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Summary.—This paper deals with the approach to calculate the regional high-degree geopotential model in China by use of the regional gravity data. Initial model used here is OSU91A1F given by Rapp, in which a number of systematical corrections neglected in former researches are considered, and the derived formulas have been referred to the ellipsoidal coordinates and ellipsoidal harmonics. Employing the gravity data of 30’30’grids in China and the developed approach, we have obtained a regional geopotential model IGG93C, complete to degree 360. The mean anomalies from the IGG93C model have a RMS discrepancy of 11.1 mGal with the observed terrestrial anomalies in 30’30’ grids. The new model shows a substantial improvement over the OSU91A1F in the region of China.
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1.—INTRODUCTION

As well known, the accurate geopotential model of the earth may play a very important role in the development of the earth, oceanography and space sciences. Usually the geopotential model can be expressed by the spherical harmonics expansions. The determinations of its global character which represents the longwave length part can be given from satellite solution with enough accuracy, recently the maximum degree has achieved completely to degree 36 for GEM-T2 model and 50 for GEM-T3 model. On the other hand, the defined structures of earth geopotential which reflects the shortwave length character have to be obtained by the terrestrial gravity data. 
Along with that the requirement to the high-degree geopotential model is getting higher day by day, in the past several years, a number of advances have taken place in the more accurate high-degree model computation, especially developed in Ohio State University, such as OSU86,OSU89(Rapp and Cruz,1986; Rapp and Pavlis, 1990), and recently OSU91, which complete to degree 360 through the use of 30’30’ mean anomalies combined with the satellites solution GEM-T3, and meets the need of the global use due to its high resolution(Rapp et al., 1991). But, this model has not yet provided sufficient and conclusive results to fully describe the gravity field in China because of the insufficient data used for the model development in this region. According to our comparison, the mean deviation between OUS91F and terrestrial 30’30’ mean values in China can be reach to 26.3 mGal.
This paper intends to develop a simple approach for the improvement of the high-degree global model with the help of regional gravity data, and set up a new high-degree regional model to be available for the use in China. The principle is quite simple. We choose an initial model and revise it gradually in such a way, that the residual field formed the revised and observed data turns to minimum in whole region. The model obtained in such way is called “fitting model”, and the corresponding approach, <<fitting method>>(Basic,1989).
In the following we deal with the modeling principles based on the ellipsoidal coordinates and ellipsoidal harmonics, and then, derive the fundamental formulas for the computation of regional high-degree geopotential model by means of regional data. Using these derivations and taking OSU91A1F as the initial model, a regional geopotential model IGG93C suitable to the region of China is developed. Finally, some remarks concerning the model accuracy are discussed.



2.—MODELING PRINCIPLE
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]We start from the fundamental derivation of global model OSU91A1F given by Rapp and Palvis (1991). As well known, the spherical harmonics representation of disturbing geopotential T at a point () can be defined as:

                        (1)
      
In (1), r is the geocentric distance, is the geocentric colatitude, and the longitude. GM is the geocentric gravitation constant, while a (the semimajor axis of an adopted mean-Earth ellipsoid) is the scaling factor associated with the fully normalized spherical coefficients, . In addition,

              
                            (2)
[bookmark: OLE_LINK8][bookmark: OLE_LINK9]Where  are the fully normalized associated Legendre functions. Let  represent the gravity anomaly after application of all systematic corrections described later on, we have

                    (3)

It is nothing just the same as in case of spherical boundary condition. Now the gravity anomalies on earth surface can be calculated from the geopotential coefficients  by using the expression

                   (4)

In (4), (),  are the ellipsoid corrections, atmospheric correction and correction due to the neglecting of second-order vertical gradient of the normal gravity respectively, the detail is easily found in paper (Rapp and Palvis, 1990). According to the paper of Rapp and Palvis, if a complete N2N set of gravity anomalies  in terms of discrete area-mean values equiangular blocks on the mean-Earth ellipsoid is given, the fundamental mathematical model to compute the geopotential coefficients  will be obtained as:

  

 

   (5)
where                         
                                (6)
and                  I
                    I                              (7)
In (5), N=,  is the longitude (and latitude) extent of the blocks,  represents the reduced colatitude, b is the semi minor axis of the ellipsoid. The renormalization functions  are related to the associated Legendre functions of the second kind (Gleason, 1986), is the greatest integer less than or equal to (n-|m|),  is defined by Gleason (1988),  is the smoothing factors,  radius of the point on ellipsoid. In addition
        
                    (8)

Here  means the correction of analytical downward continuation (Wang, 1988),  is observed mean gravity anomaly on surface, the others are the mean values in blocks for various corrections. For a certain investigated region, it is easy to obtain the differences between the model values calculated from geopotential coefficients  by (4) and the practical measured gravity anomalies:
           
               
                        (9)

We call regional residual anomalies. The existence of residual field comes mainly from two factors: the initial global model (for example, OSU91A1F in present paper) being a model on the average meaning , and the inaccuracy and incomplete of dataset used for the solution, in particular, lack of terrestrial gravity sources in region of China. Therefore we can use the existing local gravity sources to improve the initial model and meet the need of the application in individual local area.




For this purpose, the whole global is divided into two parts, local part  and remainder part: only the effect of local part  should be taken into account, while the residual field in  is assumed to be zero. Applying the observed gravity anomalies in  to (5) instead of the original one, the corrections of geopotential coefficients caused by regional residual field may be derived as

   
                                                                 (10)

 

Where T is the total amount of mean residual blocks in local area . Thus, the model coefficients of regions gravity field become

                                                 (11)

   Because the lower-degree set of geopotential coefficients obtained from satellite solutions have enough high accuracy at present, nearly all of the high-degree global model of gravity field taken take advantage of these satellite results to a great extent; for example, in case of OSU91A1F model, solution of GEM-T3 is used. To avoid the distortion of gravity field, we should not change these lower-degree coefficients; one possibility is to introduce the weight functions

                  (12)

Where  is the lowest degree that should be kept in original model and  is the starting degree that should be fully corrected. In this case, formula (11) reduces to

                    

It can be seen (12) that the weight functions depend on the parameters  and . In general,  is determined by given global satellites solution and  is mainly affected by the accuracy of local gravity data; if the dataset has enough accuracy, we can put  in a little lower, others, in a little higher.


For the practical use a group of computation formulas are listed as follows.
1) Computation of Legendre functions of second kind . It can be done by Gleason’s recursive formula:
           
                       
               (13)
With   

                                                                                                                                                                   (14)

Where  is the necessary term to achieve the specifying convergence limitation
2) Computation of Gleason function 
  
             (15)

3) Transformation between reduced and geodetic latitude

                                             (16)

4) Computation of integral formula (6)
Set t= in (6), we have
                    
                    =                          (17)
Here  and  are corresponding to north and south reduced colatitude of the computed block respectively. The above mentioned integral may ba shoveled by following recursive expressions.
When , 
  
       (18)
When n =m, it includes:
Forward recursive formula (suitable for )

           



Where 
                     
                                                   (19)
                   
the starting values are:
                       
                   
            ;
Backward recursive formula (suitable for ).
We found that after the forward recursive formula given above shows signs of strong unstability, so that it should be replaced instead by backward recursive method.
In this we have
  
;

The starting values  and  can be obtained by Mac Laurin series:

 .
Here , , ,and the necessary term M of summation may be estimated by
                
                          M=1+[]
Where
                  ,   
[*] means making integer,  is determined according to the accuracy; we use  in this work.








              
5) Computation of smoothing factors  
Similar to Rapp and Palvis (1990),  are evaluated based on 
       
                      
Where N=, and

               

Whereψis the semi aperture of a spherical cap having the same area as the equiangular block on the i-th latitude belt. We have

                     .

It can be proved that if the mean gravity anomalies of the equiangular blocks are independent each other in (5), the difference of internal accuracy between geopotential coefficients of initial model and modifying model will be


                                                                 (20)



Where  and  represent modeling and observed anomaly after the correction of downward continuation to ellipsoid. Obviously, , so that ,it means, the accuracy of modifying model is better than the original one due to the supplement of local observation data.

3.—REGIONAL GEOPOTENTIAL MODEL IGG93C IN CHINA
	
In this work we update the terrestrial anomaly data in China starting from a  mean girded file provided by the corresponding Agencies of Surveying and Mapping in China. The total areas is from latitude N to N and longitude E to E. All of the original data given from this girded file have been reduced to IGSN71 system and related to GRS80 system. Then the simple averages are taken to form the mean values of  grids. For a small amount of areas devoid of gravity information the anomalies are computed from the OSU91A1F coefficients (complete to degree 360). The resulting file contains totally 3360  data in the area of China.
According to the model calculation, the first step is to compute gravity anomalies in the investigated area by OSU91A1F model, and constitute the residual anomaly field based on (10). Then the corrections of geopotential coefficients result from (11) and (14), in this procedure, we simply put  and , it means that only =0 or 1 is used. Finally, a new IGG93C model (complete to degree 360) can be obtained.
We compile a series of software for the model solution. The computation process diagram is show in fig.1, and the main programs and its functions are described as follows.
QGEGRAV.F: to calculated the residual anomalies and relevant statistical results.
RESTK.F: to calculate the corrections of geopotential coefficients based on spherical approximate formulas.
RESTKCH.F: to calculate the corrections of geopotential coefficients based on ellipsoidal expansion, including forward and backward recursive algorithms of the integrals of Legendre functions.
BILDOMDL: to calculate the weight functions and the coefficients of revised model.
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To check the validity of this regional model IGG93C, we compare the degree variances of the geopotential coefficients in modifying and initial models with the degree-variances curve given according to Kaula’s rule. It can be seen in fig.2 that the degree-variance differences between new and initial models are quite small and both of values for new model show up in a little larger than values for initial model in case that the degree is higher than 210, as seen in fig.2. This could be attributed to the enhancement of the information in China.
Comparing the computed anomalies obtained by models OSU91A1F and IGG93C with the observed values in the size of grid, the residuals are shown in fig.4. and fig.3. Obviously, the error in IGG93C is much smaller than in OSU91A1F within the area of China, digital results indicate that the RMS deviation decreases from the original 26.3 mGal (OSU91A1F model) to 11.1mGal (IGG93C model), and corresponding magnitude of error undulation decreases from 332.9 mGal to 85.6 mGal, as listed in table 1.
                                  TABLE 1
                 Accuracy comparison between OSU91A and IGG93C
	Model
	OSU91A1F
	IGG93C

	Mean error
Minimum derivation
Maximum derivation
Range of derivation
	26.3
-176.4
+156.5
332.9
	11.2
-46.7
+38.9
85.6


                    








4.—SOME REMARKS
Based on the modeling principle referring to ellipsoidal expansion given by Rapp, it is allowed to obtain a regional high-degree geopotential model by combining the global model with the regional gravity sources. In addition to keep the advantage of origin regional field in more details. In particular, because all of the high-degree models in existence now have not taken into account of the terrestrial gravity data in China, to develop a regional model suitable for China by this method will become of far reaching importance.
The advantages of proposed approach are effective, flexible and simple, it is easily to change the fitting area according to the collected data, to follow the newest model developed in international community, and improve the validity of high-degree model in a particular region. Obviously, the accuracy of the model is directly related to the accuracy of the regional data used, moreover, the determination of weight functions for the corrections of geopotential coefficients are also depending on the accuracy of collected data, and have a direct effect on the spectrum structure of obtained model.
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On the basis of the comparison and analysis in Section 3, as the conclusion we may say that the obtained geopotential model IGG93C (complete to degree 360) has good quality in respect of representing the defined structure of gravity field in area of China, its external accuracy is checked to be 11.1 mGal.
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Fig.3-Gravity anomaly differences OSU91A 1F minus mean anomalies based on 30'x30' grid(c.i.=20mGal).
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Fig.4-Gravity anomaly differences: IGG93C minus mean anomalies based on 30'x30' grid(c.i. =20mGal).
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Fig.-1 — Computation diagram for IGG93C.
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Fig.2-Anomaly degree-variances for IGG93C model.
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