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Abstract. We compare the precipitable water vapor (PWV) determined using a domestic
ground-based microwave radiometer (MWR PWV) with PWV measurements from radiosondes
(RS PWV), the Global Navigation Satellite System (GNSS PWV), and reanalysis from the
European Centre for Medium-Range Weather Forecasts (ECMWF) (EC PWV). The MWR
PWV is affected by precipitation, and thus it differs greatly from the other three observations.
The correlation coefficient between the MWR PWVand RS PWV (EC PWV) is 0.934 (0.933),
and the root mean square error (RMSE) is 17.19 mm (16.05 mm), whereas the correlation coef-
ficient between the GNSS PWV and RS PWV (EC PWV) is 0.989 (0.986), and the RMSE is
17.04 mm (15.83 mm). The scatter distributions of the MWR PWV and the other observations
show a systematic deviation that is negatively correlated with the surface air temperature. After
polynomial fitting and corrections are applied, the correlation coefficients between the MWR
PWV and the RS PWV and EC PWV increase to 0.993 and 0.99, and the RMSEs decrease to
14.13 and 15.86 mm, respectively. The temperature and water vapor density profiles are retrieved
from the bright temperature and can reflect the quality of the bright temperature. Because the
PWV retrieved from the ground-based MWR has a linear relationship with the brightness tem-
perature, the accuracy of the PWV can be analyzed in terms of the quality of the brightness
temperature. We found that the differences in the temperature profile below 2000 m are smaller,
whereas those in the water vapor density profile below 2000 m show the largest difference. This
finding reflects the differences in the brightness temperature, which may be the cause of the
inaccurate PWV observations. © The Authors. Published by SPIE under a Creative Commons
Attribution 4.0 Unported License. Distribution or reproduction of this work in whole or in part requires
full attribution of the original publication, including its DOI. [DOI: 10.1117/1.JRS.14.044514]
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1 Introduction

Water vapor is one of the main factors affecting the atmospheric greenhouse effect.1–3 Changes in
water vapor strongly affect the water cycle, aerosol composition, and cloud formation.4 Water
vapor is also the main driving force of weather and climate change5,6 and plays a significant role
in the formation and evolution of strong, local convective weather systems.7 In addition, through
the absorption and release of latent heat, the water cycle contributes to energy redistribution on
Earth and affects the general and local circulation.1,8,9 The accurate measurement of water vapor
to better understand the water cycle has been challenging.

Although the temperature and dew point measured by radiosonde (RS) are the standard
sources of data for deriving water vapor values, the global RS network is sparse, unevenly dis-
tributed,10 and expensive to operate; thus, its contribution to numerical model analysis and
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precipitation prediction is limited. Lidars can observe the vertical water vapor profile; however,
their effective range is limited by the presence of clouds.11 At the end of the 20th century,
ground-based remote sensing instruments, such as those of the Global Navigation Satellite
System (GNSS)12,13 and ground-based microwave radiometers (MWRs),14,15 were used for the
continuous monitoring of atmospheric parameters such as the precipitable water vapor (PWV) at
a high temporal resolution ranging from seconds to minutes, which is critical to improving the
accuracy of the numerical prediction of precipitation.16

MWRs use microwave radiation in the 22- to 200-GHz frequency band to measure the water
vapor density and temperature profiles from the surface to a height of 10 km. The temperature
distribution is obtained by measuring the radiation intensity or brightness temperature of oxygen
near 60 GHz, whereas the water vapor profile is derived using the intensity and shape of the
radiation from vapor in the resonance zone at 22 GHz (for wet air) and 183 GHz (for dry air).17

The observation is continuous, with a time step of less than 3 min, which is important for observ-
ing rapid changes in temperature and humidity associated with the precipitation process18 in
microscale and mesoscale weather phenomena.18,19

The advantages of the GNSS signal include its high spatial and temporal resolution, all-
weather monitoring capability, extensive observation area, and low cost.20 The GNSS signal
is refracted and delayed as it passes through the troposphere, and the PWV can be obtained
when the refractivity is calculated from the GNSS signal delay.21 Rocken et al.12,22,23 reported
a root mean square error (RMSE) of 1 to 2 mm between the GNSS PWV and MWR PWV,
demonstrating that the total PWV values obtained by the two instruments are relatively similar.
Businger et al.24 summarized a method of acquiring the PWV from a GNSS receiver while veri-
fying the accuracy of the GNSS PWV using the MWR PWV and RS PWV.

In this study, we compare the PWV, temperature profile, and water vapor density profile
retrieved from a domestically produced MWR during the Ultra-Urban Vertical Integrated
Meteorological Observation Technology Research and Experiment project to the RS, GNSS
Meteorology (GNSS/MET), and European Centre for Medium-Range Weather Forecasts
(ECMWF) reanalysis of the same location. This comparison allows us to quantitatively evaluate
the accuracy of the PWV obtained from the domestically produced MWR and propose a cor-
rection algorithm for its PWV deviation, which provides a reference for domestic manufacturers
to improve the moisture measurement performance of MWRs. It also provides a baseline for the
future use of the MWR-derived atmospheric vertical humidity distribution in China.

2 System Description and Data Processing

2.1 System Description

The MWR used in this project, HTG4, was produced by China Airda Electronic Equipment Co.,
Ltd. and was installed to observe the vertical and horizontal distributions of meteorological ele-
ments in the atmosphere as well as the cloud form, ceiling, and clear air turbulence,25,26 as shown
in Fig. 1. HTG4 uses the observed brightness temperature data to obtain the vertical profiles of
temperature, humidity, water vapor, and liquid water, with a total of 93 layers originally, from the
surface to a height of 10 km, by neural network retrieval. In this study, we use 47 layers after
quality control.

Although MWRs have good detection capability in clear air,16,27,28 temperature profile and
humidity profile retrieval under cloudy conditions are limited and sometimes even ineffective.29

The primary reason is that the infrared radiometer component of an MWR can obtain only the
infrared radiation temperature of the air. Therefore, we combine a domestically manufactured
millimeter-wave cloud radar (MWCR) called Xiang Yun30,31 with the MWR to reduce the tem-
perature and humidity errors.32 The MWCR, as shown in Fig. 1, uses a Cassegrain antenna with a
circular parabolic reflector to radiate millimeter-wave signals and then receives the scattered
signals from the targets.33

The RS used in this study, which was launched at the Southern Suburbs Observatory in
Beijing, uses an L-band GTS1 digital sonde, which combines pressure, temperature, and humid-
ity sensors and is tracked by high-altitude radar. The co-located GNSS/MET device is a LEICA
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GRX1200+ GNSS receiver manufactured by Leica, Switzerland. The PWV is retrieved using the
GAMIT34 software developed by the Massachusetts Institute of Technology, and we set a sat-
ellite constraint of 0.01 to represent a relative accuracy of 10−8. The coordinate constraints of the
local station are 1, 1, and 2 m, and those of the tracking station are 0.05, 0.05, and 0.1 m, respec-
tively. These values are smaller than those of the target station.35 Furthermore, this study uses the
total column water vapor with a grid accuracy of 0.125° × 0.125° from the ERA Interim dataset
of the ECMWF reanalysis.

The data used in this study consist of continuous MWR observations from 00:00 on January
1, 2018, to 00:00 on December 24, 2018 (Beijing time, UTC+8). In the same period, a total of
529 RS PWV, 449 GNSS PWV, and 531 EC PWV data were collected. The PWVobtained from
the four data sources in different seasons and under different weather conditions are compared
and analyzed. We quantitatively analyze the difference between the MWR PWV and the other
three observations and propose a correction algorithm. In addition, we use the temperature and
water vapor density profiles obtained from the RS and ECMWF in May 2019 to analyze the
accuracy of the bright temperature observed by the MWR and then study the source of the
differences in the PWV observed by the ground-based MWR.

2.2 Data Processing

2.2.1 PWV retrieval from GNSS/MET

The GNSS signal is transmitted through the atmosphere along a curve owing to atmospheric
refraction, and its speed is lower than that in vacuum.36 The total delay distance ΔL is related
to the refractivity as follows:37

EQ-TARGET;temp:intralink-;e001;116;171ΔL ¼
Z
s
Nds; (1)

whereN is the atmospheric refractivity and is expressed in terms of the atmospheric properties as
follows:

EQ-TARGET;temp:intralink-;e002;116;104N ¼
�
−4.03 � 106 ne

f

�
þ
�
77.6

Pd

T

�
þ
�
70.4

Pv

T
þ 3.739

Pv

T2

�
; (2)

Fig. 1 (a) Location of the Southern Suburbs Observatory in Beijing (red star). (b) HTG4 MWR.
(c) MWCR.
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where ne is the electron density in the atmosphere, f is the frequency of the electromagnetic
wave, Pd is the pressure of dry air, Pv is the pressure of humid air, and T is the atmospheric
temperature. The first two terms can be subtracted from the total delay to obtain the total wet
delay ΔLw. The relationship between the zenith wet delay (ZWD) and total wet delay is given by

EQ-TARGET;temp:intralink-;e003;116;687ZWD ¼ ΔLw cos θ; (3)

where θ is the zenith angle. The vertical (z) total water vapor in the atmosphere is

EQ-TARGET;temp:intralink-;e004;116;644PWV ¼
Z

ρvdz; (4)

where ρv is the water vapor density in the air.
Bevis et al.37 proved that the ZWD is related to the PWV as follows:

EQ-TARGET;temp:intralink-;e005;116;577PWV ¼
Y

�ZWD; (5)

where Π is a mapping function that can be calculated as follows:

EQ-TARGET;temp:intralink-;e006;116;530

Y
¼ 106

ρRv

�
k3
Tm

þ k2 − ωk1

� ; (6)

where k1, k2, k3, and ω are the physical constants, ρ is the water vapor density, Rv is an atmos-
pheric constant related to the water vapor, and Tm is the average temperature of the atmosphere,
which is related to the ground temperature and the vertical structure of the temperature. Tm is
commonly expressed by Braun’s empirical formula:38 Tm ¼ 70.2þ 0.72Ts, where Ts is the
bright temperature of the cosmic background radiation. However, owing to geographical
differences, the Bevis model may produce a systematic deviation between regions. To obtain
the most accurate precipitation according to the water vapor, regression analysis can be used
to establish parameters that are suitable for different regions.

2.2.2 PWV retrieval from RS

In this study, the temperature T in the L-band sounding data and the triple-point temperature of
water are used to calculate the saturated vapor pressure on the surface (Ew), as shown by the
Goff–Gratch formula:

EQ-TARGET;temp:intralink-;e007;116;303

log Ew ¼ 10.79574

�
1 −

T0

T

�
− 5.028 log

T
T0

þ 1.50475 × 10−4
�
1 − 10

−8.2969
�

T
T0
−1
��

þ0.42873 × 10−3
�
10

4.76955
�
1−T0

T

�
− 1

�
þ 0.78614: (7)

Then we use Ew to calculate the actual vapor pressure e:

EQ-TARGET;temp:intralink-;e008;116;217e ¼ Ew

�
U
100

�
: (8)

The water vapor density in the atmosphere, ρvi, is calculated as follows:39

EQ-TARGET;temp:intralink-;e009;116;160ρvi ¼ 216.7679 � e
T
; (9)

Finally, the water vapor density ρvi is accumulated by height to obtain the PWV.
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2.2.3 PWV retrieval from MWR

According to the atmospheric radiation transfer equation, the ground-based MWR uses the
brightness temperature obtained from the channel to remotely measure the atmospheric PWV,
which can be calculated as follows:40

EQ-TARGET;temp:intralink-;e010;116;680TB ¼ TSτð0;∞Þ þ
Z

∞

0

TðzÞ
�
−
dτð0;∞Þ

dz

�
dz: (10)

The above equation can be rewritten as follows:

EQ-TARGET;temp:intralink-;e011;116;624TB ¼ TSτð0;∞Þ þ Tm½1 − τð0;∞Þ�; (11)

where TðzÞ is the temperature at height z, and τð0;∞Þ is the atmospheric transmittance.

EQ-TARGET;temp:intralink-;e012;116;581Tm ¼
R
1
τð0;∞Þ TðzÞdτð0; zÞ

1 − τð0;∞Þ : (12)

To remove the effects of precipitation, the atmospheric permeability, which is affected mainly by
the PWV and liquid water content, can be expressed as

EQ-TARGET;temp:intralink-;e013;116;509τð0;∞Þ ¼ τVð0;∞Þτð0;∞Þ ≈ e
V
V0 � e L

L0 ≈
�
1 −

V
V0

��
1 −

L
L0

�
; (13)

where A and B are the water vapor transmission rate and liquid water transmission rate, respec-
tively, V is the PWV, and L is the liquid water content. V0 and L0 are constants and are deter-
mined by the frequency of the ground-based MWR. Substituting Eq. (13) into Eq. (11) gives

EQ-TARGET;temp:intralink-;e014;116;428TB ¼ TS þ ðTm − TSÞ
�
V
V0

þ L
L0

�
: (14)

The brightness temperature received by the ground-based MWR is linearly related to V in certain
frequency bands. Using the observations of the ground-based MWR at more than two frequen-
cies, V can be obtained as

EQ-TARGET;temp:intralink-;e015;116;347V ¼ A0 þ A1TB1 þ A2TB2; (15)

where TB1 and TB2 are the brightness temperatures received in two channels of the ground-based
MWR, and the coefficients A0, A1, and A2 are calculated by statistical regression using historical
RS data.

We obtained the water vapor density profile from the MWR data, which is equivalent to that
from the RS.41

3 Results

3.1 Analysis of Retrieved PWV

3.1.1 Comparison of PWV results

Figure 2 shows the monthly diagram of PWV retrieval from the MWR, RS, GNSS/MET, and
ECMWF reanalysis from 00:00 January 1, 2018, to 00:00 December 24, 2018 (Beijing time).
The RS PWV, GNSS PWV, and EC PWV are correlated, whereas the MWR PWV has outliers
owing to precipitation, which appear mainly in the summer (April to September). By contrast,
the differences in the PWV from January to March and from November to December are smaller,
and the correlations among the PWV results from all the sources are better. The precipitation data
at 6-h intervals are added and show that the outliers appear during precipitation. A preliminary
analysis suggests that precipitation forms a water film on the radome on the MWR, which

Hu et al.: Multi-sensor study of precipitable water vapor and atmospheric profiling. . .

Journal of Applied Remote Sensing 044514-5 Oct–Dec 2020 • Vol. 14(4)



Fig. 2 Comparison of the MWR PWV, GNSS PWV, RS PWV, and EC PWV from January to
December 2018. Histograms show the precipitation in (a) January to March, (b) April to June,
(c) July to September, and (d) October to December.
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contaminates the MVR PWV data; in addition, the retrieval of the MWR data does not take into
account the scattering, emission, and absorption effects of the rain.39

Figure 3 shows the monthly average and standard deviation of the MWR PWV, GNSS PWV,
RS PWV, and EC PWV from January to December 2018. The MWR PWV and EC PWV are
lower than those from the RS and GNSS from June to September, whereas the PWV data
retrieved from all four instruments are well-correlated in the other months. In addition, the stan-
dard deviations of the MWR PWVand EC PWVare smaller than those of the other two datasets,
indicating that the MWR PWV and EC PWV are more concentrated.

Figure 4 shows the correlations between each pair of datasets. The GNSS PWV is well-
correlated with the RS PWV and EC PWV, as the scatter points are evenly distributed on and
around the fitting line. The scatter points of the MWR PWV, RS PWV, and EC PWV indicate that

Fig. 3 Monthly average and standard deviation of the MWR PWV (orange short-dashed line),
GNSS PWV (blue long-dashed line), RS PWV (black solid line), and EC PWV (green dotted line)
from January to December 2018.

Fig. 4 Scatterplots showing correlations between GNSS PWV and (a) RS PWV and (b) EC PWV.
Scatterplots showing correlations between MWV PWV and (c) RS PWV and (d) EC PWV.
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there is a bias in the MWR PWV. Table 1 shows that the correlation coefficients between the
GNSS PWV and the RS PWV and EC PWV both exceed 0.98, and the correlation coefficients
between the MWR PWV and the RS PWV and EC PWV are 0.934 and 0.933, respectively,
indicating that the correlation between the MWR PWV and the other three observations is
affected by the outliers. The RMSEs between the MWR PWV and the RS PWV and EC
PWV are 17.19 and 16.05 mm, respectively, which are larger than those between the GNSS
PWV and the RS PWV and EC PWV.

The MWR PWV is less stable than the other three PWVs. There are discrepancies between
the PWVs retrieved from the MWR, RS, GNSS/MET, and ECMWF reanalysis, which may be
related to the retrieval algorithm. In addition to the effects of precipitation, the reason may be that
the MWR uses the observed brightness temperature to obtain information on the atmospheric
temperature, water vapor, and humidity using a neural network model that requires many years
of ground and RS observation data. The relative humidity data are calculated indirectly from the
temperature and water vapor density, which may introduce systematic variation.

The monthly mean differences between the MWR PWVand the RS PWV, GNSS PWV, and
EC PWV for all time periods and only for days without precipitation are obtained separately, as
shown in Fig. 5. The solid line represents the results for all time periods, and the dotted line
represents the results for days without precipitation. Figure 5 shows that the monthly mean
differences between the PWV values retrieved from all four datasets are generally greater than
zero from January to March and from November to December, whereas the monthly mean
differences are less than zero and the absolute values are larger from April to September.

We conclude that the MWR observations are drier than the other observations in summer and
wetter in winter. The precipitation data from the station show that the precipitation in the region
occurs mainly from April to September 2018. After the PWV data affected by precipitation
are removed, the absolute values of the monthly mean differences between the MWR PWVand
the other results are larger, because the monthly average of the MWR PWV decreases when the
abnormally large values for the days with precipitation are removed. Figure 5 also shows that the
monthly mean values of the MWR PWV and EC PWV are relatively similar, and the absolute
value of the difference is smaller than the differences between MWR PWVand the RS PWVand
GNSS PWV.

Table 1 Comparison of MWR PWV, GNSS/MET PWV, RS PWV, and EC PWV.

Comparison Correlation coefficient RMSE (mm)

MWR PWV versus RS PWV 0.934 17.19

MWR PWV versus EC PWV 0.933 16.05

GNSS PWV versus RS PWV 0.989 17.04

GNSS PWV versus EC PWV 0.986 15.83

Fig. 5 Monthly mean differences between the MWR PWV and the RS PWV, GNSS PWV, and EC
PWV. Solid lines represent the results for all time periods; dashed lines represent the results for
only the days without precipitation.

Hu et al.: Multi-sensor study of precipitable water vapor and atmospheric profiling. . .

Journal of Applied Remote Sensing 044514-8 Oct–Dec 2020 • Vol. 14(4)



Figure 6 compares the monthly mean differences between the MWR PWV and the other
results for only the days without precipitation and for all time periods. The differences are small-
est from April to September, and the absolute values are distributed mainly between 1 and 2 mm.
Removing the observations of days with precipitation greatly decreases the difference between
the MWR PWV and EC PWV; the maximum difference occurs in September, and the absolute
value is 2 mm. The monthly mean difference between the MWR PWV and GNSS PWV in
August increases after the precipitation data are removed. This result suggests that the
GNSS PWVs for the days with precipitation day were high, and more GNSS/MET observation
data were missing in August. The value of the GNSS PWV is unreliable when the solution is
recovered from insufficient measurements.

3.1.2 Correction of MWR PWV data

First, we obtain the differences between the MWR PWV and the other three datasets after the
impact of precipitation is removed. Figure 7 shows that from January to April and in December
of 2018, the differences between the datasets, most of which are within �3 mm, changed
slightly. During this period, the surface temperature increased from zero to ∼30°C. The
differences between the WMR PWV and the RS PWV and EC PWV are correlated with the
surface temperature.

Second, the absolute value of the average differences between the MWR PWV and the RS
PWV, EC PWV, and GNSS PWVand the RMSEs are calculated at 2°C intervals. Figure 8 shows

Fig. 6 Comparison of the monthly means for only days without precipitation and for all observation
periods. Black: difference between MWR PWV and RS PWV, dark gray: difference between MWR
PWV and GNSS PWV, and light gray: difference between MWR PWV and EC PWV.

Fig. 7 Timing chart of the differences between MWR PWV and RS PWV, EC PWV, and GNSS
PWV and the surface temperature. Green line: difference between MWV PWV and EC PWV,
yellow line: difference between MWV PWV and RS PWV, gray line: difference between MWV
PWV and GNSS PWV, and blue line: surface temperature.
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that the absolute values of the differences between the PWV datasets increase with increasing
temperature. From −11.2°C to 7.7°C, the absolute values of the differences are stable and less
than 2 mm. When the temperature exceeds 7.7°C, the absolute value of the PWV difference
increases, and the RMSE also increases gradually. The largest difference appears around 12°C.
For the sample observed in this project, the PWV difference becomes more significant with
increasing temperature.

Because of insufficient measurements in the GNSS PWV observations, we selected the RS
PWV and EC PWV datasets, which have good data continuity and stability, as a reference to
analyze the differences in the PWV values retrieved from ground-based MWRs. We analyzed the
variation of the differences between the three datasets from May to October 2018 in terms of
the surface temperature and performed polynomial fitting to establish an empirical formula for
the differences.

EQ-TARGET;temp:intralink-;e016;116;276BR ¼ 0.0069T2 − 0.2706T − 4.1739 BE ¼ 0.0047T2 þ 0.0265T − 6.8253; (16)

where BR and BE represent the corrected differences between the MWR PWVand the RS PWV
and EC PWV, respectively, and T is the surface temperature (unit: °C). The fitting results of
Eq. (16) were used to correct the MWR PWV. As shown in Fig. 9, the correlation coefficients
between the revised WMR PWVand the RS PWVand EC PWV increased to 0.99 and 0.993, and
the RMSEs decreased to 14.13 and 15.86 mm, respectively, indicating that the PWV from the
MWR was significantly closer to the RS PWV and EC PWV.

3.2 Analysis of the Source of Differences in PWV

Figures 10(a)–10(c) show the temperatures profiles retrieved from the MWR, RS, and ECMWF
reanalysis. Although they are well-correlated, differences appear between the profile from
the MWR and the other two results, especially below 2000 m. Differences between morning
and evening are not clear in the figure when 00 and 12 UTC are calculated separately.
Figures 10(d)–10(f) show the water vapor density profiles retrieved from these three sources.
The water vapor density profile of the MWR is also positively correlated with the results of

Fig. 8 Absolute values of the average differences between the MWR PWV and (a) RS PWV,
(b) EC PWV, and (c) GNSS PWV at 2°C intervals. The error bars show the RMSE.
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the RS and ECMWF reanalysis. However, the water vapor density profile of the MWR differs
significantly from the other two results below 6000 m.

The height resolutions of the profiles retrieved from the MWR, RS, and ECMWF reanalysis
are different; therefore, to quantify the differences between the profiles, the heights of the profile
results must be interpolated.42 The distribution of the atmospheric temperature profiles increased
linearly. Figures 11(a) and 11(b) show that the temperature profiles obtained from the ECMWF
reanalysis and MWR at 12:00 UTC on May 15 are very similar to the result of linear fitting. The
coefficients are all 0.99, and the RMSEs are 1.05°C and 0.93°C, respectively. In addition, the
height separation of the MWR and ECMWF reanalysis is relatively uniform; thus, the temper-
ature profiles from the MWR and ECMWF reanalysis can be linearly interpolated according to
the height of each layer of the RS using Eq. (17).

EQ-TARGET;temp:intralink-;e017;116;116Twi ¼ ½ðhwi − hriÞ∕ðhriþ1 − hriÞ� � ðTriþ1 − TriÞ þ Tri; (17)

where hri and hriþ1 represent the heights of the upper and lower layers from the MWR, respec-
tively; Tri and Triþ1 represent the temperatures corresponding to the heights of the upper and

Fig. 10 (a)–(c) Temperature and (d) –(f) water vapor density profiles retrieved from the MWR, RS,
and ECMWF reanalysis. Blue long-dotted line: MWV, green line: RS, and red dotted line: ECMWF.

Fig. 9 Scatterplots of (a) RS PWV and (b) EC PWV versus MWR PWV before and after correction
for days without precipitation. Blue circles: before correction and green circles: after correction.
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lower layers, respectively; and hwi and Twi represent the height and corresponding temperature to
be interpolated, respectively. The same method can be used to obtain the temperature profile
from the ECMWF reanalysis.

Figures 11(c) and 11(d) show the water vapor density profiles below 10 km retrieved from
MWR and ECMWF reanalysis at 12:00 UTC on May 15, which are consistent with a Gaussian
fitting. The correlation coefficients are both 0.99, and the RMSEs are 0.29 and 0.13 g · m−3,
respectively. We first use the Gaussian function to fit the water vapor density retrieved from the
MWR and then obtain the Gaussian fitting parameters. Finally, we interpolate the height of the
RS into the result of the above Gaussian fitting.

EQ-TARGET;temp:intralink-;e018;116;275Wri ¼ a � expf−½ðhri − bÞ∕c�2̂g; (18)

where Wri represents the water vapor density of each layer, and a, b, and c are the Gaussian
fitting parameters. We interpolate the height using the following equation:43

EQ-TARGET;temp:intralink-;e019;116;218Wwi ¼ Wri � exp
�
−
ðhri − bÞ2 − ðhwi − bÞ2

c2

�
: (19)

The correlation coefficients of the temperature profiles between the MWR and the RS and
ECMWF reanalysis are both 0.99, and the RMSEs are 1.58°C and 1.26°C, respectively, after
height adjustment. Figure 12 shows the differences between the MWR and the RS and ECMWF
reanalysis. The temperatures measured using the three types of data near the surface are similar.
However, the difference increases below 2000 m is generally lower than 0°C, indicating that the
temperature measurement of the MWR is low below 2000 m. The difference decreases with
height between 2000 and 6000 m, and reaches 0°C at ∼4000 m. This is the minimum difference
between the temperatures measured by the three types of data. The difference reaches the maxi-
mum value, which is between 2°C and 6°C, when the height reaches 6000 to 8000 m, indicating

Fig. 11 Linear fitting of the temperature obtained from (a) MWR and (b) ECMWF reanalysis at
12:00 UTC on May 15. Gaussian fitting of the water vapor density retrieved from (c) MWR and
(d) ECMWF reanalysis at 12:00 UTC on May 15.
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that the temperature from the MWR is higher at these heights. The difference in the temperature
profile also reflects the difference in the brightness temperature observation by the ground-
based MWR.44

The correlation coefficients of the water vapor density profile between the MWR and the RS
and ECMWF reanalysis are 0.99, and the RMSEs are 0.51 and 0.49 g · m−3, respectively. The
differences in the water vapor density between the three results after height unification are shown
in Fig. 13. The water vapor densities of the MWR and ECMWF reanalysis are smaller than that
of the RS. However, most of the differences between the MWR and the other results are less than

Fig. 12 Temperature differences between the MWR and the RS and ECMWF reanalysis after
height unification. Blue dotted line: profile of temperature difference between MWR and RS;
green solid line: profile of temperature difference between MWR and ECMWF reanalysis.
(a)–(c) Observation times are 00:00 UTC on May 1, 00:00 UTC on May 15, and 12:00 UTC
on May 15, respectively.

Fig. 13 Water vapor density difference between the MWR and the RS and ECMWF reanalysis
after height unification. Blue dashed line: profile of water vapor density difference between MWR
and RS; green solid line: profile of water vapor density difference between MWR and ECMWF
reanalysis. (a)–(c) Observation times are 00:00 UTC on May 1, 00:00 UTC on May 15, and
12:00 UTC on May 15, respectively.
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0 g · m−3 below 6000 m, indicating that the water vapor density observation of the MWR is drier
in this height range.

In addition, from the ground to 2000 m, the absolute difference in the water vapor density
gradually increases from approximately 0 g · m−3 to the maximum. Most of the PWV is con-
centrated below 2000 m, which may explain why the PWV observed by the MWR is drier.

Figure 14(a) shows the average differences between the temperature profiles obtained by the
MWR, RS, and ECMWF reanalysis from May 1 to May 31 at five day intervals. The average
difference is distributed between −3°C and −1.5°C, indicating that the temperature obtained from
the MWR is lower. The average absolute differences between the MWR and the RS and ECMWF
reanalysis are 2.18°C and 2.12°C, respectively, indicating that the difference between the temper-
ature profiles from the MWR and RS is greater during the observation period. Figure 14(b) shows
the average differences between the water vapor density profiles from the RS, ECMWF reanalysis,
and MWR in May. The average difference is distributed mainly between −0.35 and 0 g · m−3,
indicating that the water vapor density from the MWR is lower. The average absolute differences
are 0.2 and 0.16 g · m−3, respectively, indicating that the difference between the water vapor
density profiles from the MWR and RS is greater during the observation period.

In addition to precipitation, clouds can also affect the brightness temperature observations of
ground-based MWRs.45 The top panel of Fig. 15 shows the distribution of the humidity obtained

Fig. 14 Average differences between (a) temperature and (b) water vapor density profiles from the
MWR, RS, and ECMWF reanalysis from May 1 to 31 at five day intervals. Black: difference
between MWR and RS; gray: difference between MWR and ECMWF reanalysis.

Fig. 15 Humidity distribution from the MWR and cloud distribution observed by MWCR on May 4
and 5 (Beijing time).
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by the MWR for 24 h from May 4 to 5, Beijing time. The cloud cover detected by the MWCR at
the same time is shown at the bottom of Fig. 15. A small amount of cloud cover appears over the
station from 00:00 to 01:00 on May 4, and the humidity at heights between 4 and 8 km is ∼50%.
The absolute differences between the water vapor density profiles retrieved from the MWR and
the RS and ECMWF reanalysis are 0.21 and 0.27 g · m−3, respectively.

Although the humidity from the surface to a height of 5 kmwas∼50% at 20:00 onMay 4, there
was no cloud cover during this period. The absolute differences between the water vapor density
profiles from the MWR and the RS and ECMWF reanalysis were 0.22 and 0.12 g · m−3, respec-
tively. The absolute differences between the water vapor density profiles measured by the MWR
and the RS and ECMWF reanalysis increased to 0.25 and 0.19 g · m−3, respectively, when the
MWCR showed a cloud over the station at 00:00 on May 5. As the cloud dissipated, the absolute
differences between the water vapor density profiles dropped to 0.08 and 0.07 g · m−3, respec-
tively, at 12:00 on May 5. Because the humidity measurement of the RS is unstable when it passes
through the cloud, we see only the changes in the absolute difference in the water vapor density
profiles measured by the MWR and ECMWF reanalysis. The introduction of MWCR data did not
completely remove the effect of clouds on the MWR observations.

4 Conclusions

The characteristics of a domestically produced MWR (HTG4) were examined by comparing the
PWV and atmospheric profiles retrieved from GNSS/MET, RS, and ECMWF reanalysis. The
PWV values retrieved from the MWR were positively correlated with those from GNSS/MET,
RS, and ECMWF reanalysis. The MWR PWV is clearly too large when there is precipitation, in
agreement with previous studies.29,46 The monthly mean differences between the PWV values
obtained from the four datasets show that the MWR PWV was smaller in summer and larger in
winter. In addition, the differences between the MWR PWV and the RS and GNSS/MET data
were larger, whereas that between the MWR PWV and ECMWF reanalysis were smaller.
Furthermore, the difference between the MWR PWV and EC PWV was decreased effectively
by removing the effects of precipitation. We also found that the difference between the WMR
PWVand the RS PWVand EC PWV was correlated with surface temperature. The results were
significantly improved using polynomial fitting formulas to correct the differences between them.

The PWV retrieved by the ground-based MWR has a linear relationship with the observed
brightness temperature; however, the MWR uses the observed brightness temperature to retrieve
information such as atmospheric temperature, water vapor content, and humidity using a neural
network model. Further analysis of the temperature and water vapor density profiles retrieved by
the MWR revealed that the differences in the temperature profiles below 2000 m was smaller,
whereas the water vapor density profiles below 2000 m differed the most from those obtained
from the other datasets. This result indicates that the accuracy of the brightness temperature
observation in this project varies, and this variation is the source of the inaccuracy of the
MWR PWV.

In addition to precipitation, clouds also reduce the accuracy of the brightness temperature
observed by the MWR. The temperature and humidity profiles obtained by the MWR under
cloudy conditions show large errors or could not be obtained.45 In this experiment, cloud infor-
mation from an MWCR was introduced into the model of the MWR to obtain its absorption
coefficient and reduce the effects of clouds on observations at high temperature and humidity.
However, analysis of the results shows that the effects of clouds and precipitation on the MWR
measurements were not completely eliminated. This finding may also explain the relatively low
accuracy of ground-based MWR PWV observations. More observations are needed to confirm
this conclusion.
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