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 Hyperspectral imaging differs from typical remote sensing in that it provides much more detail throughout the targeted spectral area.  Hundreds of bands 10 – 30 nm in width are used to plot spectral emissivity throughout the spectrum to create what is called a spectral reflectance curve.  This curve then has many uses, particularly in the fields of geology and forestry.  In researching hyperspectral sensing and its needs, it has been determined that a hyperspectral satellite mission is in order.  This mission contains a hyperspectral sensor or sensors that will image the Earth in all visible and infrared wavelengths from 400 nm to 15000 nm using approximately 700 bands between 10 nm and 30 nm in width.  In addition, this mission will be in a circular, polar orbit with a 14 day repeat ground track.  This orbit needs to be sun-synchronous at an altitude of 817.5 km and an inclination of 97.8 degrees.  Finally, it should have an equatorial crossing time of 11:30 A.M. in order to target areas of interest when the sun is directly overhead.  This mission is feasible, technically sound, and needed to upgrade the United States’ land and ocean imaging arsenal and, therefore, should be considered as such.
I. Introduction

T

HIS document outlines the technical solutions to planning a hyperspectral satellite mission.  Although there are many scientific uses for hyperspectral remote sensing data, there is currently no long-term plan for U.S. hyperspectral imaging from space.  NASA’s Earth-Observer-1 (EO-1) was an experimental satellite launched in November of 2000 that had its mission extended because its hyperspectral imager, the Hyperion, worked so well. 2  Additionally, the other two major hyperspectral sensors used today, the DAIS 7915 Sensor and the AVIRIS (Airborne Visible/Infrared Imaging Spectrometer), are aircraft-mounted and, therefore, do not offer the same Earth coverage as a space-borne sensor. 3 Neither do they cover all of the necessary bands for the broad range of uses in today’s world.  

A hyperspectral imaging satellite would solve these problems by filling some of the gaps of today’s technologies.  This satellite would on a repeat-ground-track orbit, that is, one in which it would fly over the same point of the Earth’s surface at a given time-interval.  This repeat ground track would have to be long enough in duration that all of the parts of the Earth that were not directly under the satellite’s flight path were within its sensor cone.  This orbit would also have to be sun-synchronous, that is, it would cross the equator at the same local time each day, so that imagery could be compared to imagery of the future or of the past from that same point and have all of the same control factors such as lighting, time of day, and sensor angle.  Because of the sun-synchronous requirement, this mission would have a polar orbit and, in order to keep the mission nearly circular and in Low Earth Orbit (LEO), the inclination of the polar orbit would be between 96 and 102 degrees.  Specific numbers for the above generalizations are all found later in the report. 3

A hyperspectral satellite mission would be of great use to many organizations such as the U.S. Geological Survey, the U.S. Forest Service, the Federal Emergency Management Agency (FEMA), the National Oceanic and Atmospheric Administration (NOAA), and many others.  The rest of this paper details why this mission is so important and how such a mission would be accomplished.
II. The Importance of a Hyperspectral Imaging Satellite
Hyperspectral Imagery differs from regular, multi-spectral imagery in that it provides much finer detail throughout the electromagnetic spectrum.  Instead of gaining radiance data in only 6 bands that range anywhere from 100 nm to 3000 nm in width, like that of the Landsat TM and MSS sensors, a hyperspectral sensor gives spectral emissivity data in hundreds of different bands, each one of which is only around 10 – 20 nm in width.  This gives the data a whole new kind of meaning.  Researchers in geology can graph the emissivity at each bandwidth to map the chemical composition of what the sensor is looking at.  This mapping is called a spectral reflectance curve.  
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Whereas before, geologists had to rely on a relatively small number of data points across the different wavelengths (6 in the case of the Landsat imagery) 2 and try to fit these 6 data points to spectral reflectance curves that varied very little across the spectrum, they now have hundreds of data points across the spectrum that can provide a much more accurate mapping of the Earth’s surface.  What this does is allow the geologist to differentiate between rocks and soils that may have very similar spectral reflectance curves (see sulfate vs. phosphate in the example to the left). 5 In this way, they are able to precisely identify the rock and soil topography of the entire Earth’s surface.
Researchers in forestry would use the hyperspectral images in a very similar way.  When using a limited number of bands, all vegetation shows up at approximately the same wavelength, the visible green wavelengths (492 nm – 588 nm) and the Near Infrared (NIR) wavelengths (700 nm – 3000 nm).  If given a tool that plotted each wavelength at a much more precise level, it would be very possible to determine exactly what types of trees and vegetation one was looking at.  For example the figures below show the spectral reflectance curves of two different types of trees: a sugar maple versus a white pine. 6
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In order to use the full ability of the sensor as well as to make this mission a multi-agency collaboration, one must take into consideration parts of the spectrum not used above.  So far, we have been using wavelengths from around 500 nm to 2500 nm, particularly in the Near Infrared (NIR) or Short Wave Infrared (700 nm to 3000 nm) parts of the spectrum.  Another obvious use of this part of the spectrum is to gain imagery in the visible spectrum.  Because the human eye has the ability to distinguish up to 150 colors in the visible spectrum, 7 it would be sensible to separate the visible spectrum into 150 different bands, each with a bandwidth around 3 nm if this was a mission specification.  Visible imagery would have a wide variety of uses, from intelligence agencies to commercial high-resolution mapping companies (like those supplying Google Earth).
[image: image4.emf]Finally, data taken across the Thermal Infrared wavelengths (3000 nm – 15000 nm) is very helpful in telling thermal information such as atmospheric temperature and properties as well as ocean surface temperature and Earth surface temperature.  Currently, the Along-Track Scanning Radiometer (ATSR) and the Advanced Very High Resolution Radiometer (AVHRR) cover three of the bands in the thermal infrared region.  Additionally, the MODIS (MODerate Resolution Imaging Spectrometer) carried by the U.S. Terra and Aqua satellites, covers 16 of the bands in the thermal region.  Although the region is much larger than the NIR spectrum, 400 hyperspectral imaging bands could cover the entire thermal infrared region at 30 nm bandwidths.  This would provide an invaluable resource to weather and atmospheric researchers as well as being able to detect phenomena with very small windows inside the Thermal Infrared region.  This includes National Park Services as well as Disaster Detection Services looking for forest fires and volcanoes, which are only emissive in very narrow bands (for example, 3929 nm to 3989 nm). 2 
III. The Orbital Dynamics of a Hyperspectral Sensing Satellite
After determining the remote sensing specifications that need to be met in order to have a successful mission, the characteristics of the satellite carrying the sensor must next be determined.  To begin with, the inclination of the satellite must be sun-synchronous.  Sun-synchronous orbits have an orbital plane that makes a constant angle with the radial from the sun.  This allows the satellite to see any given image of Earth in nearly the same light conditions during every orbit.  In order to meet the above conditions, these orbits are polar orbits with an inclination anywhere from around 96 to 102 degrees.  For this mission, we have chosen an inclination of 98.7 degrees, because the ascending node of this orbit advances in inertial space at the same rate as Earth’s angular velocity around the Sun, 0.9856 degrees per day. 8 The equation we used to find this inclination can be found below:
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After choosing the inclination of this mission, we move on to the eccentricity, orbital altitude, and repeat ground track characteristics of our orbit.  Eccentricity is easy to explain because we want to minimize the differences in our observations of different points around the Earth.  Therefore, we will need to stay at an orbital altitude that does not vary throughout the satellite’s orbit.  This will call for an orbit that is circular, having an eccentricity of 0.  Next, we will need to find an altitude that works.  To do so, we must consider the orbit’s repeat ground track.  Repeat ground track orbits are those which pass over the same point on the Earth’s surface after a given time interval. 4 The time that it takes for this to happen is determined by both the satellite’s altitude and its inclination.  The altitude of the satellite determines its period which can then be used to find its longitudinal drift.  The longitudinal drift of the satellite is the amount the satellite drifts on successive orbits as compared to points on Earth’s surface.  

The table on the next page shows the longitudinal drift for a number of different altitudes.  In this case, the longitudinal drift of the satellite is negative because our inclination is greater than 90 degrees and, therefore, our satellite drifts to the west in its equator crossings after each orbit.  In addition, this table also shows a slight drift to the west in our argument of perigee due to both the satellite’s altitude and inclination.9 Finally, the last two columns in the table list the number of orbits the satellite will complete in one day and the number of orbits the satellite will complete in two weeks. This was done to determine an appropriate altitude for this satellite.  We can look at the table and determine the number of orbits the satellite will make in one day and the number it will make in two weeks.  If we pick an altitude that yields an integer value for the bi-weekly value, than we can be sure that this orbit will have a repeat ground track of two weeks.  
The repeat ground track of two weeks would be ideal for such a mission because it would cover all points on the Earth with a reasonable field-of-view (as determined by our sensor, seen in the next section) while also giving bi-weekly access to any point on the Earth that needed to be sensed. 10 As can be seen, there were a few windows that we had to choose from for our repeat ground track.  The first had an altitude of approximately 510 km, completing 15.00 orbits per day and 210 orbits every two weeks (highlighted in the above table in blue).  However, this would not be an ideal candidate for our mission because of the integer value in the orbits per day column.  This orbit would actually have a repeat ground track of one day, which is nice for the points on the Earth that it does cover, but it only covers 1/14th of the points that a satellite with a repeat ground track of 14 days would cover.  Another case to look for is the case in which a satellite has a daily orbits value of 1/7th more or less than an integer.  This orbit would appear to have a repeat ground track of two weeks but would actually have a repeat ground track of one week.  

	Altitude (km)
	Orbital Period, T (min)
	longitude shift (deg/orbit)
	w shift (deg/orbit)
	Repeat time (orbits/day)
	Repeat time (orbits/14 days)

	500
	94.614
	-23.720
	-0.222
	15.036
	210.509

	510
	94.820
	-23.771
	-0.222
	15.004
	210.061

	520
	95.027
	-23.823
	-0.221
	14.972
	209.614

	530
	95.233
	-23.875
	-0.220
	14.941
	209.169

	533.75
	95.311
	-23.894
	-0.220
	14.929
	209.002

	540
	95.440
	-23.927
	-0.220
	14.909
	208.725

	550
	95.647
	-23.979
	-0.219
	14.877
	208.283

	 
	 
	 
	 
	 
	 

	800
	100.871
	-25.288
	-0.204
	14.122
	197.706

	810
	101.082
	-25.341
	-0.204
	14.093
	197.301

	817.5
	101.240
	-25.381
	-0.203
	14.071
	196.998

	820
	101.293
	-25.394
	-0.203
	14.064
	196.897

	830
	101.504
	-25.447
	-0.202
	14.035
	196.495

	840
	101.715
	-25.500
	-0.202
	14.007
	196.095

	850
	101.927
	-25.553
	-0.201
	13.978
	195.695

	860
	102.138
	-25.606
	-0.201
	13.950
	195.297

	870
	102.350
	-25.659
	-0.200
	13.921
	194.900

	880
	102.562
	-25.712
	-0.200
	13.893
	194.505

	890
	102.774
	-25.765
	-0.199
	13.865
	194.111

	900
	102.986
	-25.819
	-0.199
	13.837
	193.718


Therefore, the easiest way to predict the orbit with a bi-weekly repeat ground track is to find an altitude with an orbit per day value of 1/14th more or less than an integer value.  An altitude with such a value will be sure to have a repeat ground track of two weeks.  Two such values can be seen above in red, one at 533.75 km altitude and another at 820 km altitude.  Ultimately, the higher altitude was chosen and the altitude fine-tuned to 817.5 km, seen above in green.  This altitude was chosen so that the satellite would be higher in Earth’s ionosphere and, thus, it would be bombarded by about a factor of ten less electrons than the lower altitude of 533.75 km. 9 When the ionosphere gets saturated with electrons with changes in Sun activity, a satellite at this altitude will be affected less than a satellite at a lower altitude.  Additionally, the atmospheric density decreases at higher altitudes so a satellite in the higher orbit would be much less affected by atmospheric drag and, consequently, would burn less fuel in order to maintain its orbit and altitude.
The last satellite parameter to determine would be the timing of the satellite, which is referred to as the local time that the satellite crosses the equator.  Because a sun-synchronous satellite has an orbital plane that makes a constant angle with the radial from the Sun, it will also cross the equator at the same local time on each revolution.  This can quickly be seen by dividing the number of hours per day, 24, by the orbital period of our satellite, 1.69 hours to get 14.2 orbits and then dividing the number of degrees of Earth’s longitude, 360, by our orbit’s longitudinal drift, 25.38 degrees, to get 14.2 orbits.  Therefore, we just have to pick a time to have our orbit cross the equator on each successive orbit.  In our case, it is probably most beneficial to have an orbit that takes full advantage of the Sun.  Therefore, because our satellite is a U.S. Earth sensing satellite, we will most likely want to be imaging the Northern Hemisphere to image our country’s land and oceans.  Finally, when choosing crossing times, it is conventional to use the ascending node of the satellite, that is, when the satellite is going from the Southern Hemisphere to the Northern Hemisphere. 4 Therefore, an equatorial crossing time of 11:30 A.M. would be ideal for our satellite, because this would put the satellite at points in the mid-latitudes of the Northern Hemisphere right around noon.  This is a perfect time to remotely sense because it is when we will have the most sunlight and when there is the smallest number of shadowing effects in the Northern Hemisphere.
IV. Sensor Capabilities and Specifications
The final portion of this paper will briefly cover sensor concerns of our remote sensing satellite.  From the previous section, we can see that our satellite will cover 197 orbits in its two week repeat time.  Therefore, with the Earth’s circumference at 40,074 km, our sensor will have to have a swath width (ground width of our sensor cone) of at least 203.4 km in order to sense every portion of the Earth.  Using basic trigonometry, a calculation can be made from the orbital altitude of the satellite and the above swath width to find that a sensor must have a field of view of 14.3 degrees to cover Earth’s entire surface.  This field of view is very comparable to another remote sensing satellite sensor, LandSat MSS, which has a field of view of 11.56 degrees.  For distortion and overlap considerations, the sensor field of view should be increased to an angle of 15 degrees which would give a swath width of 211.6 km, a 4% margin for overlap at the equator.  It should be noted, however, that this low overlap will only occur at the equator, as it is the widest point of Earth’s surface.  Higher latitudes will have much more overlap and, therefore, a shorter time between successive orbits.  However, it must also be remembered that these observations will come from different angles and at different conditions and, therefore, only the 14-day repeat observations can be a direct correlation to previous and future observations. 3 
V. Conclusion

With only one current hyperspectral remote sensing satellite, and that an experimental satellite beyond its design life, the U.S. has a definite need for a well-designed hyperspectral imaging satellite mission.  As outlined in this paper, there are a number of uses for such a mission – geology, forestry, weather, and disaster services to name a few.  With 700 narrow bands throughout targeted areas of the visible, near infrared, and thermal infrared spectrum, highly detailed visible imagery, precise spectral reflectance curves, and more detailed thermal information could be achieved.
Such a satellite would have a few unique specifications in its orbital parameters, but would by no means be an impossible task.  A circular, polar orbit with an inclination of 98.7 degrees, and an altitude of 817.5 km would produce a sun-synchronous orbit with a 14 day repeat ground track.  Many remote sensing satellites are already in similar configurations, so the only risk involved with such a mission would be equipping our remote sensing satellite with a hyperspectral sensor.  This sensor would need a field of view of 15 degrees; surely achievable, which will give it a swath width of 211.6 km.  Such a sensor, when combined with the orbital parameters of our satellite, would be able to sense every portion of the Earth’s surface in a two week period while also having bi-weekly access to any point on Earth’s surface.  

With the benefits of an additional hyperspectral remote sensing satellite, and the experimental nature of the only current U.S. asset in this field, the above mission should be considered and, if not implemented, at least adjusted to fit the United States’, as well as the world’s, need for this mission and the data it provides.
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