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Abstract: In this study, the temperature and relative humidity profiles retrieved from five ground-
based microwave radiometers in Beijing were assimilated into the rapid-refresh multi-scale analysis
and prediction system-short term (RMAPS-ST). The precipitation bifurcation prediction that occurred
in Beijing on 4 May 2019 was selected as a case to evaluate the impact of their assimilation. For
this purpose, two experiments were set. The Control experiment only assimilated conventional
observations and radar data, while the microwave radiometers profilers (MWRPS) experiment
assimilated conventional observations, the ground-based microwave radiometer profiles and radar
data into the RMAPS-ST model. The results show that in comparison with the Control test, the
MWRPS test made reasonable adjustments for the thermal conditions in time, better reproducing
the weak heat island phenomenon in the observation prior to the rainfall. Thus, assimilating
MWRPS improved the skills of the precipitation forecast in both the distribution and the intensity of
rainfall precipitation, capable of predicting the process of belt-shaped radar echo splitting and the
precipitation bifurcation in the urban area of Beijing. The assimilation of the ground-based microwave
radiometer profiles improved the skills of the quantitative precipitation forecast to a certain extent.
Among multiple cycle experiments, the onset of 0600 UTC cycle closest to the beginning of rainfall
performed best by assimilating the ground-based microwave radiometer profiles.

Keywords: ground-based microwave radiometer; weak heat island effect; the precipitation bifurcation

1. Introduction

Ground based microwave radiometer is meteorological observation instrument based
on remote sensing technology. Its primary data are brightness temperature data, which
represents electromagnetic wave signal received by radiometer at specified frequency. They
are a kind of unconventional observation data. The secondary data of atmospheric temper-
ature and humidity profiles and cloud and precipitation information are obtained through
inversion calculation. So far, level-2 of ground-based microwave radiometer products have
provided continuous temperature and humidity profiles at a high time frequency [1–3],
providing valuable information to follow the evolution of the boundary layer.

Its products have been extensively applied to many fields, such as liquid water
path inversion for weather modification, boundary layer height inversion for air quality
monitoring and prediction [4,5], water vapor characteristics analysis, and environmental
meteorological conditions for haze maintenance [6–9]. The continuous and stable tem-
perature and humidity profiles provided by the ground-based microwave radiometer
effectively have overcome the deficiency of the conventional radiosonde in obtaining at-
mospheric information due to the long observation interval. Previous studies have shown
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that the ground-based microwave radiometer can be assimilated and applied to numerical
prediction and that it has different impacts on the prediction.

The ground-based microwave radiometer observations have been playing an increas-
ingly important role in numerical weather prediction systems. However, the assimilation
of the microwave radiometers into numerical weather prediction systems has been limited
to a few sporadic attempts [10]. For example, Vandenberghe and Ware (2002) assimilated
the temperature and humidity profile data of the single station ground-based microwave
radiometer into MM5, effectively improved the prediction of winter fog [11]. Assimilating
the ground-based microwave radiometer data into WRF had a positive impact on the
prediction of temperature and humidity analyses, whereas the impact on precipitation
accumulation forecasts was more obvious [12,13]. Caumont et al. (2016) assimilated the
profiles retrieved by multiple ground-based microwave radiometers into the mesoscale
prediction system, the results showed that the impact was neutral and only works for
large-scale precipitation [12]. In a rainstorm process, the relative humidity profiles re-
trieved by three ground-based microwave radiometers were assimilated, and the results
show that the prediction of precipitation intensity was significantly improved, but that of
precipitation distribution was not [14]. Data of two ground-based microwave radiometers
were assimilated rainstorm in Beijing on in July 20 in 2016. It proved that the microwave
radiometers data assimilation improved the prediction of the intensity and distribution of
precipitation in its early stage [15].

It is very challenging to obtain high-quality precipitation estimates. For blending
multi-satellite, atmospheric reanalysis, and gauge precipitation products, the distribution
of observations are unevenly and sparsely and the precipitation estimates based solely on
observations are subject to large uncertainties [16,17]. The machine learning algorithms
have been applied to merge Satellite-based precipitation products and observations to
improve the accuracy of the precipitation estimates in recent years. For instance, Kumar
(2019) corrected the near-real-time multi-satellite precipitation analysis-based product
by combining it with soil moisture through a support vector machine based regression
model [18]. Bhuiyan et al. (2020) employed the random forest and neural networks to
generate an error-corrected product [19]. Zhang et al. (2021) proposed a novel double
machine learning approach to merge multiple satellite-based precipitation products and
observations [17]. Yagmur (2020) developed tree-based quantile regression to reduce
precipitation retrieval error [20].

For the accuracy of precipitation forecasts produced by a numerical model, it is greatly
influenced by the initial states of the atmosphere, especially for the short-term forecast
system [21]. The prediction of a definite numerical model is subject to the accuracy of its
initial field. From this view, there is a particular need for more in-situ observations on the
profiles of atmospheric meteorological element. These are important for initialization of
numerical weather prediction models [22–24]. Data assimilation combines the observation
data with the background field of the model to produce more accurate initial values, which
will contribute to improve the meteorological element prediction and the development
of the precipitation system [25–27]. The variational method considers the system as a
whole and combines the model and observations in a statistically optimal sense [27]. It is
currently widely used in research communities and operational centers. The WRF data
assimilation system WRFDA included the three-dimensional variation, four-dimensional
variation, and hybrid techniques at the National Center for Atmospheric Research [28–30].
The three-dimensional variation method is often used in the assimilation filed, owing
to its low calculation cost, small resource occupation, and high efficiency. The 3DVAR
framework is generally easier for implementation in operational runs.

Previous studies have made insightful exploration into the application of ground-
based microwave radiometer data in the numerical model. However, few researchers
focused on the application of assimilating ground-based microwave radiometer data to
regional operational forecast over North China. In particular, for Beijing, being embraced
on three sides by mountains, the urban heat island effect, coupled with other factors,
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increase the difficulty and uncertainty of its precipitation forecast. Currently, although
the weather-forecasting technology is capable of forecasting rainfall caused by large-scale
weather systems, it is incapable of forecasting local rainfall and does not perform as
required with respect to people’s life and production activities, especially in the urban
area [31,32]. Thus, reproducing observed urban effect on rainfall can help increase the
accuracy of rainfall forecasting in Beijing.

In this study, the temperature and humidity profiles retrieved from five ground-
based microwave radiometers in Beijing are assimilated into the rapid-refresh multi-scale
analysis and prediction system–short term (RMAPS-ST). The impact of the ground-based
microwave radiometers data on the analyses and forecasts of this splitting process in Beijing
are evaluated. Assimilation experiments are carried out in this study. Combined with
comparative analysis, we explore the effect of assimilation of ground-based microwave
radiometer data on the prediction of the precipitation bifurcation in Beijing. Through the
experiments, we aim to advance urban fine weather forecast to serve urban operation while
helping public production with their daily activities by providing better information.

The rest of this paper is structured as follows. Section 2 introduces the belt-shaped
echo splitting case examined for this study, the characteristics of ground-based microwave
radiometer data and the experimental setting. In Section 3, the impact of assimilated
ground-based microwave radiometer data on both analysis field and the prediction of belt-
shaped convection splitting are compared, for the continuously cycling data assimilation
and forecasting experiments. The diagnosis for this rainfall bifurcation event with and
without the data assimilation of the ground-based microwave radiometers are discussed in
Section 4. Finally, conclusions are presented in Section 5.

2. Materials and Methods
2.1. Belt-Shaped Echo Splitting Case

In the present study, we take the echo splitting process in Beijing on 4 May 2019 as an
example to investigate whether the assimilation of ground-based microwave radiometer
data could improve precipitation simulation. The evolution of belt-shaped echo in this
process is shown in Figure 1. At 0400 UTC (Coordinated Universal Time) on 4 May
2019, a northeast and southwest belt-shaped echo emerges in Inner Mongolia, followed
by convection. The strong echo belt moves rapidly to the southeast, reaches Beijing at
0900 UTC, and splits at 1000 UTC when it approaches the urban area of Beijing. Within
the urban area, the echo weakens and dissipates. The echo in the northern and southern
parts of the urban area continues to move southeast before it disappears at 1100 UTC.
The weather process spanned a period of 7 h. It is characterized by the belt-shaped echo
splitting in the periphery of Beijing, during which no precipitation occurs in the urban area
of Beijing when it moves from northwest to southeast (Figure 1).

2.2. Data Processing of Ground-Based Microwave Radiometer

A total of seven microwave radiometers are deployed in Beijing during the metropoli-
tan observation experiments. Data of the two microwave radiometers deployed in Haidian
District and Shangdianzi Village (in Miyun District) is missing due to equipment problems,
while that of the remaining five microwave radiometers deployed in Xiayunling Village
(in Fangshan District), Yanqing District, southern suburb, Huairou District, and Pinggu
District is available. The five level-2 ground-based microwave radiometer products in
Beijing are obtained by the inversion software from microwave radiometer manufacturers,
including the temperature and relative humidity profiles. The continuous observations of
temperature and humidity profiles are high temporal resolution (at a high frequency rate
up to two minutes).
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Figure 1. Radar composite reflectivity (CREF) evolution for belt-shaped zone in North China on 4 May 2019. 
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Figure 1. Radar composite reflectivity (CREF) evolution for belt-shaped zone in North China on 4 May 2019.

Figure 2 shows the vertical distribution of retrieved temperature and humidity profiles
at each station, as well as their evolution with time. It reveals that microwave radiometers
overcome the spatial and temporal shortcomings of conventional observation, especially
temporal ones. Prior to the three-dimension variation assimilation, the temperature profile
and relative humidity profile data retrieved by microwave radiometer at 0–10 km height
are processed. Since precipitation has great impact on temperature and relative humidity
retrieved by microwave radiometer, the observation data of radiometer during precipitation
should be prudently dealt with. In this paper, the data at the corresponding time of
precipitation are set as missing value. In addition, as the temperature and humidity profiles
retrieved by microwave radiometers at 0–10 km height are of high vertical resolution, the
reference atmospheric pressure at each height layer from 0 to 10 km is calculated by the
formula [33].
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Figure 2. Time-height profile of temperature and humidity profile of five ground-based microwave radiometers in Beijing
on 4 May 2019 and the judgment of precipitation at corresponding time from the MWRPS located in Xiayunling; Yanqing,
Pinggu, Huairou, and Southern suburb of Beijing. Note: the blue bar indicates the period of rain in the ground-based
microwave radiometer observations.

2.3. Experiment Design

In this study, an experiment is carried out, using RMAPS-ST numerical forecast
model. The model, based on the previous generation of North China rapid-refresh cyclic
assimilation and forecast system [34,35] is a short-term forecasting subsystem of a new
generation of RMAPS developed by Institute of Urban Meteorology, CMA, Beijing. It
has been in operation since May 2017 [36]. The RMAPS-ST features double nesting, nine-
kilometer-resolution outermost D01 area with 649 × 500 grid points covering the whole
China, and three-kilometer-resolution inner D02 area with the innermost 550 × 424 grid
points in the simulated area covering North China. The parameterized schemes of main
physical process of the experiment include a new Thompson cloud microphysics scheme,
NOAH land surface scheme, Yonsei University (YSU) boundary layer scheme [37], the
global parameterization of the Rapid Radiative Transfer Model (RRTMG) scheme [38,39].
In this paper, ECMWF medium-range forecast (0.25◦ × 0.25◦) is selected to provide the
initial field and side boundary conditions for the model. Having gone through quality
control, the observed data, including conventional data and radar data, are input into
the assimilation system. Most of these conventional data are collected every hour. Radar
data are collected at the frequency rate of six minutes and the radar data assimilation is
performed, including radial velocity and reflectivity. Owing to low calculation cost, small
resource occupation and high efficiency, the three-dimensional variational data assimilation
system (3DVar) of the Weather Research and Forecasting model system is adopted. The
solution of 3DVar can be interpreted as obtaining the minimization of the objective function.
Based on the optimization theory, the optimal solution is obtained by iterative descent
algorithm. Specifically, the optimal state of the atmosphere is estimated by using both the
background field and observed values, thus the statistical optimal analysis is obtained.
When U and V are used as dynamic control variables, the correlation between variables is
smaller than that when traditional flow function and potential function control variables
are used, which satisfies the assumption of variational data assimilation. Such algorithm is
more conducive to the description of medium and small-scale systems [40]. Background
error covariance is calculated by the National Meteorological Center (NMC) method [41].
The system runs eight times a day at 0000 UTC, 0300 UTC, 0600 UTC, 0900 UTC, 1200 UTC,
1500 UTC, 1800 UTC, and 2100 UTC, respectively. At 0000 UTC, the system starts in the
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mode of Partial Cycle [42], that is, the initial field is the 6-h forecast field of 1800 UTC the
previous day; afterwards the initial field is driven by the 3-h forecast field of the previous
time level.

In total, two groups of experiments are designed, that is, the Control experiment and
the MWRPS experiment. The Control experiment assimilates conventional observation data
and Beijing–Tianjin–Hebei weather radar data. Different types of conventional observations
are incorporated into the system to improve the analysis for both domains, including
aircraft meteorological data relay, synoptic, sounding, oceanographic buoys, and ship-based
observations (Figure 3). Radar data assimilation are mainly in Domain 2 of the system,
including radial velocity and reflectivity. Based on the Control experiment, the MWRPS
experiment adds the data of five microwave radiometers in Beijing. The data distribution
is shown in Figure 3. We compare the differences between the experimental results with
and without the ground-based microwave radiometer data assimilation for analysis.
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Figure 3. Spatial distribution of the assimilated observations at 0000 UTC. (a) In Domain 1 of RMAPS-ST, locations of
radiosonde launch sites used are represented as purple solid circles, oceanographic buoys and ship-based observations are
represented as red circles and green circles, Dark blue circles and pink circles indicate, respectively, synoptic and aircraft
meteorological data relay whenever available at 0000 UTC 4 May 2019. (b) Domain 2 and the radar locations marked as
dark blue solid circles. (c) Locations of MWRPS sites used in this study are also shown, represented as black diamond.

Each group of experiments performs a cold start from 1800 UTC on 3 May 2019, and
predicted for six hours to obtain the forecast field at 0000 UTC on 4 May 2019, which is
used as the background field to assimilate the observed data. Then, 0300 UTC is driven
by the 3-h forecast field of 0000 UTC, and the 0600 UTC experiment is driven by the
3-h forecast field of 0300 UTC (see Figure 4 for the test flow). The two-step assimilation
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method of RMAPS-ST is carried forward. In the first step, conventional data and ground-
based microwave radiometer data are assimilated; in the second step, radar observations
are assimilated.
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3. Results
3.1. Impact of Assimilated Ground-Based Microwave Radiometer Data on Analysis Field

Data assimilation provides the initial field for the numerical model, which makes
the calculation results of the model more accurate. To verify the impact of MWRPS data
assimilation on the initial field, we take the initial report test at 0600 UTC as an example
and compare the temperature and humidity profiles of observation, background field and
analysis field at Station 54419 (Shangdianzi) and Station 54511 (southern suburb) (Figure 5).
At 0600 UTC (1400 Beijing time), at Station 54419 the near-surface air temperature is
slightly lower and the near-surface specific humidity is slightly higher than those at Station
54511. Compared with the background field, the analysis field of assimilation experiment
of ground-based microwave radiometer data is closer to the observation in almost all
atmospheric layers. For example, the temperature in the lower layer below 850 hpa at
Station 54419 is high, and that in the upper layer at Station 54511 is low. The analysis
field corrected the warm bias in the lower layer and the cold bias in the upper layer of the
background field, which was closer to the observation. For the specific humidity of the
whole atmosphere, its background field is dry in the bottom layer and layers above 700 hpa,
wet in middle and lower layers at both Station 54419 and Station 54511. The specific
humidity of the assimilated ground-based MWRPS test also corrects the deviation, which
was closer to the observation. The temperature and humidity profiles of the analysis fields
in the other three ground-based MWRPS stations, compared with those of the background
field, are closer to the observations (figure omitted). Overall, MWRPS data can improve
the similarity between analysis field and the observation field in terms of temperature and
humidity profiles.
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3.2. Impact of Ground-Based Microwave Radiometer Data Assimilation on Belt-Shaped Convection
Splitting Prediction

Based on the analysis field formed by assimilation in the two experiments in Section 3.1,
we compare the prediction results after assimilation. For the phenomenon of the belt-
shaped echo splitting in Beijing on 4 May 2019, the radar reflectivity simulations at 1000UTC
of the two groups of experiments are compared. Figure 6 shows the simulated radar reflec-
tivity in the MWRPS and Control experiments, the left side shows the simulation results
obtained from the MWRPS case, initialized at 0000 UTC, 0300 UTC, and 0600 UTC, respec-
tively, whereas the right side shows the simulation results obtained from the Control case.
Generally, the radar echo zone corresponds to the location of a convection cell and the
radar reflectivity intensity corresponds to the convection intensity in the convection cell.

The three-cycle prediction in the Control test has no prediction ability for the observed
belt-shaped echo splitting phenomenon, neither could the MWRPS test be valid from
0000 UTC. In contrast, the MWRPS tests valid from 0300 UTC and 0600 UTC could better
simulate the observed belt-shaped convection splitting process: the MWRPS test produces
satisfactory simulation results in terms of the location and intensity of the convection cells
when the system affects the urban area of Beijing. Accordingly, it could obviously has better
approaching prediction ability when belt-shaped echo splitting occurs. For the prediction
ability of both the intensity and the range of the simulated radar reflectivity, 0300 UTC
and 0600 UTC test in MWRPS were quite closer to the actual situation, compared to the
MWRPS experiment valid from 0000 UTC.

The development of the convection cells in a rainfall system directly impact the devel-
opment of precipitation. Both the intensity and distribution of rainfall are closely related to
the intensity of the nearby convection cells. To examine the improvement in precipitation
forecast, the 1-h accumulated precipitation from the observation, MWRPS experiment
and Control experiment was compared (Figure 7). By comparing the precipitation fore-
cast through observation and two experiments, we find that the assimilated data of the
ground-based microwave radiometers are superior to the Control test in 1-h accumulated
precipitation simulation, testified mainly in the following aspects.
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Figure 7. Distribution of forecasts of 1-h accumulated precipitation between 1000 UTC and 1100 UTC on 4 May 2019
estimated by observation based on ground stations (a); forecasted by MWRPS simulations initialized at 0000 UTC (b),
0300 UTC (d), 0600 UTC (f) on 4 May 2019; forecasted by Control simulations initialized at 0000 UTC (c), 0300 UTC (e),
0600 UTC (g) on 4 May 2019.

Firstly, the belt-shaped echo splits in the periphery of Beijing at 1000 UTC, and no
precipitation is reported in Beijing from the observation (Figure 7a). Compared with the
Control test, the MWRPS test could deliver prediction closer to the actual condition and
better in the forecast of precipitation distribution. Secondly, the hourly precipitation inten-
sity predicted by the MWRPS test assimilating the ground-based microwave radiometer
data are closer to the observation (Figure 7f). Regarding the prediction of the precipitation
intensity of Baoding, Hebei Province valid from 0600 UTC, the MWRPS test shows a result
consistent with the observation while the Control test reports a result one level higher than
the observation (Figure 7f,g). Thirdly, as can be seen from Figure 7b,d,f, the precipitation
positions predicted by the MWRPS tests valid from both 0300 UTC and 0600 UTC are quite
consistent with the observation, proving that the prediction at the above two time levels
could represent the precipitation bifurcation phenomenon in Beijing. The simulation of
precipitation intensity by the MWRPS test valid from 0600 UTC is the closest to the obser-
vation. Especially, in Baoding, the intensity center, the precipitation intensities predicted
by the MWRPS test valid from 0000 UTC and 0300 UTC are higher than the observations.
The precipitation predicted by the test valid from 0300 UTC ranges from 5 mm h−1 to
10 mm h−1 (Figure 7d).

The MWRPS test valid from 0600 UCT displays the strongest simulation impact on
precipitation bifurcation in Beijing caused by belt-shaped convection splitting. Overall,
the forecast precipitation in MWRPS during the assimilation period shows significant im-
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provement compared with the Control experiment. Both the composite reflectivity and the
1-h accumulated precipitation of the observation, Control, and MWRPS experiment were
compared, showing the improvement in the forecast with the ground-based microwave
radiometer data assimilation. Therefore, the subsequent analysis is centered around two
groups of experiments valid from 0600 UTC.

3.3. Impact of Ground-Based Microwave Radiometer Data Assimilation on Meteorological Element
Prediction before Belt-Shaped Convection Splitting

Owing to the joint effects of topography and urban thermal circulation, the urbaniza-
tion process was significant in Beijing–Tianjin–Hebei collaborative development area [43],
precipitation in Beijing has its uniqueness and complexity [44–46]. Previous studies have
shown that the intensity of urban heat island prior to the start of rainfall could project,
to a certain extent, the thermodynamic impact of urban underlying surface on the pre-
cipitation process. Under the effect of strong heat island, the thermodynamic process
prevails, making precipitation concentrate in urban areas. Under the effect of weak heat
island, urban dynamics prevails. Hence, precipitation bifurcation takes place, making
precipitation mainly distributed in the upwind direction of the city and on both sides of
the city [43,47,48]. Thus, the heat island intensity prior to the start of rainfall determines
the kind of urban effects on rainfall.

Figure 8 shows the spatial distribution of 2m air temperature observed at 09: 00 UTC
before the echo moved to the urban area in Beijing. Referring to Zhang et al. (2017), we
select black rectangular boxes to identify the heat island intensity and make statistical
analysis. At 0900 UTC, this region, including urban and suburban areas in Beijing, report
no precipitation. It can be seen that before the belt-shaped echo moves to the urban area
of Beijing, there is no obvious difference between the urban temperature in the Fifth Ring
Road and that in its surrounding area. The heat island intensity in Beijing is weak [43].
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As indicated by the spatial distribution of 2m temperature bias at 0900 UTC predicted
by the two groups of experiments (Figure 9a,b), the temperature deviation predicted by
the Control test in and around Beijing’s Fifth Ring Road (black rectangular frame) is larger
than that by the MWRPS test. Especially, the Control test overestimates the observed heat
island intensity in the urban area within the Fifth Ring Road. The assimilated data of
the ground-based microwave radiometers corrected the warm bias in this area, and the
modified indexes |BiasMWRPS| − |BiasControl | of 2 m air temperature are all negative, which
is closer to the observation (Figure 9c).
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and (c) improving index (unit: ◦C) after assimilating ground-based microwave radiometer at 0900 UTC on 4 May 2019.

The MWRPS test improves the prediction performance of 2 m temperature in Beijing,
and better reproduces the observed weak heat island phenomenon. Thus, the observed
rainfall bifurcation can be simulated in the MWRPS experiment, due to the main effect
of urban surface in Beijing on rainfall through its dynamic action under low urban heat
island conditions.

4. Discussion

Furthermore, we compare the temperature difference in both the bottom layer and the
high layer from analysis fields of the two experiments initialized at 0600 UTC 4 May 2019.
We find that negative difference in the bottom layer and positive difference in the high
layer in Beijing where the data of ground-based microwave radiometers are assimilated.
Compared with the Control test, the MWRPS test has thermal changes in low-level cooling
and high-level heating (Figure 10) in its analysis field. The data assimilation of the ground-
based microwave radiometers makes the atmospheric stratification of the initial field in this
area more stable, and the analysis field lacks the environment support to the emergence
and development of convection, which is not conducive to the emergence of precipitation.
The ground-based microwave radiometer leads to the cooling of the bottom layer in Beijing
in the analysis field of the MWRPS test (Figure 10). The system modifies the initial field in
time, thus affecting the prediction of air temperature.
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Figure 10. (a) Temperature field difference between MWRPS test and Control analysis (MWRPS minus Control,
model level = 1) valid from 0600 UTC on 4 May 2019 (Beijing–Tianjin–Hebei region); (b) the same to (a), but for Level 27 of
the model.

Figure 11 shows the radial vertical profile of temperature and vertical velocity along
40◦ N in the boundary layer of the Fifth Ring Road and its surrounding areas in the analysis
field of two groups of experiments initialized at 0600 UTC on 4 May 2019. It can be seen
that the heat island simulated by the Control experiment is too strong, producing strong
updrafts in the urban area. A clear updraft was found leading to a rainfall forecast in
Control experiment. This urban ascending motion is strengthened under the strong heat
island effect, which promotes the emergence of updrafts. The heat island effect simulated by
the MWRPS test assimilating the ground-based microwave radiation data in Beijing is weak.
The sinking-motion-dominant boundary layer inhibits the emergence and development of
convection and accordingly affects the forecast of urban precipitation. The vertical velocity
simulated by MWRPS experiment is negative and the ascending motion decreases, thus
the simulated precipitation is reduced. It suggested that the ground-based microwave
radiometer observations provide more beneficial information for the initial conditions and
indirectly weaken the local updraft in the urban area in Beijing, consequently improve the
rainfall bifurcation forecasts.

Atmosphere 2021, 12, x FOR PEER REVIEW 14 of 19 
 

 

 

 
Figure 11. Left and right figures are cross sections of the vertical profiles along 40° N from Control 
and MWRPS analysis field initialized at 0600 UTC on 4 May 2019, in which the contour represents 
the vertical velocity (unit: 10−1 m/s), and the shaded represents the temperature (unit: °C). 

Additionally, the spatial characteristics of 2 m temperature, 2 m specific humidity, 
and the 10 m wind speed distribution from forecasts was evaluated against observations 
through statistic metrics of mean bias and the root mean square error (RMSE). They are 
defined as: 

1

1 ( )
n

i i
i

Bias F O
n =

= −  (1)

2

1

1 ( )
n

i i
i

RMSE F O
n =

= −  (2)

where iF  represents the value in the ith forecast gridded point and iQ  is the corre-
sponding observations. The closer the bias value is to 0 and the smaller the RMSE value 
is, the better the prediction is. 

Table 1 shows the bias and RMSE of the average temperature of 2 m, the specific 
humidity of 2 m and the wind speed of 10 m over the black rectangular boxes including 
urban and suburban areas in Beijing at 0900 UTC. It was predicted by two experiments 
initialized at 0600 UTC on 4 May 2019 prior to precipitation. Both experiments overesti-
mate the observed 2m temperature, and the bias is positive. Both the bias and RMSE in 
the MWRPS test are smaller than those in the Control test. The 2m temperature forecast is 
closer to the actual observation, indicating better forecast performance. The 2m specific 
humidity is dry in the Control test, but wet in the MWRPS test which has slightly large 
RMSE. In light of 10m wind speed, the MWRPS test effectively improves the large wind 
speed forecast bias spotted in the Control test. To sum up, although in the MWRPS test 
the forecast error of 2 m specific humidity increases, the test addresses the warm bias of 2 
m temperature and large bias of 10m wind speed, and improves the forecast performance 
of surface meteorological elements at 0900 UTC, thus laying a good foundation for the 
simulated urban precipitation-free process. The bias and RMSE of the 1-h accumulated 
precipitation are compared in Control and MWRPS experiment initialized at 0600 UTC 
over the urban and suburban areas in Beijing. It also shows the improvement in the fore-
cast with the ground-based microwave radiometer data assimilation. 

Table 1. Bias and RMSE comparison of the simulated and observed surface temperature, specific 
humidity, and wind speed. 
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and MWRPS analysis field initialized at 0600 UTC on 4 May 2019, in which the contour represents
the vertical velocity (unit: 10−1 m/s), and the shaded represents the temperature (unit: ◦C).
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Additionally, the spatial characteristics of 2 m temperature, 2 m specific humidity,
and the 10 m wind speed distribution from forecasts was evaluated against observations
through statistic metrics of mean bias and the root mean square error (RMSE). They are
defined as:

Bias =
1
n

n

∑
i=1

(Fi −Oi) (1)

RMSE =

√
1
n

n

∑
i=1

(Fi −Oi)
2 (2)

where Fi represents the value in the ith forecast gridded point and Qi is the corresponding
observations. The closer the bias value is to 0 and the smaller the RMSE value is, the better
the prediction is.

Table 1 shows the bias and RMSE of the average temperature of 2 m, the specific
humidity of 2 m and the wind speed of 10 m over the black rectangular boxes including
urban and suburban areas in Beijing at 0900 UTC. It was predicted by two experiments
initialized at 0600 UTC on 4 May 2019 prior to precipitation. Both experiments overestimate
the observed 2 m temperature, and the bias is positive. Both the bias and RMSE in the
MWRPS test are smaller than those in the Control test. The 2 m temperature forecast is
closer to the actual observation, indicating better forecast performance. The 2 m specific
humidity is dry in the Control test, but wet in the MWRPS test which has slightly large
RMSE. In light of 10 m wind speed, the MWRPS test effectively improves the large wind
speed forecast bias spotted in the Control test. To sum up, although in the MWRPS test the
forecast error of 2 m specific humidity increases, the test addresses the warm bias of 2 m
temperature and large bias of 10 m wind speed, and improves the forecast performance
of surface meteorological elements at 0900 UTC, thus laying a good foundation for the
simulated urban precipitation-free process. The bias and RMSE of the 1-h accumulated
precipitation are compared in Control and MWRPS experiment initialized at 0600 UTC
over the urban and suburban areas in Beijing. It also shows the improvement in the forecast
with the ground-based microwave radiometer data assimilation.

Table 1. Bias and RMSE comparison of the simulated and observed surface temperature, specific
humidity, and wind speed.

Experiment 2 m Temperature(◦C) 2 m Specific Humidity
(g/kg) 10 m Wind Speed(m/s)

Bias RMSE Bias RMSE Bias RMSE

Control 1.65 1.67 −0.43 0.59 1.21 1.32

MWRPS 1.05 1.14 0.74 0.78 −0.32 0.59

Finally, the K-index simulated by the two experiments before the belt-shaped echo
splitting is analyzed. It represents the atmospheric convection potential (warmth and
humidity degree in the middle and lower layers and atmospheric stability) and has certain
guiding significance for the prediction. The K-index is defined as:

K = (T850 − T500) + Td850 − (T700 − Td700) (3)

where T represents temperature and Td represents dew point temperature, the value 850,
500, and 700 is the corresponding isobaric surfaces of 850 hPa, 500 hPa, and 700 hPa. In this
formula, the first term represents the temperature drop rate, the second term represents
the water vapor condition in the lower layer, and the third term represents the saturation
degree in the middle layer. Therefore, the K-index represents the thermal instability in the
middle and low layers and the water vapor saturation in the layer of 700 hPa. The K-index
can reflect the stratification stability of atmosphere [49].
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The larger the K-index is, the more unstable the stratification is. The higher the K-
value is, the more likely convection is to occur [50], and the more unstable the stratification
is. Generally, the stratification is rather unstable when the K-index is higher than 35 ◦C.
Figure 12a,b show that the area with K-index greater than 35 ◦C in Beijing in the MWRPS
test is smaller than that in the Control test. This shows that the structure of the background
field is adjusted with the assimilated data of the ground-based microwave radiometers.
The unstable energy in the middle and lower atmosphere in Beijing is reduced, the potential
of convection occurrence and development is reduced, and the occurrence of precipitation
is suppressed, so it can better predict the situation of no precipitation in urban area at
1000 UTC (Figure 7).
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Figure 12. K-index at 0900 UTC on 4 May 2019 simulated by Control test at (a) and MWRPS test at (b) initialized at 0600 UTC
before belt-shaped echo splitting.

While the K-index in the Control test at 0900 UTC is stronger than that in the MWRPS
test in Baoding, Hebei province where precipitation intensity is high at 1000 UTC. The
coverage area above 35 ◦C is larger, resulting in the precipitation intensity predicted by the
Control test at 1000 UTC being one level higher than that observed (Figures 7 and 12). For
the K index, MWRPS experiment outperforms the Control experiment before the start of
rainfall, it also has a better indication for forecasting the precipitation bifurcation.

5. Conclusions

In view of the belt-shaped convection echo splitting process in Beijing on 4 May 2019,
the RMASPS-ST was used to explore whether the data assimilation of the ground-based
microwave radiometers with high spatial and temporal resolution in Beijing could improve
prediction. The two groups of experiments with and without the assimilation of MWRPS
data were conducted in 3-h cycling runs. The simulation results for this rainfall bifurcation
case obtained from the model system are verified. The experimental results show that
the data assimilation of ground-based microwave radiometers in Beijing did improve the
prediction of precipitation and echo, and better predicted the echo splitting process. The
main conclusions are as follows:

(1) Assimilating the ground-based microwave radiometer data can improve the initial
field to a certain extent. In view of this process, the vertical structure configuration of
temperature field and humidity field was improved, which plays an important role
in correcting the forecast bias of the model, addressing the deficiency of the model
to a certain extent. The RMAPS-ST model system can provide a good simulation of
the selected rainfall case assimilating the MWRPS data in Beijing. It can prominently
reproduce the observed urban heat island of the main urban area in Beijing prior
to the start of this rainfall, thus reproducing the forecast of short-term cumulative
precipitation bifurcation in the urban area. The simulated precipitation, radar reflec-
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tivity and surface temperature, specific humidity, and wind speed are all closer to
the observation compared to the Control experiment. The urban effect on rainfall in
Beijing cannot be neglected;

(2) Different assimilation cycles have their corresponding improvement impacts on the
initial field. The closer the assimilation cycle is, the more effective the precipitation
forecast is. The MWRPS test valid from 0600 UTC has the best prediction effect,
which is attributed to the thermodynamic condition under which the ground-based
microwave radiometer data can be adjusted in time by cyclic assimilation. After the
data of ground-based microwave radiometers are assimilated, the observed weak heat
island phenomenon is better reproduced. The simulated surface temperature, specific
humidity, and wind speed are also closer to the observation prior to the start of rainfall.
The model not only prominently improves the forecast of precipitation distribution,
but also makes the precipitation intensity prediction closer to the actual situation,
and accurately predicts the process of belt-shaped echo splitting and precipitation
bifurcation process in Beijing urban area;

(3) The belt-shaped convection echo splitting process in Beijing on 4 May 2019 shows
that the assimilation of ground-based microwave radiometer data can improve the
numerical prediction of this process, and makes a positive contribution to improving
the simulation of precipitation in this belt-shaped convection splitting process. It
indicates that the assimilation of ground-based microwave radiometer data have a
bright application prospect in numerical models. Assimilating MWRPS data is of
great importance for numerical models, improving the quality of the initial conditions
and the subsequent forecasts. This rainfall event can also help us understand the effect
of urban surface on the rainfall system under weak urban heat island conditions.

These conclusions are based on the rainfall bifurcation case occurred in the urban area
of Beijing. Further investigation on the impact of assimilating ground-based microwave ra-
diometer data on forecasts of the RMAPS-ST will continue. In addition, more sophisticated
and advanced data assimilation method, such as the hybrid variational–ensemble approach
and the data-driven machine learning method will hopefully further improve the effect
of MWRPS data assimilation. However, conclusions from this study would be valuable
for further understanding and application in regional numerical weather prediction mod-
els. Since the present study focused on only one case, the results may not be completely
applicable to cases of other weather systems. More cases will be investigated to study
the application of assimilation of ground-based microwave radiometer data in the future.
In this way, we can have more insightful understanding of the impact of assimilation of
ground-based microwave radiometer data on forecast.
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