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Abstract. Kriging is one of the most developed methodolo- 1 Introduction

gies in the regional variable modeling. However, one of its

drawbacks is that the influence radius can not be determinetthe quantity of streamflow plays a significant role on plan-
by this method. In which distance and in what ratio that ning, management and design of the water resources. Dis-
pivot station is influenced from adjacent sites is rather of-charge is directly related with reservoir operation, forecast-
ten encountered problem in practical applications. Regionalng of floods and droughts, hydroelectric power produc-
weighting functions obtained from available data consist oftion, irrigation, protection of ecosystem and sedimentation.
several broken lines. Each line has different slopes whichTherefore, prediction and calculation of the discharge are
represent the similarity and the contribution of adjacent sta-very important.

tions as a weighting coefficient. The approach in this study Kriging is the most developed regional prediction method.
is called as Slope Regional Dependency Function (SRDF)yt js originally proposed by Krige (1951), who is a South
The main idea of this approach is to express the variabil-african engineer, established the principles of spatial predic-
ity in value differences/ and distances together. Originally tion theory. Matheron (1963, 1971) contributed to develop-
proposed SRDF and Trigonometric Point Cumulative Semi-ment of regional variable theory. Although Kriging is one
Variogram (TPCSV) methods are used to predict streamflowof the most developed regional prediction method, it fails
TPCSV and Point Cumulative Semi-Variogram (PCSV) ap-to define the influence radius which delineate the borders
proaches are also compared with each other. Prediction pegf the contribution areas. Kriging method has been applied
formance of all the three methods revealed a relative errokg mining (Matius et al., 2004), tunneDgtirk and Nasuf,
less than 10% which is acceptable for most engineering ap2002), hydrology (Altunkaynak et al., 2003; Sen and Habib,
plications. It is shown that SRDF outperforms PCSV and 1998), hydraulics (Altunkaynak et al., 2005) and ocean engi-
TPCSV with very high differences. It can be used for miss- neering (Altunkaynak, 2005; Altunkaynak a@dger, 2005).

ing data completion, determination of measurement sites lohjg approach is also often used in geostatistics to deter-
cation, calculation of influence radius, and determination ofmine the parameters of regional variability. The principles
regional variable potential. The proposed method is appliechf geostatistics are based on the theory that sites close to
for the 38 stream flow measurement sites located in the Misgach other exhibit similar features but the correlation de-
sissippi River basin. creases when the distance between sites increase. The semi-
variogram which is an important parameter in geostatistics
shows the correlation between measurement sites. The semi-
variogram proposed by Matheron (1963) includes assump-
tions that are stationary and measurement points should be
in equal distances. This can not be used until the assump-
tions are fulfilled. However, in nature the measurement sites
are scattered irregularly in the region rather than located at
regular grid points. Huang and Yang (1998) used Kriging
methodology to estimate discharge assumed as regional vari-
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Fig. 1. Regional Dependency Function according to PCSV. Fig. 2. Regional Dependency Function according to TPCSV.

Peng and Buras (2000) used spatial method to estibe given as following equation.
mate discharge for multi-reservoir operation. In case of 1

o ) . . 2.
non-stationarity and irregularity of measurement p0|nts,)/(di)=§(qp—4di) (i=1,2,--n) (1)
Sen (1989) proposed Point Cumulative Semi Variogram ) ] ) ) )
(PCSV) approach based on relationship between point an§/hereq, andq, are pilot station and adjacent stations dis-
area. It is possible to determine influence radius from secharge values, respectivelys is the number of stations.
lected point by standard regional dependence procedure inl/hen itis desired to show the variation of PCSV values by

troduced by Sen and Habib (1998). To determine the ef.distance on a Cartesian coordinate system, the x-axis rep-
fective range and weighting coefficient of a variable is very '€Sents the distances from pivot point and the y-axis repre-
important for estimations and calculations. PCSV methodSents the PCSV values. For the sake of simplicity, Eq. (1)
is based on the differences between selected pivot point anghould be standardized. After this operation, x- and y-axes
the surrounding points. The recorded variables in the pointdake the values ranging from 0 to 1. Standardization can be
constitute differences that lead to regional dependence func@chieved by dividing the all values to the maximum. It can

tions. These functions can be used for missing data complebe said that as the distance increases the correlation between
tion, optimum location of measurement sites, calculation ofPIvot and other points decreases and also the weighting co-

influence radius and determination of regional variable po_efficient which represents the contribution of adjacent points

tential. Sahin and Sen (2004) developed Trigonometric Poinflécreases. The weightings of the highly correlated points
Cumulative Semi Variogram (TPCSV) technique and app“edapproach to 1. On the other hand it takes O for uncorrelated

to wind data. Also, Altunkaynak (2005) applied this method POINts- _ _ _
for the estimation of ocean wave characteristics. Sahin ve Sen (2004) applied TPCSV technique to the wind
data. This approach was also developed by considering cor-

The aim of the study is to estimate the station values fromrelation principle. Two different data array can be put in the

neighboring stations by using Slope Regional Dependenc .
Function (SRDF). The proposed method is applied for the3§ame set when they are highly correlated. Two data array,

, oo X=(a11, a12, a13, - - - a1,) and y=(az1, az2, azs, - - - az,) are
stream flow measurement network located in the MISSISSIppthe vectors which have the same initial point. The angle be-
River basin. '

tween two vectors is required for determination of similarity
of two data arrays or vectors. Scalar multiplicationcadind
y vectors is indicated as below.

N

2 Regional Dependency Function (RDF) 'y
Cosv="—"——7 2)
PCSV method is based on the half square differengés)] N ‘ 7 ’
between pivot site and randomly scattered adjacent sitesThe nominator of this expression corresponds to sum of mul-
This approach searches the effect of one point to the othetiplication of vector reciprocal components. The denomina-
points. It is possible to obtain data of stations which are nottor is equal to multiplication of two vector norms. So, if each
measured or missing by using regional weighting functions.vector is divided by its norms, then unit vectors would be
Moreover, influence radius of each site can be determined bybtained. In fact, cas is equal to summation of unit vector
these functions. If the difference is very high between two multiplications that correspond to each other. €ashows
stations then the next station would not be taken into considthe similarity between two points or two arrays. In other
eration in calculations. The relationship between points carwords, it can be defined as correlation coefficient.
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As the angle is narrower, these two points or arrays showthe slope will reduce and dependency will increase. On con-
more similarity. If the angle is zero, it can be said that theretrary, steep slope means weak dependency. Bt and

is an exact dependency between these points or arrays and théstance variations are taken into account together by consid-
correlation coefficient is equal to 1. In contrast, if the angle ering the slope regional dependency function (SRDF) which
is 9C° two points or arrays have no dependency and the coris the main idea of this study. Closeness to pivot point does
relation coefficient is equal zero. Consequently as the angl@ot mean that they are very similar to each other and their
increases, the similarity reduces. The regional dependenceorrelation is high. The square of differenq%—qd)2 be-
function depicted in Fig. 1 shows cesvalues of stations tween pivot point and close points should be low. Hgge
found in thed distance from pivot point and contributions of andg, are the runoff depths at pivot point and the point at
these points to pivot point. The point selected in the figure isd distance, respectively. When distance atid) variations

shown as, are low, it can be said that these two points are very similar
and their contribution to value of pivot point prediction are
Adi=d;1~d;, ©) very high. The effect of botly (d) differencesAy (d) and

ethe distance differences between two poimtg, is consid-
ered together in this approach. The ratio%f (d) to Ad
gives dimensionless slope.

Ay(d)
Ad

when tarw value between two points is lower, it contributes
hore to the weighting average of pivot point. Therefore, re-
gional dependency function slope identified as dependency

) > factor of this point. The slope (tar) of regional dependency
|AB; =/ (Ad)” + (Ayi) ®) function gives the similarity and dependency. The flatter
|AB| is the length of the line which is constituted by two slope contributes to pivot point with high weighting coeffi-

points. All cos values in the same figure can be calculatedCient' In contrast, the contribution of point to the pivot point
as following is very low when the slope is very steep. There is an inverse

relationship between slope and adjacent sites contribution.
Ad; ©6) The weighting coefficient that represents the contribution of
|AB|; a point is equal to cat.

whereAd is the distance difference between two consecutiv
points. They (d) between two consecutive points on y-axis
of the same figure is shown as/.

Ayi=y (di+1) =y (di) (4)  Dependency factef tana= (9)

Hypotenuse value is required to determine the value ofcos
The square root of summation squares of Egs. (3) and (4) giv
hypotenuse.

(cosw;)i=

The number of cos value calculated i&-1 which corre-
sponds ton points. The angle range is fronf @o 9C,
because regional dependency function increases monotony. ) o

The weighted average is used in the prediction of pivot sta-COt is used instead of ceswhich is employed for TPCSV

Weighting coefficient cota; = (10)

Ay (d)

tion discharge value. The summation of eogalues is method for prediction of the pivot point value. The sum-
mation of cotr values used in weighted average is given as

L=c0oSw1+ COSap+- - - COSy,. (7 below.

WhereL is sum of the coa values. Following expression is ;= cotaj+ cotas+ - - - cota,, (11)

given for the prediction of pivot point value.
Herem is the summation of weighting coefficients. cos

_ 1 N 3 in Eq. (8) used for TPCSV method is replaced by «cdb
=7 X;qi $ COSe; (8) predict the pivot point discharge value.
1=
Here cosy is expressed as the weighting coefficient. The __ 1 g ' o 12
regional dependency function shown in Fig. 1 increases con??~ ;q’ - cote (12)
i=

tinuously by the distance. Function curve exhibits distinct

features in different portions of distances such as it rise more Here,g,, is runoff depth value of the predicted pivot point.
linearly, increasingly or decreasingly. Regional dependencyAltunkaynak et al. (2005) reported the same prediction re-
function consists of several lines. Slope of the each linesults by using PCSV method. Our study is the first in which
(tana) explains the similarity between two points. It also TPCSV and SRDF methods are applied for the 38 stations
gives information about the regional dependency. The rajocated in Mississippi River basin. In this study, the purpose
tio of the y (d) differences,Ay (d) to distance differences is to interpret the consequences obtained from an application
leads to slope which is the first derivation of line. If the dif- of a new (presented) method and to compare these results
ferences between the points are small then this means thatith other methods in the literature.
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Table 1. Station 7 362 000 Detailed Prediction Calculations According to SRDF.

Station ID Distance (m) Standard Regional dependency function  Regional weighting function Station runoff
Distance Dependency factors ta))  Weighting coefficients cét)  contributionsx 10-8(m/s)

) 2 3 4 ®) (6)
7362000 0 0 0 0 0
7024000 216 840.07 0.15 0.15 6.90 13.68
7029500 241477.41 0.17 0.50 1.99 4.32
7037500 263101.21 0.18 0.07 15.17 39.25
7039500 371389.53 0.26 0.10 10.18 22.30
7040100 388591.64 0.27 2.11 0.47 0.92
7040450 439964.87 0.31 0.03 33.30 78.96
7043500 575431.33 0.40 0.14 7.12 14.92
7047900 667 068.52 0.47 0.22 4.50 9.36
7077500 692 493.58 0.49 0.93 1.07 2.19
7264000 804831.69 0.56 0.28 3.52 6.98
7268000 835993.04 0.59 0.07 15.18 39.62
7274000 912776.42 0.64 0.0002 50891.24 126 140.68
7282000 919920.48 0.65 0.71 1.41 3.79
7283000 945 863.96 0.66 1.32 0.76 2.27
7290000 971 207.44 0.68 1.70 0.59 1.12
7291000 982319.79 0.69 0.15 6.77 17.57
7292500 982 406.38 0.69 59.48 0.02 0.05
7295000 991568.73 0.70 5.94 0.17 0.53
7356 000 994 219.29 0.70 7.98 0.13 0.36
7359002 1003885.50 0.70 0.04 23.70 60.16
7361500 1006 340.44 0.71 0.01 131.82 328.79
7363500 1016 046.47 0.71 4.48 0.22 0.68
7364150 1031071.40 0.72 15.10 0.07 0.25
7375000 1034 253.36 0.73 0.70 1.42 3.72
7375500 1045620.01 0.73 0.38 2.63 7.02
7376 000 1057498.31 0.74 2.89 0.35 0.68
7376500 1063043.46 0.75 15.52 0.06 0.21
7377500 1098912.20 0.77 227 0.44 0.74
7378000 1136 730.09 0.80 9.79 0.10 0.08
7378500 1191312.39 0.84 0.93 1.08 3.36
7382500 1195026.19 0.84 0.20 5.12 12.31
7385500 1259797.11 0.88 1.78 0.56 1.93
8010000 1292656.90 0.91 0.71 1.41 4.10
8012000 1350351.98 0.95 0.07 13.61 36.29
8013500 1380892.95 0.97 0.02 42.08 107.63
8014500 1420152.16 1.00 0.32 3.12 6.76
8015500 1424513.38 1 2.73 0.37 1.02
Runoff depth predictionx 10~8) (m/s) 2.38
Relative error (%) 4.11
Number of adjacent sites 3

3 Application station 7 362 000 distances from pivot station, standard dis-

tances, tan=dependency factor and astweighting coef-
In this study, 38 measurement stations located in Mississippficient are given in Table 1 at second, third, fourth and fifth
River basin are used. Data is obtained from the study of Al-columns, respectively. Contributions of surrounding stations
tunkaynak et al. (2005). The aim of using the same data igo the pivot station 73 620 000, predicted runoff depth, rela-
to compare PCSV, TPCSV and SRDF methods under equaive errors and number of adjacent sites are included in Ta-
conditions. Altunkaynak et al. (2005) computed runoff depthble 1. Regional dependency function of station 7 362 000 is
values of 38 measurement stations by using PCSV techniquehown in Fig. 1. This function increase continuously by stan-
Here, TPCSV and proposed model are employed for thedard distance as shown in Fig. 1. The curve in the figure con-
same data. Study area, location map and detailed informasists of three portions. In the first part, it ranges from 0 to

tion on PCSV technique can be found in the study of Al- 0.7 standard distances and there is a linear increasing trend.
tunkaynak et al. (2005). In SRDF method, and for the pivot
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Fig. 3. Regional Dependency Function according to SRDF. Fig. 4. Regional Weighting Function according to SRDF-

o ) Firstly, distances from pivot station to others are calculated
In the second part, it is between 0.7 and 0.8, and increment g standardized by dividing all one to maximum distance.
is seen. Finally in the last part there is a decreasing trendpjistance between the stations 7 362 000 and 8 015 500 is the
There is linear trend in the first part, because the slope apmaximum, and it is indicated in the second column of the Ta-
proaches to a constant value or it fluctuates around a constagie 1. |n the fourth column of the Table 1, regional weighting
value. When one looks at the part of the dependency funCynction calculated from Eq. (9) is available. In the fifth col-
tion whlch c_:orrgsponds to 0—0.7_ standard distance at ho“'umn, there is a weighting coefficient obtained from Eq. (10)
zontal axis in Fig. 3, low fluctuations of tarrdependency  anq the fast column indicates the contributions of adjacent
function around a mean value can be seen.On the other handyaiions to the pivot station. Fig. 4 shows the weighting co-
there is an agreement with the weighting coefficient which gficients for the station 7 362000. It can be seen from the

corresponds to same range in Fig. 4. Also, it can be saidigre that high contributions are expected from the stations
that this region exhibits a homogeny structure. The expresy, o_q 7 standard distance range. For the range 0.7-0.8, the

sion of homogeny structure means that stations found in thi%veighting factor is too small and for 0.8-1, it is relatively

region are similar to each other and have strong regional depjgger than the former range. The value of the pivot station
pendency. The increasing rise of regional weighting func-7 355 000 which has the relative error of 4.11% is the best
tion in Fig. 1 corresponds to a portion (0.7-0.8) which has,egicted from three closest adjacent sites. The predicted
big fluctuations in Fig. 3. There is heterogenic structure iNyalue for this station is 2.38m/s. The influence radRis

this part. The stations found in this region have no similar-ig equal to 263 101.21 m that corresponds to distance of the
ities and dependencies with pivot station. Although there isyirg station to pivot station. Table 2 presents the predictions,

a decreasing rise trend in the third portion of Fig. 1, devia-rg|ative errors and number of adjacent sites that give the best
tions from the mean are less than second portion Shown ifegyits obtained from PCSV, TPCSV and SRDF techniques.
Figs. 3 and 4. The similarities and correlations to pivot sta-|, Taple 2. second column shows observations: third column
tion in this part are more than the second part. MississipPishos the predicted values by PCSV method and fourth col-
River Basin can be divided into three part based on regiona|;jn reveals the predicted values by SRDF which is proposed
weighting function._ _Since_: the second part_has hig_h hetero;y, this study. Sixth, seventh and eighth columns are the pre-
geneity, it can be divided into more sub regions. This can b&jiction errors. Finally, ninth, tenth and eleventh columns

an input for the integrated basin management. Figs. 1, 3 and esent the number of adjacent sites which give the best re-
4 demonstrate that which distances are homogeny or heterqy,ts. star symbol at eighth column indicates that SRDF pre-
genic in the first, second and third parts.The influence radiugyicts petter than the PCSV. When this column is considered,
can be determined by this way. All these interpretations can; is shown that SRDF outperforms PCSV at 28 out of 38

be made by using Fig. 2 that shows the dependency funCgiations, The mean relative errors are 3.07% and 7.79% in
tion. Also, th_reg parts are seen obviously from this figure grpr and PCSV, respectively. The ratio of better perfor-

too. Low deviations from the mean value at 0-0.7 standardyance s at the level of 61%. Similarly, it can be seen in the

distance, high variability of dependency at 0.7-0.8 and lowergjy i column of Table 2 that 10 out of 38 stations prediction

variation of dependency comparing to second part at 0.8-1.Qors are greater than 10% by PCSV method. On the other
are also valid in this figure. It is possible to predict missing hand, SRDF method has prediction error that is greater than
or unmeasured runoff depths by using these functions. Let it 5o, a¢ 5 out of 38 stations. This corresponds to 50% better
is assumed that runoff depth data for the station 7 362 000 i$erformance. When the aforementioned criteria are repeated

unavailable or missing. again, it is seen that SRDF also outperforms TPCSV.
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Table 2. Comparison of PCVS, TPCVS and SRDF methods.

A. Altunkaynak: Estimation of streamflow by slope regional dependency function

Station ID  Runoff depth

January runoff depth predictiom80 Relative error (%)

Number of adjacent site

10-8 (m/s) (m/s)

PCSV TPCSV SRDF PCSV TPCSV SRDF PCSV TPCSV SRDF
@ ) ®3) 4 5) (6) ) 8 ©) (0  (11)
7024000 2.41 226 227 2.37 6.33 8.95  1.36* 4 9 9
7029500 3.31 281 248 3.13 15.18 2475 5.33* 2 9 2
7037500 1.68 1.95  1.92 1.91 14.04  13.02 12.47* 3 2 2
7039500 1.96 1.99  1.98 1.97 1.65 1.20  0.81* 4 4 3
7040100 1.90 187  1.87 1.95 1.72 1.30 2.75 3 3 3
7040450 1.98 201  2.00 1.97 1.63 1.39  0.46* 3 3 5
7043500 2.05 205 205 2.04 0.01 0.14  0.38 5 3 3
7047900 2.08 204 208 2.09 1.58 0.09  0.54* 5 4 3
7077500 2.09 211 210 2.08 0.52 0.61 0.67 3 3 2
7264000 2.19 219 218 2.14 0.01 0.55 2.05 4 4 7
7268000 3.14 273 273 3.08 12.89 1281  1.72* 4 4 4
7274000 2.48 249 261 253 0.44 5.12 2.23 9 6 5
7282000 2.54 254 254 2.53 0.01 0.06 0.02 8 2 9
7283000 2.60 259  2.60 2.60 0.01 0.16 0.46 7 8 5
7290000 2.61 260  2.66 2.61 0.42 206 0.21* 7 3 2
7291000 2.62 278  2.69 2.61 5.91 282  0.23* 4 2 4
7292500 2.49 276 274 2.64 9.52 921 5.67* 2 2 2
7295000 2.89 288  2.87 2.91 0.38 0.55 0.68 6 6 3
7356000 2.37 242 238 2.37 1.81 0.20  0.04* 3 2 7
7359002 2.59 231 232 2.34 10.97  10.38  9.38* 4 4 4
7361500 2.17 233 226 2.19 7.04 398  1.12* 5 6 4
7362000 2.48 224 225 2.38 9.69 9.33  4.11* 3 3 3
7363500 1.98 220 220 1.95 9.95 9.90 1.61* 8 3 3
7364150 1.95 214 214 1.98 9.18 9.36  2.01* 6 6 2
7375000 2.17 268 270 2.60 19.18  19.75 17.33* 3 9 2
7375500 2.79 3.17 278 2.76 12.07 0.27  0.91* 2 6 7
7376000 2.67 276 273 2.64 3.17 2.49 0.8* 3 2 4
7376500 2.56 254 257 2.65 1.28 0.68 3.62 3 3 3
7377500 3.12 254 317 3.11 18.60 1.91 0.1* 3 2 3
7378000 3.44 302 301 3.07 12.10 1226  10.7* 2 2 2
7378500 2.91 292 290 2.83 0.37 0.30 2.53 5 4 8
7382500 2.67 265 281 2.68 0.82 529  0.75* 7 6 5
7385500 0.77 317 3.0 2.99 75.86  75.21 74.28* 6 2 2
8010000 3.82 304 303 3.03 2057 2059  20.59 2 2 2
8012000 3.07 305 3.05 3.05 0.71 0.50  0.55* 4 4 8
8013500 3.00 299 297 3.01 0.73 0.93  0.35* 5 4 5
8014500 2.68 279 278 2.68 3.92 3.68 0.07* 6 8 2
8015500 2.68 284 279 2.68 5.77 3.82 0.07* 2 8 2
Average 7.79 7.25 307 434 429 397

SRDF predicts 26 out of 38 stations value more accu-Although the average number of adjacent stations which are
rate than TPCSV. The mean relative errors for the SRDFused to predict pivot station is approximately equal to each
and TPCSV are 3.07% and 7.25%, respectively. The numether for three methods, SRDF shows better performance
ber of stations which has relative errors less than 10% is 8han PCSV and TPCSV. Not only SRDF is a reliable method
and 8 for the SRDF and TPCSV, respectively. After all, it used easily in practice, but also gives more accurate predic-

is evident that PCSV and TPCSV performances are close ttions when compared the other techniques.
each other. The relative error is 7.79% for PCSV and 7.25%

for the TPCSV. There is not a huge difference between two

methods. However, SRDF substantially outperforms PCSV

and TPCSV techniques which can be seen from Table 2.
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