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1. [bookmark: _Toc319329841]Introduction
The main objective of this document is to provide the analysis of the RRDP reports dedicated to the ionosphere correction (WP2400) in order to estimate the best solutions to improve the sea-level calculation for climate applications. 
This study has been performed using ERS-1, ERS-2 and Envisat. For those missions, the reference corrections are:
· ERS-1: Bent model from October 1992 (cycle 15) to June 1996 (Cycle 53). Bent model is described in Llewellyn, S.K. and R.B. Bent, 1973: ”Documentation and Description of the Bent ionospheric model”, AFCRL-TR-73-0657
· ERS-2: 
· Bent model from from May 1995 (cycle 1) to October 1998 (cycle 36) 
· GIM model from October 1998 (cycles 37) to June 2003 (Cycle 85). GIM correction is the one described in http://iono.jpl.nasa.gov/gim.html)
· Envisat: 
· Dual frequency for cycles 10-64 
· GIM model from cycles 65 to 85

The algorithms tested are:
· The correction derived from NIC09 model is described in Scharroo R.,W. H. F. Smith, 2010, ”A GPS-based climatology for the total electron content in the ionosphere”, Journal of Geophysical Reasearch, VOL 115, doi:10.1029/2009JA0014719. The code has been download at ftp://ibis.grdl.noaa.gov/pub/remko/nic09 
· The GIM reprocessed correction. In 2010, as part as the RA-2 Envisat reprocessing activities the GIM Ionosphere correction has been reprocessed using up to date solar activity coefficients.
· A correction GIM adjusted on Jason-1: The correction consists in removing the low frequency component from the Envisat ionosphere GIM model to be replaced by the low frequency component of Jason-1 bi-frequency ionosphere correction. The reference document is “ Further investigations on the Ra2 MSL time series”, 2010, Technical Note CLS-DOS-NT-20-241

The following RRDP have been performed:
	ERS-1: Comparison of NIC09 with Bent ionosphere correction
	RRDP_WP2400_Iono_NIC09_GIM_vs_BENT_GIM_11-08-24

	ERS-2 :Comparison of NIC09/GIM with Bent/GIM ionosphere correction
	

	ERS-2: Comparison of NIC09 with Bent/GIM ionosphere correction
	RRDP_WP2400_Iono_NIC09_vs_BENT_GIM_11-08-24

	Envisat: Comparison of Dual Frequency/GIM to Dual Frequency / GIM reprocessed correction
	RRDP_WP2400_Iono_GIM_REPROCESSED_vs_GIM_11-08-24

	Envisat: Comparison of Dual Frequency/GIM to GIM adjusted to Jason-1
	RRDP_WP2400_Iono_GIM_J1AJUST_vs_GIM_11-09-06




[bookmark: _Toc319329842]Global Mean Sea Level
[bookmark: _Toc319329843]Long-term evolution
[bookmark: _Toc319329844]Validation diagnoses used 
The validation diagnosis of the long-term sea-level evolution (A201-a) allows us to evaluate the impact on the global MSL trend using successively the different corrections. Their impact is also analyzed separating descending and ascending passes (A201-b): the reduction of the MSL trend differences is a good quality criterion to determine which correction is the best. Cross-comparison of MSL trends between altimetric missions collocated on the same period (B001) and the comparison with in-situ measurements (tide gauge C001) also give a relevant indication to know whether the potential drift of altimeter MSL is reduced or not with new correction (C001). 
[bookmark: _Toc319329845]Ionosphere corrections for ERS-1, ERS-2 and Envisat
The impact of the NIC09 algorithm on the global MSL trend is significant for ERS-1, but has a lower impact on ERS-2. For ERS-1, relatively large mean differences are observed between the NIC09 and Bent correction during the first year. This difference, associated to the fact that the ERS-1 time series is rather short (4 years) explains this strong impact (-2.7mm/year) on the MSL. Concerning ERS-2, using the NIC09 instead of Bent/GIM make the rate slightly rising by +0.2mm/yr. However associating NIC09 to the GIM correction has a -0.6mm/yr impact. The behavior of the MSLs at the NIC09/GIM transition makes us think that this impact might be due to a bias inconsistency between the NIC09 and the GIM correction used in the SLCCI database. On Envisat, the tested algorithms have a very slight impact, which can be explained by the fact that among the 8 years of the Envisat series the algorithm are only applied to the 2 last years, when no S band data are available to compute the dual frequency correction. Notably, over the whole Envisat period, the trend difference of the GIM corrections and the GIM adjusted on Jason-1 correction is 0.5mm/year. This algorithm should then be considered as possibly efficient to correct a drift of the GIM model in the future years.

	Altimetry missions
	Reference
	NIC09
	NIC09/GIM
	GIM reprocessed
	GIM adjusted

	ERS-1
	Bent
6.2 mm/yr
	3.5 mm/yr
	-
	
	

	ERS-2
	Bent/GIM
2.6 mm/yr
	2.8 mm/yr
	2.2 mm/yr
	
	

	Envisat
	Dual/GIM
0.7 mm/yr
	-
	-
	0.4 mm/yr
	0.7 mm/yr


Tableau 1: [Diagnosis A201-a] Impact of the ionosphere correction on global MSL trends for ERS-1, ERS-2, and Envisat

ERS1/2 and Envisat are sun-synchronous satellites and they cross the equator at 10am/10pm local time. The ionosphere signal has more energy on even passes so the ascending/descending consistency is likely to be sensitive to the ionosphere correction used.
We observed that the ascending/descending trend consistency is strongly improved for ERS-1 with NIC09: the trend difference is lowered by 1.5mm/yr. However, for ERS-2 a degradation is observed: the trend difference increases by 0.9 mm/year with NIC09. Using NIC09/GIM ionosphere correction rather than NIC09 only increases slightly the inconsistency. On Envisat, the tested algorithms have no impact on the ascending /descending consistency.

	Altimetry missions
	Reference
	NIC09
	NIC09/GIM
	GIM reprocessed
	GIM adjusted

	ERS-1
	= 2.5 mm/yr
	1 mm/yr
	-
	
	

	ERS-2
	=1.6 mm/yr
	2.5 mm/yr
	2.8 mm/yr
	
	

	Envisat
	=-0.8 mm/yr
	-
	-
	-0.9 mm/yr
	-0.8 mm/yr


Tableau 2: [Diagnosis A201-b] Global MSL trend differences between ascending and descending passes for ERS-1 and ERS-2 and Envisat


[bookmark: _Toc319329846]Inter-Annual signals
[bookmark: _Toc319329847]Validation diagnoses used 
The monitoring of the differences between both corrections (A001) but also of the variance differences of SLA (A202) may provide information concerning the impact of the studied correction on the global MSL at inter-annual time scales. 
[bookmark: _Toc319329848]Ionosphere corrections for ERS-1, ERS-2 and Envisat
Diagnostic to be run.
[bookmark: _Toc319329849]Annual and semi-annuals signals
[bookmark: _Toc319329850]Validation diagnoses used 
The periodograms of differences between the corrections allow us to determine the impact of the studied correction at annual and semi-annual scales (A003). Analyzing the sea-level periodograms (A206), we can describe the impact on the MSL calculation. The comparison with in-situ measurements (tide gauge) also gives a relevant indication of whether the periodic signals are reduced or not with the new correction (C003): a reduced annual or semi-annual signal is a good indication of a better correction.  
[bookmark: _Toc319329851]Ionosphere corrections for ERS-1, ERS-2 and Envisat
Diagnostic to be run.


[bookmark: _Toc319329852]Regional Mean Sea Level
[bookmark: _Toc319329853]Long-term evolution
[bookmark: _Toc319329854]Validation diagnoses used 
The validation diagnosis of the regional trend of sea-level differences using successively two corrections (A204-a) allows us to evaluate the impact of the different corrections on the local MSL trends. Their impact is also analyzed separating descending and ascending passes (A204-b): the reduction of the MSL trend differences is a good quality criterion to determine the best correction. Cross-comparison of MSL trends evolution between altimetry missions collocated on the same period (B202) also gives a relevant indication of whether the potential MSL drift is reduced or not with the studied correction (C001). 
[bookmark: _Toc319329855]Ionosphere corrections for ERS-1, ERS-2 and Envisat
The MSL trend differences using NIC09 on ERS-1 and ERS-2 are significantly impacted at regional scales (A204): 6 to 0 mm/yr for ERS-1and -1 to 3 mm/yr for ERS-2. For ERS-1, the impact is stronger at low and mid latitude (along the geomagnetic equator) but, on ERS-2, some impacts are also noticed at high latitudes.
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[bookmark: _Toc303596047]Figure 1: [Diagnosis A204-a] Maps of MSL trend differences using successively NIC09 and BENT/GIM (reference) ionosphere correction in the MSL calculation for ERS-1 (on left) and ERS-2 (on right).

On ERS-2, using NIC09/GIM ionosphere correction, rather than NIC09 only, changes the regional distribution of the regional MSL trend differences and slightly reduces the regional trend differences.
	
	


[image: ]
[bookmark: _Toc303596048]Figure 2: [Diagnosis A204-a] Map of MSL trend differences using successively NIC09/GIM and BENT/GIM (reference) ionosphere correction in the MSL calculation for ERS-2

On Envisat, the tested algorithms have very low impact on regional MSL trend differences.


Over a period long enough, the North and South global MSL trends have to converge and finally to be very close. Therefore, the analysis of the consistency of the MSL evolution between these both hemispheres is a good quality criterion to determine which correction is the best. 
The MSL trend differences between South and North hemispheres have been calculated and displayed in the following table (thanks to validation diagnoses A201-c). We observe a better consistency of MSL trend differences for ERS-1 with NIC09. However the ERS-1 period is perhaps too short to conclude on a positive impact. Concerning ERS-2, using this correction only, the difference slightly increases whereas it decreases to reach 2.7mm/year when using a NIC09/GIM correction

	Altimetry missions
	Reference
	NIC09
	NIC09/GIM
	GIM reprocessed
	GIM adjusted

	ERS-1
	= 2.7 mm/yr
	2 mm/yr
	-
	
	

	ERS-2
	=3.9 mm/yr
	4.2 mm/yr
	2.7 mm/yr
	
	

	Envisat
	=-1.1 mm/yr
	-
	-
	-1.1 mm/yr
	-1.1 mm/yr


Tableau 3 [Diagnosis A201-c]: Global MSL trend differences between North and South hemispheres for ERS-1, ERS-2, and Envisat



[bookmark: _Toc319329856]Annual and semi-annuals signals
[bookmark: _Toc319329857]Validation diagnoses used 
The analyses of periodic signals of regional mean sea level are performed thanks to diagnosis A205 where the difference of amplitudes and phases between SLA using successively 2 corrections are mapped for annual and semi-annual signals. These diagnoses allow us to characterize the local or regional impact of new corrections.
The comparison with in-situ measurements (temperature and salinity profiles for instance) could also give a relevant indication of whether the periodic signals are better estimated or not with the studied correction (at the moment this diagnosis has not been yet processed).
[bookmark: _Toc319329858]Ionosphere corrections for ERS-1, ERS-2 and Envisat
Diagnostic to be run.


[bookmark: _Toc319329859]Coastal areas
Diagnostic to be run.
[bookmark: _Toc319329860]High latitudes
There is no specific impact of ionosphere correction change in high latitudes.

[bookmark: _Toc319329861]Mesoscale
[bookmark: _Toc319329862]Validation diagnoses used 
Sea-level analyses at crossover points and with along-track data allow us to detect improvements at short temporal scales (< 2months) for mesoscale application. The most relevant diagnoses performed in RRDP are the monitoring and the map of the variance SSH differences using successively 2 different corrections in the sea-level calculation. 
Diagnoses A102, A103 and A104 display the map and the long-term monitoring of SSH differences at crossover points (mean and variance): the reduction of variance and the reduction of geographical biases indicate a better internal consistency of sea-level between ascending and descending passes within a 10-day window.
Diagnoses A203 and A209 (A209 not yet processed) display the map and the long-term monitoring of SSH variance differences relative to a mean sea surface (MSS): the reduction of variance indicates a better consistency with the MSS. Most of the time, it demonstrates an improvement of sea-level computation. But in some few cases, the variance increase can also indicate a systematic error in the MSS due to geographical bias for instance not taken into account. 
[bookmark: _Toc319329863]Ionosphere corrections for ERS-1, ERS-2 and Envisat
For ERS-1 there is a slight improvement of sea-level estimation for short temporal signal (< 20 days) using NIC09 instead of Bent correction (less than 1cm2 globally). On crossover diagnoses, the improvement is localized around South America and at low latitude in the Pacific Ocean. Moreover an annual signal is visible on the temporal evolution of the global variance difference: there is alternatively an improvement and degradation using the new correction. On the SLA variance difference, we observe as well an annual signal. Diagnostic (A202b) indicates that the gain is more significant on odd passes rather than even passes 
On ERS-2, the variance at crossovers is higher with NIC09 than with Bent/GIM, which can be explained by the fact that GIM performances are better. However the gain during the first period (when no GIM correction is available) is less obvious than for ERS-1. As for ERS-1, a similar annual signal is observed. 
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[bookmark: _Toc303596049]Figure 3: [Diagnosis A104 and A102] Maps and temporal evolution of SSH variance differences using successively NIC09 and Bent ionosphere correction in the SSH calculation for ERS-1
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[bookmark: _Toc303596050]Figure 4: [Diagnosis A104 and A102] Maps and temporal evolution of SSH variance differences using successively NIC09 and Bent/GIM ionosphere correction in the SSH calculation for ERS-2




When combining NIC09 and GIM the global performances are improved, at the same level than Bent /GIM. The variance is however larger by up to 2cm2 (tropical Atlantic) with this correction, which is not satisfactory. Again, the NIC09/GIM transition might not be perfect: additionally to the jump in the time series previously noticed at global scales, there might also be some regional effects. 
[image: ][image: ]
[bookmark: _Toc303596051]Figure 5: [Diagnosis A104 and A102] Maps and temporal evolution of SSH variance differences using successively NIC09/GIM and Bent/GIM ionosphere correction in the SSH calculation for ERS-2
[bookmark: _Toc319329864]Coastal areas
Diagnostic to be run.
[bookmark: _Toc319329865]High latitudes
There is no specific impact of ionosphere correction change in high latitudes.
[bookmark: _Toc319329866]Conclusions and recommendations
For ERS-1: the NIC09 correction improves the Sea Level for all scales. It has a big impact on the Global and regional Mean Sea Level, particularly for the year 1993, and a slight gain concerning mesoscale.
· Therefore we recommend to use the NIC09 for all applications

For ERS-2: the NIC09 or NIC09/GIM degrades the ascending/descending consistency for the global Mean Sea Level compared to the Bent/GIM correction, as well as the SLA variance. 
· Therefore we recommend to keep the reference correction Bent/GIM

For Envisat: the tested algorithms have a very slight impact, which can be explained by the fact that among the 8 year of the Envisat series the algorithm are only applied to the 2 last years. However, the reprocessed correction use up to date solar activity coefficient and is expected to be of better quality. But we know that the GIM correction has not the stability required for Climate application: the difference of the GIM correction and the GIM adjusted on Jason-1 correction is 0.5mm/year over the whole Envisat period. This algorithm should then be considered as possibly efficient to correct a drift of the GIM model in the future years. However, since this algorithm is not available until the end of the studied period, it cannot be used here.

· Therefore we recommend to use the correction Dual frequency/GIM reprocessed (with updated solar activity coefficients)
[bookmark: _Toc319329867]Synthesis
This section synthesizes the impact of all the new algorithms dedicated to the ionosphere correction for each altimetric mission and separating the different climate applications defined in the sea level CCI URD (User Requirement Document). The impact is also estimated for several temporal scales impacting climate studies for each application.

In order to have a clear view of these potential impacts, the information is summarized in tables (1 table per altimetry missions). An impact indicator clearly and easily comprehensible has been defined with 3 levels: significant impact, low impact, no impact detected. Each level is represented by a different color box.

The choice of a value indicator (significant, low or null) is quite subjective. As it depends on the application (Global MSL, regional MSL, mesoscale…), the rule to classify this impact has been defined in annex of this document (see appendix).




[bookmark: _Toc319329868]ERS-1
	ERS-1 and ERS-2

	Climate
Applications
	Temporal Scales
	Round Robin Data Package (RRDP)

	
	
	NIC09 versus Bent for ERS-1
	NIC09 versus Bent/GIM for ERS-2
	NIC09 versus Bent/GIM for ERS-2

	Global Mean Sea Level
	Long-term evolution (trend)
	+
	-
	-

	
	Inter annual signals (> 1 year)
	
	
	

	
	Annual and semi-annual Signals 
	
	
	

	Regional Mean Sea Level
	Long-term evolution (trend)
	+
	-
	-

	
	Annual and semi-annual Signals 
	
	
	

	Mesoscale
	Signals < 2 months
	+
	-
	

	Specific regional areas of main interest for climate studies:

	Coastal areas
	Long-term evolution (trend)
	Not tested

	
	Signals < 2 months
	

	High latitudes
	Long-term evolution (trend)
	
	
	

	
	Signals < 2 months
	
	
	

	
	
	
	
	
	

	
	Legend :
	Significant impact
	Low impact
	No impact detected
	Not yet evaluated

	
	
	+
	: Positive impact (low)

	
	
	-
	: Negative impact (significant)

	
	
	
	
	
	

	
	
	
	
	
	




[bookmark: _Toc319329869]Envisat

	Envisat [October 2002- December 2010]

	Climate
Applications
	Temporal Scales
	Round Robin Data Package (RRDP)

	
	
	Reprocessed GIM versus GIM
	ajusted GIM on Jason-1 versus GIM

	Global Mean Sea Level
	Long-term evolution (trend)
	
	

	
	Inter annual signals (> 1 year)
	
	

	
	Annual and semi-annual Signals 
	
	

	Regional Mean Sea Level
	Long-term evolution (trend)
	
	

	
	Annual and semi-annual Signals 
	
	

	Mesoscale
	Signals < 2 months
	
	

	Specific regional areas of main interest for climate studies:

	Coastal areas
	Long-term evolution (trend)
	
	

	
	Signals < 2 months
	
	

	High latitudes
	Long-term evolution (trend)
	
	

	
	Signals < 2 months
	
	

	

	
	Significant impact
	Low impact
	No impact detected
	Not yet evaluated

	
	+
	Positive impact (low)

	
	-
	Negative impact (significant)





	Envisat [October 2002- December 2010]

	Climate
Applications
	Temporal Scales
	Round Robin Data Package (RRDP)




[bookmark: _Toc319329870]List of acronyms

	TBC
	To be confirmed

	TBD
	To be defined

	AD
	Applicable Document

	RD
	Reference Document
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