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INTRODUCTION

Ensuring safety of navigation is a multifacitated problem, which constantly attracts researchers’ attention.  Within the framework of this problem a wide circle of typical tasks, one of which is a vessel's route planning from the port of departure to the port of destination, has been formed (Akmaykin, 2017a).

A route planning is carried out taking into account a lot of factors. The main ones are geographical characteristics of the passage area and technical capabilities of the vessel (e.g. maximum sailing range, speed, draft, length). There are some known methods of route planning connected with the solution of optimization tasks allowing for direction and speed of both wind and current along the route and minimizing the time of the passage and fuel consumption (Lin, 2013; Lu, 2015).

When planning the route of the passage in the Arctic economic criteria are of no special importance as compared with the trajectory reading relating to safety. Polar waters are characterized with a higher complexity of navigation, first due to adverse weather conditions as well as frequent and severe storms, poor visibility, complex ice situations, risk of icing, a quick change in the weather. In conditions when there is a great number of variable factors, navigators may lack for necessary knowledge and experience to take the correct decision on the choice of a safe route. In this case, it is advisable to use automated systems for route planning, which are supposed to solve the problem dynamically taking into consideration both current and predicted situations, which data must be trustworthy. Here the use of information provided by special meteorological services according to satellite monitoring data is considered promising.  Nowadays there is a great number of satellites (more than ten) fitted with aids for remote sounding of the Earth, which help to obtain information on condition of atmosphere and hydrosphere practically in real time; the number increases constantly (Ruzicka, 2017). Satellite aids can measure wind speed above the water surface and the height of waves to assess ice conditions. Within the framework of e-navigation, it has become possible to use their meteorological data directly aboard vessels (Wang, 2018).

In the context of the discussed sea route planning a problem of applying satellite meteorological data is that they do not guarantee an actual global presentation of sea state, ice and wind conditions as one satellite requires considerable time to provide a full coverage of the Earth's surface by its scanners. In other words, data on the weather and ice conditions along the vessel's route obtained from one satellite may turn out to be out of date. Therefore, research of satellite meteorological data in the context of their "age" and possibility of interconnecting information from various meteorological services for solution of the vessel's safe route planning is thought to be topical.

In in the works published earlier (Akmaykin, 2017b) the authors modeled a process of satellite monitoring to evaluate the frequency of updating weather information in a selected position of the Earth's surface. However, the problem was solved for low latitudes (up to 60°). Meanwhile the tracks of satellites at high latitudes (from 60° to 90°) have specific features. The present work shows analysis of mean expectancy time for data on sounding in the Arctic zone both from one satellite and from a group of satellites. The presented results allow us to conclude about a number of satellites required for obtaining actual meteorological data and to work out an approach for a choice of meteorological services to plan a safe route in the Arctic waters.

MATERIALS AND METHODS

Let us take well-known equations of artificial satellite motions along an elliptical orbit as a basis for a mathematical model of the problem. The orthogonal right-angled reference system xyz with origin in the center of the Earth, axis z directed to the north and a plane xy lying on the equatorial plane will be used. The motion of an artificial satellite can be approximately described by a known limited problem of two bodies


,

where r is a radius vector of satellite, G is a gravitational constant, μ is the Earth's mass. Solution of this differential equation can be described by a well-known Kepler equation (also approximately).


,

where M is an angular distance between an orbital pericenter and a radius vector of a hypothetical body moving along the circular orbit of the radius is equal to a big semi axis a of the searched elliptical orbit (an average anomaly); E is an angular parameter called an eccentric anomaly which is used  to express a variable length of a radius vector r; e is an eccentricity of orbit. Values a and e are considered to be known and defined elements of the satellite orbit.

Value M at the moment of time t can be found according to the formula


,



where  is a time moment of satellite passing the pericenter which is accepted as an origin of reference. Value of E is usually found with the help of Kepler's equation in relation to E by numerical methods. For example, a fixed-point iteration method where consecutive approaches E look like .

Then value ϑ, which is called a true anomaly, an angle between a satellite radius vector r and direction to the pericenter, is defined. The true anomaly ϑ is connected with the eccentric anomaly E by the equation


.

The length of the radius will be equal to


.

Let us examine an auxiliary coordinate system x'y' connected with an ellipse of satellite motion. May its origin of reference lie in the center of the Earth, axis x' be directed along the semi axis of an ellipse, axis y' be perpendicular to it. Coordinates of the satellite position in system x'y' can be calculated in the following way:







Coordinates of the satellite in reference system xyz are determined by an orbital inclination and position of the pericenter in relation to coordinate system xyz. They are calculated with the help of consecutive multiplication of vector r'=(x', y', 0) by matrix of rotation,,, thus
 

.

Here

, 


,
 

,

α, β, γ are angles of rotation around coordinate axes.

Using known component radius vector values of satellite r at the moment t it is not difficult to define geographical coordinates of the Earth's surface point above which there is the satellite


,


.




Here φ(t), λ(t) are geographical coordinates (latitude and longitude) of a point of the satellite track,  is an angular speed of the Earth's revolution ,  is an angular position of the Earth's initial meridian at the initial time moment. Function of an arc tangent is defined in addition up to the area of values (-π, π), thus , value of constant C depends on the sign of variables x and y.




In case the satellite orbit is close to circular (e < 0.02), the length of a radius vector (equal to a big semi axis a) and an angular speed of satellite motion (equal to ) can be considered  constant with  a sufficient degree of approach  in the examined problem. Information on typical age of meteorological data can be obtained by modelling the satellite motion according to the prescribed values of orbital altitude and inclination as well as taking into consideration the bandwidth of the Earth's surface scanned by its sensors. Let us assume that  is the initial time for satellite observation of a point of the Earth's surface,  is the end of its observation. There will be two sequences of such values N for each point on the Earth's surface for the whole period of modelling. Mean expectancy time of satellite is the following value


.


Allowing for mechanics of satellite motion, a spherical shape of the Earth and uniformity of its own rotation when  mean expectation time will be similar for points lying at the same latitude. Therefore, it is sensible to speak about mean time of satellite expectancy at this or that latitude, which will correspond, to an average age of meteorological data. Conception of an average age of meteorological data allows us to assess their suitability for planning a safe route of vessels.

RESULTS

Assessment of an average age of meteorological data has been carried out for some satellites connected with some available information services (Ocean, web; Chelton, 2006; Risien, 2006).  In the first place, satellites which tracks lie at polar latitudes and have relatively extensive swath width were of interest (Table 1).

Table 1. Elements of orbits and parameters of some satellite sensors 

	
	Satellite name
	Orbital altitude, km
	Orbital inclination, degrees
	Swath width,km

	1
	QuikScat
	803
	98.6
	1410

	2
	ScatSat-1
	720
	98.28
	1400

	3
	Hy-2A
	971
	99.34
	1350

	4
	ERS
	780
	98.5
	500

	5
	ASCAT
	800
	98.6
	500

	6
	Jason-2
	1380
	66.05
	315




Motion of satellites was being modeled for 20 days, then 36 points were set at each latitude (one point for every 10 degrees of a latitude) and mean time between consecutive observations of every point  was calculated.  Results received for 36 points of one latitude were averaged.

Figure 1 shows a part of the calculations done - it is an area of the Arctic surface which was being observed by satellite ScatSat-1 for 3.5 hours. During this time the satellite makes about two turns and scans more than 45% of the surface in the area of latitudes from 70°to 90° (i.e. almost a half of this area).

[image: ]

Fig. 1. Surface of the circumpolar region which was observed by satellite ScatSat-1 during two turns (a red band)

Table 2 contains results of calculations of average 'age' for satellite meteorological data at different latitudes.

Thus, only satellites QuikScat and ScatSat-1 can present data on weather at latitude of 83 degrees and mean time between observations will be 11.8 and 7.6 hours respectively. None of satellites can 'see' the pole. It is obvious that there is a data expectancy time - swath width relation (direct) and a data expectancy time - orbital altitude relation (opposite).

Table 2. Mean expectancy time for satellite data on weather at different latitudes, hours

	
	Satellite name
	60°
	65°
	70°
	75°
	80°
	85°
	90°

	1
	QuikScat
	10.1
	8.6
	6.0
	4.0
	4.6
	11.8
	nil

	2
	ScatSat-1
	10.8
	8.6
	6.4
	3.8
	4.2
	7.6
	nil

	3
	Hy-2A
	11.2
	9.0
	5.8
	4.6
	6.0
	nil
	nil

	4
	ERS
	30.4
	24.4
	18.4
	11.2
	9.2
	nil
	nil

	5
	ASCAT
	31.8
	25.8
	18.4
	11.2
	9.8
	nil
	nil

	6
	Jason-2
	>48
	>48
	nil
	nil
	nil
	nil
	nil



A promising way to decrease mean expectancy time of meteorological data is to employ not a singular satellite but a group of satellites. Figure 2 shows the Arctic surface which was under observation for 3.5 hours.

[image: ]

Fig. 2. Surface of the circumpolar region which was observed by satellite ScatSat-1 (a red band) and ERS (a blue band) during two turns

An extra satellite increases the surface zone being scanned in the area     of latitudes from 70° to 90° considerably (approximately up to 60%). Table 3 contains calculation results of average 'age' for meteorological data of several systems which include two satellites.

Table 3. Mean expectancy time of group data from two meteorological satellites at different latitudes, hours

	№
п/п
	Satellite name
	60°
	65°
	70°
	75°
	80°
	85°
	90°

	1
	QuikScat + Hy-2A
	5.4
	4.2
	3.0
	2.0
	2.6
	11.8
	nil

	2
	ScatSat-1 + ERS
	7.8
	6.2
	4.8
	2.9
	3.0
	7.6
	nil

	3
	Hy-2A + ASCAT
	8.2
	6.4
	4.4
	3.4
	3.8
	nil
	nil



It is obvious that data updating period in the area of latitudes from 70°to 80° is from 2 to 4.8 hours. Such an interval meets expectations of typical speed in change of weather conditions at the given latitudes. 


Research carried out earlier (Akmaykin, 2017b) showed that the expectancy time of satellite observance of this or that point on the Earth's surface  can be approximately described by a known probability model of mass service. In this case probability F of the fact that the expectancy time less than the prescribed t is described by exponential distribution 


,





where q =1/m is an average number of observations per a time unit, m is mean time (expectancy) between observations. In the examined task  is estimation of value m. In such model conceptions the function of probability distribution for a group of n satellites at known mean expectancy time for each of them , ,  is calculated in the following way







where ,  and so on. The following formula is correct for mean expectancy time of the group of n satellites 


   

This correlation is confirmed by results of the modelling. It is easy to prove it by comparing the data in tables 1 and 2. Now, while assessing mean expectancy time of each satellite according to the data of modelling, a set of meteorological satellites able to provide required value of data updating period can be selected.

DISCUSSION

The presented results of the research help to get an idea of possible use of meteorological satellites when solving a problem of route planning in the Arctic waters. Even if there are data of only one satellite, mean expectancy time (age) of data for satellites with a 'broad' swath width (QuikScat, ScatSat-1 and Hy-2a) is from 12 to several hours (Table 2). In view of typical dynamics of weather conditions and possible data extrapolation (weather forecast and ice conditions) it makes possible a solution of the initial task for planning a safe route of the passage. For satellites of a 'narrow' swath width (ERS, ASCAT, Jason-2) data age can be more than 24 hours. Trustworthy weather forecast for such long period is often impossible (Chelton, 2005) which throws doubt upon prospect of solving an optimization problem of route planning on the whole.

At the same time data from satellites of 'narrow' swath width allow to increase the area of polar zone surface considerably, 'fresh' meteorological data (Fig. 2~3) of which are available when they are included in the system of satellites. Because of special features of the orbital motion and the Earth's own revolution satellite tracks of adjacent turns of one satellite at polar latitudes run close to each other which decreases the area of the observed surface (red bands, Fig.1) at a time unit. Inclusion of one more satellite in the system allows decreasing an average age of available data qualitatively. For example, addition of ERS to ScatSat-1 allowed decreasing mean expectancy time of data for 2-3 hours (Fig. 2~3, Tables 2~3). Fig 3 shows that within 12 hours the system of these two satellites observes up to 90% of the Arctic zone, at the same time there are data which are 8 hours younger for approximately 80% of the territory. Addition of 3-4 satellites in the system including ones with a broad swath width produces a more noticeable effect.

[image: ]

Fig. 3. Age of meteorological data for a group of satellites ScatSat-1 and ERS: green color - up to 4 hours, blue color - from 4 to 8 hours, red color - from 8 to 12 hours


In spite of good results, which are produced with the help of a mass service model when solving the assessment problem of mean expectancy time of satellite system data, it should be noted that expectancy time of satellite observation about this or that point of the Earth's surface  is not an accidental value but a determined one. Therefore, an exponential distribution function describes the examined process only approximately presenting quite a qualitative picture of the phenomenon.

Weather data obtained from satellites with a 'broad' swath width are often characterized with low resolution of 30-50 km. However, according to modelling results (Grinyak, 2018) the resolution of 50 km helps to solve the problem of the vessel's passage route planning allowing for weather conditions.

CONCLUSIONS

The problem of vessel's passage route planning is topical in seamanship. One of the ways of further improvement of navigation effectiveness in the Arctic waters is route optimization taking into consideration data on weather and ice conditions. To solve an appropriate optimization problem, it is necessary to have actual data on weather which can be obtained with the help of special meteorological satellites. The suggested mathematical model of the problem, based on equations of satellite motion along the elliptical orbit and supported by presentations of classical task of mass service, helps to assess typical expectancy time of data on the Earth’s sounding by a group of meteorological satellites including latitudes of the polar zones.

Integration of data from several satellites decreases expectancy time of data on weather in this or that point of the Earth's surface. This effect can be noticed when even satellites with a 'narrow' swath width are included in the system. The results of the problem modelling help to come to the conclusion about probability of obtaining actual (age of 2-3 hours) meteorological data along the most popular vessels' routes in the Arctic (Northern Sea Route). This in its turn makes it possible to create an information system based on data of meteorological satellites which will assist navigators in choosing an optimal route of the vessel's passage in polar waters.
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