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1. Introduction 
 
 Themens and Fabry (2014) pointed out the desire 
of providing temperature and humidity information 
over three dimensional domains for mesoscale 
forecasting. On the other hand, the impact of 
assimilating thermodynamic information and radar 
data from our studies with OSSE experiments is 
positive and significant for multiscale weather system. 
Therefore, the purpose of this study is to assimilate 
the retrieved thermodynamic information with radar 
data and evaluate the performance of very short-term 
forecast in a real case study.  
 A frontal system which brought extreme heavy 
rainfall in northern Taiwan on June 11 2012 is 
selected as a case study. By using the 
thermodynamic retrieval algorithm proposed by Liou 
et al. (2016), different retrieved thermodynamic 
variables are assimilated in the ensemble data 
assimilation system to examine which one is the most 
effective information. The very short-term forecast is 
launched afterward to evaluate the performance of 
QPF. 
 
2. Case review 
 

The extremely heavy rainfall lasted for 10 hours at 
the same place after the precipitation system landed 
Taiwan that occurred on 11th June 2012 and brought 
over 400 mm rainfall to northern Taiwan. Mei-Yu front 
is located to the north of Taiwan. A trough located at 
the southern of China caused a confluence flow over 
Taiwan area in mid-level (850hPa). In addition, a 
divergent flow occurred at 200 hPa. The synoptic 
scale weather reveals an unstable condition over 
Taiwan area, and it provides better opportunities for 
the development of convections. Ke et al. (2019) 
investigate the extremely rainfall accumulation from 
1400 UTC 11th June for two hours by the southern 
edge of the main precipitation before merging to form 
a special Y-shaped echo this feature repeated twicer 
near the coast of northern Taiwan. Based on the 
definition of Central Weather Bureau in Taiwan, the 
precipitation system caused extremely heavy rainfalls 
(3-h accumulation more than 100 mm hr-1) during this 
time. Ke et al. (2019) examine the interaction of 
dynamics, thermodynamics, and terrain effect on the 
mesoscale and convective scale. They found that the 
stagnated Mei-Yu front, the location and the strength 
of the barrier jet and cold pool, as well as orographic 
blockage over northern Taiwan explain the formation 
of this quasi-stationary and extremely heavy rainfall 
case.  

 
3. Methodology-WLRAS 
 

The radar data assimilation system, WRF-LETKF 
Radar Assimilation System (WLRAS), which 
developed by Tsai et al. (2014) is used in the study. 
WLRAS is a kind of deterministic EnKF. The 
advantage of WLRAS is that it could easily modify to 
parallel computing and greatly reduced the 
computational time, and have flow-dependent error 
structures. This algorithm estimates the state 
variables and their uncertainty by updating the 
ensemble mean and perturbations separately as: 

 
𝐱"### = 𝐱%### + 𝐗%𝐰)  
𝐗" = 𝐗%𝐖 

 
where x is a column vector storing the ensemble 
mean of model variables, and X is a matrix whose kth 
column stores the perturbation from the kth ensemble 
member. The analysis mean increment and analysis 
perturbations are derived from the linear combination 
of background perturbations.  

WLRAS used mixed localization strategy to avoid 
unrealistic correlation and assign for different error 
covariance localization radii to different model 
variables. In the study, there are three different 
horizontal radii as 36-km (U, V), 24-km (T, P, Qv, Qc), 
and 12-km (W, Qr, Qs, Qg) for different model update 
variables. Vertical localization radius is 4-km for all 
model update verticals. In the system, data quality 
control procedure set a threshold as 3-times 
observation error to reject the particular observation. 
The inflation coefficient is an empirical value of 1.08 
to alleviate the under-dispersive problem.  

  In the study, there are radar observation data 
and pseudo-thermodynamic variables. The forward 
model for assimilating radial wind is defined as: 

 

𝑉, = [𝑢𝑥 + 𝑣𝑦 + (𝑤 − 𝑉5)𝑧](𝑥9 + 𝑦9 + 𝑧9)
:;9 

 
Observation of radar reflectivity makes a 

connection to hydrometer variables. In this study, 
three-ice of the Goddard Cumulus Ensemble (GCE, 
Tao et al. 2003) is applied as the microphysical 
scheme. To consider the ice-phase hydrometeors and 
obtain the total reflectivity(Z) which is contributed by 
rain water (Zr), snow (Zs), and graupel (Zg) , the 
forward model is formatted as : 

 
𝑍 = 𝑍, + 𝑍= + 𝑍> 

 
The rain mixing ratio is connected with synthetic 

reflectivity from Dowell et al. (2011). In our 
experiments, we assume snow surface is wet or dry 
when the temperature is above or below freezing. the 
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relationship between the graupel mixing ratio and 
reflectivity is simplifying assumptions. 

 
𝑍, = 3.63 ∗ 10E(𝜌"𝑞,);.HI 

𝑍=:JK5 = 1.21 ∗ 10;;(𝜌"𝑞=);.HI 
𝑍=:M,N = 2.79 ∗ 10Q(𝜌"𝑞=);.HI 

 
The pseudo-thermodynamic variables are from 

retrieval algorithm as show in the next section.  
 
 
4. WISSDOM and thermodynamic retrieval 
 

A variational-based algorithm (Liou et al. 2012) is 
used to retrieve the three-dimensional wind fields with 
multiple Doppler radars. The system is named Wind 
Synthesis System using Doppler Measurements 
(WISSDOM, Liou et al. 2016). With these formulas as 
weak constraints, WISSDOM is able to retrieve the 
wind field along the radar baseline. By implementing 
the Immersed Boundary Method (IBM, Tseng and 
Ferziger 2003), Liou et al (2012) improved the 
WISSDOM so the retrieval algorithm can consider the 
terrain effect. 

After obtaining three-dimensional wind 
components, the perturbations of pressure and 
temperature are retrieved based on Gal-Chen (1978). 
The algorithm uses the momentum equations to 
obtain thermodynamic fields. Furthermore, the 
contributions of vapor, cloud, and rainwater are 
included to estimate the buoyancy force.  
 
5. Experiment design 
 

The Weather Research and Forecasting (WRF) 
model is used to conduct a series of experiments.  
Two-way nesting is configured with three-layer nested 
domains. The horizontal resolution is 27-km (D01), 9-
km (D02) and 3-km (D03), respectively (Fig. 1). In 
vertical, there are 51 levels with the model top at 10 
hPa. The 40 members of random perturbation are 
generated from WRF-3DVAR (Barker et al. 2004) in 
D01 and nested down to 9- and 3-km resolutions. In 
this study, all data is assimilated to the most inner 
domain (D03).  

The control run is initialized from NCEP reanalysis 
1 degree by 1 degree at 0000 UTC 11 June 2012. 
The strong convection is developed from south of 
China and move toward southeast toward northern 
Taiwan at 1400 UTC. But the precipitation system is 
slower than the observation from NCEP simulation 
(Fig. 2). In the experiments, 40 ensemble runs are 
perturbed from single initial condition by WRF-3DVAR 
CV3 at 0000 UTC 11 June 2012 then spin up for 13 
hours to be data assimilation background information. 
The study shows two experiments that are based on 
radar data assimilation from RCWF and NCU-CPOL 
with and without additional temperature field from 
thermodynamics retrievals. They are called ZVr and 
ZVrT, respectively.  

The observations from two radar sites of RCWF 
and NCU-CPOL at northern Taiwan are used. 
Observation data have obtained the range of 230 km 
and every 15 minutes on radar observation plan 

position indicator (PPI) space in 9 elevations from 0.5 
to 19.5 degrees. The synthetic observation data 
thinning method is used superobbing (Alpert and 
Kumar 2007; Lindskog et al. 2004) both synthetic 
radar observation data (Fig. 3). Data is averaging bin 
within 4 km in the radial direction and 4o in the 
azimuthal direction on plan position indicator.  

The thermodynamic data is from WISSDOM that 
produced three-dimensional wind field and then pass 
through a retrieval method as GC78 to get 
temperature field. The temperature data are also 
thinned every 4-km in horizontal space for data 
assimilation with radar observation.  

In the study, the observation errors are assumed 
to defined reflectivity (Z) as 3 dBZ, radial wind (Vr) as 
1 m s-1, temperature (T) as 0.5 K. There are sensitivity 
test experiments such as a) ZVr is only radar data 
assimilation from RCWF and NCU-CPOL; b) ZVrT is 
assimilation radar data with addition high density 
thermodynamic temperature by three-dimension field. 

 
6. Result of analysis and short-term forecast 
 

After cycling process, Fig. 4 shows the difference 
between analysis and background (increment) and 
validates the impact of assimilating temperature field.  
First, wind fields show enhanced at the south and 
west part of convection in u-wind (Fig. 4a, 4d) and v-
wind (Fig. 4b, 4e). On the other hand, the u-wind and 
v-wind are decreased in cold pool area. The 
convergence is stronger at the convection area when 
assimilating pseudo-temperature information. In 
addition, the experiment of ZVrT shows stronger 
barrier jet than ZVr. The barrier jet is an important 
condition to take place extremely rainfall in Ke et al. 
(2019). This indicates that assimilating temperature 
also has significant impact to improve the dynamics. 
Temperature (Fig. 4c, 4f) shows the cold pool area is 
wilder and cooler in experiment ZVrT than experiment 
ZVr. The extended cold pool is connect with the 
frontal boundary of rain band close to northern of 
Taiwan.  

In the experiment of analysis field, ZVr and ZVrT 
show the strong convection (Fig. 5) are reproduce at 
northern Taiwan and decrease the false convection at 
stratiform area by assimilating radar data. The 
reflectivity shows the leading edge of rain band and 
convergence field are similar but a little different in 
two experiments. In ZVrT, the reflectivity (Fig. 5b) is 
stronger in convection area and weaker in stratiform 
area than experiment ZVr. The result correct position 
error of the rain band and reduced the error 
information in stratiform area. The cold pool area is 
wider and cooler in experiment ZVrT than ZVr (Fig. 6).  

A short-term forecast is launched at 1400 UTC 
from the ensemble mean analysis. Three hours 
rainfall accumulation (Fig. 7) shows the position of the 
maximum rainfall is closer at northern Taiwan in 
experiment ZVrT (Fig. 7b) but the value of rainfall is 
lower than ZVr (Fig. 7b). Both the results are 
underestimated than the surface observation (Fig. 8). 
On the other hand, the error forecast has lower 
rainfall accumulation in experiment ZVrT. Because 
the dynamic field of barrier jet and thermodynamic 
field of cold pool are corrected by assimilation with 
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addition of temperature in experiment ZVrT, the short-
term forecast is better than ZVr.  

 
7. Summary 

 
This study investigates the impacts of assimilating 

pseudo-observation of thermodynamic temperature 
field(s) with radar data at the convective scale. The 
WRF-LETKF Radar Assimilation System (WLRAS) is 
used with 40-member ensemble, and radial wind and 
reflectivity are assimilated from two radars (RCWF 
and NCU-CPOL) in northern Taiwan. In addition, 
thermodynamic fields (temperature) retrieved by radar 
observations are assimilated to improve the short-
term forecast. 

Compared the final analysis of WLRAS to the 
Wind Synthesis System using Doppler Measurements 
(WISSDOM, Liou et al. 2016), it is found that when 
additional thermodynamic field is assimilated with 
radial wind and reflectivity, it further improves the 
wind (speed and direction) structure in the entire 
precipitation system: a zone of relatively weak flow 
behind the strong convection is captured, and the 
barrier jet and cold outflow are strengthened at the 
low level. All these features are very important factors 
in this event for causing the extremely heavy rainfall 
in a short period of time. 

By using retrieval method, high-resolution and 
high-density thermodynamic field provide positive 
effect in an extremely rainfall event for convective 
scale data assimilation. In analysis, thermodynamic 
variable has impact in low level cold pool also impact 
dynamic field by cross-correlation between the 
different variables. The barrier jet and cold pool are 
revealed by assimilating thermodynamic variables. 
The leading convection is relocated to close northern 
of Taiwan, and the stratiform area is decreased by 
thermodynamic at false simulated system.  
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Figures 
 

 
Fig.1 Configuration of WRF model domain 1, 2 and 3 
with horizontal grid spacings of 27, 9, and 3 km in 
domain, respectively. 
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Fig.2 The maximum Reflectivity at 1400 UTC (a) 
NCEP simulation and (b) Radar observation by 
RCWF. 
 

 
Fig.3 The super observation points of simulated 
observation is averaging 5-km in radial direction and 
5o in the azimuthal direction on every sweep from 
RCWF and NCU-CPOL. The gray marks (*) are radar 
location of RCWF and NCU-CPOL. 
 

 
Fig.4 The increment of state variables at 1400 UTC 
on 1000-m height. The upper panel is experiment ZVr, 
and the lower panel is experiment ZVrT, respectively. 
(a), (d) are U-wind; (b), (e) are V-wind; (c), (f) are 
temperature.  

 
Fig.5 Maximum radar reflectivity field at 1400 UTC. (a) 
ZVr; (b) ZVrT. 
 

 
Fig.6 Temperature field at 1000-m height of 1400 
UTC. (a) ZVr; (b) ZVrT. 
 

 
Fig.7 Rainfall accumulation from 1400 UTC to 1700 
UTC (a) ZVr; (b) ZVrT.  
 
 

 
Fig.8 Hourly rainfall of Yangmei station (longitude: 
121.14ºE, latitude: 24.92ºN) from 1300 UTC to 2400 
UTC 11 June 2012.  
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