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Water Vapor Retrieval Using Commercial Microwave
Links Based on the LSTM Network

Kang Pu”, Xichuan Liu

Abstract—1In this article, a water vapor density inversion model
based on the long short-term memory network is proposed for
E-band commercial microwave links (CMLSs). A full-duplex E-band
microwave link located in Prague (two sublinks with frequencies
of 73.5 and 83.5 GHz, both vertically polarized) was used to verify
the performance of the model. The results show that the model
inversion results are in good agreement with the water vapor den-
sity calculated by temperature and humidity sensors. Compared
with previous water vapor inversion methods based on CMLs, this
model has a higher temporal resolution and can realize real-time
monitoring.

Index Terms—E-band, wireless

communication network.

humidity monitoring,

I. INTRODUCTION

ATER vapor is the only atmospheric component that can
W undergo three phase changes under normal atmospheric
conditions, and its content varies greatly in space (the difference
between the wettest and the driest regions can reach up to five
orders of magnitude) [1]. Water vapor diffusion and transport
are important parts of the water cycle and are crucial to the
formation of various weather processes [2], [3]. In particular,
the occurrence of extreme rainfall is closely related to specific
water vapor transport paths [4], [5]. Approximately 70% of pre-
cipitation comes from atmospheric water vapor in extratropical
cyclones [6]. Additionally, the accuracy of numerical weather
prediction models depends largely on the accurate detection of
water vapor [7]. Therefore, the accurate monitoring of water
vapor is beneficial to the prediction of disastrous weather events.
In addition, water vapor, as a special greenhouse gas, has a
thermal feedback effect that exacerbates the greenhouse effect
[8]. Furthermore, changes in the radiation characteristics of
clouds due to changes in water vapor also have significant effects
on climate models [9].
A variety of humidity measurement methods based on differ-
ent platforms and detection principles have been proposed in the
last century [10]-[12]. Single-point humidity sensors are now
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widely deployed at weather stations around the world [13]. Al-
though these sensors are sufficiently accurate, their spatial rep-
resentation is obviously unable to meet current meteorological
monitoring requirements. Radiosondes with humidity sensors
are generally used to detect humidity with high precision and can
provide humidity profiles with a high vertical spatial resolution
[14]. However, the cost of a radiosonde is high because it can be
used only once, and its temporal resolution and horizontal spatial
resolution are very low. Space-borne infrared or microwave
radiometers are capable of sensing the humidity distribution
across the globe [15], but they do not perform well on land due to
surface temperatures. Moreover, the surface may be obscured by
clouds, making it difficult to monitor the humidity distribution
in the lower atmosphere. Ground-based microwave radiometers
[16] overcome these problems, but these instruments need to be
recalibrated during operation and may be affected by surface
water adhesion.

In recent years, research has been conducted on the use of
commercial microwave links (CMLs) for the monitoring of
meteorological elements [17]-[19], the main principle of which
is that the attenuation of microwave signals recorded by CML
is affected by atmospheric properties along the path. Due to
the near-surface characteristics, high temporal resolution and
wide distribution of readily available equipment, CMLs are a
very effective supplement to traditional methods used to monitor
atmospheric properties [20]. The first focus of research in this
field is to invert the path-averaged rain rate by a rain attenuation
model [21], [22], and then to extend the results to the reconstruc-
tion of rainfall fields [23], [24], the inversion of raindrop size
distributions [25], [26], and the classification of precipitation
types [27], [28]. In addition, David er al. [29] revealed the great
potential of CMLs for fog monitoring and carried out simulation
experiments at frequencies of 20, 38, and 80 GHz. Moreover,
David et al. [30] proposed that the near-surface temperature and
atmospheric pollutants could be detected with CMLs, and an
NOy episode, a PM10 episode, and a fog episode were corre-
spondingly analyzed. Furthermore, David ef al. [31] presented
a new method for water vapor detection using CMLs near the
water vapor absorption band at a frequency of 22 GHz. An effort
was also made to reconstruct the water vapor field at frequencies
of 22 and 86 GHz [32].

The above CML-based water vapor inversion method requires
that a reference received signal level (RSL) be determined in
advance. The reference RSL is usually set to the median RSL
during a few weeks. This approach creates several problems.
First, the reference RSL needs to be constantly updated every
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few weeks, and the water vapor cannot be monitored in real
time. In addition, unlike rain-induced attenuation, the concept
of water vapor attenuation obtained here by subtracting the
reference RSL is not clear and may be more appropriately
referred to as the change in water vapor attenuation. Moreover,
the temporal resolution is only 1 day since only one RSL value
is provided at a fixed time of day; hence, it is obviously difficult
to achieve the high temporal resolution needed for water vapor
monitoring. According to the above paper, this setting is due to
the configuration of the system, and the data sampling interval
can be shortened. However, no inversion results with a higher
temporal resolution have been evaluated. Therefore, it is worth
investigating how to obtain the water vapor content in real time
with a high temporal resolution using CMLs.

With the continuous development of 5G networks, more high-
frequency CMLs [e.g., E-bands (71-76 and 81-86 GHz), which
are defined by the recommended frequency band of operation
of WR12 waveguides] have been deployed around the world to
increase transmission capacity and reduce transmission latency
[33]. Fencl et al. [34] proved that the observed gas attenuation
and theoretical gas attenuation have a high correlation for E-band
CMLs and indicated that the inversion of water vapor is possible
for E-band links spanning several kilometers in length during the
dry period. Based on the above, this article proposes a real-time
water vapor density monitoring method with a high temporal
resolution based on the long short-term memory (LSTM) net-
work using E-band CMLs. The rest of this article is arranged
as follows: The next section describes the principle of the water
vapor inversion with E-band CMLs and the open-source data
used in the study. Section III analyzes the relationship between
the water vapor density and feature variables extracted from the
total attenuation of E-band CMLs. The water vapor inversion
model based on the LSTM network is introduced in Section I'V.
Sections V and VI evaluate the performance and error sources,
respectively. Section VII tries another variant of the network and
compares its results with those of the LSTM network. Finally,
the conclusion is presented in Section VIII.

II. PRINCIPLE AND DATA

For a terrestrial microwave link, the total signal power loss
(dB) along the link can be calculated as follows:

Atotal = TSL+ Gr + Gr — RSL (1)

where TSL (dBm) and RSL (dBm) are the transmitted and RSLs,
respectively, and G 7 (dBm) and G r (dBm) are the antenna gain
at the transmitting and receiving terminals, respectively. Aiotal
is mainly composed of the following parts:

Atotal = Aspace + Adry + Avapor + Ahydro + Awa + Aother

2
where Agpace (dB) refers to the free space attenuation; Aqyy (dB)
refers to the dry air attenuation (for millimeter-wave bands,
the main absorbing gas is oxygen); Avapor (dB) refers to the
water vapor attenuation; Ayyq4r, (dB) refers to the attenuation
caused by hydrometeors, such as raindrops, snowflakes, and fog
droplets; Ay, (dB) refers to the wet antenna attenuation; and
Aother (dB) refers to the additional attenuation caused by the
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Fig. 1. Dry air attenuation at temperatures ranging from —20 to 40 °C and
atmospheric pressures ranging from 950 to 1060 hPa (according to the ITU-R
P.676-10 recommendation) for frequencies from 1 to 100 GHz. Solid line refers
to the dry air attenuation when temperature is 15 °C and atmospheric pressure is
1013.25 hPa. Blue-shaded region refers to the range of dry air attenuation when
temperature is ranging from —20 to 40 °C and pressure is ranging from 950 to
1060 hPa.

instrument itself, for example, corresponding to the stability and
quantitative resolution of the equipment. For fixed links, A¢pace,
Adry, and Agner can be regarded as constants in the range of
normal surface temperatures and pressure changes (except near
the oxygen absorption band of 60 GHz, as shown in Fig. 1). In
addition, the influences of Ay,yq,, and A, can be ignored during
the dry period. Therefore, water vapor attenuation during the dry
period can be expressed as

Avapor = Atotal — constant (if dry period) 3)

where constant stands for a constant. According to (3), during
the dry period, the fluctuation of A, is actually caused by a
change in the water vapor content. However, due to the influence
of noise, the appropriate bands need to be chosen to extract
the water vapor attenuation from Atota;. As shown in Fig. 2,
the attenuation value of water vapor is far less than that of dry
air (less than one-tenth) at approximately 60 GHz. Therefore,
the inversion of water vapor at approximately 60 GHz will be
affected immensely by noise, and thus, unsatisfactory results will
be obtained. Outside this frequency range, when the frequency is
greater than 70 GHz, the water vapor attenuation will obviously
exceed the dry air attenuation; this is the appropriate frequency
band for the theoretical inversion of the water vapor content.
The same occurs at frequencies below 50 GHz, especially in
the water vapor absorption band near 22 GHz. In addition, the
water vapor attenuation at frequencies greater than 70 GHz is
relatively more sensitive to the water vapor density than that near
22 GHz (the value of the attenuation caused by the same water
vapor density change varies more at the former), which means
that frequencies greater than 70 GHz are more suitable for water
vapor inversion than those near 22 GHz.

The method employed to invert the water vapor density in this
article is based on a bidirectional E-band microwave link. The
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Fig. 2. Water vapor attenuation at different water vapor densities for frequen-
cies from 1 to 100 GHz (the dashed line represents dry air attenuation at a
temperature of 15 °C and an atmospheric pressure of 1013.25 hPa).

measured data are from the open-source data shared by Fencl
et al. [34]. These links are located in the southeastern suburb of
Prague, the capital of the Czech Republic. There are a total of six
E-band links of different lengths with full-duplex configurations;
we selected one of these links, ID 1147_1148. The link length
is 4.866 km. The sampling time of both the receiving terminal
and the transmitting terminal is approximately 10 s, and the
quantization resolution is 0.1 dB. The two terminals of the link
transmit and receive vertically polarized microwave signals at
73.5 GHz (Link 1148) and 83.5 GHz (Link 1147), respectively.
Both the RSL and the TSL are recorded by custom software. For
the convenience of processing, the sampled data were integrated
to a 1-min temporal resolution. The data were recorded from
August 20 to December 16, 2018 (119 days), with 37 days of
rain. The dry periods between rainy periods were extracted for
the inversion of water vapor. Dry events with a duration of less
than 1440 min were excluded, and the data of the first 5 h of
each dry period event were deleted to prevent the influence of
the wet antenna effect that remains after rain. After the above
processing, a total of 21 dry period events were obtained, as
shown in Table 1.

In addition, one end of the link is equipped with humidity and
temperature sensors, whose temporal resolution is 5 min. Since
the humidity sensor records the relative humidity RH, it needs
to be converted into the water vapor density p (g m~?) through
the following equation:

p=¢e/(R, (t+273.15)) = (RH- E)/(R, - (t +273.15))
)
where e (Pa) refers to the water vapor pressure; R, [J/(kg-K)]
refers to the specific gas constant of water vapor; ¢ (°C) refers
to the temperature in Celsius; and E (Pa) refers to the satura-
tion water vapor pressure, which can be obtained by Magnus’s
empirical formula [35]:

E = Fyl0%+ 5)

where Ey) = 6.11 hPa, a = 7.5 °C, and b = 237.3 °C.
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TABLE I
TWENTY-ONE DRY PERIOD EVENTS

Number Period (MMDD HH:mm)
0820 05:00 ~ 0823 23:00
0824 15:00 ~ 0831 22:00
0903 12:00 ~ 0907 09:00
0907 15:00 ~ 091312:00

1
2
3
4
5 0914 09:00 ~ 0915 05:00
6
7
8
9

0915 12:00 ~ 0921 18:00
0922 05:00 ~ 0923 10:00
1002 02:00 ~ 1003 07:00
1003 15:00 ~ 1022 18:00

10 1023 00:00 ~ 1024 04:00
11 1024 19:00 ~ 1027 04:00
12 1030 11:00 ~ 1102 19:00
13 1103 22:00 ~ 1119 08:00
14 1119 14:00 ~ 1120 13:00
15 1121 18:00 ~ 1124 08:00
16 1125 12:00 ~ 1128 09:00
17 1128 15:00 ~ 1201 12:00
18 1204 14:00 ~ 1208 02:00
19 1208 08:00 ~ 1209 17:00
20 1210 04:00 ~ 1211 09:00
21 1212 17:00 ~ 1216 00:00

III. ANALYSIS OF FEATURES

According to (3), the change in the water vapor attenuation
during the dry period is actually approximately equal to the
change in the total attenuation. Therefore, information on the
water vapor content is contained in the total attenuation. Setting
the time step Az as 5 min, dry period event i (Event;) can be seen
as numerous small time series of 5 min each:

Event,; = {series; 1, series; o, ..., series; g, . . . , series; , }
Seriesi,k = {Atotal,(i,5k—4)a Atotal,(i75k—3)7 ceey Atotal,(i,f)k)}
i=1,...,21;k =1,2,...,n;n= [number(Event,) /5]

(6)
where number(Event,) refers to the number of minutes of Event,.
For series; 1, the following characteristics can be extracted:

Median; , = MEDIAN((series; 1)
Std; , = STD(series; 1)
Max; ,, = MAX(series; 1)
Min, , = MIN(series; x)
Slope; , = SLOPE(series; 1) (7

where MEDIAN, STD, MAX, MIN, and SLOPE refer to the me-
dian function, standard deviation function, maximum function,
minimum function, and slope function (obtained by first-order
least square fitting), respectively. In addition, since water vapor
has a daily variation, the daily time label (Timelabel, ;) corre-
sponding to series; ;, can also be defined as a feature variable (for
a time step of 5 min, the time label of a day can range from 1 to
288). Fig. 3 shows 2-D scatterplots of the water vapor density
versus the several feature variables mentioned above for both
sublinks. It can be seen from the figure that Median [Fig. 3 (a)
and (b)], Max [Fig. 3 (e) and (f)], and Min [Fig. 3 (g) and (h)]
have obvious positive correlations with p for both 73.5 and 83.5
GHz, so they are all helpful features in the water vapor density
inversion. In addition, although the scatters are more dispersive
[Fig. 3(m)], p fluctuates with Timelabel in the intermediate
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Fig. 3. 2-D scatterplots of six statistical features [(a) and (b) median (dB), (c)

and (d) standard deviation, (e) and (f) maximum, (g) and (h) minimum, (i) and
(1) slope, and (m) time label)] and water vapor density p (g m~3) with a 5-min
time step for both 73.5 and 82.75 GHz.

region, which verifies the diurnal variation characteristics of
water vapor. Furthermore, Std [Fig. 3 (c) and (d)] and Slope
[Fig. 3 (1) and (1)] are not very sensitive to changes in p, so they
seem to be of little help in the retrieval model with no memory
function.

4333

IV. MODEL BASED ON THE LSTM NETWORK

Unlike the high temporal variability of the rain intensity, the
water vapor density changes relatively slowly. Correspondingly,
different from the rapidity of the change in rain-induced attenua-
tion, the change in water vapor attenuation also occurs relatively
slowly. The water vapor density at the previous moment must
affect the water vapor density at the current moment. Therefore, a
memory module must be introduced into the water vapor density
inversion model. According to Section III, the water vapor den-
sity is correlated with Median, Max, Min, and Timelabel, while
the correlations with Std and Slope are not obvious. However,
for the model with memory, the changes in Slope and Std over
time can reflect the trend and fluctuation of the water vapor
density over time, so we also take Slope and Std as features. For
dual-frequency link 1147_1148, the feature extracted at the kth
time step of the ith dry period event is as follows:

Feature; ,, = [Feature,; 1 73.5, Feature; j g3.5, Timelabel, 1]

(8)
where
Feature;  73.5 = [Median; 1 73.5, Std; k,73.5, - . - ©)
Max; i 73.5, Min; 735, Slope; x.73.5]
Featurei,k783_5 = [Mediani,hggj, Stdi7k783.5, . (]O)

Max; i 83.5, Min; 3.5, Slope; k.83.5]-

A model with a memory mechanism, namely, the Hopfield
network, was previously proposed [36]. On this basis, a recurrent
neural network (RNN) that can process serial data was developed
[37]. Through the feedback connection of internal neurons,
RNNSs can handle time series or text series problems well [38].
However, RNNs do not have long-term memory, and gradient
vanishing may occur in the RNN training process, which limits
the performance of the model. The LSTM network, an improved
model, solves these problems by introducing gate functions [39].
As shown in Fig. 4, each memory cell consists of three gates. The
first is the forget gate, which realizes the selective inheritance
of past memories:

Fi, = o(We|[p; -1, Feature; ;| + br) (11)

where p; ;. ; (Feature; ;) corresponds to the hidden state (input
feature) of the previous (current) time step; Wy and by are the
weight and bias of the forget gate, respectively; and o is the
sigmoid function with an output from O to 1, which is used to
filter the cell state Cy_ ; of the previous time step. The second
gate is the input gate that determines which parts of the current
information are stored in the memory cell:

I, = U(Wj[pi7k_1,Featurei7k] + b]) (12)

~

C = tanh(W¢[p; k-1, Feature; 1] + b¢e)
k

13)

where W; (W) and by (D) are the weight and bias of the input
gate, respectively. Thus, the current state of the memory cell is
updated as follows:

Ck:Fk*Ckfl'i‘Ik*évk. (14)
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current, and later time steps. Arrows represent the flow of data.

Finally, the output gate outputs the current hidden state based
on the current cell state and input information:

pi,i, = 0(Wolpi k-1, Feature; 1] + bo) * tanh(Cj)  (15)

where Wo and b are the weight and bias of the output gate,
respectively. Dry period events 6 and 9 were selected as the
test set, and the other events were selected as the training set.
The network contains an LSTM layer with 400 hidden units,
a full connection layer of size 100, and a discard layer with a
probability of 0.5.

V. PERFORMANCE EVALUATION

To evaluate the performance of the water vapor density in-
version model based on the LSTM network, some evaluation
indexes need to be calculated. Here, the Pearson correlation
coefficient (dimensionless), root-mean-square error (g m~>),
mean bias (g m~?), and relative absolute bias (dimensionless)
are used:

pPCC

n
Z (plstm,k - ﬁlstm)(ﬂscnsor,k - ﬁscnsor)
k=1

(

n

(plstm,k - ﬁlstm)g)l/z( Z (psensor,k - ﬁsensor)Q)l/2

M=

k=1 k=1
(16)
n 5 1/2
>~ (Pistm,k — Psensor,k)
RMSE = | =L (17)
n
Z (plstm,k - psensor,k)
MB = = (18)
n
1 B
RAB — — Z Plstm,k — Psensor,k . (19)

n

h—1 psensor,k

Fig. 5 shows the water vapor inversion results in two dry
period events as the test set. For event 6, except for a few areas,
the water vapor density pis,,, obtained by the inversion model

F eature,

Schematic diagram of the water vapor density inversion model based on the LSTM network. Three rectangles represent the memory cells of the previous,

TABLE I
PEARSON CORRELATION COEFFICIENT (PCC), ROOT-MEAN-SQUARE ERROR
(RMSE), AND MEAN BIAS (ME) OF ppsrty RELATIVE TO psensor

Period PCC RMSE (gm?) MB (gm?) RAB
15" Sep to 21 Sep 0.9065 0.7338 0.2259 5.49%
3" Oct to 22™ Oct 0.7853 0.8988 0.3966 8.22%

based on the LSTM network has good consistency with the water
vapor density psensor calculated from humidity and temperature
sensor measurements (PCC = 0.91), which is slightly overes-
timated (RMSE = 0.73 g m—3, MB = 0.23 g m—>, RAB =
5.49%) (as shown in Table II). For event 9 (time span of 19
days), the water vapor density inversion results are worse (PCC
= 0.79, RMSE = 0.90 ¢ m3, MB = 0.40 g m—>, RAB =
8.22%) (as shown in Table IT). For some uplift areas, although the
inversion model may overestimate the water vapor density, the
overall water vapor density trend can still be tracked effectively.
This result corresponds to the analysis of Fencl er al. [34], who
suggest that the theoretical and observed gas attenuations are
more consistent in summer than in autumn (the possible reason
is that water vapor is more abundant in summer).

VI. ERROR SOURCE

According to Section V, the water vapor inversion model
in this article contains some sources of error. First, the mea-
surement error of the humidity sensor itself may lead to some
deviations in the observed water vapor density. Additionally,
since the humidity sensor is a single-point instrument, whether
it can represent the path-averaged water vapor content remains to
be verified. In addition, the stability of the microwave transmitter
and receiver will also affect the evaluation. The performance
of the device can be altered by mechanical vibrations (strong
winds) or by changes in temperature and humidity. Moreover, the
quantification error cannot be ignored. For the links used in this
article (quantization level of 0.1 dB and path length of 4.866 km),
the uncertainties range from 0.30 to 0.74 g m~3 and from 0.27
to 0.59 g m~3 for 73.5 and 83.5 GHz, respectively. Increasing
the link length will reduce the quantization error. Furthermore,
although we excluded rainy periods and the subsequent 5 h to
prevent the wet antenna effect, the influences of fog and dew are
difficult to eliminate without the support of other observational
data.
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Two dry periods [from 12:00 on September 15th to 18:00 on September 21th (a) and from 15:00 on October 3rd to 18:00 on October 22nd (b)]. Blue line

represents the change in the water vapor density calculated from humidity and temperature sensor measurements with time, and the red line represents the change
in the water vapor density obtained by the inversion based on the LSTM network with time in this study.

VII. DISCUSSION

By determining the attenuation baseline (usually set to the
median RSL during a few weeks), David et al. [31] used two
microwave links with frequency points around 22 GHz (respec-
tively, located in northern Israel and central Israel) to invert the
change of water vapor density during about one month. The two
link measurement results are PCC =0.9, RMSE=1.8 gm’3, and
PCC = 0.82, RMSE = 3.4 g m 3, respectively. Relatively, the
effect of water vapor density inversion using E-band microwave
link based on LSTM network in this article may be better. In
addition, the inversion method of water vapor density using
the median RSL value of several weeks as the reference level
cannot deal with these short time events. In this respect, the
method proposed in this article has obvious advantages, which
can obtain water vapor density information at high resolution in
real time.

Due to the limited data available, this article can only use dry
period events as shown in Table I to build and validate the model,
which means that the model only performs well in late summer to
early winter in mid-latitude regions, while other conditions have
yet to be tested. In the future, with the continuous accumulation
of experimental data (in addition to a longer period of time,
sample collection experiments under different climate, terrain,
and weather conditions will also be carried out), the training cost
of inversion model will also increase continuously. In addition
to using high-performance computers to solve computational
problems, areasonable improved algorithm is also helpful for the
further popularization of this method. A variant of LSTM: gated
recurrent unit (GRU) [40] seems to be beneficial. By combining

Pik
Piia '
e

Feature, .

Fig. 6. Schematic diagram of single memory cells for the water vapor density
inversion model based on GRU network. Arrows represent the flow of data.

the forget gate and the input gate into a single update gate and
some other changes, the final model is similar to LSTM, but
with one-third fewer parameters, significantly faster training and
less over-fitting. Structurally, the GRU has only two gates (reset
gate and update gate). Fig. 6 shows the schematic diagram of
single memory cells for the water vapor density inversion model
based on GRU network. The reset gate is used to determine what
information from the past needs to be forgotten:

Ry, = 0(Wr[p; y—1, Feature; ;| + br) (20)

where Wg and by are the weight and bias of the reset gate, re-
spectively. The update gate controls the extent to which previous
hidden state is carried into the current hidden state

Zy, = o(Wz[p; k-1, Feature; ] + bz) 21
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Fig. 7. Two dry periods [from 12:00 on September 15th to 18:00 on September 21th (a) and from 15:00 on October 3rd to 18:00 on October 22nd (b)]. Blue line

represents the change in the water vapor density measured by the sensor with time, and the red line represents the change in the water vapor density obtained by

the inversion based on the GRU network with time in this study.

TABLE III
PEARSON CORRELATION COEFFICIENT (PCC), ROOT-MEAN-SQUARE ERROR
(RMSE), AND MEAN BIAS (ME) OF pary RELATIVE TO pspnsor

Period PCC RMSE(gm?) MB(gm® RAB
15" Septo 21¥Sep ~ 0.9215 0.6831 0.2583 4.61%
340ct 1022 Oct  0.8316 0.7786 0.3867 7.11%

where Wz and b, are the weight and bias of the update gate,
respectively. Instead of using cell states, the GRU uses hidden
states to transmit information:

pik = Pik * Z + pig—1* (1 — Zy) (22)

where p; i, = tanh(W,[p; x—1 * Ry, Feature; 1] +b,), W, and
b, are the weight and bias of the GRU unit.

In order to compare the results of water vapor density in-
version by LSTM network and GRU network, single memory
cell as shown in Fig. 6 were used to replace the memory cells
as shown in Fig. 4, and other network parameters were set
unchanged. In addition, the data used in the training and testing
of the water vapor density inversion model based on GRU
network is the same as that based on LSTM network. Table III
shows the test results. Through the analysis, it can be seen
that the GRU network and LSTM network have basically the
same effect in the inversion of water vapor density. In addition,
the water vapor density tracking curves of the two test dry
period events based on the GRU network in Fig. 7 also show
a good agreement with the measured results of humidity sensor.
Furthermore, the water vapor density tracking curve based on

GRU network is smoother than that based on LSTM, which
may be corresponding to the less over-fitting of GRU network
mentioned above. In fact, LSTM and GRU networks are not
clearly superior to each other in terms of performance. LSTM
networks may perform slightly better when the volume of data
is very high. The GRU has fewer parameters, trains faster, and
requires less data. However, considering the small fluctuation
of the values of evaluation indexes for each training result, this
difference is not very significant.

VIII. CONCLUSION

In view of the existing problems facing the inversion of
water vapor based on CMLs, this article proposes a water vapor
density inversion model based on the LSTM network using
dual-frequency E-band CMLs. The proposed model has the ad-
vantages of a high temporal resolution and real-time monitoring,
which has the potential to be an operational product providing
water vapor density data every 5 min (the one set in this article
according to the reference humidity sensor resolution, or other
time steps can be set according to the actual situation). The
results show that the inverted water vapor density obtained by the
model is in good agreement with that calculated from humidity
and temperature sensor measurements. In addition, the water
vapor density inversion model based on GRU is compared with
that based on LSTM.

As E-band CMLs (as part of the new 5G network) are widely
distributed in urban areas, meteorological information monitor-
ing technology based on CMLs will present new development
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opportunities. Compared with previous CMLs operating in the
range of 10 to 40 GHz, E-band CMLs are more sensitive to me-
teorological elements such as the rain rate, raindrop size distri-
bution, and water vapor [34]. With continuous improvements in
the reconstruction technology of different meteorological fields
based on CMLs in the future, these instruments are expected to
provide indispensable support for global weather monitoring.
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