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Abstract 

This document describes the background, processing, and products generated by the River and Lakes processing chain.  Detailed format specifications are given, both for EnviSat and for Jason-2.
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1
Introduction

This document describes the hydrology products derived from ERS-2 and Envisat satellite altimeter data, plus the new additional processing from Jason-2 data. Historical data products from ERS2 and TOPEX/Jason1 are included for illustration.  The document contains five sections including this introduction.  In Section 2, the background of satellite altimetry is briefly described.  Section 3 discusses the processing applied to these data to extract meaningful heights over inland water. Section 4 outlines further processing details relating to target selection.  In Section 5, the detailed product specification and formatting are defined.  

2
Background

Satellite altimetry has been used for many years to monitor the surface of the ocean  and, more recently, the cryosphere.  Increasingly, data from land surfaces are being examined.  Because altimeters are low bit rate instruments, returning a comparatively small datastream, the current generation of instruments have gathered data over both ocean and land surfaces.  Over the past decade, ERS-1, ERS-2 and, more recently the ENVISAT  mission, have provided altimeters which are engineered to collect data from varying topographic surfaces in addition to their primary mission of open ocean measurements. This has now allowed the extraction of long time series of data over inland water. TOPEX and Jason1 have also retrieved data over inland water. The inclusion of Jason-2 Near Real Time capability now also allows generation of data every 10 days over applicable targets.

2.1
Ocean processing

The principles of radar altimetry as it applies over the ocean are briefly discussed here.  A series of short pulses of microwave energy are directed towards the surface from the radar altimeter.  The returning echoes are collected and processed. The two way travel time of each signal gives the range from the satellite to the surface. Typically, a number of echoes are averaged on board the satellite, to give each of the series of meaned echoes transmitted from the satellite to the receiving station. Over the ocean, the echo shape confirms to a mathematical model, and echoes can therefore be analysed and fitted to this ‘Brown model’.  This allows a precise estimate to be made in the returned echo of that point on the echo which corresponds to the position of the mean surface.  This in turn allows the range to surface to be calculated very precisely.  This is illustrated in Figure 1.
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Figure 1 Theoretical ocean echo

Further processing is then performed, with the addition of corrections for the signal propagation through the atmosphere, and instrument and surface effects.   An orbit model is used to determine the position of the satellite with respect to a simple ellipsoidal approximation to the shape of the earth. Combining this information with the corrected range data allows the height of the ocean surface to be calculated with respect to the ellipsoid model.  The addition of tidal data, and a geoid model (which gives the height of the mean sea surface) allows analysis of height differences to be performed.  This process is illustrated in Figure 2.
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Figure 2 Range to height conversion

This technique has not only provided a huge amount of information about the earth’s oceans, but also has transformed our understanding of ocean geodesy.  

2.2 
Inland Water

Over non-ocean surfaces, no single mathematical equation is appropriate.  Over the earth’s land surface, the complex and rapidly changing nature of the terrain gives rise to very complicated echo shapes.  With inland water, large lakes can return echoes which approximate to ocean surface returns:  these echoes can be analysed in the same way as for the open ocean.  However, over smaller water bodies, close to the shore and over rivers, the surrounding topography can have a major impact on the echo shape returned to the altimeter, distorting it so that the ocean ‘Brown model’ is not appropriate.  The presence of islands and sandbars also distorts the echo shape.  In consequence, the analysis and interpretation of inland water echoes requires that accurate range to surface information be determined for echoes of widely varying shape. This is illustrated in Figure 3.
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Figure 3 Example inland water echoes from ERS-2

3
Processing

The approach taken in the processing of data for these products is to use a series of different reprocessing algorithms, depending on the characteristics of the echo shape returned over inland water.  These seek to compensate for the presence of land contamination within the echo, and also for the presence of still water, which returns a bright, quasi-specular echo shape.

In order to obtain heights of inland water, several processing functions are performed.  The first is data ingestion and pre-processing.  The second, crucial step is the re-analysis of each individual echo over inland water to optimise the range to surface by characterising the echo shape and selecting one of several ‘retracking’ algorithms.  This function is performed automatically by the system.

In the same way as for altimeter data obtained over the ocean, in order to transform the range estimates into orthometric heights, these ranges must first be combined with orbit data, and corrections applied for the radar pulse propagation through the atmosphere. Instrument and surface related corrections along with a tidal model are then applied, and finally a global geoid model is used to model mean sea level under the continental surfaces, and thus transform the ellipsoidal heights to orthometric heights.

Two products are provided by this system.  One product (RLA) is directed towards experienced users of altimeter data.  It is recognised that this user group may have access to in-house orbit determination software and/or data, atmospheric models or in-situ data, and local geoid models. Accordingly, this product has been designed so that the values of the model data applied to the orthometric heights are given in the product so that they may be replaced with alternative values. In addition, the geoid model values used in the height determination are provided, since it is recognised that the high frequency component of the gravity field in a global geoid model, particularly in poorly surveyed areas, will be less accurate than those from a regional geoid model based on in-situ data. This value can therefore be replaced, enabling a correction to the mean height value to be made.  Because the information for each crossing point is provided as a height difference from a mean value, errors in the geoid model will not affect this value. As these users are accustomed to binary data, this product is formatted accordingly.  Details of the product format are given in Section 5.2

The second product (RLH) is designed for use by a wider community who may not have a detailed familiarity with altimeter data.  This product is configured such that the values can be used directly; it is therefore presented in plain ASCII format, specified in Section 5.1.

As an illustration, in Figure 4, Lake Victoria is shown, with all processed data from cycle 5 of ERS-2 plotted in red.  Because some data, particularly close to coastlines and near islands, are badly affected by echo distortion and cannot be used to generate reliable height estimates, a series of filtering procedures are performed on data from each crossing to exclude these points. This procedure also eliminates data not actually over the target (the initial selection is always set wide to allow for seasonal variation and flooding events). The result for this dataset is plotted in yellow, and superimposed on the unfiltered data.  Over this large target, the majority of the data-points are accepted and are used in the mean height estimates.
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Figure 4 ERS-2 Cycle 5 Altimeter coverage over Lake Victoria

Data from the ERS-2 mission provide a continuous time series from the mission commencement in 1995.  To illustrate the time series potential, Figure 5 shows the data processed to date over Lake Victoria from the ERS-2 mission.
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Figure 5 Height difference from mean for sample products over Lake Victoria

4 Processing Rationale

4.1 Filtering with the River-Lake Mask

The revised system can ingest Near Real Time data from both EnviSat and Jason-2.  The processing rationale is as follows:  all data are read in and the location of each data-point is determined.  In order to minimise the data volume, the first algorithm on the processing chain after ingestion is the ‘mask’ algorithm.  This accesses a static file containing locations of all river and lake targets which have been selected as appropriate for NRT generation (i.e. the sites give stable and repeatable measurements).  Two masks are currently in use, one for EnviSat and a separate file for Jason2.  Data within the mask for each satellite are selected and passed for further processing. Figure 6 shows the combined mask for NRT product generation from EnviSat and Jason-1 data, to illustrate the differing coverage of the two instruments.  The Jason2 selections mask will be reassessed and enhanced as more Jason2 data become available. 
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Figure 6 Initial mask for EnviSat (red) and Jason-1 (cyan) data retrieval. Land masses are represented in grey, with all inland water represented in blue.
4.2 Waveform shape analysis and retracking

The individual waveforms are then analysed, and assessed using a set of tests on the waveform shape and returned power to establish whether the echo has returned from water.  Echoes which pass this stage are then further analysed for complexity in shape, indicating that they have returned from a land/water composite surface.  These echoes are flagged and not processed further.  The echoes which pass this analysis and editing stage are then passed to the retracking system, and are individually retracked using a suite of algorithms configured to retrack the different echo shapes and calculate an accurate range to surface.

4.3 Target identification with the BOX algorithm

To enhance the processor's ability to correctly demarcate the boundaries of inland water bodies (which are subject to seasonal variations or interruptions from islands) a box algorithm has been introduced to the processing chain. The box algorithm uses a pre-calculated database of boxes that represent the locus of allowable coordinates for a given altimeter pass over a particular inland water-body. An example of an Envisat pass over Lake Kyoga is shown in Figure 7. As each waveform is processed, it is tagged with a box number according to its coordinates. This allows the processor to recombine crossings over a single target that may have become fragmented due to islands or other seasonal variations in boundary shape.
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Figure 7 - Example of boxes generated over Lake Kyoga in Uganda from four Envisat passes
4.4 Corrections to the Geoid model

An important constraint on the system is the re-referencing of altimeter range data to Mean Sea Level in order to obtain orthometric heights.  In order to derive orthometric heights, a geoid model must be applied. The current system uses EGM96. Because local-scale geoid variation is not well captured in this geoid model, a system to recover the short wavelength components of the geoid over lakes has been introduced.  This solves for a quasi-geoid solution utilising a sample of ground tracks, and fuses this system with the long-wavelength components of EGM96 (Figure 8).  In the next release of the River and Lake system, this geoid model will be replaced by a newer model, either EGM09 or a GOCE derived solution, and offsets will be given to re-reference the height datum when fusing time separated results at the same crossing derived using these two geoid models.
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Figure 8 - Example of the calculation of a quasi-geoid solution for an Envisat target
4.5 Climatological Mean height reference

To enhance the usability of the product, the orthometric height is referenced to a mean seasonal value. This enables the relative water level fluctuations between different targets to be compared directly. The mean value (or climatological mean) is calculated by averaging the water levels measured throughout a whole number of years and is supplied in the product header.

4.6 Temporary use of Jason-1 reference files for Jason-2 data

For EnviSat, three years of historical data have been used to create target-specific reference files.  These include the 'box' target locations, quasi-geoid solution and climatological mean referred to above. Since the data currently available for Jason-2 does not yet span a complete year, the reference files from Jason-1 are being used. When a full year of Jason-2 data has been collected, the reference files will be recalculated from Jason-2 data and any additional targets that appear stable will be added to the system.

To provide an initial check that the Jason-2 processing chain is producing sensible altitude data, the Near Real Time measurements have been compared with historical data from EnviSat and Jason-1. An example of such a combined timeseries plot is shown in Figure 9 where it can be seen that the Jason-2 data (in cyan) appears to follow the upward trend of the Envisat data (in red) albeit with a slight vertical offset of around 40cm. This vertical offset is attributed to quantisation effects that arise in the Geoid solution due to limitations in its spatial resolution. Improvements are also expected once the Jason-2 SGDR data becomes available.
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Figure 9 - Combined Timeseries over lake Tanganiyka using data from Envisat, Jason-1 and Jason-2
The number of targets identified for Envisat and Jason-2 using the Near Real Time masks are indicated in Table 2:

	Altimeter:
	Number of Targets:

	Envisat
	750

	Jason-2
	57


Table 2 - summary of the target count achieved by each altimeter
It is possible that additional targets may be added to the Jason-2 processing when more data are available for Jason-2, but as explained above, it is presently limited to those targets successfully identified by Jason-1.

5 Product Structures


5.1
River / Lake Hydrology (RLH) Product

5.1.1 Definition

This product consists of a single file for each river crossing with a processing header record containing processing information, a crossing header record containing information about the river crossing and a series of crossing height difference records, one for each cycle in which a height for the crossing is available. The product is distributed in ASCII text format.


The processing header record contains the product file name, the time in UTC that the product was produced, the version of the software used to create the product, the name of the processing centre and the 4-character altimeter code.
The crossing header record contains the mean latitude and longitude of the river crossing, the mean orthometric height (from data spanning whole calendar years), the total number of data records, lake area (if applicable) and the number of un-flagged (i.e. good quality) data records. 

Figure 10 Outline of RLH Product

Each crossing height difference record contains the date on which the record was measured (dd mm yyyy), the height difference from the mean orthometric height, the crossing mean latitude and the crossing mean longitude, the time at which the record was measured (hh mm), the lake volume change (if applicable), the flags-word generated during processing, the number of samples in the crossing and the standard deviation of the samples in the crossing.

The date format was chosen for simplicity and to aid in the generation of an XML version of this product. The height difference is given to eliminate the effect of any geoid errors on the dataset. The crossing mean latitude and longitude are provided for each height point in order to give some indication of how far the measurement was from the location specified in the crossing header. The differences are caused by the movement of  the satellite orbit from cycle to cycle and the differences in the extent of the water at different times. The time parameters allow users to identify more precisely when the record was generated. The lake volume change parameter is intended to aid hydrologists in monitoring changing water storage within drainage basins. The number of samples and standard deviation of the data points help users to quantify the precision of the altimeter retracking of the targets. 

The definition for the RLH product file name is explained using the following example filename, where the colours of each item correspond to the table below: 

Example: ALT_13983S_062615W_20051018_L3_PH.RLH
	Description
	Size
	Units
	Example value

	Latitude
	5 digits
	millidegrees
	13.983(

	Hemisphere
	1 char
	(N/S)
	South

	Longitude
	6 digits
	millidegrees
	62.615(

	Hemisphere
	1 char
	(E/W)
	West

	Year
	4 digits
	n/a
	2005

	Month
	2 digits
	n/a
	10

	Day
	2 digits
	n/a
	18

	Processor type
	1 char
	n/a
	H / F


5.1.2 Overall Structure

	N
	Description
	Data Type
	Dim
	Byte Length
	Byte Position
	Record Seperator

	1
	Processing Header
	RLH_PH
	1
	95
	1
	ASCII 10

	2
	Crossing Header
	RLH_CH
	1
	47
	97
	ASCII 10

	3, ...
	Crossing Height Difference
	RLH_CHD
	N
	69
	145, 215, ...
	ASCII 10


Table 3 Overall structure of the RLH Product

5.1.3 Processing Header (RLH_PH)

	N
	Description
	Units
	Data Type
	Dim
	Byte Length
	Byte Position
	Record Seperator

	-
	ASCII character: '#'
	-
	uc
	1
	1
	1
	ASCII 32

	1
	Product file name
	-
	uc
	1
	40
	3
	-

	2
	Processing time
	-
	uc
	1
	24
	43
	-

	3
	ASCII character: 'V'
	-
	uc
	1
	1
	67
	-

	4
	Software version string
	-
	uc
	1
	8
	68
	-

	5
	Processing centre
	-
	uc
	1
	16
	76
	-

	6
	Altimeter code
	-
	uc
	1
	4
	92
	-

	
	size (in bytes)
	
	
	
	95
	
	


Table 4 Structure of the RLH Processing Header

5.1.4 Crossing Header (RLH_CH)

	N
	Description
	Units
	Data Type
	Dim
	Byte Length
	Byte Position
	Record Seperator

	-
	ASCII character: '#'
	-
	uc
	1
	1
	1
	ASCII 32

	1
	Latitude
	[degrees]
	uc
	1
	8
	3
	ASCII 32

	2
	Longitude
	[degrees]
	uc
	1
	8
	12
	ASCII 32

	3
	Reference height
	[metres]
	uc
	1
	8
	21
	ASCII 32

	4
	Total number of records
	-
	uc
	1
	3
	30
	ASCII 32

	5
	Lake area
	[metres2]
	uc
	1
	10
	34
	ASCII 32

	6
	Number of valid records
	-
	uc
	1
	3
	45
	-

	
	size (in bytes)
	
	
	
	47
	
	


Table 5 Structure of the RLH Crossing Header

5.1.5 Crossing Height Difference record (RLH_CHD)

	N
	Description
	Units
	Data Type
	Dim
	Byte Length
	Byte Position
	Record Seperator

	1
	Day
	-
	uc
	1
	2
	1
	ASCII 32

	2
	Month
	-
	uc
	1
	2
	4
	ASCII 32

	3
	Year
	-
	uc
	1
	4
	7
	ASCII 32

	4
	Height difference
	[metres]
	uc
	1
	7
	12
	ASCII 32

	5
	Latitude
	[degrees]
	uc
	1
	8
	20
	ASCII 32

	6
	Longitude
	[degrees]
	uc
	1
	8
	29
	ASCII 32

	7
	Hour
	-
	uc
	1
	2
	38
	ASCII 32

	8
	Minute
	-
	uc
	1
	2
	41
	ASCII 32

	9
	Lake volume change
	[metres3]
	uc
	1
	10
	44
	ASCII 32

	10
	Flags
	-
	uc
	1
	2
	55
	ASCII 32

	11
	Number of filtered points
	-
	uc
	1
	4
	58
	ASCII 32

	12
	Height standard-deviation
	[metres]
	uc
	1
	7
	63
	-

	
	Size (in bytes)
	
	
	
	69
	
	


Table 6 Structure of the RLH Crossing Height Difference record

5.2
River / Lake Altimetry (RLA) Product

5.2.1 Definition

This product consists of a single file for each river/lake crossing point, for each cycle of altimeter data. Each file contains a single processing header record containing processing information, a single crossing header record containing information on the location, number of records and mission/cycle, and a series of altimeter return records. There is one altimeter return record for each altimeter echo return detected by the processing chain as being over inland water. Each record consists of time, location and height along with a number of the corrections used to generate the height. 

The processing header record contains the product file name, the time in UTC that the product was produced, the version of the software used to create the product and the name of the processing centre.

The crossing header record contains the crossing mean latitude and longitude, the reference height, the number of altimeter return records in the file, the mission code, the cycle number, the phase letter and the absolute orbit or pass number. The mean latitude and longitude and the reference height are calculated from the altimeter return records in the file.

Figure 11 Outline of RLA Product

Each altimeter return record contains the date of the measurement to the nearest minute, the geographical coordinates of each data point, the height above mean sea level for the point, the geoid elevation used to convert range from satellite into orthometric height, the ionospheric range correction, the wet tropospheric range correction, the dry tropospheric range correction, the USO clock range correction, a combined value for the elastic and ocean loading tide, the solid earth tide and sigma-0. The date information is included to uniquely identify each track segment. By including all the altimeter correction parameters used to derive the target height, advanced users are provided with an opportunity to apply their own corrections if required. 

The definition for the RLA product file name is explained using the following example filename, where the colours of each item correspond to the table below: 

Example: ALT_13983S_062615W_ERS2_C005_L3_B.RLA
	Description
	Size
	Units
	Example value

	Latitude
	5 digits
	millidegrees
	13.983(

	Hemisphere
	1 char
	(N/S)
	South

	Longitude
	6 digits
	millidegrees
	62.615(

	Hemisphere
	1 char
	(E/W)
	West

	Altimeter code
	4 chars
	n/a
	ERS2

	Phase char
	1 char
	n/a
	C

	Cycle
	3 digits
	n/a
	5


5.2.2 Overall Structure

	N
	Description
	Data Type
	Dim
	Byte Length
	Byte Position

	1
	Processing Header
	RLA_PH
	1
	88
	1

	2
	Crossing Header
	RLA_CH
	1
	28
	81

	3
	Altimeter Return Record
	RLA_AR
	Variable
	40
	109


Table 7 Overall structure of the RLA Product

5.2.3 Processing Header (RLA_PH)

	N
	Description
	Units
	Data Type
	Dim
	Byte Length
	Byte Position

	1
	Product file name
	-
	uc
	40
	40
	1

	2
	Processing time
	-
	uc
	24
	24
	41

	3
	Software version
	-
	uc
	8
	8
	65

	4
	Processing centre
	-
	uc
	16
	16
	73

	
	size (in bytes)
	
	
	
	88
	


Table 8 Structure of the RLA Processing Header

5.2.4 Crossing Header (RLA_CH)

	N
	Description
	Units
	Data Type
	Dim
	Byte Length
	Byte Position

	1
	Crossing mean latitude
	[degrees] * 1e6
	sl
	1
	4
	1

	2
	Crossing mean longitude
	[degrees] * 1e6
	sl
	1
	4
	5

	3
	Reference height
	[metres] * 1e3
	sl
	1
	4
	9

	4
	Number of records
	-
	ul
	1
	4
	13

	5
	Mission code
	-
	uc
	4
	4
	17

	6
	Cycle Number
	-
	us
	1
	2
	21

	7
	Phase Letter
	-
	uc
	1
	1
	23

	8
	Spare
	-
	uc
	1
	1
	24

	9
	Absolute orbit number
	-
	ul
	1
	4
	25

	
	size (in bytes)
	
	
	
	28
	


Table 9 Structure of the RLA Region Header

5.2.5 Altimeter Return record (RLA_AR)

	N
	Description
	Units
	Data Type
	Dim
	Byte Length
	Byte Position

	1
	Minute
	-
	us
	1
	2
	1

	2
	Day
	-
	us
	1
	2
	3

	3
	Month
	-
	us
	1
	2
	5

	4
	Year
	-
	us
	1
	2
	7

	5
	Latitude
	[degrees] * 1e6
	sl
	1
	4
	9

	6
	Longitude
	[degrees] * 1e6
	sl
	1
	4
	13

	7
	Height
	[metre] * 1e3
	sl
	1
	4
	17

	8
	Geoid Elevation
	[metres] * 1e3
	sl
	1
	4
	21

	9
	Ionospheric range correction
	[metres] * 1e3
	ss
	1
	2
	25

	10
	Wet tropospheric range correction
	[metres] * 1e3
	ss
	1
	2
	27

	11
	Dry tropospheric range correction
	[metres] * 1e3
	ss
	1
	2
	29

	12
	USO clock range correction
	[metres] * 1e3
	ss
	1
	2
	31

	13
	Elastic and ocean loading tides (combined)
	[metres] * 1e3
	ss
	1
	2
	33

	14
	Solid earth tide
	[metres] * 1e3
	ss
	1
	2
	35

	15
	Sigma 0
	[dB] * 1e2
	ss
	1
	2
	37

	16
	Spare
	-
	uc
	2
	2
	39

	
	size (in bytes)
	
	
	
	40
	


Table 10 Structure of the RLA Altimeter Return record
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