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Abstract: Ground-based microwave radiometer (GMWR) data with high spatial and temporal reso-
lution can improve the accuracy of weather forecasts when effectively assimilated into numerical
weather prediction. Nowadays, the major method to assimilate these data is via indirect assimilation
by assimilating the retrieved profiles, which introduces large retrieval errors and cannot easily be
represented by an error covariance matrix. Direct assimilation, on the other hand, can avoid this
issue. In this study, the ground-based version of the Radiative Transfer for the TIROS Operational
Vertical Sounder (RTTOV-gb) was selected as the observation operator, and a direct assimilation
module for GMWR radiance data was established in the Weather Research and Forecasting Model
Data Assimilation (WRFDA). Then, this direct assimilation module was applied to assimilate GMWR
data. The results were compared to the indirect assimilation experiment and demonstrated that
direct assimilation can more effectively improve the model’s initial fields in terms of temperature
and humidity than indirect assimilation while avoiding the influence of retrieval errors. In addition,
direct assimilation performed better in the precipitation forecast than indirect assimilation, making
the main precipitation center closer to the observation. In particular, the improvement in the precip-
itation forecast with a threshold of 60 mm/6 h was obvious, and the corresponding TS score was
significantly enhanced.

Keywords: ground-based microwave radiometer; direct assimilation; RTTOV-gb

1. Introduction

Despite the importance of the planetary boundary layer (PBL) in the atmosphere,
its observation remains poor. The statement of guidance for global numerical weather
prediction (NWP) published by the World Meteorological Organization highlights four
critical atmospheric variables in the PBL that are inadequately measured: the wind profile,
temperature and humidity profile, precipitation, and snow equivalent water content [1].
Ground-based microwave radiometers (GMWRs) can continuously monitor temperature
and humidity profiles from 0 to 10 km above the observation station and provide valuable
information from the PBL regardless of weather conditions [2]. Hence, GMWRs can
effectively complement sounding observations in the PBL [3,4].

Current studies indicate that GMWR products are used for a variety of applications,
such as site climatology characterization [5], monitoring and warning severe convective
systems [6,7], observing the microwave radiation of the sun [8], observing liquid water
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clouds [9], and analyzing haze processes [10,11]. Moreover, attempts have been made to
assimilate GMWR data into NWP models to improve forecasts [12,13].

As with satellite radiance data assimilation, the assimilation methods for GMWR
radiance data can be categorized into indirect and direct assimilation. For indirect as-
similation, the method of indirect assimilation converts radiance data into atmospheric
variables before assimilating them into the model, introducing complicated retrieval errors
that cannot be easily represented by an error covariance matrix [14,15]. Moreover, quality
control can directly affect forecast results during the indirect assimilation process [16].
Direct assimilation, on the other hand, uses a radiative transfer model as an observation op-
erator to directly assimilate radiance data, which can effectively avoid retrieval errors and
extract more atmospheric information because of the more optimal utilization of radiance
data [17,18]. Despite these advantages, the current application of GMWR data assimilation
remains limited to indirect methods [19,20]. This limitation was previously attributed to
the absence of suitable radiative transfer models (RTMs) that could serve as observation
operators. However, based on the Radiative Transfer for the TIROS Operational Vertical
Sounder (RTTOV) v11.2, Angelis et al., (2016) developed the RTTOV-gb, a ground-based
version of the RTTOV to simulate GMWR brightness temperatures (BTs). Although there
has been no research on applying the RTTOV-gb to direct assimilation, it has tangent linear,
adjoint, and K-modules like the RTTOV, which are essential for direct assimilation during
the assimilation process [21]. Therefore, the RTTOV-gb has the potential to serve as an
observation operator for the direct assimilation of GMWR radiance data [22].

In this study, the direct assimilation module of GMWR radiance data with the RTTOV-
gb was configured in the WRFDA system. The impact of direct assimilation was evaluated
by comparing its forecasts with the indirect assimilation experiment. The rest of the paper
is organized as follows: Section 2 details the GMWR radiance data and the RTMs. In
Section 3, the performance of the RTTOV-gb for GMWR radiance data is assessed, and the
direct assimilation module for the GMWR data utilized in this study is described. Section 4
presents a case of heavy rainfall and the experiment designs. The results based on this case
study are analyzed in Section 5, followed by the conclusion and discussion in Section 6.

2. Data and RTM
2.1. Data Description

The Level-1 (BT) and Level-2 data (retrieved products) output data of the GMWRs
were used in this study. The data were derived from the GMWR network of seven Ra-
diometer Physics GmbH—Humidity and Temperature PROfiler (RPG-HATPRO) GMWRs
over the Beijing region from May to September 2019. Figure 1 shows the distribution of
these GMWRs.
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Figure 1. (a) Distribution of GMWR sites and (b) the location of Beijing (the red-shaded area).

There are 14 channels in the RPG-HATPRO GMWR, including channels 1-7 in the
K-band (water vapor band) and channels 8-14 in the V-band (oxygen band). The details of
each channel are listed in Table 1. The Level-1 products indicate the downwelling radiance
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at a specified frequency coming from the atmosphere, which is usually expressed in terms
of BT. The Level-2 products used in this study were obtained using a BP neural network
inverse method, including the relative humidity and temperature profiles [23,24]. The
Level-2 products have 47 levels from 0 km to 10 km above ground level (AGL) with a
time resolution of 2 min. The vertical resolution is 100 m below 1 km and 250 m above
1 km AGL, respectively. The National Centers for Environmental Prediction (NCEP) FNL
(Final) Operational Global Analysis data with a horizontal resolution of 0.25° x 0.25°
were used to provide the initial and boundary conditions for the model simulation. The
observed rainfall data used in this study are the 0.1° x 0.1° hourly precipitation products
from the Chinese Meteorological Data Sharing Service System (The website address is:
http://data.cma.cn/), which were obtained by combining CMORPH (CPC MORPHing
technique) retrieved satellite data with automatic weather station observations.

Table 1. Characteristics of RPG-HATPRO GMWR for each channel.

Water Vapor Channels Oxygen Channels
Channel Number Centre Frequency Channel Number Centre Frequency
1 22.40 GHz 8 51.26 GHz
2 23.04 GHz 9 52.28 GHz
3 23.84 GHz 10 53.86 GHz
4 25.44 GHz 11 54.94 GHz
5 26.24 GHz 12 56.66 GHz
6 27.84 GHz 13 57.30 GHz
7 31.40 GHz 14 58.80 GHz

2.2. RTM

The monochromatic radiative transfer model (MonoRTM) is the RTM developed for the
ARM (tmospheric Radiation Measurement) Program to compute monochromatic radiative
transfer, especially in the microwave and millimeter-wave spectral regions. It employs
identical physical mechanisms as the line-by-line radiative transfer model (LBLRTM) for its
functioning. The MonoRTM employs a Voigt line shape with all of the parameters provided
in the HITRAN line database and the continuum model Mlawer-Tobin-Clough-Kneizys—
Davis (MT_CKD), which includes foreign- and self-broadened water vapor absorption
continua as well as continua for oxygen, nitrogen, carbon dioxide, and ozone. Additionally,
line coupling parameters for oxygen in the microwave region are also included. Many
studies have been conducted worldwide to compare its simulation ability with other RTMs
and to verify the simulated results of various instruments, including GMWRs [25-27].
These studies indicate that the MonoRTM has a good ability to calculate BTs for GMWRs.

The RTTOV-gb is a version of the RTTOV developed at the Center of Excellence
in Telesensing of Environment and Model Prediction of Severe Events (CETEMPS). It is
designed to simulate the radiances of atmospheric downwelling natural radiation in the
frequency range from 22 to 150 GHz for upward-looking GMWR observations. The same
as the RTTOV, the RTTOV-gb is also a parameterized atmospheric radiative transfer model.
And it also has the tangent linear, adjoint, and K-modules like the RTTOV to provide
Jacobians. Therefore, it can serve as an observation operator to assimilate the GMWRs.

Under clear-sky conditions in the microwave region, the optical depth of each layer is
only determined by the absorption of atmospheric gases, primarily nitrogen, water vapor,
and oxygen. Thus, instead of using a complicated line-by-line (LBL) absorption model
to calculate the layer optical depth, the parameterization uses a simplified parameterized
model to compute it in the RTTOV-gb [28]. This simplified model involves a linear re-
gression approach and connects the layer’s optical depth with the predictors achieved
from the humidity, temperature, and pressure profiles of the atmosphere. The regression
coefficients are calculated offline using a diverse training dataset consisting of atmospheric
thermodynamical profiles and their corresponding optical depths computed with an LBL
model. Therefore, the RTTOV-gb utilizes a fast parameterization of the modified LBL
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model to train the regression coefficients. In the RTTOV-gb, a later version of the millimeter-
wave propagation model (MPM) is utilized to train the regression coefficients from 10
to 200 GHz as described by Rosenkranz (1998, hereafter R98) [29]. Later, this model was
revised (Rosenkranz, 2017, hereafter R17) [30]. Therefore, the RTTOV-gb v1.0 can now have
coefficients for both the R98 and R17 models.

3. Direct Assimilation Module Construction and Verification in WRFDA
3.1. Performance of RTTOV-gb

Since the MonoRTM has a strong capability of simulating BTs from GMWRs, a vali-
dation was conducted using both the MonoRTM and the RTTOV-gb to test whether the
RTTOV-gb could serve as an effective observation operator for GMWR direct assimilation.
The simulated BTs from the two RTMs were compared with real GMWR observations at
the corresponding location and time.

The temperature and water vapor data from ECMWF Reanalysis version 5 (ERA5)
data were used as the input profiles to simulate the BTs for both the MonoRTM and the
RTTOV-gb. The ERAS5 data were interpolated to the seven locations shown in Figure 1
using bilinear interpolation. As neither model contains precipitation-related parameters
for the simulations, only observation samples without rain detected by the GMWR rain
sensor were selected for analysis. The simulation experiments were conducted from 0000
UTC 1 July 2019 to 0000 UTC 30 September 2019 with simulations performed every 6 h.

3.2. Comparison with Line-by-Line Model Computed Radiance and Real Observations

In order to quantitatively evaluate the difference between the simulated and the
observed BTs of the two models, the mean bias (BIAS), root mean square error (RMSE), and
correlation coefficient (COR) were used:

i=1

5 (xQBS _ xMN)
1

BIAS = . 1)
n (xOBS _ yMN)2
RMSE = \/ i=1 (xz - X ) (2)
>, (szBs _ xo&s) (leN _ xMN)
COR = 3)

2 —\ 2
B
\/Z?—l (xlo S _ xogs) n (leN _ xMN)
OB

xPBS and xMN (with i being the label of the sample) represent the observed and
simulated BTs of the GMWRs, respectively. n is the size of the samples used for analysis.

Because of the similitude of each station, the simulations and observations from Station
54399 were chosen as an analysis example. As shown in Figure 2, for both models from
all 14 channels, most scatter points are concentrated near the diagonal, indicating the
simulations are consistent with observations. This also implies a similar performance in
simulating the BTs for the GMWRs of both models. However, for temperature channels 6
and 7 and oxygen channels 8 and 9, there is a larger degree of dispersion in the scatterplots
(Figure 2f—i) compared to the other channels, indicating larger simulation errors from these
four channels.
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Figure 2. Scatter diagram of observed BTs against simulated ones in RTTOV-gb (red dots) and
MonoRTM (blue dots) from 1-14 channels (a—n) at Station 54399. The green lines represent

the diagonal.

The mean bias can reflect the overall difference between the simulated and observed
BTs for all samples. Figure 3a demonstrates that the simulated BTs from the RTTOV-gb (red
line) and MonoRTM (green line) for most channels have a positive bias from the observed
ones. However, the mean biases from all 14 channels for both models are within 3.0 K,
which is smaller than the systematic bias of 3.5 K given by the instrument, indicating that
the error is within a normal range.
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Figure 3. The (a) BIAS, (b) RMSE, and (c) COR of RTTOV-gb (red line) and MonoRTM (green line)

simulated BTs against observed ones from 14 channels at Station 54399.

Considering the mean bias may be erroneously close to zero due to positive biases
offsetting the negative ones, the RMSE better reflects the simulation difference from the
observation. As shown in Figure 3b, the RTTOV-gb (red line) and MonoRTM (green
line) exhibit consistent behavior in terms of the RMSE, with large RMSEs from water
vapor channels 1-7 and small RMSEs from the last four oxygen channels. However, the
MonoRTM reaches its maximum at channel 8, while the RTTOV-gb reaches its maximum at
channel 9. This implies that both models have larger simulation errors at the edge channels.
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Additionally, for the CORs between the RTTOV-gb-simulated BTs and the observed ones
from channels 1-14 in Figure 3c, the CORs are all above 0.9. This demonstrates that the
RTTOV-gb has a good capability to simulate the brightness temperatures for GMWRs.

Since the RTTOV-gb has a good performance in simulating the BTs for GMWRSs,
it can serve as an observation operator for the direct assimilation of GMWR radiance
data. Because the RTTOV-gb was developed based on the RTTOV v11.2 code, the RTTOV
v11.2 interface in the WRFDA v3.9 was modified to enable the WRFDA system to call the
RTTOV-gb.

3.3. The Direct Assimilation Module Build

To build a direct assimilation module for GMWR radiance data, the information about
the HATPRO GMWR sensor and its channels (Table 2) was first included in the WRFDA’s
radiance data assimilation module. Next, a data reading program for this sensor was added
to the WRFDA system. Additionally, a quality control program was developed based on
the characteristics of GMWR radiance data. The quality control schemes in this study are
as follows:

Table 2. Sensors supported by RTTOV-gb.

Sensor RTTOV-gb ID Channel
HATPRO 1 1-14
MP3000A 2 1-22

TEMPERA 3 1-12
LWP_K2W 4 1-6

@ Rejecting the observations of the unused 1-4 and 7-10 channels;

@ Removing rainy pixels in both the background and observation fields;

(® Dismissing observations with an innovation greater than 10 K;

® Eliminating data with an innovation exceeding 3 times the observation error.

Finally, the radiance_info file for the HATPRO sensor containing its observation errors
and channel selection information named ground_1_hatpro.info was added. The observa-
tion errors for the 14 channels were estimated based on the RMSEs between the simulated
and observed BTs from the previous statistical analysis (Figure 3b). After establishing the
direct assimilation module for the GMWR radiance data, a single-observation experiment
was conducted to verify the accuracy of the module.

3.4. Single-Observation Experiment

The single-observation experiment is commonly used to test the accuracy of assim-
ilation systems and the effectiveness of assimilation algorithms [31]. Therefore, a single-
observation experiment at Station 54399 was conducted using radiance data from water
vapor channel 5 and oxygen channel 12. The background error covariance matrix was
calculated by the National Meteorological Center (NMC) method with a number of 24 h
and 12 h forecasts launched at 0000UTC and 1200UTC over August 2019 [32]. The initial
and boundary conditions used for the forecasts were provided by the FNL data. Control
variable option 7 (CV7) with a UV wind control variable was applied in this study [33];
it includes u, v, temperature, pseudo-relative humidity (RHs), and surface pressure (Ps).
The variance scale and length scale factor of the control variables were set to 0.75 and 0.25,
respectively, to achieve more reasonable increment values and ranges. Additionally, the
data assimilation method used in this study was the 3DVAR method.

The vertical cross-section of water vapor (Figure 4a) and temperature increments
(Figure 4b) along 40°N show that the water vapor and temperature increments are mainly
located in the lower levels, with the influence of water vapor reaching up to 400 hPa.
The GMWR temperature and water vapor channels” weight functions are mainly below
400 hPa [34,35]. Therefore, the water vapor and temperature increments are consistent with
the peak heights of the channels” weight functions. As a result, the horizontal increment
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maps for temperature (Figure 4c) and water vapor (Figure 4d) at 925 hPa were plotted for
further analysis. Figure 4c,d demonstrates that the increments distribute concentrically
around the observation and reflect the isotropic structural characteristics of the background
error covariance, which is consistent with the features of the 3DVar method. Additionally,
the maximums of the water vapor and temperature increments are both at the observation
center, and their values are 0.035 g/kg and 0.3 °C, respectively. This was verified by
the observations.
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Figure 4. The analysis increments of (a) the cross sections of water vapor mixing ratio along 40°N;
(b) the cross sections of temperature along 40°N; (c) water vapor mixing ratio at 925 hPa; (d) temper-
ature at 925 hPa for the single-observation experiment of water vapor channel 5 and oxygen channel
12 radiance data at Station 54399.

The results of the single-observation experiment demonstrate that the newly con-
structed assimilation module in the WRFDA can directly assimilate radiance data
from GMWRs.

4. Direct Assimilation Experiment
4.1. The Heavy Rainfall Case

Considering the location of the GMWR network, the extremely heavy precipitation that
occurred from 0600 UTC to 1200 UTC on 9 August 2019 in Beijing was selected as the case.
This precipitation event happened during the landfall of Typhoon Lekima (2019), which
was located ahead and left of the typhoon’s moving track. As shown in Figure 5, there
was a high concentration of water vapor in the southeast of Beijing. Because of the large
amount of water vapor carried by the typhoon’s peripheral cloud clusters and the strong
southeasterly airflow in its peripheral circulation, a significant amount of water vapor
was transported to Beijing, making a positive impact on the heavy rainfall. Additionally,
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1 h Precipitation - CHORPH (2019 - 08 - 09 07:00)

the vertical velocity in Beijing’s precipitation area showed a strong upward motion in the
middle and low levels with the vertical velocity value exceeding 0.1 m/s below 850 hPa,
which makes for a dynamic contribution for the precipitation. Therefore, the ample water
vapor combined with the strong upward movement resulted in this extreme precipitation.

QVAPOR (2019 - 08 - 09 06:00)
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Figure 5. The analysis at 0600 UTC on 9 August 2019 of the water vapor mixing ratio (shaded; units:
g/kg), wind (vectors; units: m/s), and vertical velocity (contours; units: m/s). The colored bars from
left to right are for the wind field, vertical velocity, and water vapor mixing ratio, respectively.

The hourly rainfall distributions (Figure 6) demonstrate that the centers of the heavy
rainfall were primarily located in northeastern Beijing. The maximum hourly precipita-
tion occurred during the period of 0700 UTC-0800 UTC on 9 August (Figure 6b) with a
maximum exceeding 60 mm and reaching the level of a particularly heavy rainstorm. Fur-
thermore, the precipitation was mainly produced from 0700 UTC to 0900 UTC (Figure 6b,c).
This indicates that the precipitation event had a high intensity and short duration, repre-
senting a typical rainfall process over north China.
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Figure 6. Distribution of 1 h accumulated rainfall during the periods (a) 0600 UTC-0700 UTC,
(b) 0700 UTC-0800 UTC, (c) 0800 UTC-0900 UTC, (d) 0900 UTC-1000 UTC, (e) 1000 UTC-1100 UTC,
and (f) 1100 UTC-1200 UTC on 9 August 2019.
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4.2. Model Configurations and Experimental Design

In this study, WRFv3.9 and the associated WRFDA-3DVAR system were used to carry
out the experiment. The two nested domains for the simulation are shown in Figure 7.
Domain 1 (d01) had 501 x 391 grid points (9 km), while domain 2 (d02) had 622 x 481 grid
points (3 km). Both domains had 51 vertical levels and a model top of 50 hPa. The following
parameterization schemes were set: the WSM6 microphysics scheme, Yonsei University
(YSU) planetary boundary layer scheme, Noah land—surface model, rapid radiative transfer
model (RRTM) longwave radiance scheme, and Goddard shortwave radiance scheme.
The d01 cumulus scheme uses Kain—-Fritsch, but in the d02, cumulus parameterization is
switched off.

25°N 35°N

& 34°N

20°N 0 o SR 33°N
95°E  105°E  115°E  125°E 109°E 113°E 117°E 121°E 125°E

0 700 1400 2100 2800 3500 4200 4900 5600 6300
Terrain Height (m)

Figure 7. Two nested domains of the WRF model (d01: 9 km, d02: 3 km). D02 is outlined by the black
box. The color shading represents the terrain height (units: m).

The experiment started at 1800 UTC on 8 August 2019. A 6 h spin-up run was
conducted before the data assimilation. To evaluate the influences of the direct assimilation
of GMWR radiance data on the analysis and forecast, three different experiments were
performed (as shown in Table 3): the control experiment without data assimilation (CTRL),
the indirect assimilation experiment with temperature and humidity profiles data from
7 GMWRs (MWR_DA), and the direct assimilation experiment with radiance data from
7 GMWRs (DIR_DA). As depicted in Figure 8, the assimilations were performed with 2 h
data assimilation cycling (DA cycling) during 0000-0006 UTC on 9 August 2019. Finally, a
6 h forecast was carried out from 0006 UTC on 9 August 2019 onwards.

Table 3. Assimilation scheme.

Experiment Assimilated Data Assimilation Interval
CTRL No
Temperature and humidity
MWR_DA profiles from 7 GMWRs zh
DIR_DA Radiance of 7 GMWRs 2h
OBS
AhlL // \l\‘
| | | | _
| | | | |
o818 0900 0902 0904 0906 0912
6h Spin up ' 6h Circulation Assimilation ' 6h Forecast '

Figure 8. Workflow for assimilation experiments.
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5. Results
5.1. The Impact on the Temperature and Humidity Analysis Fields

To study the impact of indirect assimilation and direct assimilation of GMWR data on
the simulation of this heavy rainfall event, the temperature field at 500 hPa (Figure 9) and
relative humidity field at 850 hPa (Figure 10) after the last analysis time at 0006 UTC on 9
August was selected. From the FNL analysis field at 0006 UTC on 9 August (Figure 9a), it
can be seen that the temperature isotherms decreased from southeast to northwest with a
relatively uniform distribution that is basically parallel. Figure 9b shows the temperature
field for the CTRL experiment. Its temperature isotherms are consistent with those of
the FNL analysis field except in the southeastern region of Beijing where temperatures
were slightly higher. At the same time, in the southwestern region of Beijing, the CTRL
experiment’s isotherms were denser than those in the FNL analysis field. This led to
instability at 500 hPa in the CTRL experiment, which is conducive to precipitation [36].
Figure 9¢,d includes both assimilation experiments. Compared to the CTRL experiment,
their isotherm positions and sparsity were more consistent than in the FNL analysis field.
However, after indirectly assimilating the GMWR data into the MWR_DA experiment,
the initial temperature field was lower than the FNL analysis field by 4 °C (Figure 9c¢),
resulting in larger errors in the model initial temperature fields and making the whole layer
structure more stable than in the CTRL experiment due to lower temperatures since the
CTRL experiment’s initial temperature field was closer to the FNL analysis field, and the
DIR_DA experiment had smaller changes in the temperature fields after assimilation but
was also closer to the FNL analysis field. Although the DIR_DA experiment had a slight
improvement in temperature fields, it was better at simulating the T fields.

500 hPa FNL T 500 hPa CTRL T

44 °N e 44 °N o T

43°N{ <7 43 °N

42 °N A 42 °N A

41 °N A 41 °NA.

40 °N+ 40 °N P,

39 °N 39 °N

380ll\llé 2E 115 °E 117 °E 119 °E 380lI\IIé B 115 °E 117 "E 119 °E
-16 -14 -12 -10 -8 —6 —m -16 -14 -12 -10 -8 —6 —m

unit: °C unit: °C
44 ON e 44 oN 500 hPa DIR_DA T

43 °N A 43 °N A

42 °N A 42 °N A
41 °N A 41 °N A
40 °N A 40 °N +

39 °N 39 °N

38 °N 38 °N A
113 °E 115 °E 117 °E 119 °E 113 °E 115 °E 117 °E 119 °E
-16 -14 -12 =10 -8 -6 -4 -2 O -16 -14 -12 -10 -8 -6 -4 -2 O
unit: °C unit: °C

Figure 9. The 500 hPa temperature field at 0600 UTC on 9 August 2019 from (a) FNL, (b) CTRL,
(c) MWR_DA, and (d) DIR_DA.
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Figure 10. The 850 hPa relative humidity field at 0600 UTC on 9 August 2019 from (a) FNL, (b) CTRL,
(c) MWR_DA, and (d) DIR_DA.

Water vapor conditions are one of the key factors in the formation of heavy rain [37,38].
An accurate initial water vapor field in weather models is crucial for making correct heavy
rain forecasts. From the relative humidity field at 850 hPa in the FNL data at 0006 UTC on
9 August (Figure 10a), it can be seen that the area with a high relative humidity was mainly
located in the northeast region of Beijing, which was where this heavy rain occurred. How-
ever, in the CTRL experiment (Figure 10b), the initial relative humidity field at this time
was obviously too large in scope, causing precipitation forecasts to be significantly overesti-
mated and high relative humidity areas to coincide with precipitation areas. Although the
MWR_DA experiment (Figure 10c) slightly improves the initial relative humidity field at
850 hPa after assimilating the GMWR temperature and humidity profile data, the changes
are small, and the high relative humidity area is still too large. In contrast, the DIR_DA
experiment (Figure 10d) greatly improves the original CTRL experiment’s relative humidity
field after directly assimilating the GMWR BT data and effectively reduces the problem of
an excessively large high relative humidity area. This shows that direct assimilation can
more effectively improve the model’s initial relative humidity field compared to indirect
assimilation.

A T-InP diagram (temperature—logarithmic pressure diagram), also known as a sound-
ing diagram, can intuitively reflect the vertical distribution of temperature and humidity
elements above a meteorological station. It is often used to analyze strong convection and
serves as a tool for assessing atmospheric stability. To comparatively and more intuitively
observe the impact of the assimilation experiments on the temperature and humidity ele-
ments throughout the entire layer, we selected sounding data from Beijing Station 54511 at
0006 UTC on 9 August 2019 for a comparative analysis of the impact of the assimilation
experiments on the temperature and humidity fields throughout the entire layer. From the
actual sounding data at Station 54511 on 9 August (Figure 11a), it can be observed that
the atmosphere above the station exhibited a typical convective unstable stratification. At
500 hPa, there was a significant temperature-dew point difference, indicating relatively
dry and cold air at this level. Additionally, at 900 hPa, the temperature-dew point differ-
ence approached zero, indicating warm and moist air in the lower levels. Therefore, the
atmosphere above the station displayed an upper layer of dry and cold air and a lower
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layer of warm and moist air, indicating a typical convective unstable stratification. The
lifting condensation level was 874 hPa. From the lifting condensation level to near 700 hPa,
the temperature-dew point difference throughout the entire air layer was close to zero,
indicating that the water vapor in this layer was basically in a saturated state. Near 500 hPa,
the temperature—dew point difference was large, indicating that the air in this layer was
dry. Therefore, the entire layer was convectively unstable, and the MUCAPE value at this
time was large at 947 ] /kg, providing significant energy for strong convection.

54511 Beijing at 05:15 UTC — 09 Aug 2019 =/ CTRL 54511 Beijing at 06:00 UTC - 09 Aug 2019
200 2) 7 Fwucare-oss ke 200 ) N MUCAPE=7771/kg
jm level= 874 hPa ) LCL level= 819 hPa
/| LCL temp=19.5°C LCL temp=16.8 °C
J
300 4
.; . <
g /) & /
= 400{ s < f
5 ol : 5 7
5 500 J 5 [~
z b = C Y
600 ] Y
7004 S Y
/A §
800 /A Pl
9001 4/ VAN % i
10000500 10 20 30 4o 10 30
T/(°C) T/(°C)
zodﬂWIZ;)DA 54511 ‘Beijing at\Oé:OO UTC — 09 Aug 2019\“4(4[”% — ZO&IIZ{;A 54511 V\Beijing at\\06:00 uTC —\ 09 Aug 201‘?\114("’“)”7 95211k
LCL level= 865 hPa R LCL level= 869 hPa
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< h % < N / .
o VRN a v N /
= 40015 = 400§ /
5 500 ; i// 5 500 =
600 P 600 /
7001, ¥ 7001
800 e 800 b
100920 -10 0 10 20 30 40 100920 -10 0 10 20 30 40
T/ (°C) T/(°C)

Figure 11. (a—d) T-InP diagram of Station 54511 at 0600 UTC on 9 August 2019 from (a) Sounding,
(b) CTRL, (c) MWR_DA, and (d) DIR_DA.

From the T-InP diagram of the CTRL experiment (Figure 11b), it can be seen that at
0006 UTC on 9 August, the lifting condensation level in the initial field of the model is
higher by 50 hPa compared to the actual observation. This indicates that the near-surface
air relative humidity in the CTRL experiment is low, causing an increase in height required
for air parcel saturation. At the same time, the temperature-dew point differences in the
high-altitude areas are smaller than the actual observations. As a result, the convective
instability is smaller than the actual observations due to drier conditions below and moister
conditions above. Additionally, the convective available potential energy (CAPE) in the
initial field of the CTRL model is 777 ] / kg, which is much lower than the actual observations
(946 J/kg). In contrast, both the direct assimilation (DIR_DA) and indirect assimilation
(MWR_DA) experiments effectively improved the humidity fields in the lower level of the
initial fields (Figure 11c,d), which makes the CAPE much closer to the actual observations.
This increased the relative humidity compared to the CTRL experiment and lowered the
lifting condensation levels closer to the actual observations, making convection easier to
trigger. However, direct assimilation (DIR_DA) shows more significant improvements
over indirect assimilation (MWR_DA) with lifting condensation levels and temperature,
as well as CAPE, closer to actual observations. Furthermore, DIR_DA resulted in a free
convection level consistent with actual observations of around 200 hPPa, while MWR_DA
lowered the free convection level by nearly 50 hPa compared to the CTRL experiment. This
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makes it difficult for stronger convective development and does not improve high-altitude
atmospheric elements while increasing the deviation from the actual observations. This
may be related to larger errors in the high-altitude inversion of the GMWR data. Therefore,
direct assimilation (DIR_DA) is more effective than indirect assimilation (MWR_DA) at
improving temperature and moisture fields throughout the initial model fields.

A comparison of the effects of direct and indirect assimilation on the analysis tem-
perature and humidity fields of a model reveals that direct assimilation is more effective
at improving the model’s initial field, particularly its humidity field. In contrast, indirect
assimilation not only fails to enhance the model’s initial field but also increases its error.
This can largely be attributed to the data inversion during indirect assimilation, which can
introduce significant errors. Direct assimilation avoids such errors by bypassing inversion
and directly assimilating raw data into the model.

5.2. Impact on 6 h Accumulated Precipitation in Beijing Area

Given that GMWR data are available only in the Beijing area and that this heavy rain
event occurred primarily in Beijing, we focused our study on the impact of assimilating
such data into 6 h accumulated precipitation forecasts in this region. An examination of
the actual precipitation map for Beijing (Figure 12a) reveals a primary precipitation center
located in Miyun District with a maximum 6 h accumulated precipitation exceeding 90 mm.
A secondary precipitation center south of this location also exhibited a 6 h accumulated
precipitation exceeding 40 mm.

6 h Precipitation = CMORPH (2019 - 08 - 09 12:00) 6 h Precipitation - CTRL (2019 - 08 - 09 12:00)
41°N](@)

1156°E  1162°E  116.8°E  1174°E ' 1156°E  116.2°E ] 116.8°E  117.4°E

6 h Precipitation - MWR_DA (2019 - 08 - 09 12:00) 6 h Precipitation - DIR_DA (2019 - 08 - 09 12:00)

o
=
mi

. j 39.4°N =
115.6°E 116.2°E 116.8°E 117 4°E 115.6°E 116.2°E 116 .8°F 117.4°E

Figure 12. (a-d) A 6 h precipitation in Beijing area at 1200 UTC on 9 August 2019 from (a) CMORPH,
(b) CTRL, (¢) MWR_DA, and (d) DIR_DA.

According to the 6 h cumulative precipitation forecast map from the CTRL test
(Figure 12b), both the primary and secondary precipitation centers were predicted. How-
ever, the forecasted 6 h cumulative precipitation amounts for both centers were excessive,
and their locations were shifted southward. Additionally, a large false precipitation center
emerged in Beijing’s southwest region. In contrast, the MWR_DA test (Figure 12c) demon-
strates significant improvement in its 6 h cumulative precipitation forecast compared to
the CTRL. Both the primary and the secondary precipitation centers’ magnitudes and
locations are more accurate, effectively reducing false reports at the primary precipitation
locations in the CTRL. Although the primary precipitation center’s range is slightly smaller
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than the observation, its location is consistent with the observation, and the secondary
precipitation center’s location is close to the observation with a magnitude slightly larger
than that of the actual rainfall. Secondly, compared to the CTRL's generation of a large
false precipitation center in southwest Beijing due to terrain effects, MWR_DA effectively
reduces false reports.

The DIR_DA test (Figure 12d), which directly assimilates data from the GMWRs’
BTs, demonstrates significant improvement in reducing false reports of 6 h cumulative
precipitation and correcting southward shifts of precipitation center locations compared to
the MWR_DA test. The magnitude and location of the 6 h cumulative precipitation forecast
in the DIR_DA test are more consistent with both the observations and MWR_DA test
results. Additionally, it effectively reduces false precipitation in southwest Beijing. As such,
both indirect and direct assimilation of GMWR data can effectively enhance the model’s
6 h cumulative precipitation forecast, with direct assimilation yielding better results than
indirect assimilation.

To quantitatively assess the ability of three experimental groups to forecast precipitation
at different magnitudes, three experiments were conducted using TS precipitation scores for
accumulated precipitation over time (Figure 13). The figure shows that when the precipitation
threshold is 7.5 mm (Figure 13), the DIR_DA experiment’s TS precipitation score is lower than
that of the CTRL experiment as the forecast time progresses. Additionally, during the first
4 h of forecasting, the MWR_DA experiment’s TS precipitation score is also lower than that
of the CTRL experiment. This suggests that the assimilation experiments do not significantly
improve the forecasts for small amounts of rainfall. Similarly, when the threshold is 15 mm
(Figure 13b), the assimilation experiments TS precipitation scores only surpass those of the
CTRL experiment after 5 h of the forecast. This indicates that for medium and small amounts of
rainfall, the assimilation experiments primarily improve forecasts after 5 h have passed. When
the threshold exceeds 30 mm (Figure 13c,d red line), it can be observed that at the beginning of
forecasting, its TS precipitation score improves significantly compared to both the CTRL and
MWR_DA experiments and continues until the forecast ends. The improvement becomes more
pronounced as the thresholds increase. This demonstrates that directly assimilating GMWR
data mainly improves model rainfall forecasts in areas with larger magnitudes; i.e., there are
significant improvements in forecasting heavy rain or rainstorm levels, and the improvement
increases as the rainfall increases, which is superior to indirectly assimilating GMWR data.

threshold value > 7.5 mm threshold value > 15 mm

0.6 0.6
(a) —— CTRL (b) —— CTRL

0.5 —— MRDA | o5 —— MWR DA
—— DIRDA —— DIRDA

0.4 0.4

0.3 0.3

0.2 0.2

0.1 0.1

0.0 2 3 4 5 6 00 2 3 4 5 6

Forecast Hours Forecast Hours
threshold value > 30 mm threshold value > 60 mm
(e) —— CTRL (d) —— CTRL

0.5 —— MRDA | g5 —— MWR_DA
—— DIR_DA —— DIR_DA

1 2 3 4 5 13 1 2 3 4 5 6

Forecast Hours Forecast Hours

Figure 13. TS scores of accumulated precipitation with different thresholds of (a) >7.5, (b) >15,
(c) >30, and (d) >60 in Beijing.
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6. Discussion

At present, this study has only achieved the direct assimilation of clear-sky radia-
tion BT data from GMWRs. During the assimilation process, the data from cloud and
precipitation areas were discarded. However, for weather processes, the data from cloud
and precipitation areas are crucial. Therefore, our future goal is to achieve the all-sky
assimilation of GMWRs.

Furthermore, currently, there are few GMWR stations in China, and their distribution
is scattered. Therefore, the impact of direct or indirect assimilation is too small, or it is
difficult to fully utilize the value of these data. However, in the future, when the network
of GMWRSs is established, these data will play a significant role in short-term weather
warnings and improve the forecast of the models.

Finally, this study only compared the effects of direct assimilation and indirect assimi-
lation based on a single heavy precipitation case and concluded that direct assimilation
performed better than indirect assimilation. However, this conclusion may not be uni-
versally applicable. In the future, batch experiments should be conducted to validate
these findings.

7. Conclusions

This paper investigates the application of direct assimilation for GMWR clear-sky radi-
ation (brightness temperatures) BTs. Firstly, the RTTOV-gb was selected as the observation
operator for direct assimilation, and its ability to simulate GMWR BTs was tested. Then, the
RTTOV-gb operator was used to build a direct assimilation module for GMWR radiance
data using the WRFDA v3.9, and a single-point experiment was conducted. Finally, the
simulation results of the GMWR radiance direct assimilation experiment were compared
to the indirect assimilation experiment using a heavy rainfall case study in Beijing. Our
findings are as follows:

(1) The RTTOV-gb effectively simulates the BT performance assimilation of GMWR data
and can be used as an observation operator for direct assimilation. By comparing
simulations of Station 54399’s BTs from June to October 2019 using both the RTTOV-gb
and MonoRTM with observed values, the analysis results show that scatter plots for
both models” simulated BTs versus the observed values are concentrated along the
diagonal line. The absolute error between the simulated and observed BTs is within
3.0 K. Additionally, the root mean square error for each channel’s simulated BTs using
the RTTOV-gb is consistent with the MonoRTM and relatively small, indicating that
the performance of the RTTOV-gb is comparable to the MonoRTM in simulating
GMWR BTs.

(2) The constructed direct assimilation module for GMWRs can successfully perform
the direct assimilation of GMWR radiance data. Through a single-point test, the
accuracy of the direct assimilation module and the validity of its algorithm were
confirmed. The single-point test also reveals that direct assimilation primarily impacts
temperature and humidity fields in the middle and lower layers below 500 hPa in the
model, which is consistent with each channel’s weighting function characterization
for GMWRSs. As such, this direct assimilation module can be utilized for further direct
assimilation testing.

(3) When assimilating GMWR radiance data, the direct assimilation method proves to be
more effective than the indirect assimilation method. This results in an improvement
in the initial temperature and humidity fields of the model, which in turn enhances
its ability to forecast extreme precipitation events. A comparison between the impact
of direct and indirect assimilation on analysis fields shows that direct assimilation
reduces errors in temperature and humidity fields, while indirect assimilation can
increase them due to large errors introduced by the data retrieval method. Further-
more, based on the TS scores for 6 h accumulated precipitation, direct assimilation
can effectively improve forecasts of precipitation events with larger magnitudes of
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rainfall with particularly significant improvements seen for accumulated rainfall of
over 60 mm.
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