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Global mean sea level (GMSL) has been rising at a faster rate
during thesatellitealtimetryperiod (1993–2014) thanprevious
decades, and is expected to accelerate further over the coming
century1.However, theaccelerationsobservedovercenturyand
longerperiods2 havenot been clearly detected in altimeter data
spanning the past two decades3–5. Here we show that the rise,
from the sum of all observed contributions to GMSL, increases
from 2.2 ± 0.3mmyr−1 in 1993 to 3.3 ± 0.3mmyr−1 in 2014.
This is in approximate agreement with observed increase in
GMSL rise, 2.4 ± 0.2mmyr−1 (1993) to 2.9 ± 0.3mmyr−1

(2014), from satellite observations that have been adjusted for
small systematic drift, particularly a�ecting the first decade
of satellite observations6. The mass contributions to GMSL
increase from about 50% in 1993 to 70% in 2014 with the
largest, and statistically significant, increase coming from the
contribution from the Greenland ice sheet, which is less than
5% of the GMSL rate during 1993 but more than 25% during
2014. The suggested acceleration and improved closure of
the sea-level budget highlights the importance and urgency
of mitigating climate change and formulating coastal adaption
plans to mitigate the impacts of ongoing sea-level rise.

Projections of future sea levels must be based on a sound under-
standing of historical changes inGMSL and its underlying processes,
as well as recent changes in the rate of rise1. In a previous study,
the apparent decrease in the rate of GMSL rise from 3.2mmyr−1

in the first decade of satellite altimetry to 2.8mmyr−1 in the second
was suggested to be primarily a result of natural interannual vari-
ability, related to water exchange between ocean and land during
El Niño/Southern Oscillation (ENSO) cycles3. After removing this
variability, the underlying rate of GMSL rise was 3.3 ± 0.4mmyr−1

for both decades, with neither deceleration nor acceleration of
GMSL inferred over 1993 to 2014. This lack of observed acceleration
of GMSL contrasts with a simultaneously increased contribution
from the Greenland ice sheet (GIS) and a less certain increase from
the Antarctica ice sheet (AIS) overall7, and is inconsistent with the
positive acceleration presented in century-long tide gauge data8 and
global mean sea-level reconstructions2.

By comparing tide gauge and satellite altimeter sea-level
observations, a recent study6 identified a possible systematic
drift within the altimeter record, particularly affecting the first
six years (1993–1999). This systematic error erroneously ele-
vates the GMSL trend during 1993–1998 by between 0.9 ± 0.5
and 1.5 ± 0.5mmyr−1, depending on whether a glacial isostatic

adjustment (GIA) or Global Positioning System (GPS) data set was
used to correct for the effects of land motion at tide gauges used
in the bias estimation process. After removing these biases, the
estimated rate of GMSL rise from 1993 to mid-2014 was between
2.6 ± 0.4 and 2.9 ± 0.4mmyr−1, with a positive but not statistically
significant acceleration of 0.041 ± 0.058mmyr−2, compared with a
not statistically significant deceleration of −0.057 ± 0.058mmyr−2

for unadjusted data.
GMSL rise results from the ocean thermal expansion, loss of

mass from glaciers9, the GIS and the AIS7, and changes in land
water storage from climate variability and anthropogenic effects10,11.
To study how the rate of the GMSL rise varies during the satellite
period, we investigate the time-varying intrinsic trend in GMSL
and these contributing components by separating them from their
interannual variability using an adaptive data analysis approach.

An intrinsic trend is defined as ‘an intrinsically fitted monotonic
function or a function in which there can be at most one extremum
within a given data span’12. Unlike the commonly used linear
polynomial trend that requires a priori assumptions regarding
stationarity and linearity of time series, the intrinsic trend is not
defined by a predetermined functional form of the trend and,
hence, is more adaptive to the underlying physical properties
of observations. The method we apply to derive the intrinsic
trend in GMSL and its components is ensemble empirical mode
decomposition (EEMD)13, which is based on the empirical mode
decomposition (EMD) method designed for adaptive analysis of
nonlinear and non-stationary time series14 (see Methods and
Supplementary Information) and has only recently been applied to
sea-level trend estimation8. Themain benefit of using EMD is that it
can separate non-stationary oscillations (such as natural variations
on different timescales) from the long-term trend, and the trend is
found empirically without any assumptions about its shape.

Figure 1a presents the unadjusted GMSL from four different
processing groups, and the adjusted CSIRO GMSL derived using
vertical land motion (VLM) estimates at tide gauges based on GIA
and GPS6. We note there is not yet a homogeneously reprocessed
altimeter data set that addresses the likely systematic bias estimated
by ref. 6. In the absence of such a data set, an assessment of all avail-
able records (including the adjusted record from ref. 6) is entirely
appropriate. The intrinsic trend and interannual variability of each
time series are shown in Fig. 1a,b, respectively. The significance of
the intrinsic trend is tested against a null hypothesis of red back-
ground noise with the same lag-1 autocorrelation as the raw time
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Table S1. Global monthly steric sea level datasets 
 

 Dataset Time range Maximal Depth 

Optimal Interpolation 
EN41 1993-2014* 5350 m 

IK92 1993-2012* 1500 m 

Model-based Reanalysis 

C-GLORS3 1993-2013* 5728 m 

ECCOv44 1993-2011* 5906 m 

K75 1993-2011* 5525 m 

ORAS46 1993-2014* 5350 m 

SODA7 1993-2010* 5375 m 

ARGO-based 

CSIRO 2005-present 2000 m 

IPRC 2005-present 2000 m 

SCRIPPS8 2005-present 2000 m 
* The dataset starts earlier than 1993. Here we only use data starting from 1993. 
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Figure S1 | Auto-correlation of the GMSL records shown in Figure 1. 
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Figure S2 | Statistical significance of GPS-based adjusted GMSL. (a) The intrinsic 

secular trend of 5000 AR(1) time series with lag-1 auto-correlation coefficient 𝛼𝛼 = 

0.84, same as that of GPS-based adjusted GMSL. Two thick black lines are two-

standard-deviation spread lines. Red line denotes the normalized intrinsic secular trend 

of GPS-based adjusted GMSL. (b, c) The empirical probability density function (PDF) 

of the intrinsic secular trends at the year 1999 and 2005, respectively. 
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Figure S3 | The two-standard-deviation lines of the intrinsic secular trend of AR(1) 

processes with the lag-1 auto-correlation ranging from 0 to 0.99. 

  

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

NATURE CLIMATE CHANGE | www.nature.com/natureclimatechange 5

SUPPLEMENTARY INFORMATIONDOI: 10.1038/NCLIMATE3325

http://dx.doi.org/10.1038/nclimate3325


6 
 

 

Figure S4 | Statistical significance test of the intrinsic secular trends of (a) the 

GMSL time series, (b) the GMSSL time series, and (c) the global ocean mass change 

time series. The gray lines in each panel show the secular trend derived from 

randomly generated AR(1) red noise with the lag-1 auto-correlation ranging from 0 to 

0.99 (in order from light gray to dark gray). The coloured lines show the secular trend 

of each sea level time series, which is normalized by the standard deviation of the 

linear detrended time series. The dashed lines show the two-standard-deviation of the 

secular trend derived from randomly generated AR(1) red noise with the 

corresponding lag-1 auto-correlation coefficient, as indicated in the legend.  
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Figure S5 | Monthly mean time series of Greenland and Antarctic ice sheet mass 

losses. Blue line is the data available at http://imbie.org/data-downloads9 from the and 

red line is the data from GRACE record10. Black dots denote the joint time series in 

2003.  
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