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Abstract:  14	

Over the past 20 years, satellite radar altimetry has shown its ability to revolutionise our 15	

understanding of the ocean and climate. Previously, these advances were largely limited to 16	
ice-free regions, neglecting large portions of the Polar Regions. Launched in 2010, the 17	

European Space Agency’s (ESA) polar-orbiting CryoSat satellite was specifically designed to 18	

measure changes in the thickness of polar sea ice and the elevation of the ice sheets and 19	

mountain glaciers. To reach this goal, the CryoSat products have to meet the highest 20	

performance standards, achieved through continual improvements of the associated 21	

Instrument Processing Facilities. Since April 2015, the CryoSat ice products are generated 22	

with Baseline-C, which represented a major processor upgrade. Several improvements were 23	
implemented in this new Baseline, most notably the release of freeboard data within the Level 24	

2 products. The Baseline-C upgrade has brought significant improvements to the quality of 25	

Level-1B and Level-2 products relative to the previous Baseline-B products, which in turn is 26	

expected to have a positive impact on the scientific exploitation of CryoSat measurements 27	

over land ice and sea ice. This paper provides an overview of the CryoSat ice data quality 28	

assessment and evolutions, covering all quality control and calibration activities performed by 29	
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ESA and its partners. Also discussed are the forthcoming evolutions of the processing chains 30	

and improvements anticipated in the next processing Baseline. 31	
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1 Introduction 37	

As the effects of a fast-changing climate are becoming apparent, it is increasingly important 38	

to understand how the Earth’s cryosphere is responding, particularly in the Polar Regions. 39	

Diminishing ice cover is frequently cited as an early casualty of global warming and since ice, 40	

in turn, plays an important role in regulating climate and sea level, the consequences of this 41	

change are far-reaching. To better understand how climate change is affecting these remote 42	

and sensitive regions, there remains an urgent need to determine more precisely how the 43	

thickness of the ice is changing, both on land and floating on the sea.  44	

In this respect, the European Space Agency’s (ESA’s) Earth Explorer CryoSat-2 (hereafter 45	

CryoSat) was launched on 8th April 2010. The primary mission objectives are the 46	

determination of the regional and basin-scale trends in perennial Arctic sea ice thickness and 47	

the contributions that the Antarctic and Greenland ice sheets make to global sea level 48	

changes. The secondary mission objectives are the observation of the seasonal cycle and 49	

variability of Arctic and Antarctic sea ice mass and thickness in addition to the variation in 50	

thickness of the Earth’s ice caps and glaciers. By addressing these challenges, the data 51	
delivered by CryoSat can be used to better understand the role ice plays in the Earth system 52	

(Wingham et al. 2006; Parrinello et al. 2017, introduction of this Special issue). Beside its 53	

ice-monitoring objectives, CryoSat also provides valuable measurements for ocean scientific 54	

and operational applications (Calafat et al., 2017; Bouffard et al., 2017, this issue).  55	

The CryoSat data are processed by ESA over both ice and ocean surfaces using two 56	

independent processors, generating a range of operational products with specific latencies. 57	

The Ice processor generates Level 1B (L1B) and Level 2 (L2) offline products typically 30 58	
days after data acquisition for the three instrument modes: Low Resolution Mode (LRM), 59	

Synthetic Aperture Radar (SAR) and SAR Interferometric (SARIn). Fast Delivery Marine 60	

(FDM) products are generated in Near Real Time (NRT) from LRM data and distributed 2-3 61	

hours after acquisition. The ice products are currently generated with the Baseline-C Ice 62	



	 4	

processors. CryoSat ocean data are generated with the Baseline-B CryoSat Ocean Processor 63	

(more details in Bouffard et al., 2017, this issue). In order to achieve the highest quality data 64	

products, and meet mission requirements, the CryoSat Ice and Ocean processing chains are 65	

periodically updated. Processing algorithms and associated product content are regularly 66	
improved based on internal and external recommendations from the scientific community, 67	

Expert Support Laboratories, Quality Control Centres and validation campaigns (Figure 1). 68	

 69	

 70	

Figure 1: Overview of CryoSat Product Evolution over the past 7 years. 71	
 72	

The CryoSat Baseline-C ice products are routinely monitored for quality control by the 73	

ESA/ESRIN Sensor Performance, Products and Algorithms (SPPA) office with the support of 74	
the Instrument Data quality Evaluation and Analysis Service (IDEAS+). Calibration products 75	

are also routinely monitored to check the quality of corrections applied to operational L1B 76	

products and verify the long-term status of the satellite’s instrument: the Synthetic Aperture 77	
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Interferometric Radar Altimeter (SIRAL). Data acquired over transponders are also used to 78	

perform external calibrations of the SIRAL. The quality of the final ice products is then 79	

monitored and analysed.  80	

This paper provides an overview of the CryoSat ice product quality status and evolutions. 81	
After briefly presenting the CryoSat Ice processing baselines, the paper focuses on ESA 82	

activities and results of internal and external calibrations, quality control and quality analysis. 83	

Also discussed are the forthcoming evolutions of the processing algorithms, geophysical 84	

corrections and validation approaches to accommodate future upgrades to the CryoSat Ice 85	

processing chains. This paper is complementary to Bouffard et al. (2017, this issue) focusing 86	

on the CryoSat quality control, validation and product evolutions of the CryoSat ocean 87	

products. 88	

 89	
2 CryoSat Ice Processing Chains  90	

2.1 Ice Processor Historic Baselines 91	

CryoSat was designed to measure changes in polar sea ice thickness and ice sheet elevation. 92	

To reach this goal the CryoSat data products have to meet the highest performance standards 93	
and are subjected to a continual cycle of improvement, achieved through upgrades to the 94	

processing chains. The most recent major upgrade of the CryoSat Ice processing chains took 95	

place in April 2015, with the release of Baseline-C. Prior to Baseline-C, two major product 96	

Baselines (A and B) had been released to users since the launch of the mission and the first 97	

CryoSat Reprocessing Campaign was completed in December 2013.  98	

The change from Baseline-A to Baseline-B was primarily motivated by the need to improve 99	

the performance of CryoSat over sea ice. Baseline-B was implemented into operations and 100	
used to generate CryoSat products from February 2012 onwards. The main improvement 101	

introduced in Baseline-B with respect to Baseline-A was the application of a range 102	

oversampling by a factor of 2 to the 20 Hz SAR/SARIn waveforms. This allowed the aliasing 103	
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of the signal when the square-law detection is applied to be avoided but, in order to fit the 104	

double length waveform in the L1B product files, a truncation of the trailing edge of the 105	

waveform was needed. An improved L2 SAR discriminator and tuned retracker thresholds 106	

were also implemented and several configuration parameters were improved. An FDM 107	
processor was first introduced in Baseline-B to generate products with an average latency of 108	

2-3 hours. 109	

The FDM product was improved in April 2013 with the implementation of an upgraded 110	

processor. The main evolutions comprised the tuning of the FDM retracker thresholds and the 111	

backscatter coefficient calculated from an improved algorithm developed by the National 112	

Ocean and Atmospheric Administration (NOAA). Additionally, the Global Ionospheric Map 113	

correction and meteorological forecast auxiliary data files were used in the NRT processing 114	
chains. Several FDM configuration parameters were improved to generate FDM L2 data with 115	

a quality comparable to other ocean-oriented altimetry missions (more details in Bouffard et 116	

al. 2017, this issue). The Baseline-B processors were used in the first CryoSat Reprocessing 117	

Campaign to reprocess all offline ice data (LRM, SAR and SARIn) back to the start of the 118	

mission (July 2010).  119	

Baseline-C represents a major upgrade to the CryoSat Ice processing chains and introduces 120	

several evolutions with respect to Baseline-B. It is also the baseline used for the second 121	
CryoSat Reprocessing Campaign. The Baseline-C upgrade concerns both the L1 and L2 122	

processing chains, bringing significant improvements to the quality of data products over land 123	

ice and sea ice, relative to the previous Baseline-B products.  124	

Before being implemented into operations, several test datasets were generated with the new 125	

processors to check the quality of data products and to validate that all anomalies for which 126	

solutions have been implemented, have in fact been successfully resolved and that no new 127	

problems have arisen as a result. The first test dataset chosen for this validation was the 21st – 128	
23rd August 2011, which is the period chosen initially for the first CryoSat validation since it 129	

comprised a period of complete, good quality data. This same period has been used in all 130	
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subsequent CryoSat validations to enable non-regression testing to be performed. All new test 131	

data is checked in comparison to test data generated using the previous processing chain, in 132	

order to ensure that intended changes have occurred and that no other, unintended changes to 133	

the product quality have arisen. All products are checked against the updated product format 134	
specifications, delivered with the updated processors, to ensure that any format changes and 135	

content changes are expected. The second test dataset selected for this validation covered the 136	

period 8th – 14th November 2010 and was chosen specifically for the analysis and verification 137	

of freeboard values in the L2 SAR products, selected from a month when high concentrations 138	

of sea ice were experienced in the Arctic.  139	

For the majority of anomaly reports, it was possible to verify whether the anomaly had been 140	

successfully fixed through detailed analysis of the products in the two main test datasets. 141	
However, if an anomaly report related to a product or problem which fell outside of the test 142	

dataset coverage, then additional test data was generated specific to each case, and used to 143	

verify whether a solution had been successfully implemented. In total 30 anomaly reports 144	

were successfully resolved and verified in the Baseline-C validation. 145	

 146	

2.2 Ice Baseline C processor upgrades 147	

Following a successful validation, the new processors were approved and implemented into 148	
operations at the Payload Data Segment. Since April 2015, the CryoSat ice products have 149	

been generated with the new Baseline-C Ice processing chains. A few of the major changes 150	

are described below. A complete list of the evolutions and changes implemented in Baseline-151	

C can be found in the technical notes section of the CryoSat Wiki page 152	

(https://wiki.services.eoportal.org/tiki-index.php?page=CryoSat%20Wiki). 153	

• Power normalisation in SAR and SARIn: In Baseline-B the peak power of the 20 Hz 154	

L1B waveforms for SAR and SARIn was too high. In Baseline-C the power scaling has 155	
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been corrected and the peak power values are now as expected, according to the sigma-0 156	

of the sea surface (Scagliola et al., 2015).  157	

• Attitude information in L1B products: In Baseline-C a new Star Tracker Processor was 158	

developed to create files containing the most appropriate Star Tracker data. These files 159	
are used in offline processing only. In addition, new fields were added to the L1B 160	

products to include the antenna bench angles (roll, pitch and yaw) and the sign 161	

conventions of these fields were updated.  162	

• Datation and range biases in L1B: Several sources of datation and range biases were 163	

identified in the Baseline-B L1B products for all modes. In particular, the datation biases 164	

were reduced, improving the on-ground decoding of the timestamps of instrument source 165	

packets. The range biases were reduced for all the modes by a post-launch update of the 166	
fixed instrument path delay and of the position of the centre of mass of the spacecraft. 167	

Additionally, for LRM only, a one-gate shift due to the on-board definition of fast 168	

Fourier transform was identified and taken into account in the Baseline-C ground 169	

processing. These biases were largely resolved in Baseline-C L1B products as shown by 170	

external calibration results at the Svalbard transponders (see Section 3.4.3). 171	

• New retracker for land ice (LRM): A new Land Ice Retracker was developed and 172	

implemented by University College London (UCL). The Land Ice Retracker follows the 173	
typical method for a retracker that fits a Brown (1977) model to the LRM waveform. The 174	

iterative model fit is initialised with the Offset Centre of Gravity (OCOG) retracker (a 175	

threshold retracker). The Land Ice Retracker provides an alternative to the existing 176	

Customer Furnished Item (CFI) retracker and can be tuned as necessary in the future to 177	

improve performance.  178	

• Arctic Mean Sea Surface (MSS) for SAR: A new Arctic MSS (UCL13) was created, 179	

using CryoSat data to provide improved resolution and coverage over Polar Regions. 180	
UCL13 was specifically designed to improve the computation of the interpolated Sea 181	

Surface Height Anomaly (see Skourup et al., 2017, and Ridout, 2014). The new UCL13 182	
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MSS combines (via a linear merge from 50oN-60oN) the existing Collecte Localisation 183	

Satellites 2011 (CLS2011) model with CryoSat Arctic data in order to provide full 184	

coverage over the Arctic Ocean (see Figure 2). 185	

 186	

 187	
Figure 2: Sea Surface Height Anomaly, Arctic, 27/10/2014 - 25/11/2014 188	

 189	

• Retracker improvement and freeboard activation for SAR (see Bouzinac, 2012): 190	

Freeboard values are now computed in the L2 SAR products following the introduction 191	
of the new UCL3 MSS. The SAR retracker was improved and adapted for diffuse echo 192	

returns from open ocean and sea ice floes. Initial analysis of freeboard confirms expected 193	

results and geographical distribution (see Figure 3, Section 2.4 and Section 3.4 for more 194	

details).  195	

 196	



	 10	

 197	

Figure 3: Freeboard values (scale: blue: 0 m - red: 1 m) for the Arctic region, plotted for 198	

15 days of Baseline-C L2 SAR data (01/01/2017 - 15/01/2017). Map plotted with the 199	

VtCryoSat© tools (http://visioterra.net/VtCryoSat/). 200	
 201	

• New Digital Elevation Model (DEM) for SARIn: New higher resolution DEMs for 202	

Antarctica (Bamber, 2009, 1 km resolution) and Greenland (Greenland Ice Mapping 203	

Project, 500 m resolution) were implemented at Baseline-C. For heights derived from 204	

SARIn phase differences, a DEM is used to check whether a phase-wrapping ambiguity 205	

may have occurred and set a warning flag. Previous DEMs proved to be inaccurate at the 206	

ice sheet margins resulting in frequent and erroneous settings of the SARIn ambiguity 207	

flag and the cross-track angle error flag. At Baseline-C, the new DEMs resolve most of 208	
these false errors and many more retracked waveforms are now flagged as valid in the 209	

L2 ice products.   210	

 211	

2.3 Main Level 1 Processing steps 212	

Level 0 (L0) to L1B processing is aimed at generating the L1B products which contain geo-213	

located, instrument calibrated and multilooked waveforms at ∼20 Hz rate. While LRM and 214	

SAR L1B products contain only multilooked power waveforms, SARIn L1B products contain 215	
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multilooked power, interferometric phase difference and coherence waveforms. The CryoSat 216	

L1B processing chain is continuously maintained and upgraded.  217	

A functional view of the SAR/SARIn L1B processing chain is given in Figure 4. For a 218	

detailed description of the L0 to L2 processing chain refer to Cullen et al. (2007).  219	

 220	

 221	

Figure 4: SAR/ SARIn L0 to L1B processing chain 222	

 223	

By inspection of Figure 4, the following processing steps for SAR/ SARIn are identified: 224	

• Ingest and unpack: instrument source packets are unpacked, decoded and converted to 225	

engineering units. The echoes for each mode are copied across. 226	

• Calibration application: the instrument calibration corrections are applied to echoes. For 227	

more details on the SIRAL calibration corrections see Section 3.2. The Baseline-C L1 228	

processing chain improved the application of the Calibration 1 (CAL1) corrections by 229	

correctly applying the power gain correction in all modes and the pulse-to-pulse 230	

amplitude correction in SAR/ SARIn mode (Scagliola et al., 2015). 231	
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• Surface sample determination: this step determines the set of on-ground surface locations 232	

where the synthesised Doppler beams are directed. The surface sample determination is 233	

based on an iterative method that places the surface sample on the ground elevation 234	

profile with a fixed angular separation along-track, resulting in a posting rate of about 20 235	
Hz. 236	

• Azimuth beam-forming: each burst, which is composed by 64 phase coherent echoes, 237	

undergoes a fast Fourier transform in the along-track direction to synthesize 64 Doppler 238	

beams that are equally spaced in angle and pointed to 64 different locations on the 239	

ground. The sharpening of the Doppler beams results in an improved along-track 240	

resolution. 241	

• Range compression: this step is implemented by a fast Fourier transform in the delay 242	
direction of each echo. In SAR/ SARIn mode, the echoes are zero-padded prior to 243	

performing the range compression so that the waveform length is doubled. The Baseline-244	

C L1 processing chain was improved to accommodate the whole range window for the 245	

oversampled waveforms in the SAR/ SARIn L1B product, see Scagliola et al. (2015). 246	

• Surface sample stack formation: the single look waveforms corresponding to all Doppler 247	

beams pointed to a given surface sample are arranged in a surface sample stack matrix, 248	

one for each receiving chain in SARIn mode. This way, all the statistically independent 249	
looks generated by the different bursts, for a given surface location on the ground, are 250	

gathered. 251	

• Surface sample stack alignment and processing: this step is aimed at compensating all 252	

the range misalignments among the single looks in a surface sample stack: slant range 253	

migration correction, window delay alignment and Doppler range correction. In 254	

Baseline-C, the slant range migration correction is moved from burst level to stack level 255	

in order to increase the quality of waveforms in acquisitions with a high altitude rate (see 256	
Scagliola et al., 2015). Furthermore, the Baseline-C L1 processing chain applies a 257	

surface sample stack weighting that allows the filtering out of the single looks originated 258	
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by the furthest acquired bursts with respect to the surface sample, resulting in an 259	

improved signal-to-clutter-noise ratio on the multilooked waveforms (Scagliola et al., 260	

2015). 261	

• Multilooking: multilooking is the incoherent averaging of all the power single looks in a 262	
surface sample stack. The result is the multilooked power waveform for the on-ground 263	

surface location. Additionally, in the case of SARIn mode only, the multilooked phase 264	

difference and the coherence waveforms are computed too. 265	

• L1B file formatting: the L1B product file is generated providing the geo-located 266	

calibrated waveforms with all the ancillary information according to the product format 267	

specifications. Major modifications were implemented in Baseline-C to improve the 268	

quality of the mispointing angles in L1B products (Scagliola et al., 2015). In particular, 269	
pitch and roll biases are compensated for in Baseline-C L1B products and the 270	

mispointing angles are computed from the same Star Tracker that is selected on board, as 271	

these are the best available Star Tracker at a given time. 272	

 273	

2.4 Level-2 Processing steps 274	

Further details on the L2 processing scheme used for each mode, such as the retrackers, can 275	

be found in the CryoSat Product Handbook (Bouzinac, 2012). The L2 processing scheme 276	

follows the main steps described here below, in order deduce the ice elevation over land ice 277	

margins and interior, and freeboard values over sea ice regions (Figure 5). 278	

•  L1B data is ingested and the flags are checked. Data flagged as bad at L1B is not 279	

processed further, but is output to L2 in its current form (to retain a 1:1 relationship 280	

between L1B and L2 data). 281	

• Auxiliary data, such as snow depth and sea ice concentration, are merged into the 282	

product, following interpolation from auxiliary files based on position and time. 283	
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• Surface type and echo type discriminations are performed. This determines the type of 284	

retracking to be performed and the set of geophysical corrections to use, or flags the 285	

waveform as unusable. 286	

• The appropriate set of geophysical corrections are applied to the range determined by the 287	
on-board tracker, 288	

• Retracking is performed. The methods used are mode and surface type dependent. In the 289	

case of SARIn data, the phase and coherence waveforms are also processed. The 290	

elevation is computed, accounting for the estimated location of the echoing point. This 291	

may be derived via a slope model  for LRM.  292	

• Over the steep slopes of the ice-sheet margins (where the SARin mode is used), it is 293	

possible that the geolocation of the echoing point has been affected by phase-wrapping. 294	
This can place the echoing point on the wrong side of the nadir track, and will result in a 295	

significant (~60 m) error in height estimation. A reference DEM is used to flag points 296	

that have potentially been affected, however, it is important to note that it may be the 297	

DEM that is incorrect, not the measurement. 298	

• For the smoothly sloping ice-sheet interior (where LRM is used), it is possible to pre-299	

compute the expected echoing location by use of a range-slope model derived from a 300	

DEM. This slope model allows the retrieval of the echo-location based on the nadir 301	
position; the height at that position can then be computed via trigonometry from the 302	

measured range. 303	

• For sea ice regions (where SAR mode is used), during the creation of the continuous sea 304	

surface height anomaly parameter, the height anomaly must be interpolated for records 305	

where it cannot be directly measured, i.e. records where sea ice has been detected. This 306	

interpolation is performed using a linear interpolation of the available measurements 307	

within the Rossby radius of the measurement point. The freeboard measurement is then 308	
computed by subtracting this interpolated sea surface height. 309	
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• The computed L2 geophysical parameters and supporting L1B values are then packaged 310	

and output as L2 and Level 2 In-depth (L2i) products 311	

.  312	
Figure 5: Main L2 processing steps 313	
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3 CryoSat Data Quality Assessment 314	

3.1 Routine Quality Control 315	

3.1.1  Background 316	

Since the launch of CryoSat in 2010, IDEAS+ has routinely assessed the performance and 317	
quality of the CryoSat data products, and provided support to investigations and user queries. 318	

Since August 2008 IDEAS+ has provided an operational quality control service to ESA for 319	

both ESA-owned Earth Observation missions and Third Party Missions. IDEAS+ provides 320	

support throughout the development and validation of new ESA operational processing 321	

chains. IDEAS+ is also heavily involved in CryoSat reprocessing campaigns, providing 322	

support during configuration of the reprocessing facility, and subsequently checking all 323	
reprocessed data before it is released to the scientific and user community.  324	

 325	

3.1.2 Material and Methods 326	

IDEAS+ performs routine quality control activities on all operational CryoSat products, 327	

which includes checking L0 data availability; the acquisition tracking and L0 echo errors; the 328	

product headers; the product formats and software versions; the auxiliary data file usage; the 329	

external correction error flags and the analysis of measurement parameters. 330	

IDEAS+ uses a number of different tools and software to perform their operational analyses. 331	

The CryoSat 2 Quality Control – Quality Analysis of Data from Atmospheric Sensors 332	

(C2QC-QUADAS) is an updated tool installed in April 2015 at the Payload Data Segment, 333	
the Centre for Environmental Monitoring from Space, and on local machines at Telespazio 334	

Vega UK. It is configured to monitor both operational and reprocessed ice and ocean data 335	

products, and to automatically generate daily and monthly quality control reports, which form 336	

the basis of the IDEAS+ daily performance reports. The Quality Control for CryoSat (QCC) 337	

tool is installed at the Payload Data Segment and is designed to perform a set of configurable 338	
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checks on each product immediately after production. This information is checked and 339	

included in the IDEAS+ daily performance reports.  340	

 341	

3.1.3  Results 342	

IDEAS+ perform daily routine quality control checks on all operational CryoSat products. 343	

Quality Control Performance Reports summarising these checks are uploaded daily to the 344	
ESA CryoSat webpage (https://earth.esa.int/web/guest/missions/esa-operational-eo-345	

missions/cryosat/daily-performance-reports). Incorporated into these reports are outputs from 346	

the QCC tool integrated at the ESA Payload Data Segment. The QCC tool performs error and 347	

warning checks for all L1B, L2 and L2i CryoSat products according to a pre-defined Test 348	

Definition File. The warning tests check that specific parameters and geophysical corrections 349	

fall within expected thresholds or are set to certain values. Every time a value in a product 350	

exceeds the thresholds, a warning is recorded in the QCC report for that product. The initial 351	
test thresholds were defined at the beginning of the mission using early experience of 352	

expected values from other altimetry missions. As no deep analysis was performed for these 353	

thresholds, it was always intended that they would be updated once the mission was more 354	

established. 355	

In 2016 IDEAS+ performed detailed analysis of each field included in the QCC CryoSat 356	

product checks in order to update and tune these test thresholds. The values of all products 357	

from June and December 2014 were plotted along with the current thresholds. If a large 358	
percentage of the data exceeded the thresholds, i.e. not only extreme values, new thresholds 359	

were identified. Statistical analysis was performed on all Baseline-B L1B and L2 ice products 360	

from June and December 2014. Analysis involved extracting the mean ± 3 standard 361	

deviations, maximum and minimum values from the test data for each QCC test. If the data 362	

had a normal distribution, the mean ± 3 standard deviations was used to set the new 363	

thresholds. Where the data did not have a normal distribution, each test was assessed on a 364	

case by case basis, using knowledge from other missions were appropriate, to identify the 365	
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most suitable thresholds. The new recommended thresholds should therefore better 366	

encompass the expected values and to improve the flagging of outliers. 367	

For example, the original threshold used to check the altitude of the satellite Centre of Gravity 368	

(COG) (the ‘RangeAltitudeCOG’ test) was set at 700 to 750 km, meaning that all sample 369	
values must fall within these thresholds otherwise the product will be flagged with a warning. 370	

In Baseline-B, i.e. before the threshold update, this flag was raised for approximately 20% of 371	

all L1B and L2 products. Based on our analysis it was decided to adjust the thresholds to 710 372	

to 760 km in order to ensure that the expected data values pass the test and only the extreme 373	

outliers are flagged.  374	

With the release of Baseline-C data it has been possible to assess the suitability of the updated 375	

thresholds for the altitude test. Figure 6 shows the monthly mean ± 1 standard deviation 376	
(black dots and bars), maximum (purple crosses) and minimum (blue crosses) values from 377	

January 2013 – February 2016. The ± 3 standard deviation range is shown by the grey shaded 378	

area.  379	

 380	

 381	

Figure 6: Time series of altitude relative to the satellite Centre of Gravity from Baseline-382	

C data, from January 2013 to February 2016. 383	
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It is clear from the original thresholds (in red) that the upper threshold would have flagged a 384	

number of products each month that have high values, but that the lower threshold was too far 385	

from the expected data range to flag unexpected values. As altitude does not have a normal 386	

distribution, using the standard deviation to derive the new thresholds was not suitable. The 387	
agreed new thresholds (in green) now better encompass the expected altitude values, but 388	

should flag extreme or unexpected values.  389	

The new thresholds for all L1/L2 parameters were then implemented in an updated delivery 390	

of the QCC software and installed into operations at the CryoSat Payload Data Segment. So 391	

far daily analysis of the QCC results indicates that the new QCC thresholds are more 392	

appropriate. Long-term analysis of Baseline-C data will highlight whether the thresholds need 393	

to be amended in future.  394	

 395	

3.2 SIRAL Internal Calibrations Monitoring 396	

3.2.1  Background 397	

The calibration strategy for SIRAL includes both internal calibrations and external 398	

calibrations (see Section 3.3 and Fornari et al., 2014). The internal calibrations are performed 399	

on the instrument and the measurements obtained by SIRAL are transmitted to the ground. 400	

The calibration L0 data are processed on the ground and the resulting calibration corrections 401	

are used to calibrate the science products for the SIRAL instrument (Cullen et al., 2007). 402	

According to Scagliola et al. (2015), all the calibration corrections are applied to science 403	
products in Baseline-C L1B products. Furthermore, as already shown in Scagliola et al. 404	

(2016), the calibration corrections can be used to monitor the performance of the SIRAL 405	

instrument over the long term. In fact the calibration products, which have been designed to 406	

measure the actual characteristics of the instrument and to compensate for them on the 407	

ground, can be analysed to highlight how the instrument behaviour is changing over time, due 408	

to its thermal status (see section 3.2.3) or potential on-board software or hardware anomalies. 409	
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Since 2012, Aresys has provided continuous support for the quality monitoring of the 410	

calibration corrections contained in the corresponding calibration products. In particular, the 411	

calibration products are routinely monitored in order to produce offline L1B science data 412	

using only validated calibration corrections. On the other hand, the calibration corrections are 413	
monitored over the long term with the aim of verifying the instrument performance during the 414	

mission lifetime. 415	

 416	

3.2.2  Material and Methods 417	

SIRAL is a phase coherent pulse-width limited radar altimeter with interferometric 418	

capabilities. To support its novel operating modes, additional calibration paths are 419	

implemented on-board to obtain the calibration corrections on-ground. These are necessary to 420	

correct for the transfer function phase with respect to frequency and for the phase difference 421	

between the two receiving antennas. Periodic instrument calibrations are performed in flight 422	
in order to correct the science products for instrument distortions. The calibrations are 423	

periodically performed on a time or zone basis, depending on the calibration. 424	

The following internal calibration sequences are regularly commanded on SIRAL: 425	

• The CAL1 to calibrate the internal path delay and the peak power by measuring the 426	
range impulse response for all the SIRAL modes. Moreover, for SAR and SARIn 427	

modes only, the variations in gain and phase between successive pulses in a burst are 428	

measured. By analysis of the range impulse response it is possible to evaluate its peak-429	

to-side lobe ratio and -3 dB width, which are quality parameters for the instrument 430	

impulse response. The CAL1 is commanded each time CryoSat passes over a defined 431	

zone in Asia, resulting in a repeat frequency of between one and two times per day. 432	

• The Complex Calibration 1 (CCAL1), also named AutoCAL, to calibrate the 433	
Automatic Gain Control and Analog-to-Digital Converter for gain and phase difference 434	

between the two receiving chains. The CCAL1 is commanded each time CryoSat 435	
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passes over a defined zone in the Sahara, resulting in a repeat frequency of between 436	

one and two times per day.  437	

• The Calibration 2 (CAL2) to evaluate the instrument transfer function across the 438	
measurement spectrum. The CAL2 is commanded twice a month.  439	

• The Calibration 4 (CAL4) to calibrate the interferometer for the phase difference 440	
between the two receiving chains. The CAL4 is interleaved in the SARIn 441	

measurements and is commanded once each second. It is worth noting that both 442	

CCAL1 and CAL4 measure the phase difference between the two receiving chains but, 443	

the CCAL1 calibrates only the signal paths in the digital and radio frequency 444	

instrument sections (Rey et al., 2001). The CAL4 also includes the transmission 445	

amplifier and duplexer.  446	

The time frequency of the calibrations listed above are determined by the calibration plan that 447	
has been adopted since March 2011. For more details on the SIRAL internal calibrations, 448	

please refer to Scagliola et al. (2016). 449	

The long-term analysis of the calibration corrections can be used to monitor the performance 450	

of the SIRAL instrument starting from the beginning of the operational phase of the CryoSat 451	

mission. The calibrations corrections are analysed by exploiting ad-hoc developed tools in 452	

order to verify the following points:  453	

• Whether the calibration corrections are changing as function of the time. In particular, 454	
the linear trend in the corrections is measured, in order to assess the changing rate of 455	

the correction as function of time. It is useful to have a rough prediction of the 456	

behaviour of the SIRAL instrument with age as it may have an impact on the 457	

instrument performance and, in turn, mission performance.  458	

• Whether the calibration corrections depend on the thermal status of the instrument. 459	
Largely due to the non-sun-synchronous orbit of CryoSat, the temperature of the 460	

spacecraft changes both in the short term, as a function of the orbit period, and on the 461	

long term, as a function of the relative position with respect to the sun, which has a 462	
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period of about 480 days. By joint analysis of the instrument characteristics,  463	

continuously tracked by the internal calibrations, and of the instrument temperatures, it 464	

has been verified that the thermal status of the SIRAL affects the instrument behaviour 465	

both in the short and long term. 466	

• Whether the calibration corrections depend on the ascending/descending orbit, for the 467	

calibrations that are commanded when CryoSat passes over a defined zone. Actually, 468	

the calibration corrections are always dependent on the thermal status of the 469	

instrument, which differs depending on whether the orbit is ascending or descending 470	
due to the different sun illumination. 471	

It is worth remarking here that the internal calibrations allow characteristics of SIRAL to be 472	

tracked continuously. Therefore, applying the calibration corrections to the science data 473	

means that the variability of the instrument (as a function of time and thermal status) is 474	

already compensated for in the CryoSat L1B products. In the following section, some results 475	

from the analysis of the CryoSat calibration corrections are shown. 476	

 477	

3.2.3 Results 478	

Figure 7 displays the calibration corrections applied to science data for SAR mode; similar 479	
behaviours have been observed for the other modes. The corrections are shown from 480	

November 2010 to November 2016. By inspection of Figure 7(a) it can be observed that the 481	

gain variation correction has been increasing with an approximately constant trend from the 482	

beginning of the mission, which in turn causes a decrease of the signal-to-noise ratio of about 483	

1.2 dB from November 2010. It should be noted that this behaviour was expected during the 484	

operational life of SIRAL, and is similar to trends observed for other pulse-limited altimeters. 485	

Moreover, it can be noticed that the corrections are denser up to February 2011 since, in that 486	
period, a different calibration plan was used. In Figure 7(b) the internal path delay correction 487	

is shown and a slight increasing trend in the corrections can be observed the time. In Figure 488	
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7(c) and Figure 7(d) the pulse-to-pulse amplitude and the pulse-to-pulse phase correction are 489	

shown respectively. Their behaviour has been stable from beginning of the operational phase. 490	

Only the pulse-to-pulse phase correction has had small evolutions up to 2011 and exhibits 491	

some periodical variations related to the SIRAL temperature. 492	

 493	

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 7: CAL1 SAR calibration corrections: gain variation (a), internal path delay (b), 494	

pulse-to-pulse amplitude (c) and pulse-to-pulse phase (d). 495	

 496	

In Figure 8, the gain variation corrections for CAL1 SAR are shown, highlighting the 497	

corrections obtained during ascending or descending passes over the calibration zone. By 498	

inspection of Figure 8 it can be observed that, depending on the period, the calibration 499	

corrections for the different orbit directions can differ by up to 0.1 dB. This difference was 500	

mainly due to the different thermal status of the instrument as function of the orbit direction. 501	
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 502	

Figure 8:  CAL1 SAR gain variation corrections as function of ascending/descending 503	

passes over the calibration zone. 504	

 505	

In Figure 9 the internal path delay corrections for CAL1 SAR have been processed to remove 506	

the increasing trend seen in Table 1 and was smoothed with a running average filter with a 507	

length equal to 5 days. By comparing the variations of the internal path delay with the 508	

temperature measured by a thermistor placed on the SIRAL antenna bench, it can be noticed 509	

that the behaviour of the corrections is roughly anti-correlated with the temperature. Also, the 510	

peculiar temperature evolution in CryoSat, which is periodically characterised by high 511	

temperature periods (out of eclipse periods) and low temperature periods (eclipse periods), is 512	
due to the sun illumination of the spacecraft resulting from the non-sun-synchronous orbit.  513	

 514	
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515	
Figure 9: CAL1 SAR internal path delay corrections compared with the temperature of 516	

the SIRAL antenna bench. 517	

 518	

To clearly describe the stability of SIRAL from the beginning of the mission, Table 1 lists the 519	
measured trends for CAL1 calibration corrections. It can be noticed that the pulse-to-pulse 520	

calibration corrections are very stable for all the modes and that limited trends are observed 521	

for gain variation and path delay. 522	

 523	

CAL1 

mode  

Internal Path delay  Gain variation  Pulse-to-Pulse 

amplitude  

 Pulse-to-Pulse 

phase  

LRM  0.007 mm/ month  0.015 dB/ month not applicable  not applicable  

SAR  0.035 mm/ month  0.017 dB/ month  negligible  negligible  

SARIn Rx1  0.030 mm/ month  0.017 dB/ month  negligible  negligible  

SARIn Rx2  0.018 mm/ month  0.018 dB/ month negligible  negligible  

Table 1. Measured trends in CAL1 calibration corrections from November 2010 to 524	

November 2016. 525	

Tem
perature [°C

]
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For what concerns the range impulse response parameters, the average values and the 526	

measured trends on the peak-to-side lobe ratio and on the -3 dB width have been listed in 527	

Table 2. It can be noticed that the average values for the range impulse response parameters 528	

are in line with the system requirements and that limited trends have been observed. 529	

 530	

 Peak-to-Side Lobe Ratio (PSLR) -3 dB Width 

System 

requirements  

-12 dB < PSLR < -16 dB  0.39 m < -3 dB width < 0.44 m  

CAL1 mode  Average Value 

[dB] 

Trend [dB/month] Average Value [m]  Trend  

[mm/month] 

LRM  13.01  -0.0011  0.420  -0.009 

SAR  12.94  0.0002  0.420  0.004 

SARIn Rx1  12.95  -0.0001  0.417  -0.002 

SARIn Rx2  13.19  -0.0014  0.414 -0.013 

Table 2. Measured average values and trends in CAL1 range impulse response quality 531	

parameters from November 2010 to November 2016. 532	

 533	

3.3 External Calibration with the Svalbard Transponder 534	

3.3.1 Background 535	

ESA deployed a transponder for the CryoSat project. It is a refurbished ESA transponder 536	

developed for ERS-1 altimeter calibration, and is deployed at the Kongsberg Satellite 537	

Services (KSAT) Svalbard Satellite station, called SvalSAT, as showed in Figure 10.  538	
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Figure 10:  Transponder and the radome where it is installed. 539	

 540	

The transponder is used to calibrate SIRAL’s range, datation, and interferometric baseline (or 541	
angle of arrival) to meet the mission requirements. In these calibrations three different types 542	

of data are used: the raw Full Bit Rate (FBR) data, the stack beams before they are multi-543	

looked (stack data) in the L1B processor, and the L1B data itself. Ideally the comparison 544	

between (a) the theoretical values provided by the well-known target, and (b) the 545	

measurement by the instrument to be calibrated, provides us with the error the instrument is 546	

introducing when performing its measurement. When this error can be assumed to be constant 547	

regardless of the conditions, it will provide the bias of the instrument. If the measurements 548	
can be repeated after a certain period of time, this can also provide an indication of the 549	

instrument drift. The full methodology and the results are described Garcia-Mondejar et al. 550	

(2017, this issue). We provide hereafter a synthesis of the main results. 551	

 552	

3.3.2 Material and Methods 553	

There are some differences in the algorithms for the modes. In the LRM, the SIRAL echoes 554	

are incoherently averaged on-board. In the SAR and SARIn modes, the individual echoes are 555	

saved as complex waveforms (I and Q) and the data is sent to ground in the ‘time domain', 556	

whereas in LRM, the data is sent to ground in the ‘frequency domain’ after the on-board fast 557	
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Fourier transform. In SARIn mode, there are two different echoes, one for each receiving path 558	

of the interferometer.  559	

Within the CryoSat processing chain for the SAR and SARIn modes there are different output 560	

products for the science data. The FBR product is an intermediate output of the L1B 561	
processing chain. The complex waveforms should be fully calibrated (including both 562	

instrumental gains and calibration corrections) and aligned in range within each burst. The 563	

time tag is given at the surface, i.e. when the middle of the burst reaches the surface. L1A is 564	

the starting point for the SAR processing which provides high-resolution products. The L1B 565	

Stack data product contains information about the Doppler beams. They are associated to a 566	

given surface location, which is formed through the selection of all the beams that illuminate 567	

this location, and that contribute to each L1B waveform. Beams are the result of applying 568	
Doppler processing to the waveform bursts that allow the conventional altimeter footprint to 569	

be divided into a certain number of strips, and thus creating a delay Doppler map. This 570	

enables contributions coming from different strips to be identified and collected separately. 571	

When all the contributions from different bursts are collected, a stack is formed.  572	

The stack waveforms are provided in I/Q samples (complex waveform) in the frequency 573	

domain. The L1B SAR product must contain the same variables as the L1B Stack product, 574	

except for the waveform and the stack characterisation parts. A L1B waveform is the average 575	
of each stack and is provided in I2Q2 samples (power waveform, computed as the cross 576	

product of the complex waveform, the square root of I squared plus Q squared, simplified to 577	

I2Q2) in the frequency domain (range domain). Due to the nature of this L1B data 578	

(waveforms that have been multilooked, leading to a single waveform per record), there is 579	

only one data record (or waveform) that corresponds to the transponder position. The 580	

dedicated data processing performed for calibration with the transponder, for the SAR and 581	

SARIn echoes, is performed using a dedicated processor developed at ESA. For the LRM, the 582	
L1B is directly used as shown in Figure 11. 583	
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 584	

Figure 11: Block diagram with the steps followed to retrieve the results. 585	

 586	

After retrieving the L1B Stack products, the range cell migration or slant range correction is 587	

undone. With the beams aligned, the moment of maximum approach could not be seen, 588	

although the beam with maximum power could be identified. The datation error is also better 589	

retrieved when the range is presented as a parabola. A retracking process is then performed in 590	

order to determine the epoch. After that, the uncorrected range is computed as described in 591	

the CryoSat Product Handbook, in section 2.8 (Bouzinac, 2102): 592	

 (1) 593	

where windelay is the two-way time between the pulse emission and the reference point at the 594	

centre of the range window (in seconds), N is the number of samples of the waveform, BW is 595	

the pulse bandwidth (in Hz or 1/s), c is the speed of light (in m/s), and rangesample is the epoch 596	

obtained by the retracking method (sample index from 0 to N). 597	

Then the geophysical corrections: the Dry Tropospheric Correction, the Wet Tropospheric 598	

Correction, the Ionosphere Correction, the Ocean Loading Tide, the Solid Earth Tide and the 599	
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Geocentric Polar Tide, are combined and applied to the range. In addition to the listed 600	

corrections present in the product, the ground motion of the Svalbard area is needed in order 601	

to compensate for the +8.9 mm/year variation, as shown in Figure 12. 602	

   (2) 603	

 604	

 605	

Figure 12: Terrain motion in Ny-Ålesund, close to the Svalbard transponder location 606	

computed by the Network for the Detection of Atmospheric Composition Change, 607	

NDACC – NOAA (http://www.ndsc.ncep.noaa.gov). 608	

 609	

corruncorrmeasmeas GeoRangeRange +=
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The theoretical range is computed by simply obtaining the distance from the transponder to 610	

the SIRAL location for each beam or waveform (in the case of LRM): 611	

 (3) 612	

Where the satellite and the transponder positions are in Earth-Centred, Earth-Fixed coordinate 613	

system. 614	

In SARIn mode, the theoretical angle of arrival can be computed simply by geometry 615	

following: 616	

  (4) 617	

Where d0 is the distance from the transponder position to the closest point of the ground track, 618	

r(t) is the distance from the satellite location to the transponder position and Φ is the across-619	

track angle (the angle between the nadir direction and the line from the satellite to the 620	
transponder position). 621	

The measured angle of arrival in SARIn is obtained from the retracked phase difference 622	

waveform with:  623	

  (5) 624	

where λ is the wavelength of the radar signal equal to 0.022084 m, B is the distance between 625	

the two antennas equal to 1.1676 m, and Δphase is the retracked phase difference in radians, 626	

varying for every measurement. 627	

 628	

3.3.3 Results  629	

The results for the range bias are shown in Figure 13a; they have been ordered 630	

chronologically in order to evaluate the deviation of the bias. A summary of the statistics is 631	

shown in Table 3 Looking at the slope of the regressions, the bias is less than a 1 mm/year 632	
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drift for SARIn mode. After the correction of the biases found in Baseline-A and B, due to the 633	

LRM gate shift, an incorrect platform centre of mass reference and the wrong input 634	

parameters in the Instrument Processing Facility Data Base, the range biases in Baseline-C for 635	

all three mode have been reduced to less than 4 cm overall and can be considered residuals. 636	

 637	

 638	

Figure 13:  a) Range results over time and regression lines for all modes and separated 639	
reception chains. b) Datation results over time and regression lines for all modes and 640	

separated reception chains c) Angle of arrival results. 641	
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Mode # of Measurements Bias Std Drift 

LRM 10 3.6 mm 19.1 mm 0.4 mm / year 

SAR 26 78.8 mm 41.1 mm 5.6 mm / year 

SARIn Rx1 87 32.5 mm 32.9 mm 0.1 mm /year 

SARIn Rx2 87 31.1 mm 32.6 mm 0.5 mm /year 

Overall 210 36.3 mm 37.3 mm 1.5 mm / year 
Table 3. Summary of range results 642	

 643	

The results for the datation bias are shown in Figure 13b. The results for SAR and SARIn 644	

have been referenced to the left vertical axis and the LRM results to the right. The slope of 645	

the regressions shows a variation around -6 µs/year. A summary of the datation results is 646	

detailed in Table 4. After the correction of the datation biases found in Baseline-A and B, the 647	
datation can be considered negligible in SAR and SARIn. The datation trend of around -6 648	

µs/year is related to the motion northward. As the coordinates for the transponder position are 649	

fixed during the processing of all passes, the datation error should be varying according to the 650	

movement of the terrain in that direction. The correction added in equation (2) only takes into 651	

account the height component of the terrain motion. 652	

 653	
Mode # of 

Measurements Bias Std Drift 

LRM 10 -2.025 milliseconds 0.382 
milliseconds 

+101.2 µs / 
year 

SAR 26 -26.0 microseconds 34.5 
microseconds +5.2 µs / year 

SARIn Rx1 87 -24.2 microseconds 33.4 
microseconds -6.7 µs /year 

SARIn Rx2 87 -21.2 microseconds 27.7 
microseconds -7.7 µs /year 

Overall 
(SAR/SARIn) 200 -23.2 microseconds 31.1 

microseconds - 6.0 µs / year 

Table 4. Datation Results Summary 654	
 655	

The results for the Angle of Arrival are shown in Figure 13c and summarized in Table 5. The 656	

0.0072 degree bias is translated at L2 into a geolocation misplacement across track of around 657	

90 m. The standard deviation of 0.0037 degrees is translated into an uncertainty of around 46 658	
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m. The requirement for the Angle of Arrival error is 0.0083 degrees, so the results are within 659	

the mission requirements. 660	

 661	

Mode # of 
Measurements Bias Std 

SARIn 87 0.0072 degrees 0.0037 degrees 

Table 5 Angle of Arrival results (SARIn Mode) 662	

 663	

3.4 Level 2 Ice Data Quality Analysis 664	

3.4.1  Background 665	

The Department of Space and Climate Physics at the Mullard Space Science Laboratory 666	
(MSSL) of UCL supports the development of operational software for the CryoSat ground 667	

segment and provides the Ice processing chains required for generating L2 and L2i products, 668	

including specialised algorithms supporting the SIRAL instrument’s SAR and SARIn 669	

measurement modes. The group provides support to ESA as an Expert Support Laboratory in 670	

the operational phase of the CryoSat mission and has implemented an operational monitoring 671	

and quality analysis service for the CryoSat mission. Data has been monitored since the start 672	

of the operational phase (18th Oct 2010). Results are displayed at: 673	
http://cryosat.mssl.ucl.ac.uk/qa/. 674	

 675	

3.4.2  Material and Methods 676	

MSSL monitors CryoSat performance from L2 data products provided by the ESA Payload 677	

Data Segment at Kiruna. Key sea ice and land ice parameters are assessed from the L2 and 678	

L2i products. Monitoring L2i parameters provides additional lower level information, which 679	

can be useful for verification of the standard L2 products. Key parameters include sea ice and 680	
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ice sheet elevations, sea ice freeboard, ocean elevations and associated parameters. 681	

Associated auxiliary and geophysical correction data, and quality flags are also monitored. 682	

Measuring the elevation residual at orbit crossover points is a primary method of assessing 683	

the performance of the altimeter and the processing chain. Crossover height differences are 684	
produced for each 30-day data take. The crossover positions and epochs are estimated at the 685	

crossing of two linear fits through four measurement locations along the ascending and 686	

descending tracks. Points with insufficient data are then rejected. Altimeter height residuals 687	

along both passes are filtered and interpolated with a quadratic polynomial at the crossover 688	

locations. Apart from sea level change, crossover differences expose errors in the applied 689	

range corrections, tide models or orbit altitude. The root-mean-square (RMS) of the crossover 690	

differences is a measure of cumulative height error. 691	

For each Polar Region and SIRAL mode, a RMS crossover residual is calculated without the 692	

use of geophysical or ionospheric corrections. Corrections are then successively added and 693	

the effect on the RMS is plotted. Secondly, for each data, a plot of fully corrected RMS is 694	

shown along with the RMS once each correction has been removed and reversed. The 695	

reversal is used to check that the sign of the correction is correct. When a correction is 696	

reversed, the RMS should increase more than when it is not applied, which therefore gives 697	

further insight into the effectiveness of the correction (Figure 14). 698	

 699	
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Figure 14: Crossover RMS from LRM over Antarctica (18/06/2016 to 17/07/2016) 700	

showing the effects of adding and reversing corrections (dry and wet tropospheric 701	

correction, ionospheric correction, and solid earth tide). 702	

 703	

3.4.3  Results 704	

Following the implementation of updated Baseline-C Ice processing chains (see Section 2.2), 705	
the L2 products were reprocessed back to the start of the mission. MSSL performed quality 706	

analysis on the new Baseline-C products to assess the new features and improvements over 707	

Baseline-B. Similarly, Baseline-B reprocessed products were assessed against the previous 708	

baseline. Parameter plots from each baseline, from the beginning of the mission can be used 709	

to quantitatively assess the improvements at each processing chain release. For example, 710	

Figure 15 plots the mean bias output from crossover analysis and demonstrates the 711	

improvements with each successive baseline using LRM data over the land ice area of 712	
Antarctica. Mean time tag biases in Baseline-A, Baseline-B and Baseline-C average, over the 713	

data processed by that baseline, are at 6.05 ms, 4.42 ms and -1.04 ms respectively. This 714	

represents a 27% improvement of Baseline-B compared to Baseline-A, and 83% 715	

improvement of Baseline-C compared to Baseline-A. The time tag bias is computed using the 716	

method described in Schutz et al. (1982)). A positive time tag bias indicates that the time 717	

stamping of measurements is late while negative values indicate that the time tags are 718	

systematically early.  719	
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 720	

Figure 15: Comparison of mean time tag bias at each processing baseline since the 721	

beginning of mission, using LRM data over Antarctica. 722	

 723	

In Baseline–C, the combined effect of the L1B and L2 Ice processing upgrades results in 724	

significant improvements to the product quality compared to previous releases, and marks the 725	

integration of new fields within the products. Both are confirmed to have positive impacts on 726	

the scientific exploitation over land ice and sea ice.  727	

Over sea ice, results of analysis at MSSL indicate that Baseline-C freeboard values are 728	

coherent and the expected geographical distribution of sea ice thickness is seen. Freeboard 729	
from CryoSat L2 data was compared with freeboard from a different processing chain 730	

executed at the Centre for Polar Observation and Modelling (CPOM). Some results are 731	

reported in the ESA Technical Document (Bouffard et al., 2015). Systematic quality 732	

assurance performed at MSSL shows that CryoSat L2 freeboard values continue to be 733	

consistent with sea ice thickness and volumes produced by CPOM (available at the CPOM 734	

Data Portal: http://www.cpom.ucl.ac.uk/csopr).  735	

A more thorough analysis is expected with the results from ESA’s CryoVal Sea Ice project 736	
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(see http://cryosat.mssl.ucl.ac.uk/cryoval/about-right.html). The CryoVal Sea Ice project is 737	

focused on addressing the error budgets for sea ice by making use of extensive in-situ, 738	

airborne and satellite datasets acquired in multi-year sea ice regions. Sea ice thicknesses 739	

retrievals require numerous processing steps to convert the altimeter’s range measurements 740	
first to ice freeboard and then to thickness. Each of these steps can introduce uncertainties in 741	

the resulting thickness estimate, each requiring careful validation. Preliminary results from 742	

the CryoVal Sea Ice Project were presented at North American CryoSat Science Meeting, in 743	

Banff, Canada (Haas et al., 2017). Various studies have used a range of coincident submarine 744	

and airborne ice thickness observations for validation of CryoSat thickness retrievals from 745	

Baseline-C-based products at spatial and temporal scales of ≥10000 km2 and ≥1 month, 746	

respectively. These show correlation coefficients of 0.6-0.8 and RMS errors of 0.3-0.6 m 747	
between CryoSat and other thickness retrievals. 748	

Over land ice areas, both the OCOG and CFI retrackers for LRM have been refined, leading 749	

to improved retracker performance in Baseline-C, with fewer results being flagged. The mean 750	

RMS difference at crossovers has decreased from 0.423 m to 0.418 m for respectively the 751	

OCOG retracker in Baseline-B and Baseline-C (Figure 16). Moreover, the percentage of data 752	

being flagged as bad by the CFI, Land Ice Retracker and OCOG retrackers has reduced by 753	

1.05%, 5.59% and 15.14% respectively, compared to Baseline-B (Figure 17). Thus, the new 754	
Land Ice Retracker provides a good alternative to the existing CFI retracker with an algorithm 755	

that can be tuned and further developed to increase performance in the future. 756	
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 757	

Figure 16: LRM Crossovers showing mean height RMS (m)  758	

 759	

 760	

Figure 17: LRM Retracker success rate: trend since beginning of mission 761	

 762	

In addition to routine quality analysis, validation of CryoSat L2 data over ice sheets has been 763	
also performed by several ESA-funded projects and individual studies. The ESA CryoVal 764	

Land Ice Project, which aims to quantify the error sources and accuracy of CryoSat data over 765	

land ice, has done an extensive comparative analysis in which CryoSat absolute elevation data 766	

from each Baseline-C retracker has been evaluated against airborne (Ice Bridge Airborne 767	
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Topographic Mapper) and in-situ data over the Greenland ice sheet. It has yet to issue its final 768	

report but early results released at the ESA Living Planet Symposium in 2016 (Sorenson et 769	

al., 2016) indicate an accuracy at the 10-15 cm RMS level with little bias, dependent on 770	

retracker selection, surface slope and volume penetration effects. The ESA Climate Change 771	
Initiative projects for the Antarctic and Greenland ice sheets (2015-2018) have independently 772	

performed validations of the absolute elevation and surface elevation change rates derived 773	

from CryoSat L2 elevation data as compared with Ice Bridge Airborne Topographic Mapper 774	

data and found mean accuracy levels of 10 cm and derived surface elevation change rate 775	

accuracy of less than 1 m/year in all ice sheet basins. Ice Bridge surveys are predominantly in 776	

areas of the ice sheet margins where slopes are highest and so accuracy over the whole ice 777	

sheet is likely to be significantly better. Other studies over the interior of East Antarctica (e.g. 778	
Schröder et al., 2016) showed that the new Baseline-C processor improved the observation 779	

quality over the flat ice sheets by comparison with global navigation satellite system ground 780	

surveys. 781	

Recent investigations based on interferometric swath processing from CryoSat SARin data, 782	

also confirm good performance. This technique operates by unwrapping the interferometric 783	

phase of the SARIn echoes over sloping ice sheet surfaces (Hawley et al., 2009), resulting in 784	

a wide swath of elevation measurements across track, providing up to two orders of 785	
magnitude more elevation measurements than the point-of-closest-approach alone 786	

(Gourmelen et al., 2016). This technics allows up to 10 times finer resolution mapping of the 787	

elevation change of glaciers in the Antarctic and Greenland margins (Figure 18) and new 788	

capabilities to measure changes in small ice caps and sub-glacial lakes. Recent studies 789	

(Gourmelen 2017, personal communication) have shown that the improvements implemented 790	

in Baseline-C, such as the doubling of the range window to 240 m, a new star tracker 791	

processor and the recent correction of the roll bias (Scagliola et al., 2017, this issue), have led 792	
to a significant increase in the number of elevations that extended swath processing is able to 793	

deliver and have shown lower noise levels in the waveform’s leading edge (see Figure 19). 794	
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 795	

Figure 18: Surface elevation change over the Amundsen Sea Sector of West Antarctica, 796	

mapped with 10 km grid spacing (left) from conventional point-of-closest approach 797	

altimetry processing and at 500 m from CryoSat swath processing (right) (Gourmelen 798	

2017, personal communication ). 799	

800	

 801	

Figure 19:  CryoSat swath elevation from Baseline-C (bottom right) and Baseline-B 802	

(bottom left) and overlay (top) show the increase in elevation measurements provided by 803	

the new Baseline-C (Gourmelen 2017, personal communication). 804	
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4 Known Baseline-C Limitations and Planned Evolutions 805	

A continual process of improvement and tuning of retracking schemes and auxiliary models is 806	

followed between baseline releases; mainly based on the outcomes from the scientific 807	

literature and Research & Development projects (e.g. Land ice and Sea ice CryoVal ESA 808	

projects). Despite the good Baseline-C results over land ice and sea ice, there are planned 809	

evolutions to fix anomalies and further improve CryoSat ice products in the future, including 810	

the switch from ESA Earth Explorer format to the more convenient NetCDF format. Many of 811	

these changes will fall under the next Ice processing chain upgrade, Baseline-D. Below is a 812	
high level picture of the main changes; further technical details can be found in Mannan 813	

(2017). 814	

During the interferometric calibration analysis, it was observed that the Star Tracker selection 815	

performed on-board the satellite and followed by the Star Tracker processor does not always 816	

give the best possible performance. It was recommended that the methodology for this 817	

selection strategy be reviewed, taking into account the temperature information of the 818	

different thermistors placed in the antenna bench.  819	

Regarding the L1B products, it is planned to correct the window delay for the drift of the 820	

Ultra Stable Oscillator (USO) frequency with respect to the nominal frequency, while in the 821	

current products this correction is left to the users. Additionally, it is planned that the on-822	

ground algorithm to compute the mispointing angles will be improved as described in 823	

Scagliola al. (2017, this issue) to increase the quality of the pitch, roll and yaw information.  824	

Over sea ice, the freeboard results can be improved by correcting for the effect of overlying 825	

snow. At present, in Baseline-C, this correction is left to the L2 product users to perform, 826	
although the obsolete Warren snow-depth climatology (Warren, 1999) is provided as a 827	

starting point. The incorporation of up-to-date information on snow cover in future baselines, 828	

and the provision of a correction to freeboard, will increase the L2 product quality. In 829	

addition, investigations are on going for further refinements of the SAR retracking and lead-830	
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detection methods (e.g. Passaro et al., 2017; this issue) with the objective to reduce the signal-831	

to-noise ratio of the freeboard value.  832	

Over land ice, a particular target for Baseline-D is to investigate whether updates can be made 833	

to the slope and ambiguity-detection models to use more recently created DEMs. Moreover, a 834	
prototype processor has been developed to produce calibrated Pseudo-LRM waveforms from 835	

SARIn FBR processing in preparation for a potential switch to SARIn mode over the interior 836	

of the Antarctic or Greenland ice sheets. This aims to provide time-series continuity between 837	

LRM and SARIn acquisitions, and therefore ice volume and elevation.  838	

The CryoSat L2 processing chain is optimised for operation over the cryosphere. The results 839	

over other surfaces may therefore be sub-optimal when compared to results from other 840	

missions designed to target those surfaces. For example, the SARIn chain currently has a 841	
height bias when the surface type is closed sea or land. Changes can be made to the 842	

processing scheme that will allow improved operation over other surfaces, such as inland 843	

water, without impacting results from the primary mission targets. Some options for such 844	

changes will be explored during the implementation of Baseline-D. 845	

 846	
5 Conclusions and Perspective 847	

Following the switch to the Baseline-C Ice processors, significant improvements have already 848	
been observed in the Baseline-C L1B and L2 products, relative to the previous Baseline-B 849	

products. The ESA quality control and validation activities have demonstrated that most of 850	

the known issues in the previous Ice Baseline-A and Baseline-B have been resolved in 851	

Baseline-C.  852	

The continuous monitoring of the SIRAL internal calibration corrections has revealed the 853	

stability of the instrument up to November 2016. In particular, the performance of the 854	

instrument in terms of range resolution has not changed from the beginning of the operational 855	
phase. Only a minor decrease in the signals-to-noise ratio is expected due to the increasing 856	
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gain variation correction, however this does not impact the system requirements. The 857	

dependence of the SIRAL instrument behaviour on its thermal status has also been verified in 858	

order to better understand the relationship between the Calibration 1 corrections and solar 859	

illumination, and to optimise the calibration plan in future by better considering the thermal 860	
effects on SIRAL. Dedicated calibration campaigns have been planned for full orbits and the 861	

corresponding calibration corrections will be analysed. 862	

Regular analyses at the Svalbard transponder show that the different biases from the previous 863	

Ice Baseline-A and Baseline-B have been corrected. Regarding the long-term drift, the 864	

external calibration results confirm that the performance of the CryoSat altimeter is very 865	

stable, as demonstrated by internal calibration analysis and quality assessment activities over 866	

the ocean (Bouffard et al. 2017, this issue). Although the main purpose of the external 867	
calibration is to determine the long-term deviation of the external paths, this activity has been 868	

essential to resolve anomalies in the different processing Baselines. Currently, the Crete 869	

transponder (Mertikas et al., 2016) is being used for that purpose. Further analysis will be 870	

performed with CryoSat data and it will be used to validate the Sentinel 3A and 3B studies 871	

over the same targets. 872	

Quality analysis of the CryoSat ice products also confirms performance over the sea ice and 873	

land ice domains, consistent with the initial mission requirements despite some limitations 874	
and known issues, which will be fixed in the next processing baseline. These future 875	

processing algorithm and format upgrades will aim to maximise the uptake and use of 876	

CryoSat data by scientific users by facilitating the on-going measurement of regional and 877	

basin-scale changes in the thickness of sea ice and the elevation of ice sheets and mountain 878	

glaciers. 879	

  880	
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