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Abstract. Uncertainty of Doppler radar retrieval wind with data assimilation is discussed. It is known that 
a single Doppler radar measures only the radial velocity of precipitation particles. The simple adjoint model 
retrieval with data assimilation is one of main methods. Experiment has been made with Yantai single 
Doppler radar snowstorm data at 2:00am Dec.6, 2005. For decreasing the error information of retrieval wind 
field, the retrieval uncertainty and the reasons of error are analyzed. In mathematics and physics, parameter 
retrieval is the inversion problem of the differential equation, which is always the ill-posed. Many factors 
could affect the retrieval precision. For minimizing the uncertainty of retrieval wind using adjoint model with 
data assimilation, we have to study its mathematics and physics characteristics for improving retrieval and 
getting more accuracy information. 
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1. Introduction  
Weather system of mesoscale and smallscale frequently lead to strong rainstorm related convective system, 
hails, squall line, tornadoes as well as flooding, sea and air accidents, which result in great loss of property 
and lives every year. With its continuity of time and space sampling of the volume scanning, Doppler 
weather radar detection can provide information about the inner flow and the 3 dimension rainfall 
distribution for the severe weather systems, and it is helpful for understanding the mechanism of the 
formation and development of the convection systems. Moreover, in the data assimilation of mesoscale and 
smallscale numerical models, Doppler radar data, with its time and space characteristics, can provide 
abundant and timely information for the models. The data is possible the best data source for the four 
dimension data assimilation of mesoscale and smallscale models. Nevertheless, the single-Doppler radar 
detection has itself limitations. 

New generation Doppler weather radar network of China has been worked in recent years. It is known 
that a single Doppler radar measures only the radial velocity (approaching or receding) of precipitation 
particles. Research efforts have been undertaken to develop various methods for wind retrieval from single 
Doppler radar data. Among various wind field retrieval techniques, the adjoint model retrieval using data 
assimilation is one of main methods (Laroche et al, 1994; Kilambi et al, 1995; Sun et al, 1997, 1998; N. 
Andrew Crook et al, 2002 ). 

In the study of single-Doppler radar wind field retrieval with variational assimilation method, simple 
adjoint models have merits of simplifying calculation, saving time and improving efficiency. These retrieval 
techniques have been developed continually (Qiu et al. 1992; Xu et al.1994, 1995; Qin Xu et al, 2001; Wei et 
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al. 1998; 2007, Kang et al, 2007). Observation data of various time levers are put into the various numerical 
models established with the basic control equations of atmospheric motion, converting the initial value 
problem of the differential equation into the extremum problem of functional, namely, variational problem. 
The various parameters of the models are retrieved for getting the “real” distribution of wind velocity in the 
weather system.  

Although a lot of progress have been made, the uncertainty of these wind retrieval methods still exist 
now, which arises error for both wind direction and wind speed, sometimes the error are so large as to disturb 
the wind field recognition. For decreasing the error information of wind field, we have to analysis the 
retrieval uncertainty and study the complex reasons. 

It is well known that the parameter retrieval is the inversion problem of the differential equation in mathematics, 
which is always the ill-posed problem. Many factors could affect the retrieval precision, their impacts are various, some 
of them are small which could be ignored, and some are crucial they could bring serious mistake. This study focus on 
the basic reasons causing uncertainty of retrieval wind field with data assimilation, aims at improving the retrieval wind 
and weather system recognition. 

2. Equation and cost function 
The method uses the full momentum equations and mass continuity equation as weak constraints, in 

addition to the strong constraints of the radial wind and reflectivity equations. The radial-wind momentum 
equation has the following form (Qin Xu et al, 2001): 
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where rν is the radial-component wind, vv is the vector velocity in three-dimensional space, rv is the unit 
vector along the radar beam, r is the redial coordinate， k

v
is the vertical unit vector, κ is a constant 

coefficient of eddy diffusivity, π  is the perturbation pressure divided by a reference density, b=gθ/Θ is 

the buoyancy， θ  is the potential temperature perturbation, and Θ is the horizontal mean potential 
temperature. The reflectivity advection equation has the following form: 
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Where η  is the logarithmic reflectivity factor in non-dimensional unit dB and S  is the unknown source 
term, expressed explicitly in terms of perturbation pressure and buoyancy, they are related to velocity by  

0)(2 =∇⋅⋅∇+∇⋅−∇ vvbk vvv
π                             （3） 

The velocity momentum equation： 
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And mass continuity equation： 
0=⋅∇ νv                      （5） 

The goal is to estimate ( bv ,, πv ) that minimize the following cost function 
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Where η  and rv  are “predicted”, ( ) ob denotes the observation of ( ), (3)(4)(5) refer to the left sides of 
these equations. ,1w 2w , 3w , 4w , 5w , 6w are weights, they are data dependent. To find the solution of the 
variationalδJ = 0 , the conjugate gradient algorithm is used to look for the rapidest downing direction: input 
an initial guess value ),,( 000 wvu to the model, search for the new estimate value constantly until the error 
meet the accuracy, thus making J  become minimum. Then the best time mean estimate value is thought to 
have been found. The flow chart of retrieval with adjoint model is seen in Fig.1, it shows the main steps of 
retrieval process. 
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Fig. 1:  Flow chart of retrieval with adjoint model 

3. Experiment 
To research the reliability of the adjoint model, experiment has been made with Yantai single Doppler radar 
snowstorm data at 2:00am Dec.6, 2005. The unusual continuous snowstorms occurred at December 2005 in 
Yantai of Shandong province. NEXRAD (CINRAD/SA) data in Yantai show this snowstorm constructure 
and evolution with the echo of reflectivity and radial velocity. 

 
 

 

 

 

Setting initial guess ( obob
rV η, ), equation conditions 

Integrating equations, calculating cost function J  

Integrating adjoint model, calculating J∇  

Searching the rapidest downing direction with 

conjugate gradient method, finding ( ) 1,,, +nSbV π  

Iterativing convergence condition

Getting retrieval results ( )SbV ,,,π  

Fig.2: Reflectivity of Yantai Doppler radar at 
2:00am (BST) Dec.6 2005, elevation is 1.50

Fig.3: Radial velocity of Yantai Doppler radar 
at 2:00am (BST) Dec.6 2005, elevation is 1.50

Fig.4 Retrieval wind on 400m height at 2:00am 
(BST) Dec.6 2005, N is iterative number 

Fig.5 Retrieval wind on 2000m height at 2:00am 
(BST) Dec.6 2005, N is iterative number 
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4. Results discussion 

4.1. Echo analysis 
Fig. 2 and Fig.3 are reflectivity and radial velocity of radar echo separately at 2:00am (BST) in Dec. 6 2005, 
rectangle frame within them are the retrieval domain. Fig.2 shows there are snowbands within the frame. It is 
indicated by analyzing radial velocity in Fig.3 (white arrow) that main wind direction blows from northwest 
to southeast. 

4.2. Retrieval horizontal wind  

 

 

 

Fig. 8: VWP product at 2:00am (BST) Dec.6 2005. X: time (BST), Y: height (km) 

Fig. 4- Fig.6 are the retrieval horizontal winds. Level 400m (Fig.4) and level 2000m (Fig. 5) are consistent 
with the analysis wind direction from Fig.3, the main wind direction are from northwest to southeast.  

But, the retrieval wind on 2800m in Fig.6 does not match for the redial wind analysis in Fig.3, wind 
direction are from northeast to southwest. From the VWP (VAD Wind Profile) in Fig.8, it is seen the main 
wind direction is not matching with Fig.6 at 2800m height (note: circle in Fig. 8), obviously, the retrieval 
wind is wrong in this level. 

This is not an only phenomenon, there have same problem in other case study (omitted) with the 
retrieval model, so we have to bring forward questions: why is the retrieval wind direction has so large error? 
what is the real reason? Following will analysis the uncertainty of retrieval wind. 

 

Fig.7: Retrieval vertical wind on 2800m height at 
2:00am (BST) Dec.6 2005, N is iterative number 

Fig.6: Retrieval wind on 2800m height at 2:00am 
(BST) Dec.6 2005, N is iterative number 
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4.3. Retrieval vertical wind 
Fig 7 is retrieval vertical velocity field, w >0 means updraft and w<0 is downdraft, it is found there always 
appeared a couple of velocity areas. Fig.9 is the enlarged image of rectangle in Fig. 7,   the positive area is 
close to the negative one, it is not consistent with radial velocity echo analysis. Why is it? Because w is 
calculated by the mass continuity equation 0=⋅∇ νv (5),the real weather system sometimes can not meet 
with the postulate of formula (5). When the model is forced by formula (5), retrieval wind error is inevitable. 

 

 

Fig. 9  The enlarged image of rectangle in Fig. 7, w>0: updraft,w<0: downdraft 

5. Uncertainty analysis  
The retrieval uncertainty may caused by many aspects, analyses are as follows: 
5.1. In mathematics, the retrieval wind with data assimilation is the inversion problem of the differential 
equation, which is always an ill-posed problem, being unstable, non-existent, and nin-exclusive.  
5.2. Because the cost function are nonlinearity, when searching for the new estimate value to meet the 
accuracy of δJ = 0 , we always get the local minimum other than the general minimum, it is very important 
reason arising retrieval error. 
5.3. The initial condition and boundary condition of the model also impact on retrieval results, they have 
strong force to the iterative process. The real wind of weather system may not be fit in with the hypothesis of 
adjoint model. As we know, the real wind is more complicated, and the model hypothesis is always 
normalized. 
5.4. The wind velocity is the vector, which often is smoothed by interposing during retrieval process, as we 
know, different vectors adding will change the vector direction. When calculating the wind vector, we need 
to avoid smoothing and interposition. 
5.5. There are many other factors causing retrieval uncertainty, such as the weight selecting of the cost 
function, iteration number in calculation and so on.  

6. Summary 
6.1. This study focus on the basic reasons causing uncertainty of retrieval wind field with data assimilation, 
aims at improving the retrieval wind by adjoint model. The adjoint model retrieval using data assimilation is 
one of main methods. The method uses the full momentum equations and mass continuity equation as weak 
constraints, in addition to the strong constraints of the radial wind and reflectivity equations. 
6.2. Experiment has been made with Yantai single Doppler radar snowstorm data at 2:00am Dec.6, 2005, the 
echo of reflectivity and radial velocity show the construction and evolution of snowstorm. Level at 400m 
(Fig.4) and level at 2000m (Fig. 5) are consistent with the analysis wind direction from Fig.3. But, the 
retrieval wind on 2800m (Fig.6) does not match for the redial wind analysis in Fig.3. The retrieval wind is 
wrong in this level. 
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6.3. The parameter retrieval is the inversion problem of the differential equation in mathematics, which is 
always the ill-posed problem. There are many other factors causing retrieval uncertainty.  

For minimizing the uncertainty of retrieval wind using adjoint model with data assimilation, we have to 
study its mathematics and physics characteristics for improving retrieval and getting more accuracy 
information.  
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