 700, 500, 400, 300, 250, 200). The temporal resolution
of the sounding data was 12 hours (observed at 00:00 and 12:00 UTC). The vertical sounding profiles contained
various meteorological measurements including pressure, temperature, WV pressure, relative humidity, etc. at
each sounding layer. The following procedures were carried out for the sounding data from each of the stations.
First, according to equations (1), (3), and (5), the values of WVD at each of the sounding height layers, and TPWV
and H were calculated, and then according to equations (7) and (11), lapsegpy,y at the mid-height of two adjacent
heights hy = (h;_1 + h;)/2 (i is the index of the sounding height layer (h;qyer)) Was calculated. After this step
was performed for all the sounding height layers across 12 -year period and for all the 12 stations on a doy-by-

doy basis, the dataset containing doy, hqey, pu oy TPWVaoy, Haoy, Iy doy and lapsegpyy doy WaS obtained for

the investigation in the next sections.
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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).

165 3.2 Spatio-temporal variation of lapsegpyy

166 The spatial-temporal variation in lapsegpyy doy OVET the 10-year from 2008 to 2017 over each of the 12
167 stations are shown in Fig. 2, where the doy, h; doy and lapsegpyy doy values were obtained from in the previous

168 section, and the color bar indicates the value of TPWV,,,,,. We can see that the characteristics of the distributions
169 of lapsegpyy over all the stations are very similar in both time and spatial domains, while the fluctuations in

170 lapsegpyy over these stations in different climate zones, are different.
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Fig. 2 Vertical distribution of lapsegpyv doy 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

(in monsoon climate of mid-latitudes), the vertical distribution of their lapsegpyy doy A the same time and the
same altitude are relatively similar, the fluctuation amplitudes of the vertical distribution of lapsegpy doy AT€

relatively large than the other stations. The same results are from the WENJIANG, GUIYANG, QINGYUAN and
KOWLOON stations (in subtropical monsoon climate), but their fluctuation amplitudes are relatively small
compared to the previous 4 sites. While at the ZHENGZHOU (in monsoon climate of mid-latitudes), WUHAN,

NANIJING, and SHANGHALI stations (in subtropical monsoon climate), their lapsegpyy doy AT€ similar because

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

fluctuation amplitudes of lapsegpyy doy in a relatively uniform range - between the amplitudes of the above

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

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

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

eriodic variation in lapse , the same as TPWV,,,,. In the vertical domain, the fluctuation amplitudes of
p PSERPWYV 40y doy p

lapsegpyy doy in the lower troposphere, especially at 1-3 km altitudes, were larger than the upper troposphere at
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each station; and the lapsegpyy doy increased with the increase in height and tended to be stable at the highest

altitude, with a value close to 0.

3.2.1 Relationship between lapsegpyy and TPWV

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

2008 - 2017, the lapsegpywy doy time-series of each site were sorted by their corresponding TPWV,,, values in

the same doy, and results are shown in Fig. 3, where the x-axis represents the value of TPWV, the y-axis represents
the value of height and the z-axis represents the value of lapsegpy,,. Subfigure (a) shows the characteristics of
the relationship between lapsegpyy and TPWV at six selected stations and subfigure (b) shows the results of the
KOWLOON station in different-doys in the four seasons, as an example of the 12 stations. Note that the selected
CHIFENG and ZHANGQIU stations represent the stations located in the warm temperate zone and monsoon
climate of medium latitudes, respectively; WENJIANG and KOWLOON represent the stations located in
subtropical monsoon climate, and ZHENGZHOU and NANJING represent the stations at the junction of monsoon

climate of medium latitudes and subtropical monsoon climate.
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Fig. 3 Distribution of 10-year lapsegpyy doy sorted by their corresponding TPWVy,, 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 TPWVy,,, values over different stations show different

fluctuation amplitudes of its corresponding vertical distribution of lapsegpyy doy As the TPWV,,, value

9
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gradually increases from small to large, the fluctuation amplitude of its corresponding vertical distribution of

lapsegpyy doy decreases and tends to be stable when TPWV,,,, closes to its maximum, and vice versa. For
example, in each subfigure of Fig. 3 (a), the fluctuation amplitudes of the vertical distribution of lapsegpy doy
in the TPWV range 0-20 mm, especially in small TPWVy,,, value, are larger than that in the TPWV range on the
far right of the x-axis. Fig. 3 (b), which is the result at a doy time scale, shows that, although the TPWVy,,, values
in different doys in the four seasons fall into different ranges, the vertical distribution of lapsegpyy doy in each of

the four subfigures (or season) still tends to be stable with the increase of its corresponding TPWVy,,,,. This trend
is consistent with the results of Fig. 3 (a) but on a different time scale. The results indicate that within a certain
period the vertical distribution of lapsegpy,y strongly correlates with the magnitude of its corresponding TPWV
value relative to the TPWV values of the period, i.e., the vertical distribution of lapsegp,y is independent of its
corresponding TPWV value itself. For example, in a selected period at the same site, there are 10 groups of data
including 10 TPWV values and their corresponding 10 vertical distributions of lapsegpy,y . If the 10 TPWV values
are sorted by their magnitude, and their corresponding vertical distributions of lapsegpy, are also sorted by the
magnitude of the TPWV values, then the newly sorted 10 groups of TPWV values can be used to determine their
corresponding vertical distributions of lapsegpy,y. The magnitude of one of the 10 TPWV values relative to the
other nine TPWV values is often called the relative magnitude of this TPWV, which is denoted by Rel-TPWV
hereafter in this paper, merely for convenience.

Comparing the four subfigures in Fig. 3 (b), one can also find that in different periods (or seasons), even
though the Rel/-TPWV values may be the same, i.e., under the same Rel-TPWV condition, but the fluctuation
amplitudes of their corresponding vertical distributions of lapsegpy, are different and vary with time (those
unlisted doys had the same characteristic). For example, in the same position range on the x-axis from the top to
the bottom subfigures, selecting the TPWV ranges of 10-20, 30—40, 40-50, and 10-20 mm, respectively, the
fluctuation amplitudes in the third subfigure (doy 197-203, summer) are smaller than that of the other three

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

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

The following conclusions can be drawn from the above lapsegpy, results over all stations. First, along the
vertical direction, the lapsegpyy value increases with the increase in height and tends to become 0 from a
negative value. Second, in the same time session, the vertical distribution of lapsegpyy is related to the Rel-
TPWYV of its corresponding TPWV. Last, under the same Rel-TPWV conditions, the fluctuation amplitude of the
vertical distribution of lapsegpy, varies with time.

To analyze the temporal and spatial characteristics of lapsegpyy, the aforementioned 10-year lapsegpyy
time-series over each of the 12 stations selected were divided into several sections both in temporal and vertical
domains. In the temporal domain, the time series were partitioned by the time scale of doy. In the vertical domain,
considering both the density of the sounding data of the station and the characteristics of the fluctuation amplitude
of lapsegpyy along the vertical direction - the fluctuation amplitude below 6 km is much larger than that above
6 km, and at below 3 km, the fluctuation amplitude is the largest. Hence, two different height intervals - a 0.5
km interval for below 6 km and a 1 km interval for above 6 km were adopted. More specifically, the vertical

profile of the lapseppyy time-series was portioned into several height ranges (denoted by h, ): h, =

10
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[hs, hs + 0.5 km, -, hjgyer + 1 km, -], Rigyer = 6 km, where hy is the height of the station.

For further analyzing the relationship between the vertical distribution of lapsegpy and its corresponding
Rel-TPWYV value of a station in a long period, the Rel-TPWV of TPWV of the site needs to be determined using
the following procedure proposed in this study.

Step 1, according to the periodic characteristics of TPWV time series (Liu et al. 2015), a periodic function
fitting the sample (i.e. measurements) of the 10-year TPWVy,,,, time series was obtained. As an example, the
magenta fitting curve is shown in Fig. 4 (a) for the KOWLOON station. Then the fitting function was applied to
predict the TPWV value for each doy, which is denoted by TPWV; oy’ and the discrepancies (residuals) between
the TPWVg,,, and TPWV doy WVere calculated.

Step 2, the set of TPWV,,,, residuals for each doy in the duration of the 10 years were used to calculate the
standard deviation of TPWVy,, for the doy, then according to the periodic character of the time series of
TPWVy,, standard deviations from doy 1 to 366, a fitting periodic model was obtained and applied to predict the
TPWVy,, standard deviation for each doy, denoted by o oy Fig. 4 (b) shows the time series of the TPWV,,,,
standard deviations at each of the selected six stations, together with their fitting function (the magenta fitting
curve).

It is worth mentioning that, to avoid the influence of TPWV in extreme weather conditions on the standard
deviation of TPWV,,,,, based on the statistical theory that the probability of a value being within a +2 standard
deviations range is greater than or equal to 0.95 (percentile), any TPWV,,,,, that had the absolute residual value
greater than 2 standard deviations was regarded as an outline, thus to be excluded from the sample data for the
calculation of the standard deviation. After a simple recursive process for outline removal was completed, the
final TPWV,,, standard deviation was obtained.

Step 3, both TPWV doy and of doy O each doy were used to obtain the following five numerical boundaries
for the doy: TPWVdey - ZO'fdoy, TPWVdey = Of 4oy TPWVfdoy, TPWVfdoy + Oty and TPWVfdoy + Zdeoy,

and see the resultant five curves from doy 1 to 366 in Fig. 4 (a).
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Fig. 4 (a) Time series of 10-year TPWVy,,, and its fitting function at KOWLOON; (b) standard deviation of TPWV,,,
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 TPWV,., =1, 2, ..., 6) for
each doy: [less than TPWVfdoy - Zdeoy , TPWVfdoy - 20fdoy], [TPWVfdoy - Zdeoy, TPWVfdoy ~ Of a0y 1,

[TPWVdey — Gfdoy’ TPWVfdoy]’ [TPWVfdoy’ TPWVfdoy + O-fdoy]’ [TPWVfdoy + O-fdoy’ TPWVfdoy + 20'fd0y]
and [TPWV; aoy T 20¢ doy» Ereater than TPWV; oy T 205 doy]. The five numerical boundaries for all 366 doys form

six TPWV,. curves.
The six TPWV,. were taken as the quantified and unified Rel-TPWV, e.g., if TPWVy,,, values fall in the same

TPWYV,, they are considered to have the same Re/-TPWV value. It is noted that in the special case that TPWV doy —
205 doy less than 0, TPWV,. 1 does not exist and TPW V¢ doy 205 doy in TPWYV, 2 is replaced by 0, as a result,

only five TPWYV, will be used in this case. Reflecting the results from the section above that is to say the vertical
distribution of lapsegpyy is related to the Rel-TPWV of its corresponding TPWV in the same time session, i.e., if
the Rel-TPWYV is larger than others, the fluctuation amplitude of its corresponding lapsegpyy is smaller than the
others, and also the vertical distribution is more stable, and vice versa. The TPWV values corresponding to each
of the six TPWV, (from 1 to 6) are then considered as the following six states of WV: maximal disturbance, sub-
disturbance, normal, normal, sub-saturated, and saturated, respectively; and their corresponding vertical
distributions of lapsegpyy are considered as the following six vertical distributions of WV: maximal disturbance,
sub-disturbance, normal, normal, sub-saturated, and saturated, respectively.

According to the above partition criterion for time, height, and TPWV, the 10-year sample data of

12



279

280
281

282

283
284

285
286
287

288

289

290
291

lapsegpyy doy WVere first partitioned by the time partition criterion, then they were grouped by the TPWV,
according to their corresponding TPWVy,,,; finally, they were grouped by the h, according to their heights. The
resultant new groups of lapsegpyy doy sample data will be used to study the characteristics of the temporal

variations of lapsegpy,y and model for each group.

3.2.3 Temporal and spatial characteristics of lapsegpyy
For the spectrum analysis of each group of the 10-year lapsegpy doy time-series at each of the 12 stations

obtained in the previous section, the Fourier transform method was used, and results at the KOWLOON station
(as an example) are shown in Fig. 5 for the characteristics of the temporal variation of lapsegpy,y of the station.

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

the subfigure.

w402 « 10~ <10

TEWE

U.'-': ‘|| I!‘ " -.lr .|!-_‘||:_l‘ r ; JH' J fm‘h.-r!i. II'I.II" | Lf'.‘l 1 |‘|Ll| 'lthH:F
5 : ) 3

1 2 {l 2 { PO PO 0040

0 &

Y D w j04 .. [Tk { 0 s g :
s S i 0.3 e 4.1
= 11 # N TR J. bz 0.4 0 o4 €02
& “’-'I-"I'l“*‘ b L “Jr.IL'JJ.H-;_'JH. ob : ,-Il'.gk\’;_.- ek -y -1, .
il 2 400 2 40 2 4 L2000 HE200300 o o ff o
w107 w107 o [ =
o 5 . T 2 r-
i \ 2 | ‘ . 4
= J o |
= i]"'—l- i PG I Y ; i 02 i EL
il 2 40 2 40 2 4 = TR0 e E CITVI"1T]
10 o Uk <10 = 0
+ & - 2 u
= \ | | | } kY 1.1 B H w
o, [ i
e || — i " el | 4.2
il 2 4 0 1 4 0 2 4 Lot L2000 Wy 30

FEWY 5
-
i

7 ! .h'l-!u‘l'l |1

il 2z il 2 ] 2 4

2000

« 1 i « 1 I L i
2 l < |. 0.1
I 05| | " '1 11]1'!" 02k
| i | -3
P NS T “,.J . o et Bl TN i),
_| P

L]

TPWE. &

| ' E
1 2 1 2 4, 1 2 4 000 O304 W o =0
b4 i 6 I ] o4 I 6 d 10
Frequency {year h oy
{a) ]

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

fitting periodic function in selected h, within six TPWV,. at KOWLOON. Note that six rows in both (a) and (b)
represent the six TPWV,..

As can be seen from Fig. 5 (a), the lapsegpyy doy time-series in each of the selected h, within six TPWV,
generally present a notable periodic pattern, with significant annual and semi-annual cycles; in different h, within

different TPWYV, show different periodic characteristics are shown. In h, 6 within all TPWYV,., the annual cycle is
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significant, while the semi-annual cycle is weak, the opposite is true in h,. 10 within TPWV, 1, 2, and 6, while in
some others the semi-annual cycle is equally significant with the annual cycle. Both in h,. 4 within TPWV,. 2 and

h, 10 within TPWV,. 1, the lapsegpywv doy time-series show periods even less than a semi-annual cycle, e.g., a 4-

month cycle. Comprehensive consideration of the main annual and semi-annual periodic characteristics of the

lapsegpyv doy time-series, the trig function of equation (16) taking the third order was adopted as its fitting

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

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

or even close to 0. Consequently, the trig function only contains the annual and semi-annual periodic terms. A
comparison between the six rows in the same columns of the subfigures in Fig. 5 (b) from TPWYV, 1 to 6, it can

be observed that the fluctuation amplitude of lapsegpy v doy also gradually decreases with the variation of TPWV,

from 1 to 6 in each h,., and then tends to be stable, e.g., with the fluctuation amplitude ranges of [-0.52, 0] 1/km
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 h,. 4, 6,
and 10, respectively. From the comparison between the same rows but in different columns, the fluctuation

amplitude of lapsegpyy doy in each of the six TPWYV,. is the largest in winter and smallest in summer, while it
decreases with the increase in altitude, which is mainly due to a similar exponential decrease in water vapor with
the increasing altitude.

Results at the other stations were also investigated and the same temporal variation pattern was observed,
although the fluctuation amplitude of lapsegzpy doy in different groups and different stations were different. The
spatio-temporal modeling for each of the groups of the 10-year lapsegpyv doy data will be carried out in the next

section.

3.3 Construction of spatio-temporal lapsegpyy model

According to the classification of WV vertical distribution in section 3.2.2 that the vertical distribution of
lapsegpyy in the TPWYV, is considered as a type of WV vertical distribution, the true vertical distribution of

lapsegpyy can be generalized as
lapsegrpwy = lapsegpyy, + disturbance, 17)

where lapsegpyy . and disturbance, are the lapsegpy,y and its disturbance term in the corresponding TPWV;.,
respectively; 7 is from 1 to 6.

Based on the annual and semi-annual periodic characteristics of the lapsegpyy doy time-series in each h,

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

of the 10-year lapsegpyv doy sample data

lapserpwy ), , = Qopr + Aipr coS(doy - W) + by, sin(doy - w) + ayp, cos(doy - 2w) + (18)

by prsin(doy - 2w)+ azp - cos(doy - 3w) + by, - sin(doy - 3w)

where Qg pr, Q1 prs Diprs Q2 prs Daprs 3 py and bs p . are the coefficients of the periodic terms; the subscripts 4
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322

and r are the indexes of h, and TPWV,., respectively; w = 21/365.25. The coefficients for each group of the

323 lapsegpwy . sample data for the KOWLOON station (as an example) are partially selected and shown in Table
324 1.
Table 1 Coefficients of the lapsegpyy model for the selected h,, i.e., h, 1 and 5, within the selected TPWV;.,
i.e., TPWV, 2 and 6, at KOWLOON station.
Qo a b, a; b, as by
h, 1 -0.461 -0.018 0.018 -0.022 -0.027 0.012 -0.008
TPWV, 2 ..
h.5 -0.227 -0.011 -0.008 -0.011 -0.015 -0.005 -0.001
h, 1 -0.318 0.007 -0.002 0.010 0.003 0.001 0.003
TPWV, 6
h,.5 -0.213 -0.014 -0.006 -0.002 -0.001 -0.001 0.005
325 3.4 Residuals of lapsegpyy model
326 The lapsegpyy residuals as the difference between the model-predicted and measured values as is shown in
327 the sections above are shown in Fig. 6. We can see that, there are no pieces of very high or very low residuals in
328 each of six TPWV, at all six stations. Most of the residuals in each subfigure distribute around O in an
329 approximately symmetrical pattern, with approximately constant and uniform diffusion across the left and right,
330 meaning that the residuals are random, hence the fitting performance of the new model is reasonable.
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Fig. 6 Histogram of the residual distribution of lapsegpyy models in six TPWV, 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).
331 4 Evaluation of lapsegpyy model
332 To validate the aforementioned constructed lapsegpyy models, the H and p,, values for each doy in 2018
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and 2019 predicted by the models (named H,, doy and P gy respectively) were compared against the Hg,,, and
Pwaoy reference values in the same two years using the procedure introduced in Section 3.1. The model results
were also compared with that two values predicted by the commonly used H model, named Hy ,, v and Pwitgoy

respectively. Since there are no global H models are available at present, according to the periodic characteristics
of H (Otarola et al. 2011; Zhang et al. 2015), instead, the coefficients of the periodic model of A over each station

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

was adopted). The validation process is as follows.
(1) Validation of model-predicted H,, doy and Hy "
According to the Rel-TPWV of TPWV,,,,, relative to TPWV,. on the same doy at a station site, the periodic

function coefficients in each h, within the corresponding TPWYV, were selected, and the doy in 2018 and 2019

were used as the input of equation (18) to calculate the lapsegpyy, , value for the doy. Then Hp, doy WS
calculated by the lapsegpwy ;. at the surface using equation (15). Hy, oy ON the same doy in 2018 and 2019

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

(2) Validation of model-predicted Pum oy and Pwi 4oy in two cases below.
Case 1: Pwingoy and Pwit goy resulting from two models and TPWVy,,,.

For the same station site, Pwigoy at the surface and Pwingoy in each h, were calculated using the following

two equations

s - TPW Vo, )
s o Tdoy

Hdoy HHdoy

Pumegyy = ~TPWVaoy  lapserpuyy,, (20)

Then, for the ith sounding height layer, 'DWHiioy and p,, . fz o at height hfioy were calculated by equation (2)

and interpolation between (h,, meZg,) and (h,, pwmgg) (where h,; < hfioy < h,,), respectively.
Case 2: Pim oy and Pwi oy resulting from two models and WVD at a specific altitude.

J

For the same station, Pwmé oy and pwHé oy & height Wioy

were calculated from sziioy at the height hfioy @

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

. . lapse{éPWV
] = 3 e T 'm
medoy deoy lapseépwvm b
pwHéoy = pwfioyexp(_(h(]joy - hfioy)/HHdoy) (22)

where lapsegpyy, and lapse}’;PWVm were obtained by interpolating (A, pwm’;;;) and (h,,, pwmgg), (hys,

meZZ;) and (hy4, meZ(T)‘; ). respectively, where h.q < hfoy, < hyp, e < higy, < Ry, for an example.
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(3) Using the above procedure to obtain Hy, 0y PWin oy Hy doy and Pwit oy for all doys in 2018 and 2019

for each of the 12 stations, then the statistics including annual bias and root mean square error (RMSE) of the
differences between the model-predicted results and reference values were calculated for the models’ performance

indicators. The formulas of the bias and RMSE are

1 n
bias = —Z(Valuemi - Valueri) (23)
ne
1 n
RMSE = EZ(Valuemi - Valuerl.)2 (24)
i=1

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

the number of the samples contained in the statistics.

4.1 Accuracy of H predicted by two models

The annual biases and RMSEs of H,, doy and Hy doy in 2018 and 2019 at each of the 12 stations are shown
in Fig. 7 (a) and (b), where the circular and diamond points denote Hy , oy and H,, doy’ respectively. One can see
that the annual biases of Hy doy of each station showed gradually increasing variation from negative to positive
with the variation of TPWYV,. from 1 to 6, passing through the value of 0 with TPWYV,. from 3 to 4. While the biases
of Hp, doy 1€ slightly greater than 0 at the CHIFENG, BEIJING, ZHANGQIU, and ZHENGZHOU stations, and

that of other stations are around 0.
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Fig. 7 Annual biases (a) and RMSEs (b) of Hy,,, in 2018 and 2019 at the 12 stations predicted from the two models;
(c) Improvement ratio of annual RMSE of H,, doy relative to that of Hy doy in six TPWYV, at each of the 12 stations.

Fig. 7 (b) shows the following (1) in TPWV, 1 and 2, the annual RMSEs of H,, doy Were all smaller than that
of Hy doy & all 12 stations except BEIJING, and the number of stations that had reduced annual RMSE accounted
for 92% of the 12 stations. More specifically, in TPWV,. 1 and at KOWLOON, the RMSE of H,, doy reduced about

14%, which was the minimum among all the stations. The maximum improvement was about 67% at WUHAN.
In TPWYV, 2, the two exceptional values were about 5% at SHENYANG and 63% at NANJING. (2) In TPWV,. 3
and 4, the annual RMSEs of Hy ; , were most less than that in the other TPWYV, at all the stations, and they were

most close to that of H,

Moy Compared against the RMSEs of Hy doy® the number of the stations that had reduced

annual RMSE of H,, doy accounted for 67% and 83% of the 12 stations in the above two TPWYV,., respectively. (3)
In TPWV, 5 and 6, the RMSEs of H,, doy Were all smaller than that of Hy , oy At all stations. The minimum and

maximum improvements were about 8% at CHIFENG and 51% at SHANGHAI in TPWV,. 5, respectively. The
two exceptional values were about 15% at SHENYANG and 55% at WUHAN in TPWYV, 6, respectively. In

addition, the reduction in the annual RMSE of H,, doy in TPWYV, from 1 to 6 at each station also can be observed

from Fig. 7 (¢).

4.2 Accuracy of p,, predicted by two models

For each of the 12 stations, Pwm oy and PWh g0y in 2018 and 2019 were obtained from the two models and
TPWVg4,y and p,, doy’ respectively. Then the results were divided into 10 groups starting from the station height

along the vertical direction with a 1 km interval. Their corresponding reference values obtained from the sounding
data in the same 10 height ranges were used to evaluate the performance of the two models in each height interval.

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

4.2.1 Accuracy of p,, resulting from models and TPWV

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

of Pwin gy AT close to 0 in all 10 height ranges within all TPWV,, and that of Pwii g, all increase from a small

18



392
393

394
395
396
397
398
399
400
401

402
403
404

negative value to 0 with the increase in height within all six TPWV,.. And the annual RMSEs of Pwit goy at these
three stations are at least about 2 times that of [— The bias and RMSE values of the A model at station 5 in
the height range from 1 to 5 are about from —4 to —2.5 g/m?, and from 1 to 4.5 g/m’, respectively. This performance
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
bias and RMSE values vary with the variation of TPWV, from 1 to 6, e.g., the two values in TPWV, 3 and 4 are
less than that in the other TPWV,., which reflects that the A model is only suitable to the normal water vapor state.
Note that since WV content in a low height layer is much larger than that in a high layer, this section mainly
focuses on the results in low height layers. Based on both the bias and RMSE of Pwin oy and Pwi oy resulting
from the two models and TPWV,,,, the new model is obviously superior to the // model in all height ranges

within all six TPWYV,. at all stations (the same results were also found from the other six unlisted stations).
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Fig. 8 Annual biases (a) and RMSEs (b) of Pum oy and Pwit 4oy resulting from two models and TPWV,,,, in

each of 10 height ranges within six TPWV,. at selected six stations.
Due to the difficulty to find the difference between the RMSEs of Pum oy and Pwi 4oy in higher height ranges
in Fig. 8 (b), we counted the improvement ratios of the annual RMSE of P oy relative to that of Pwit oy in the

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

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

ZHENGZHOU, and ZHANGQIU stations; and the results at the other stations were all over 90%.
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in each of 10 height ranges within each of six TPWV, at each of the 12 stations.

408

409
410

411
412

413
414

415
416
417
418

419
420
421
422
423

4.2.2 Accuracy of p,, resulting from models and WVD at a specific altitude

Fig. 10 (a) shows that the annual biases of Pwit oy at all the 12 stations increase gradually with the increase
in the height of p,, doy” and in the height range 2 or above, they are all above 0, which indicates that the H model
only performs well within the height range 1 and all the positive bias values mean systematical overestimation of
the model. In contrast, the biases of Puimgoy in the 10 height ranges all float around the 0 value. In Fig. 10 (b), the
annual RMSEs of the two models at the 12 stations all show a tendency of larger RMSE in higher height ranges,
i.e., the RMSE increases with the increase in the height of p,, doy? with different amounts of increase. Therein, the
minimum increment in the RMSE of [ is 1.5 g/m? (from 3.5 to 5.0 g/m?), and is at GUIYANG, where the
RMSE of [~ is from 1.1 to 3.1 g/m?; the maximum increment is 5.4 g/m® (from 1.7 to 7.1 g/m?) and is at
KOWLOON, where the RMSE of Pum oy is from 1.4 t03.9 g/m>. Noticeably, the RMSE of Pum oy is less than
that of Pwi oy in all 10 height ranges. Compared with the Pwi oy result, the RMSEs of Pum oy at all stations in
each of the 10 height ranges reduce at least 11%, 20%, 43%, 48%, 40%, 38%, 32%, 35%, 32% and 28%, see Fig.
10 (c).

From the above results, it can be concluded that WVD at a lower height has resulted from the model and
WVD at a higher height, while the small variation in the latter WVD (the variation in WVD at a higher height is

small relative to WVD at the lower heights, but is large relative to WVD at the higher heights) has a great impact
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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

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

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

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

WVD at a higher height through the model.
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Fig. 10 Annual biases (a) and RMSEs (b) of Pim oy and Pwit oy resulting from the two models and p,, doy from height

ranges 1 to 10 at each of the 12 stations; (c) Improvement ratio of annual RMSE of Pim oy relative to that of Pwi oy

429 5 Conclusion

430 The atmospheric water vapor in the troposphere varies with time and spatial location. Its vertical distribution
431 presents temporal periodic features and also correlates with its state caused by some meteorological factors e.g.
432 temperature and water vapor pressure. Water vapor scale height H is a common parameter reflecting the
433 characteristics of the vertical distribution of atmospheric water vapor in the troposphere. The vertical distribution
434 of water vapor may not be accurately exponential, since it is also correlative to the water vapor state over the site.
435 In contrast, the traditional method of considering H value, to be either a constant or a periodic function is not a

436  good choice.

437 For better modeling the temporal variation trend in the vertical distribution of water vapor under different
438 water vapor states in the troposphere, in this study, a new function for the vertical variation in water vapor was
439 derived by the ratio of the lapse rate of partial water vapor at any height range to the total precipitable water vapor
440 (TPWYV) over the site, named lapsegpy,y. From the analyses of the lapsegpy, time-series obtained from the 10-
441 year from 2008 to 2017 sounding data over each of selected 12 radiosonde stations in China, it was found that the
442 vertical distribution of the lapsegpy,, not only strongly correlated with the relative magnitude of its corresponding
443 TPWYV at the same time and the same site, but also the lapsegpy,y time-series show a periodic variation pattern in
444 the temporal domain. For quantifying and unifying the standard of the relative magnitude of 7PWV, this study
445 proposed a method that was based on the periodic functions of 7PWV and its standard deviation obtained from
446 the 10-year data to construct six data ranges of TPWV. The vertical distributions of lapsegpy, corresponding to
447 each of the six TPWV ranges (from 1 to 6) were considered as six vertical distributions of water vapor: maximal
448 disturbance, sub-disturbance, normal, normal, sub-saturated, and saturated, respectively. Their corresponding

449 TPWYV ranges are also considered as the same six water vapor states.
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From the investigation of the characteristics of the spatial and temporal variation of the processed 10-year
lapsegpyy time-series in different height ranges within each of six 7PWV ranges, annual and semi-annual
variation cycles were found in all the height ranges within all six 7PWV ranges at all the stations. Thus, a
trigonometric periodic function was adopted for the new model fitting the 10-year lapsegpyy sample data of each
height range within each of six TPWV ranges at each station. The new fitting model was validated by comparing
its prediction against the reference obtained from sounding data in 2018 and 2019 (out-of-sample data). Its results
were also compared with that of the common H model. Results showed that the new lapsegpyy model
significantly outperformed the H model in the following aspects. First, the annual accuracies of H values resulting
from the new model were improved over the H model to various degrees, and the number of the stations that had
reduced annual RMSE of H values in the TPWV ranges from 1 to 6 accounted for 92%, 92%, 67%, 83%, 100%,
and 100%, respectively, of the total stations. Secondly, the proportions of the number of the height ranges that had
reduced annual RMSE of water vapor density (WVD) obtained from the new model and TPWV in all height ranges
within all TPWV ranges were from 75% to 80% at the CHIFENG, BEIJING, ZHENGZHOU and ZHANGQIU
stations; and the results at the other stations were all over 90%. Thirdly, considering all six 7TPWV ranges and all
stations as a whole, the annual RMSEs of WVD obtained from the new model and WV Ds in the height ranges from
1 to 10 reduced at least 11%, 20%, 43%, 48%, 40%, 38%, 32%, 35%, 32%, and 28%, respectively. All results
suggest that, under different water vapor states, the new lapsegpyy fitting model reflects not only the temporal
relationship between the surface WVD and the TPWV of a site but also the vertical distributions of WVDs of
different heights well.
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