Active Satellite Sensors


Operate in microwave portion of spectrum



Wavelength - Millimeters to meters



Includes Radar wavelengths


Sends pulse of electromagnetic radiation



Records travel time and strength of return signal




Travel times is proportional to distance between target and sensor




Strength of return signal is a function of interaction between terrain and pulse





Some terrain is highly reflective


Very high resolution


Records electromagnetic energy as a function of time instead of angular distance



Time is much more precisely measured and recorded than distance

Depression angle

Azimuth direction

Range (Look) direction

Resolution


Range resolution



Function of pulse length () and depression angle ()



Rr =  c/2cos()




where c is the speed of light (3e8 m/sec)





c converts pulse length from units of time to distance



Example




Pulse length = 0.1 µsec




Depression angle = 50°




Rr 
= (0.1 e-6 sec)( 3e8 m/sec)/2cos(50)





=30 m/(2)(0.64)





= 23.4 m



Example




Pulse length = 0.1 µsec




Depression angle = 35°




Rr 
= (0.1 e-6 sec)(3e8 m/sec)/2cos(35)





=18.3 m



Far field targets are seen at high resolution than near-field targets!




Travel time is longer so a shorter distance can be resolved at a given pulse length




If travel time is short, either the objects must be far apart or the pulse must be short



Range resolution increases with decreasing pulse length




Limitation – reduced signal strength


Azimuth resolution



To be resolved, objects must be farther apart than the beam width



Function of wavelength of pulse (), slant range distance (S), and antenna length (D)



Ra = (0.7)(S)()/D




where S = Altitude/cos(90-)  (converts depression angle to nadir angle)


Example




depression angle= 20°




Altitude = 6.84 km,  = 3 cm, D = 5 m




S 
= 6.84/cos(90-20)





= 20 km




Ra 
= (0.7)(20 km)(3 cm)/5 m





= 84 m



Example




depression angle= 58.77°




Altitude = 6.84 km,  = 3 cm, D = 5 m




S 
= 6.84/cos(90-58.77)





= 8 km




Ra 
= (0.7)(8 km)(3 cm)/5 m





= 33.6 m


In the azimuth direction, the near range resolution is higher than the far range resolution


Azimuth resolution is related to  and D because both determine the amount of beam spreading



Narrow beams require




Large antennas




Short wavelengths (long frequencies)

Satellite Altimeters 

Very accurate, satellite-altimeter systems are needed for measuring the oceanic topography . The first systems, carried on Seasat, Geosat, ERS-1, and ERS-2 were designed to measure the variability of currents with horizontal dimensions of less than a thousand kilometers.

Can be used to measure:

Changes in the global mean volume of the ocean 

Seasonal heating and cooling of the ocean

Tides

The permanent surface geostrophic current system

Changes in surface geostrophic currents on all scales

Variations in topography of equatorial currents such as those associated with El Niño

Topex/Poseidon, launched in 1992, was designed to make the much more accurate measurements neccessary for observing the permanent (time-averaged) surface circulation of the oceans, tides, and the variability of gyre-scale currents.

Topex/Poseidon

Altitude

1335 km

Pulse length

3.125 nsec

Repeat time

9.9156 d

Horizontal resolution
25 km

Frequency

13.65 GHz (Ku band)

The Geoid

Altimeters make measurements of sea surface height relative to some reference height, in this case, the geoid.

The geoid is the shape the ocean surface would have if it were covered with water at relative rest to a rotating earth. 

The geoid will be pulled away from a perfect sphere due to mass concentrations. 

Rotation rate of the Earth affects the geoid.

The geoid is the sum of gravity effects and rotational effects. 

Geoid heights are given relative to a reference ellipsoid.  The reference ellipsoid is basically a convenience so that we don't have to work with larger numbers, and so that we can get more precision in our calculations. 

The reference ellipsoid is the best fitting ellipsoid to the geoid.

An ellipsoid is basically a sphere with a bulge at the equator.

To first order, this accounts for over 90% of the geoid.

Sea surface height measurements from the center of the Earth are on the order of 6000 km. 

By removing a reference surface, the heights relative to the ellipsoid are ~ 100 m. 

Thus, one can gain several digits of accuracy in numerical calculations. 

Any reference surface can be used. A sphere would work, but sea surface height differences from this surface could be as large as 20 km, thus one would loose the precision that is possible by using an ellipsoid. 

Because the geoid is not well known locally, altimeters are usually flown in orbits that have an exactly repeating ground track every 9.9156 days. 

By subtracting sea-surface height from one traverse of the ground track from height measured on a later traverse, changes in topography can be observed without knowing the geoid. 

The great accuracy and precision of Topex/Poseidon's altimetric system allow the measurements of the oceanic topography over ocean basins with an accuracy of ±5 cm. 

Altimeter Errors (Topex/Poseidon) 

The most accurate observations of the sea-surface topography are from Topex/ Poseidon.

Errors for this satellite altimeter system are due to: 

1.Instrument noise, ocean waves, water vapor, free electrons in the ionosphere, and mass of the atmosphere. Topex/Poseidon carries a precise altimeter system able to observe the height of the satellite above the sea surface between ±66° latitude with a precision of ±2 cm and an accuracy of ±3.2 cm. The system consists of a two-frequency radar altimeter to measure height. The system also included a three-frequency microwave radiometer able to measure vapor in the troposphere. 

2.Tracking errors. The satellite carries three tracking systems that enable its position in space, its ephemeris, to be determined with an accuracy of ±3.5 cm 

3.Sampling error. The satellite measure height along a ground track that repeats within ±1 km every 9.9156 days. Each repeat is a cycle. Because currents are measured only along the sub-satellite track, there is a sampling error. The satellite cannot map the topography between ground tracks, nor can it observe changes with periods less than 2 x 9.9156 d. 

4.Geoid error. The permanent topography is well known over distances shorter than 1,600 km because geoid errors dominate for shorter distances. Maps of the topography smoothed over 1,600 km are used to study the dominant features of the permanent geostophic currents at the sea surface. 

Taken together, the measurements of height above the sea and the satellite position give sea-surface height in geocentric coordinates with an accuracy of ±4.7 cm. The geoid errors adds further errors that depend on the size of the area being measured.

Scatterometry

Scatterometers are unique among satellite remote sensors in their ability to determine the wind direction over water. 

Scatterometers can provide a wealth of wind velocity observations over the earth's bodies of water. These wind observations have a wind variety of applications including


weather forecasting


marine safety

commercial fishing

El Nino prediction and monitoring

long term climate studies. 

The exceptional accuracy of the recent NASA Scatterometer (NSCAT) is leading to development of new applications.

Historical scatterometers

Scatterometer swaths

How Scatterometry Works

To date, all scatterometers have been active microwave sensors: they send out a signal and measure how much of that signal returns after interacting with the target. 

Microwaves are Bragg scattered (scattering due to changes in refractive index) by short water waves; 

Fraction of energy returned to the satellite (backscatter) is a function of wind speed and wind direction. 

The wind speed can be determined from the strength of the backscatter signal. 

Backscatter is a function of wind speed (U), relative azimuth angle (X, the angle between the instrument azimuth and the wind direction), incidence angle (), and instrument frequency (f) and polarization (p).


Knowns: incidence angle, instrument frequency, and instrument polarization


Unknowns: wind speed and relative azimuth angle (wind direction)

Empirical Geophysical Model Functions have been derived to describe the relationship between the knowns and unknowns.


Backscatter  = function(U, X, , f, p)

For each measurement of backscatter, there is a suite of wind speeds and directions that could have given rise to the observed backscatter

By measuring backscatter at a few different angles, a number of wind speed and direction values can be generated for each wind vector cell. 

In roughly 5 minutes, a satellite in a low polar orbit will move far enough to view a point on water surface from angles spanning 90°.

The slide shows the possible wind speed/direction combinations from four different backscatter measurements

Ideally, the wind speed and direction are found by determining the angle that is most likely to be consistent the backscatter observed from multiple angles.


e.g. the points where the lines intersect

Noise in the observations can change the quality of fit and thereby cause incorrect directions (also known as aliases) to be chosen.


See for example near intersections at 240°, 330° and 60°

The Geophysical Model Function describing the fit of the observed backscatter to the wind direction usually has multiple solutions (ambiguities). 


Ideally, the best fit corresponds to the true direction of the wind. 


Typically, the next best fit is in approximately the opposite direction


The next two solutions are in directions roughly perpendicular to the wind direction. 

The process of selecting the direction from among the multiple solutions is called ambiguity selection. 

Pointwise Median Filter

In order to select the proper ambiguity, we assume that the estimates are correlated from one cell to the next. In other words, we assume that the wind is unlikely to shift radically from one cell to the next. Using this assumption, we may use a variety of techniques to select a single ambiguity at each wvc. 

A common technique used to correlate the estimates is based on the point-wise median filter. This method does not alter any of the wind estimates generated; rather is selects between the ambiguities at each cell. Like median filters used in image processing, the point-wise median filter attempts to preserve edges and avoid blurring. 

The entire swath is initialized to the first ambiguity. For each cell in the swath, a 7-cell window is generated around the cell in question, and an average of all of the wind vectors is taken. The ambiguity closest to this windowed average is selected. This process is repeated until there are no more changes (or until a maximum number of iterations is achieved).

NSCAT ambiguity selection has proven to be much better than previous scatterometers, with roughly 90% successful selection of the correct ambiguity. 

Most of the problems with ambiguity removal occur for low wind speeds, where the signal is weak and easily confounded by noise. 

For wind speeds greater than 8 m/s successful ambiguity removal is near certain.

Scatterometers

NSCAT provided wind observations with a superb combination of unprecedented coverage, spatial and temporal resolution, and ease of processing. However, many applications require these winds in a regular grid, without gaps in coverage (see example of daily coverage over the Indian Ocean). The pattern of wind observations follows the satellite orbits rather than a regularly patterned grid. Therefore, the winds from orbital swathes have to be transferred to a grid, and gaps in the observations have to be filled in a reasonable manner. COAPS has produced several of these gridded products, as well as gridded products from other observations.

Scatterometers and their characteristics

Scatterometer
Period
Spatial
Scan
Operational

in Service
Resolution
Characteristics
Frequency

SeaSat-A 
July 7, 1978– 
50 km with
two sided,
Ku band


Oct 10, 1978
100 km spacing
double swath
(14.6 GHz)

ERS-1 
July 1991 –
50 km
one sided,
C band


May 21, 1997

single swath
(5.3 GHz)

ERS-2 
May 21, 1997– 
50 km
one sided,
C band


Current

single swath
(5.3 GHz)

NSCAT
Sep 15, 1996 – 
25 km, and
two sided,
Ku band


Jun 30,1997
50 km
double swath
(13.995 GHz)

SeaWinds on 
Jul 19, 1999 -
25 km
conical scan,
Ku band

QuikSCAT
Nov 23, 2009

one wide swath
(13.995 GHz)

SeaWinds on 
Apr 10, 2003
25 x 6 km
conical scan
Ku band

ADEOS II
Oct 24, 2003

one wide swath
(13.995 GHz)

ASCAT
May 2007-
50 km
conical scan
C band


Current

one wide swath
(5.255 GHz)

RapidScat on
Sep 20, 2014-
16 km
conical scan
Ku band

Int. Space Station
Current

1000 km swath
(13.4 GHz)

ERS Scatterometers

The scatterometer on ERS-1 is the same design as the scatterometer on ERS-2. The data gathered by these scatterometers covers almost a decade of vector winds. One use of this data results in improved weather forecasts. The ERS scatterometers differ from others in that they operate on C-band (which has longer waves than Ku-band), they cover less area (one 500 km wide swath), and they are not always in operation. 

The NASA Scatterometer (NSCAT)

Launched on the polar orbiting ADEOS satellite and measured wind speeds from Sept. 15, 1996 to June 30, 1997. The observational coverage was 600 km wide swaths on both sides of the satellite. The resolution within the swaths was approximately 25 km. Each swath was sampled by fore, mid, and aft beams; each of which sampled from different directions. One beam had two polarizations, which provided another independent backscatter observation that could be used in ambiguity selection. Wind speeds and directions are calculated where there were observations from each of these beams. Cloud cover has little impact on the backscatter, so there were few instances of dropout over water.

QuikSCAT

Has accuracy characteristics similar to NSCAT, and roughly double the coverage. QuikSCAT's coverage extends an additional 100 km to each side of the NSCAT swaths, filling the gap between the NSCAT swaths.

SeaWinds on ADEOS II

ADEOS II was the originally proposed platform for a SeaWinds scatterometer. A goal of this mission is much higher resolution winds. The observation density for SeaWinds is much greater than for NSCAT. However, the increased observation density is mostly in one dimension; consequently, the improved resolution is in only one dimension. The footprint used to determine the winds changes from 25 x 25 km to 25 x 6 km.

Applications: Observing Oceans from Space 

Weather Forecasting - Data from ocean scatterometers greatly enhance overall weather-forecasting capabilities. Most of the weather over the west coast of the United States, and some over the east coast, is generated over the oceans. The measurements derived from ocean scatterometers are assimilated into numerical models (computer programs that represent natural processes in terms of equations), which can be used to predict global and regional weather patterns. The data are delivered to the National Oceanic and Atmospheric Administration (NOAA) within two hours, where they are used for timely, accurate weather forecasting. 

Storm Detection - The ocean scatterometer data can determine the location, direction, structure and strength of storms at sea. Severe marine storms—hurricanes near the Americas, typhoons in Asian waters, and mid-latitude cyclones worldwide are among the most destructive of all natural phenomena. In the United States alone hurricanes have been responsible for at least 17,000 deaths since 1900, and hundreds of millions of dollars in damage annually. If worldwide statistics are considered, the numbers are substantially higher. Although typically not as violent as hurricanes and typhoons, mid-latitude cyclones exact a heavy toll in casualties and material damage. 

In recent years, our ability to detect and track severe storms has been dramatically enhanced by the advent of weather satellites. Cloud images from space are now routine on weather reports. Data from ocean scatterometers augment these familiar images by providing direct measurements of surface winds to compare with the observed cloud patterns. These wind data help meteorologists to more accurately identify the extent of gale force winds associated with a storm and provide inputs to numerical models that provide advanced warning of high waves and flooding. 

Ship Routing - Wind-observation data from ocean scatterometers is of particular significance in ship routing. Prior knowledge of wind behavior will enable ship masters to choose routes that avoid heavy seas or high headwinds that may slow ships' progress, increase fuel consumption, or possibly cause damage to vessels and loss of life. In the past, ship captains relied on widely-spaced measurements from buoys and sporadic, sometimes unreliable reports from other ships. Data from satellite-based scatterometers are much more regular, extensive, and dependable. 

Oil Production - Earth's oceans are increasingly used as a source of fuel. As continental fossil-fuel supplies are depleted, the more challenging task of extracting oil and gas from the seabed becomes a necessity. Oil and gas production is already ongoing at numerous offshore sites around the world, including the Gulf of Mexico, the North Sea, the Persian Gulf. Thorough knowledge of the historical wind and wave conditions at any specific location is crucial to the design of drilling platforms. Safe, efficient drilling operations depend on an accurate understanding of the current state of the sea as well as warning of impending storms. 

In the event of an oil spill, surface-wind information is key to determining how the oil will spread. Ocean scatterometer data could help clean-up and containment crews to minimize the environmental effects of such a disaster. 

Food Production - Perhaps the oldest use of the ocean is in the harvesting of food. Today, ocean fishing is a highly systematic activity that makes extensive use of advanced technology to reduce the cost and to increase the value of every catch. Detailed wind data from scatterometers can aid in the management of commercial seafood crops. The annual U.S. shrimp harvest in the Gulf of Mexico, for example, depends on favorable on-shore winds that help transport offshore plankton larvae to estuaries where the larvae can develop into adult shrimp. SeaWinds data can help fishermen monitor wind conditions during this critical phase in life of shrimp.
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