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ABSTRACT 
 

A four-dimensional variational assimilation system was used to examine the comparative impact of 

including satellite derived total column water vapour from ATOVS. The results show that the initial 

humidity field was improved by assimilating the satellite derived total column water vapour, especially 

over the rainfall areas, at the same time, the initial temperature field and the geopotential height field 

were also improved. The precipitation forecast difference between including and excluding the total 

column water vapour experiments was obvious during the assimilation time-window, and the 

precipitation forecast was also improved in the twenty-four hours precipitation forecast. More 

precipitation information can be obtained by introducing the satellite derived total column water 

vapour information into a four-dimensional variational assimilation system. 
 
 
Introduction 
 
Rainfall has been considered as one kind of serious weather, it appears frequently in many areas of 

China, the rainfall forecast is an important part in numerical weather prediction. Results show that the 

precipitation forecast is sensitive to the initial humidity field, so the water vapour plays an important 

role not only in serious weather prediction but also in operational numerical weather prediction. The 

accuracy of water vapour’s measurement or retrieval as well as assimilating humidity information into 

the mesoscale modeling system are the main problems which are needed to be considered.  

 

The water vapour plays an important role in global energy and water circulation of the 

earth-atmospheric system. The total column water vapour is an important parameter in atmospheric 

radiance and global heat flux transportation studies. In general, the precipitable water can be defined as 

the total column water vapour on per unit cross section. Before the satellites have been launched, one 

can only use the conventional observations to research water vapour’s horizontal and vertical 



characteristics as well as its variation, it is hard to know how the water vapour distributes horizontally 

and vertically over the whole world, especially over the mountain areas and the ocean areas due to the 

sparseness of the observational data over these areas. But it is difficult to meet the needs in atmospheric 

and oceanic research. Satellite data can be considered as a complement to the conventional observation 

data. Satellites can provide global temperature and humidity information, including the horizontal and 

vertical information as well as their variation at different times. To retrieve the total precipitable water 

from satellite data, many researchers have done work; for example, Yang et al (1996) have established 

an experiential relationship between the precipitable water and the surface water vapour pressure, Li et 

al (2001) have explored a method to retrieve the total precipitable water based on GMS-5 infrared 

satellite data. 

 

With respect to the numerical weather prediction, it is important to obtain the real-time observational 

data, especially to obtain the water vapour, because generally the water vapour varies quickly from 

time to time. Some researchers have explored a few methods to solve this problem, such as regression 

method (Wang et al, 2004), but these methods can not provide real observational data. 

 

In addition, there is ‘spin-up’ in precipitation forecast in 3D-Var or other data assimilation methods. 

Many researchers have explored a lot of methods to solve this problem, such as Fiorino et al(1981), 

Krishnamurti et al(1984), Donner et al(1988), Zhu(1999), but these methods cannot guarantee the 

initial field’s consistency in dynamics.  

 

Four-dimensional variational assimilation has the ability to assimilate different kinds of observational 

data at different times into the modeling system within the assimilation time-window. So, in a sense, 

the four-dimensional variational assimilation can be regarded as a way to solve those problems 

presented above. The objective of 4D-Var is to find an optimal model state that minimizes in a 

least-square sense the distance between a selected output quantity of the model and its observed 

equivalent, given a background constraint. In four-dimensional assimilation system, the observation 

data can be assimilated in the raw or almost raw forms and it is relatively easy to assimilate indirect 

observation data such as satellite data into the modeling system. By doing this, the error in data 

retrieval process can be avoided or eliminated. 

 

The sparseness of observational data has been thought of the most serious difficulty encountered in 

improving numerical weather prediction in China. As for the precipitation assimilation, there are many 

research studies focusing on the conventional or sounding data assimilation, but as for the remote 

sensing data assimilation such as the satellite retrieved precipitation data assimilation, there are not 

many. In this study, the comparative impact and the potential improvement in precipitation modeling 

were explored by assimilating the satellite retrieved total column water vapour, and some conclusions 



were obtained. Session 2 presents four-dimensional variational assimilation theory, 4D-Var 

experiments results are presented in session 3, in session 4, some conclusions are obtained. 

 
Theory and model 
 

Given an atmospheric background state of model input variable and an operator (H) that relates to the 

model state to a set of observations, it is possible to solve the inverse problem in a variational context 

and derive the atmospheric state for which the least–square distance between the observations and their 

model counterparts reaches its minimum. This is obtained by minimizing the following functional 
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in this study, we can write the functional in details: 
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where  is the control variables at initial time, x denotes u, v, t, p)( 0tx ’, q, w,  u and v are horizontal 

wind speed, w is vertical wind speed, t is the temperature, q is the specific humidity and p’ is the 

pressure perturbation,  is the background field, it is obtained from NMC T213 forecast, B is the 

background error covariance matrix for model’s control variables,  is the background,  is the 

forcing term,  is the total column water vapour calculated by model at the n’th time level 

during the assimilation time-window, n=1, …, N, N is the number of additional observational data, 

 is the observed total column water vapour retrieved from ATOVS satellite data.  

presents the error covariance of the observational data. 
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In 4D-Var, the objective is to find an optimal state  for the model by minimizing the function 

presented above. The result of the retrieval is therefore a combination of the background and of the 

observation, weighted by the inverse of their respective error statistics. The minimization of the 

function is performed using the quasi-Newton descent algorithm. It requires the calculation of the 

gradient of the function defined in the function. 
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In this study MM5 4D-Var system is used. 



Experiments setup 
 

The center of the test domain is set as 31.5°N, 112.5°E. Total grids are 61*61, grid spacing is 54km. 

The primary precipitation from 22 to 25 July 2002 is distributed from 25°N, 110°E to 35°N, 120°E.  

Data in two orbits of NOAA16 are used in the data assimilation, the primary precipitation areas are 

included in the orbit areas. Figure 1 shows the test domain and the satellite data distribution which are 

treated in the assimilation time-window. The NMC T213 forecast field is used as the background field 

at the beginning of the assimilation, the assimilation time-window is set 6 hours from 22, July 2002 

00UTC to 22, July 2002 06UTC, the total column water vapour retrieved from NOAA 16 are used in 

the assimilation. 
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Figure 1   satellite data over the test domain 

 

 

Two experiments are run in order to examine the impact on precipitation forecast after assimilating 

satellite derived total column water vapour. One is the ‘control’ run--- run without satellite data 

information, the other is the ‘test’ run--- run with the satellite data information. 

 



 

Comparison between the control experiment and the test experiment at the 
initial time 

Specific humidity 
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Figure 2a 850hpa Figure 2b 500hpa Figure 2c 300hpa 
Fig 2 the increment of different control variables at the initial time at different levels 

 
We compared the specific humidity at different pressure levels between the control experiment and the 

test experiment. The results show that the initial specific humidity field was improved obviously after 

assimilating the total column water vapour into the modeling system, the initial relative humidity field 



was also improved. At the same time, the initial temperature field and geopotential height field as well 

as the initial wind field were also improved although the improvements of those variables were not as 

obvious as that of humidity field (see to figure 2). 

 

Difference of total precipitable water between the control experiment and the 
test experiment at the initial time 
 

To get more details about the assimilation effects, the difference of total precipitable water between 

including and excluding satellite data experiment was compared. Figure 3 shows that more details were 

obtained after introducing the satellite data into the modeling system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 comparison of the total column water vapour between with and without 

satellite data at the beginning of assimilation. Left: without satellite data, Right: with 

satellite data 

 
Impact of assimilating satellite data on precipitation forecast 
 

An impact study is performed on the period from July 22nd to July 25th 2002. The “CTRL” experiment 

is the run without assimilating satellite data, the “TEST” is the same run with the additional satellite 

data assimilation in 6-hour assimilation time-window. The model was integrated 72 hours. 

 

Figure 4a is the 6-hour precipitation forecast in control run, Figure 4b is the 6-hour precipitation 

forecast in test run, figure 4c is the observed precipitation during the same period. Figure 4c shows that 

there are four primary precipitation centers, three centers lie in the area from 25°N to 30°N�from 100°

E to 120°E�another lies in the area from 35°N to 40°N�from 110°E to 115°E. After 6 hours integration 

of the MM5 forward model, the simulated precipitation centers in test experiment consist with the 

observed results better than those in the control experiment, the total precipitation in the test 

experiment is much closer to the observed total precipitation than that in the control experiment.  



 

Figure 5 presents the 24-hour precipitation forecast from t+00 to t+24. Figure 5a, 5b is respectively the 

24-hour precipitation forecast in control and test experiment, figure 5c is the observed 24-hour 

precipitation during the same period. The results show that the precipitation forecast has been 

improved after introducing the satellite data into modeling system, the results of the test experiment are 

closer to the observed precipitation than those of the control experiment. 
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Figure6 and Figure7 are similar to the Figure5, but the forecast period is from t+24 to t+48 and from 

t+48 to t+72, respectively. The results show that the precipitation forecast for these periods are also 

improved. 
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Figure4 comparison of
6-hour precipitation
forecast from t+00 to
t+06(unit: mm) 
a. without satellite data 
b. with satellite data 
c. observed precipitation 
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Figure5 comparison of
24-hour precipitation
forecast from t+00 to
t+24(unit: mm) 
a. without satellite

data 
b. with satellite data 
c. observed 

precipitation 
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Figure6: similar to
Figure5, but from t+24
to t+48 
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Figure7: similar to
Figure5, but from t+48
to t+72 

 

 

Conclusion 
The results show that the initial humidity field was improved by assimilating the satellite derived total 

column water vapour, especially over the rainfall areas, at the same time, the initial temperature field 

and the initial geopotential height field were also improved.  

 

The precipitation forecast difference between including and excluding the total column water vapour 

experiments was obvious within the assimilation time-window, the precipitation forecast was 

improved evidently in twenty-four hours precipitation forecast. To the longer precipitation prediction, 

the similar improved forecast was produced after the assimilation of the total precipitable water. More 

precipitation information can be obtained by introducing the satellite derived total column water 

vapour information into the four-dimensional variational assimilation system. 
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