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Abstract:  An improved dependence of Kp index on IMF Bz component is obtained by introducing a modified Bz function (denoted as Bzm), exhibiting a delayed reaction to Bz changes. Bzm is modeled by using the analogy with an electric circuit consisting of a condenser, a diode rectifier and two resistors. Loading and unloading the condenser, as inertial processes, are described by expressions for the input and output voltages containing respective time constants. These expressions are used in the dependence between Bz and Bzm. The cross-correlation between Kp and Bzm increases to 0.7 compared with -0.4 between Kp and Bz. The mean dependence of Kp on Bzm is approximated by a parabola, by using loading and unloading time constants 0.8 and 9 hours respectively. The time constants are obtained by an optimization method using Bz and Kp data from the whole year of 1981. The Kp model, driven by measured Bz, is capable to predict the three-hour Kp value one step in advance.
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Introduction

The relationship between Interplanetary Magnetic Field (IMF) components and geomagnetic activity plays an important role in the physical understanding of the solar wind-magnetosphere interaction (see for example, Tsurutani and Gonzalez, 1997, Kamide et al., 1998). This relationship is a key element in Space Weather modeling and forecasting (NSWP, 2000). The statistical studies on this relationship have appeared over the last two decades, periodically stimulated by the appearance of new data sources, like those of IMP, WIND and ACE missions. Vassiliadis et al. (1993) have used an equivalent electric LRC- circuit (linear oscillator) to obtain an empirical expression of the auroral AE index depending on IMF Bz component. In this paper we use a similar approach by using an equivalent circuit of loading and unloading a condenser for representing the time delay between fast Bz variations and the smoother Kp changes. 

Statistical relationship between Bz and Kp
The hourly values of IMF Bz component and the three-hour Kp index for the whole year 1981 were used in the analysis. Kp values were linearly interpolated to extract its hourly values. Further in the analysis, only the hourly values of Kp will be considered. Fig.1 shows the empirical cross-correlation of Kp (see for example, 
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Fig. 1.  Normalized cross-correlation between Kp and IMF components Bx, By, Bz.

Kutiev et al., 1999) with the three IMF components as a function of the time lag. The time lag is the time difference between any two moments, for which Kp values and respective IMF components are cross-correlated. It is seen that while Bx and By values show no correlation with Kp, the cross-correlation between Bz and Kp is negative and has a maximum of about 0.4 at a time lag around 2 hours. The latter means that Kp best correlates with Bz from the previous 2 hours. The detailed comparison between Kp and Bz variations shows that when Bz turns negative, Kp reacts with an immediate increase, but when Bz rises positive, Kp decreases much more slower. It is obvious that Kp reaction to the positive and negative variations of Bz has a different time delay. In order to define an improved dependence of Kp on Bz, we introduce a new function of Bz (denoted as Bzm), which is positive and contains a delayed reaction to Bz changes. To do this, we look for an analogy with another inertial  system, which involves loading and unloading processes with different time 
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Fig. 2.  a) Equivalent electric circuit giving the delayed reaction of the output voltage U2 to the input voltage U1. D is a half-wave diode rectifier, C is a condenser, R1 and R2 are resistors; b) a sinusoidal input voltage U1 and the resulting output voltage U2. The periods of loading and unloading the condenser are separated by horizontal bars.

constants. Such a system can be represented by the electrical circuit shown on Fig.2a. The circuit includes a half-wave diode rectifier D, a smoothing condenser C and two resistors R1 and R2. We consider that the input voltage U1 is a step-like function, formed by discrete values at arbitrary moments of time. If R2>>R1, the output voltage U2 within the time-step [ti, ti+1] is given by a well-known relationship: 
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(1)

where T1=R1C and T2=R2C. The expressions (1) have recurrent feedback: the voltage U2 obtained from the previous step [ti-1, ti] is placed on the right hand side of the equations for obtaining U2  in the step [ti, ti+1]. The first expression in (1) represents a process of loading the condenser C with a time constant T1, while the second expression represents the unloading process with a time constant T2. The loading of the condenser from the input voltage U1 takes place until U1 is higher than U2 when the diode is open. If U1 becomes lower than U2, the diode is closed and the condenser starts discharging through the resistor R2. The whole process is schematically presented on Fig.2b. The input voltage U1 is represented by a simple sinusoid (thin line) and the output voltage U2 is given by the solid line. The loading takes place when U1>U2. The output voltage U2 accepts now only positive values, gradually decreasing when U1 is negative. Taking use of the analogy with this electrical process, we define Bzm by equation (1) with a simple replacement of U1 with  -Bz and U2 with Bzm.
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Fig. 3. Measured Bz (right scale) and corresponding Bzm  (left scale) during the sample period 6-16 April 1981.

Fig. 3 shows Bz (thin line) measured between 6th  and 16th  April 1981, along with the respective function Bzm, which scale is shown on the left. Bz scale on the right is inverted (negative upward) for a better comparison with Bzm. Both quantities show the same behavior as in Fig.3, but now in a real situation. The modified Bz function is positive by definition and its delay with respect to Bz spikes resembles that of Kp. Fig.4 shows the cross-correlation between Bzm and Kp with T1 
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Fig. 4.The normalized cross-correlation Kp and Bzm  versus time lag between their correlated values.

and T2 assumed equal to 0.8 and 9 hours respectively. If we compare it with that of Fig.1, we see that now the maximal value of cross-correlation between Bzm and Kp is much higher: 0.7 against -0.4 between Bz and Kp (see Fig.1) and the time lag between Bzm and Kp is practically zero. This means that the modified Bzm function which is a product only of Bz can improve significantly the dependence between Bz and Kp. Fig. 5 shows the mean dependence of Kp on Bzm, obtained from the data over the whole year of 1981. Dots represent the dependence at every unit of Bzm in [nT] and they are connected by a broken thin line. Vertical bars show the doubled standard deviation which, on average, is about an unit of Kp. The dashed curve represents a parabolic approximation of the mean dependence with the above accepted values of T1 and T2. The parabola yields the following expression for Kp:
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Using the parabolic approximation between Kp and Bzm, we can accurately obtain the values of the time constants T1 and T2 by searching for the lowest standard deviation. Such optimization is non-linear and the minimal standard deviation can be found by a “blind searching” over a grid of values for T1 and T2. The optimization was performed over the same data set and the result is shown on Fig. 6. A parabolic
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Fig. 5. The mean dependence (dots) of Kp on Bzm  obtained over the whole year of 1981. Vertical bars show the doubled standard deviations at every unit of Bzm. The broken line connects the calculated mean Kp values and the dashed line represents best fitted parabola with time constants T1=0.8 and T2=9 hours. The regression coefficients are also given at the top.

 approximation of the type (2) was applied to the data, using alternatively all possible pairs of T1 and T2 values within the shown limits. Dashed lines show T1/T2 grid of 11x6 pairs. The standard deviation of each pair is obtained as a sum of standard deviations of all Bzm values (dots in Fig. 5) and are used to draw the contour lines. The standard deviations form a surface whose minimum lies at the point with T1=0.8 and T2=9 hours. This optimization process shows that the expression (2) gives the right coefficients of Kp- Bzm dependence. 

We regard the expression (2) as a Kp model, driven by measured Bz values. Fig. 7 shows a sample of such a prediction (solid line, denoted as model) along with the measured Kp (thin line, denoted as data). The comparison reveals an acceptably good agreement between the model and the data. Taking account of the fact that the 
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Fig. 6. Contours of standard deviation of the parabolic regression of Kp from the data over the various pairs of T2 and T1. The minimal value of the standard deviation surface yields the best fitted time constants.

time lag between the best correlated values of Bz and Kp is around 2 hours, we consider this model as capable to predict the three-hour Kp value one step ahead.
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Fig. 7. Measured Bz (thin line) and Kp model (thick line) during the sample period 6-16 April 1981.

Topical Editor thanks I.Kutiev and S.Stankov for their help in evaluating this paper.
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Усъвършенствувана зависимост между компонентата Bz на междупланетното магнитно поле и индекса Kp
Пламен Мухтаров, Борислав Андонов

Резюме.  Представена е усъвършенствувана зависимост на Kp от Bz компонентата на междупланетното магнитно поле чрез създаване на модифицирана Bz функция (наречена Bzm), която има закъсняваща реакция на измененията на Bz. Bzm се моделира чрез използване на аналог на електрическа схема, състояща се от кондензатор, диоден токоизправител и два резистора. Зареждането и разреждането на кондензатора, като инертен процес, се описва от израз, съдържащ входното и изходно напрежение и съответните времеконстанти. Този израз е използван като зависимост между Bz и Bzm. Взаимната корелация между Kp и Bzm нараства до 0.7 в сравнение с  -0.4 между Kp и Bz. Осреднената зависимост на Kp от Bzm е апроксимирана с парабола, при използване на времеконстанти на заряд и разряд съответно 0.8 и 9. Времеконстантите са определени чрез оптимизационен метод, използващ данните за Bz и Kp за цялата 1981 година. Моделът на Kp, използващ измерените стойности на Bz, е пригоден за прогнозиране на тричасовите стойности на Kp една стъпка напред.
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