
Global and Regional Mean Sea Level Estimates Referenced to ITRF2014
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ITRF2008 minus CSR-95 based orbits                           ITRF2014 minus ITRF2008 based orbits
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Accurate me asures of GMS L derived from mu lti-m ission al tim etry requires
accurat e e stimates of global int er-mission biases. As seen in the Jason-3 Jason-
2 SSH residuals during the J ason-3 verifica tion phase , the revi sed GSFC orbits
based on ITRF2014 further reduce geographically correla ted errors, when
compared to the CNES GDR ITRF2008-based orbits.
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Jason 2/3 Intermission Bias via Verification Phase SSH Differences

CNES/GDR  ITRF2008   Orbits GSFC/ITRF2014   Orbits

Global mean s ea level varia tions from 1993 to early
2017 are estima ted from NASA ME aSUREs v4.0
alt ime try based on ITRF2014 using SLR & DORIS-
based orbits. The red line is the l inear fi t to the SSH
variat ions aft er remova l of annual and sem i-annua l
signal and appli cat ion of GIA. Note, the TOPEX c al-
1 mode range correction is not applied. The inse t
image shows the r egional sea l evel trends over the
same per iod. The image below shows a compari son of
alt ime ter SSH varia tions compared to a 64-site t ide
gauge network.
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Jason-3Global Mean Sea Level Variations
1993.0 - 2017.58 linear rate  = 3.19 +/- 0.4 mm/yr

Glacial Isostatic Adjustment applied
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Standard deviation       =   4.4  mm
Altimetry - Gauge rate =  0.07 mm/yr +/- 0.4 mm/yr
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Abstract: The ter restr ial refe renc e fra me is the foundation for analysis and inte rpretation of Earth s ci ence observations, espe cial ly for data from oc ean radar altim eter satel lites . The accuracy of the coordinates as we ll as the cons istency of the
technique solut ions within an ITRF affect the accuracy with which orb its are computed, and map into the accuracy of the estimates for global mean sea level (GMS L). Th e re cent launch of Jason-3 offers the possibility of continuing GMSL
monitoring w ell into the next d ecade . In an effort to p rovide a cons istent TOP EX/Jason altimete r sea surface he ight (SSH) t ime s eri es and s eamless transition to Jason-3, we have gene rated orb its for the enti re time span based on the revis ed
ITRF2014 terrestr ial r efer ence frame . We r eport the efficacy of the revis ed te rrestr ial refe renc e fram e towards improving pre cis e orb it dete rm inations lead ing to the deve lopment of the NASA MEaSURE’s (Making Earth System Data Records for
Use in Re search Environments) V4.0 r evised sea surface he ight Cl imate Data Record . We provid e an assess ment of re cent imp rovements to the accura cy of the 25-year SSH tim e ser ies , d escr ibe continu ing ca libration/val idation activit ies, and
evaluate the subsequent impact on current globaland regional mean sea level estimates.
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The images above show the impac tof outdated and/or inconsis tent terrestr ial refer ence frames on regional se a leve l
estimates. The left im age (update of Be ckl ey et al. , 2007 ) shows zonal se a l evel trend differenc es exceeding 1.5 m m/y
when T/P orbits based on CSR95 referenc e fram e are employed as compared to orbits based on IT RF2008. The righ t
image (note± 0.3 m m/y color sc ale) shows expec ted reg ional s ea l evel trend differenc es over the 1993-2016 period
when orbits ar e bas ed on IT RF2014 versus ITRF2008. A s tandard devia tion of 0.1 mm /y provides a s tabi li ty m etri c
for the most recent ITRF (Zelensky et al., 2017 ).

Improved Orbit Determinations based on ITRF2014 for TOPEX/Poseidon, Jason-1, 2, & 3  Altimetry

A prec ise geodetic ref eren ce frame and pre cis e
orbit deter mination (POD) are a fundamenta l
scien ce r equir em ent for monitoring s ea leve l
change from satellite altimetry.

Revised GSFC repla cemen torbits (std1504_dpod2014) have been genera ted for the ent ire TOPEX/Ja son al tim etri c tim e s eries based on a
new rele ase of the Internat ional T errestri al R eference Frame IT RF2014. Improvements over the prior IT RF2008 is re ali zed by the
“extended observation history of the four space geodeti c t echniques (very long baseline interferome try (VLBI), sa tel li te las er ranging
(SLR), G lobal Naviga tion Sa te ll it e Syst ems (GNSS), and Doppler orbitography and radiopositioning integrat ed by s at el li te (DORIS), as
well as an enhanced model ing of nonlinear s tat ion mot ions, including s easonal (annual and s emiannual) s ignals of s tat ion posit ions and
postseismic deformation for sites that were subject to major ear thquakes” (Altamim i et a l., 2016 ). Images above (from Altamimi et al. ,
2016 ) show the tracking stations vertical and horizontal velocities with formal error less than 0.2 mm/y.
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For altim etr ic sa te ll it e POD outside the “s tat ion solution
interval ” (1979 to 2008 for ITRF2008), the tracking sta tion
coordinates must be extrapola ted. It is in this “ extrapola tion
period” that we c an see increas ing degradation in tracking data
fits and the resul tant orbits bas ed on ITRF2008, which can
include potent ial drift error. We have eva luat ed ITRF2014 and
compared its performance to ITRF2008 (Zelensky et al. , 2017 ).
We see an improvement in the Sa te ll ite L aser R anging Data
RMS of fits per 10-day arc of 1-2 mm for ITRF2014 after 2010.

Strong improvement for ITRF2014 
after 2010 (Jason-2 & 3).

Change in SLR RMS of fit per arc (mm) for SLR+DORIS POD
(ITRF2008  – ITRF2014;;  positive  is  improvement)

NASA MEaSUREs v4.0 GMSL (https :/ /cl ima te .nasa.gov)
variat ions are compared to sum total of oce an mas s+ster ic
variat ions in an ac counting towards mass budget closure (top
image). The above image shows the tot al ocean mass
variat ions derived from GRA CE GSF C Mas cons v2.3
(Luthcke et al ., 2015 ) and the steric component derived from
two separate ARGO processing sources.

Ocean Mass Budget Accounting

Altim eter minus tide gauge mean he ight res iduals for the T/P, Jason-
1, and Jason-2 se a-surface he ight tim e s eries (above image) ,
following me thodology of Mitchum (2000). L inear rat es and
standard devia tion of res iduals (in bracke ts) are reported for
TOPEX Side-A (dark blue) and Side-B (l ightblue), and for Jason-1
and -2 combined (purple). (Top): MEaSUREs v3.2, which has
TOPEX c al-mode r ange correc tion (s ee top right image) appli ed to
both TOPEX Sides A and B . (Middle): MEaSU REs v3.2 with
TOPEX Side A and B c al-mode correction unappli ed. (Bo ttom) :
TOPEX heights ba sed on retr acked waveform da ta. Ear ly cyc les
(gray dots) are excluded from all comparison statistics.
GMSL es timates for e ach of the three solut ions are shown in middle
image at right. Black dashed lines are quadratic fit s to the three SSH
curves. Revis ed GMSL es tim ates (B eck le y et al ., 2017 ) agree with
recentworks by Watson e tal . (2015) and Dieng et al. (2017) noting
that current estimates are believed to be closer to 3.0 than 3.5 mm/y.
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Figure 6. (Top) Global mean sea level (black) from TOPEX, Jason-1, and Jason-2 altimetry, for the two

time series with revised TOPEX data, seasonal cycle removed. The two curves are o�set by 15 mm for plot-

ting purposes. Red curves are polynomials fitted to the sea-level curves. Grey vertical bars mark transitions

between altimeters: A-B, B-J1, J1-J2. (Bottom) Derivatives, analytically evaluated, for the fitted polynomials

of top panel. Background shading represents ±1-�. Implied rates of sea-level rise hovered around 3 mm/y for

most of the two-decade time series, but the rates have markedly increased over the past few years.
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Figure 1. Combined (Ku and C-band) range error from the calibration-mode tracking of the TOPEX al-

timeter, as determined by Hayne et al. [1994a] and subsequently updated by them to cover the duration of the

mission. Bottom horizontal axis marks o� the 9.9156-day T/P repeat cycles. Error bars represent the standard

deviation of the internal calibrations taken during each T/P repeat cycle; there were generally 20 in each cycle.

Red lines mark linear fits to selected segments of the data. For the whole Side-A period (1993–1999, cycles

11–235) the fitted trend is +0.8 mm/y.
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(4.6 mm )-0.45 mm/y (4.0 mm ) 0.04 mm/y

 (4.3 mm)1993.0 - 2016.6  Altimetry - Gauge rate = -0.02 mm/y

(4.9 mm ) 0.56 mm/y (4.0 mm) 0.03 mm/y

 (4.4 mm)1993.0 - 2016.6  Altimetry - Gauge rate =  0.24 mm/y

(4.5 mm)-0.32 mm/y (4.0 mm) 0.06 mm/y

 (4.3 mm)1994.5 - 2016.6  Altimetry - Gauge rate =  0.08 mm/y

Revised estimates of GMSL based on reprocessed TOPEX altimetry

Bottom right image : Global m ean se a l evel from TOPEX, J ason-1, and Jason-2 altime try, for the two tim e ser ies wi th revised TOPEX da ta, seasona l cyc le
removed. The two curves are offset by 15 mm for plot ting purposes. The red curves are polynomial s fi tt ed to the sea-l evel curves. The order of the polynomials
is se le cted ac cording to the Aka ike Information Crit erion (AIC) [von Storch and Zwiers , 1999 ]. Grey verti ca lbars mark trans it ions between al tim eters: TOPEX
A-B, TOPEX B-J ason1, Jason1-Jason2. (Bottom panel) Deriva tives , analyt ica lly evalu ated, for the fi tted polynomials of top pane l. B ackground shading
represents 1-σ. Impl ied ra tes of sea- leve l ris e hovered around 3 mm/y for mostof the two-decade tim e s eries , but the ra tes have m arkedly incr eased over the pas t
few years. Re cent work by Nerem e tal . (2017) have a tte mpted to isola te the cl ima te-driven acc eler at ion of GMSL change by accounting for the impac ts of the
Mount Pinatubo volcanic eruption and ENSO events.
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GMSL	
   (no 	
  cal-­‐1 	
  mode) 3.1   ± 0.4 0.097  ± 0.011
GMSL-­‐P inatubo 2.9   ± 0.4 0.117  ± 0.010  
GMSL-­‐P inatubo-­‐ENSO 2.9   ± 0.4 0.084  ± 0.025


