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Abstract. Coastal communities around the world are increasingly exposed to extreme events that have been exacerbated by 

rising sea levels. Sustainable adaptation strategies to cope with the associated threats require comprehensive understanding of 15 

past and possible future changes. Yet, many coastlines lack accurate long-term sea level observations. Here, we introduce a 

novel probabilistic near-global reconstruction of relative sea-level changes and their causes over the period 1900 to 2021. The 

reconstruction is based on tide gauge records and incorporates prior knowledge about physical processes from ancillary 

observations and geophysical model outputs allowing us, for the first time, to resolve individual processes and their 

uncertainties. We demonstrate good agreement between the reconstruction and satellite altimetry and tide gauges (if local 20 

vertical land motion is considered). Validation against steric height estimates based on independent temperature and salinity 

observations over their overlapping periods shows moderate to good agreement in terms of variability, though with larger 

reconstructed trends in three out of six regions. The linear long-term trend of the resulting global mean sea level (GMSL) 

record is 1.5±0.19 mmyr-1 since 1900, a value consistent with central estimates from the 6th Assessment Report of the 

Intergovernmental Panel on Climate Change. Multidecadal trends in GMSL have varied with enhanced rates in the 1930s, 25 

near-zero rates in the 1960s, and a persistent acceleration (0.08±0.04 mmyr-2) thereafter. As a result, most recent rates have 

exceeded 4 mmyr-1 since 2019. Largest regional rates (>10 mmyr-1) over the same period have been detected in coastal areas 

near western boundary currents and the larger tropical Indo-Pacific region. Barystatic mass changes due to ice-melt and 

terrestrial water storage variations have dominated the sea-level acceleration at global scales, but sterodynamic processes are 

the most crucial factor locally, particularly at low latitudes and away from major melt sources. These results demonstrate that 30 

the new reconstruction provides valuable insights into historical sea-level change and its contributing causes complementing 

observational records in areas where they are sparse or absent. 
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1 Introduction 

Sea-level rise is one of the most impactful consequences of a warming climate, threatening hundreds of millions of people in 35 

low-lying coastal areas (Hinkel et al., 2014). Many of the world’s coastal areas are already actively experiencing the impacts 

of rising sea levels. Along the East and Gulf coasts of the United States, rising seas have resulted in an exponential increase of 

chronic flooding (Sweet et al., 2014; Sweet et al., 2022; Li et al., 2023; Sun et al., 2023), affecting people’s daily lives on a 

now regular basis. Larger than global rates of sea-level rise around the low-lying Solomon Islands in the Western Pacific led 

to severe shoreline recession and the submergence of several islands since the 1930s (Albert et al., 2016). For individual 40 

extreme events, such as superstorm Sandy (New York) or Hurricane Katrina (New Orleans), the underlying (anthropogenic) 

sea-level rise since the late 19th century has caused significant excess flooding resulting in more severe impacts than would 

have occurred in an undisturbed climate (Irish et al., 2014; Strauss et al., 2021). In Africa, 20% of heritage sites of ‘Outstanding 

Universal Value’ are currently at risk of a one in a hundred-year coastal extreme event, and the number of sites is projected to 

triple by 2050 under continued sea-level rise (Vousdoukas et al., 2022). These examples underscore that understanding 45 

historical sea-level rise and its individual contributing factors is critically important to better project future climatic changes 

and the resulting impacts along the coast. 

Since 1992, radar altimeters on board of satellites have continuously monitored sea-surface height changes with near-global 

coverage and an accuracy of two to three centimetres locally (Ablain et al., 2015). The resulting record of global mean sea-

level (GMSL) change indicates a significant increase of about 3.4 mmyr-1 since 1993 with an underlying acceleration of about 50 

0.09 mmyr-2 (Nerem et al., 2018). Moreover, the magnitude of the spatial variability in the rates of rise can be significantly 

larger in some regions than the GMSL estimate (Wahl & Dangendorf, 2022), indicating that for local coastal planning and 

adaptation purposes, local sea-level information, as provided by satellites, is of utmost importance. However, the current 

satellite record has three major limitations. First, it is only available for 30 years, a period still too short to unambiguously 

detect the emergence of climatic trends and accelerations at a local level (Haigh et al., 2014). Second, sea-surface 55 

measurements are more accurate in the open ocean than close to the coast (e.g., Cazenave et al., 2020). Third, its measurements 

only provide information about changes within the ocean itself (i.e., the absolute sea level) but not the coastal land. The 

combination of absolute sea level and vertical land motion (VLM) (i.e., the relative sea level), however, is the most relevant 

to decision makers in the coastal zone.  

Measurements of relative sea level over periods longer than the satellite record are provided by tide gauges, including some 60 

locations such as Amsterdam (van Veen, 1945), Stockholm (Ekman, 1988), or Brest that have records spanning several hundred 

years (Woodworth et al., 2010). Tide gauges have been measuring sea level at several thousand locations worldwide, and, the 

exception of a few island locations, these records are limited to the coastal zone of the continents (Church and White, 2011). 

 Scientists have therefore developed mathematical approaches to reconstruct the geometry of sea level from the sparse tide 

gauge records. One approach, which is based on Reduced Spatial Optimal Interpolation (RSOI), determines the spatial patterns 65 

of sea-surface height from satellite altimetry via empirical orthogonal functions and then fits the leading patterns to the sparse 
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tide gauge record, providing a spatiotemporal reconstruction of sea level with the same spatial resolution as satellite altimetry 

and a length similar to tide gauge records (e.g., Church et al., 2004; Church et al., 2006; Church and White, 2011; Ray and 

Douglas, 2011; Meyssignac et al., 2012). The second approach, which uses a Bayesian framework and ensemble Kalman 

smoothing (Hay et al., 2013; Hay et al., 2015; Hay et al., 2017), employs a priori known spatial patterns of individual sea-level 70 

contributors such as ice-melt (the so-called fingerprints of gravitation, rotation, and deformation, GRD), glacial isostatic 

adjustment (GIA), and modelled sterodynamic (i.e., the combination of steric expansion and ocean circulation changes) sea 

level from climate models that are fitted to the tide gauge records. Both approaches provide GMSL estimates that agree well 

with satellite altimetry trends over the overlapping periods since 1993, but their GMSL estimates differ before the 1970s. The 

Kalman Smoother-based technique indicates a lower trend (~1.2±0.2 mmyr-1) than the RSOI-based techniques (1.6-1.9 mmyr-75 
1) before 1990, thus leading to a larger acceleration over the entire 20th century (Hay et al., 2015). Recent assessments based 

on different reconstruction techniques have indicated that the distinct treatment of VLM at tide gauges may be a plausible 

explanation of the inconsistent trends before 1990 (Dangendorf et al., 2017; Frederikse et al., 2020). While VLM unrelated to 

GIA was not accounted for in earlier RSOI reconstructions (Church et al., 2004; Church et al., 2006; Church and White, 2011; 

Ray and Douglas, 2011; Meyssignac et al., 2012), the Kalman Smoother-based approach accommodates possible VLM 80 

unrelated through to GIA as local effects in a residual term that does not affect the final estimation of GMSL (Hay et al., 2017). 

Both approaches are also affected by distinct types of uncertainties related to the representation of regional sea-level variability. 

While the RSOI reconstructions often provide good representation of inter-annual variability (Calafat et al., 2014; Dangendorf 

et al., 2019), they have limitations that are rooted in the assumption that major modes of variability can be robustly determined 

by the short satellite record and that the corresponding spatial patterns remain stationary in time (Christiansen et al., 2010, 85 

Calafat et al., 2014). It is now well established that modes of variability can extend over periods much longer than the satellite 

record (Chambers et al., 2012; Dangendorf et al., 2014a) and that different contributing factors to sea level, such as 

sterodynamic changes or ice-melt, vary in space and time (Marzeion et al., 2012; Frederikse et al., 2020). Consequently, the 

resulting regional trends over their overlapping period from 1960 to 2007 vary widely between available RSOI reconstructions 

(Carson et al., 2017). The Kalman Smoother generally overcomes the non-stationary modes in the RSOI-based technique by 90 

estimating the individual GRD fingerprints directly from the tide gauge record at each time step and by using sterodynamic 

priors from the ocean components of climate models. However, the GRD fingerprints co-vary between different source regions 

such that, especially in the presence of large sterodynamic variability (Dangendorf et al., 2021), their separation becomes a 

low signal-to-noise challenge (Hay et al., 2017). This limitation is further exacerbated by the fact that the sterodynamic priors 

from climate models are not in phase with observations, since climate models all start from their own initial conditions (Fasullo 95 

et al., 2018). Thus, there is limited skill in reducing the noise for the detection of GRD fingerprints at inter-annual to decadal 

scales. While this has been demonstrated to have minor effects on the estimation of GMSL, the inability to separate the various 

GRD fingerprints propagates into the resulting regional fields and hampers a separation into individual sea-level contributors 

(Hay et al., 2017). 
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Here, we introduce a new reconstruction that leverages the strengths of both approaches. Since the original publications of the 100 

Kalman Smoother approach (Hay et al., 2013; Hay et al., 2015), independent estimates of historical GRD fingerprints and 

corresponding uncertainties have become available (Frederikse et al., 2018; Frederikse et al., 2020, and references therein), 

making their estimation from tide gauge records no longer mandatory. Instead, we pre-describe the entire history of 

contemporary barystatic GRD fingerprints (glaciers, ice sheets, and terrestrial sources) and their uncertainties with an ensemble 

based on Frederikse et al. (2020). We also consider inverse barometer effects (IBE) and prescribe the priors of the spatial 105 

pattern of sterodynamic sea-level change by using an ensemble of RSOI reconstructions from tide gauges after the removal of 

GRD, GIA, and IBE estimates. The adjustments have two main advantages: first, the reconstruction of sea level at regional 

and global scales is reduced to the sterodynamic component (and associated residual effects that are not properly captured by 

the other components), effectively avoiding any co-variance and low signal to noise associated with distinguishing the 

individual fingerprints. Second, the approach enables the estimation of the individual contributors andor sea-level change as 110 

constrained by tide gauges. As such we derive a novel global and regional mean sea level (MSL) reconstruction at annual 

resolution covering the period from 1900 to 2021 extending the reconstructions from Hay et al. (2015) and Dangendorf et al. 

(2019) by 11 and 6 more years, respectively. We demonstrate that the new reconstruction accurately reconstructs sea level 

from satellite altimetry and tide gauges and provides a novel estimate of the sterodynamic component that is independent of 

temperature and salinity observations. 115 

2 Methodology and Data 

2.1 Methodology 

Hay et al. (2013, 2015, 2017) developed a Kalman Smoother approach that calculates posterior estimates of GMSL and 

associated regional sea-level fields from sparse tide gauge records. In the following we follow closely the methodological 

description in Hay et al. (2017), which is also summarized in Figure 1. The Kalman Smoother is conditioned on a set of 120 

different prior sea-level fields that represent the individual processes contributing to relative sea-level change (sterodynamic 

sea level, barystatic GRD, and GIA) and can be divided into three analysis steps: a forward filtering pass, the backward 

smoother pass, and the multi-model ensemble component (Hay et al., 2017). The Kalman filter incorporates several equations 

that can be separated into two groups of time and measurement update equations (Kalman, 1960). In the time update equations, 

a prior estimate of sea level at the time step k is estimated based on the state of the system at time k-1. The state vector 𝒙ෝ௞ and 125 

the associated covariance Pk are predicted moving forward in time using the state transition matrix 𝜑 and the control input 

parameters 𝐁𝐮௧: 

𝐱ො௞
ି ൌ φ𝐱ො௞ିଵ ൅ 𝐁𝐮௞           

 (1) 

𝐏௞
ି ൌ φ∅𝐏௞ିଵφ் ൅ 𝐐           (2) 130 

Formatted: Font: Bold



5 
 

Here Q is the process noise covariance and the superscript minus sign indicates that the estimates are based on the prior state 

of the system from the time update. The state vector 𝒙ෝ௞ contains estimated sea level at 516 tide gauge sites (see section 2.2 for 

more details on the selection of input data), 74,742 satellite altimetry locations, and an estimate of globally uniform GMSL 

change. The latter reduction of the vector to only one globally uniform GMSL estimate is the first adjustment modification to 

Hay et al. (2015, 2017), where the vector also contained estimates of 21 melt rates from mountain glaciers and ice sheets. The 135 

second adjustment modification is related to the input control parameters, which comprised modelled estimates of sea-level 

contributions from GIA and ocean dynamics in Hay et al. (2015, 2017). Here, we replace the input control parameters by a 

combination of model estimates of GIA (Caron et al., 2018), total barystatic GRD (Frederikse et al., 2020), IBE, and 

sterodynamic sea-level change. The sterodynamic component is pre-calculated using an ensemble of RSOI reconstructions 

(Calafat et al., 2014) that take the 10 leading modes of variability from empirical orthogonal functions estimated from satellite 140 

altimetry and fit them to a subset of tide gauge records. Both satellite altimetry and tide gauges are corrected for the effects of 

GIA, barystatic GRD, and IBE before performing the RSOI, therefore reducing the RSOI reconstructions solely to the 

sterodynamic component of sea-level change (and possible residual processes that are  not properly captured by the other 

processes). Note that the RSOI is performed without the spatially uniform zero matrix (that was introduced by Church et al. 

(2004) to preserve the long-term trend in GMSL), as we are solely interested in reconstructing regional and global variability. 145 

Low-frequency changes (including the trend) of global mean steric sea-level change are estimated in the Kalman smoothing 

process. The resulting sterodynamic sea-level fields, that we interpret in terms of sterodynamic variability,  are then used as 

input parameters for the Kalman Smoother. The state transition matrix φ describes prior beliefs about how sea level rates vary 

from one time step k to another. It also contains information about the spatial patterns of sea-level change that connect the 

global mean to any given locality. 150 

During the measurement update, prior estimates of  𝒙ෝ௞ and Pk are conditioned upon tide gauge observations stored in zk at time 

step tk to identify a linear combination of the prior estimate 𝐱ො௞
ି and a weighted difference between observations and predictions 

𝐇𝐱෢ ௞
ି, where H is a matrix that maps the state vector and covariance into the observation space: 

𝐱ො௞ ൌ 𝐱ො௞
ି ൅ 𝐊௞ሺ𝐳௞ െ 𝐇𝐱ො௞

ିሻ and          (3) 

and 155 

𝐏௞ ൌ ሺ𝐈 െ 𝐊௞𝐇ሻ𝐏௞
ି.           (4) 

I is the identity matrix, and Kk is the Kalman gain matrix defined as follows: 

𝐊௞ ൌ 𝐏௞
ି𝐇்ሺ𝐇𝐏௞

ି𝐇் ൅ 𝐑ሻିଵ,          (5) 

where R is the observation noise covariance matrix (Kalman, 1960). The observation noise covariance matrix R is calculated 

using an expectation-maximization approach, which identifies the covariance for all 516 tide gauge records in the presence of 160 

data gaps using an iterative maximum likelihood estimate (Schneider, 2007). To avoid large biases due to data gaps the 

algorithm is only applied to data after 1955, after which data gaps significantly decrease. Further details on the calculation of 

R can be found in the supplementary information of Hay et al. (2013). 
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After the forward pass, the filter is run backwards in time and a linear combination of the forward and backwards passes is 

calculated to ensure that the posterior estimates of the state vector and its covariance over the entire time window (here 1880 165 

to 2021, although we only present results since 1900 to avoid drifts following Hay et al. (2015)) are conditioned upon all 

observations (Gelb et al., 1974). 

The last step comprises the ensemble multi-model component, in which the forward and backwards passes are calculated for 

all possible prior combinations. Here, we consider 40 different GIA models, 100 GRD realizations, and one IBE product 

resulting in a total of 4,000 different combinations (i.e., also 4,000 different RSOI realizations) considered in the multi-model 170 

component. The likelihood of each combination of models is calculated based on available observations (see Hay et al. (2013) 

for details), and a weighted sum of results is obtained. It is this weighted sum that represents the final ensemble multi-model 

Kalman Smoother GMSL estimate and the associated regional field. As outlined in Hay et al. (2013, 2017), a residual term in 

the Kalman Smoother allows for modelling local effects at individual tide gauge sites (e.g., vertical land motionVLM unrelated 

to GIA or possible datum shifts), but this term is not included into the computation of GMSL and the associated regional field.   175 

The Kalman Smoother provides a rigorous probabilistic framework for the propagation of observational and model errors. In 

this current version, uncertainties 𝜎 are determined by Pk for each individual tide gauge and the resulting GMSL estimates. 

The uncertainty at each of the 74,742 grid points of the regional sea-level fields is determined by the underlying ensembles of 

the 4,0000 different sea-level contributor fields considering their probability weights plus the spatially uniform uncertainty 

from the GMSL estimation. Further details on the Kalman Smoother technique can be found in Hay et al. (2013, 2015, 2017). 180 

Readers who are interested in further details of the RSOI technique are referred to Calafat et al. (2014).   
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Figure 1: Schematic representation of the Kalman Smoother and the respective inputs used for the reconstruction of sea level and 
its causes. Both photographs were taken from creativecommons.org and are in the public domain. The altimetry photo (provided by 
NASA JPL) can be found under https://flic.kr/p/CbBqMG. The tide gauge photo (taken by Monique Lafrance Bartley, URI-GSO) 185 
can be found under https://flic.kr/p/yqS6fK. 

2.2 Data 

We use 516 globally distributed annual tide gauge records from the online portal of the Permanent Service for Mean Sea Level 

(PSMSL) in Liverpool (Holgate et al., 2013) that provide at least 20 years of data and are located south of 67° north (thus 

ignoring the uncertain records in the Russian Arctic; Hamlington and Thompson, 2015). We also performed an additional 190 

visual screening of the records that fulfillfulfil the former criteria. Sites that are obviously affected by strong nonlinear VLM 

due to either earthquakes (e.g., many sites around Japan, or Ko Lak in Thailand after the 2004 Tsunami) or fluid withdrawals 

(e.g., in Louisiana and Texas) are either entirely discarded, or only portions of the record have been considered (e.g., Manila 

before the 1960s). All tide gauges with their geographical location and their temporal availability are shown in Figure 21. 

For GIA, we consider 40 models taken from the ensemble published by Caron et al. (2018), who calculated GIA uncertainties 195 

using Bayesian techniques for an ensemble of 128,000 forward models based on varying 1-dimensional Earth structures and 

ice histories. Thirty of the GIA models were selected based on similar statistics of the large ensemble, that is: they were selected 

such that their median and standard deviation matches that of the large ensemble (Lambert Caron, pers. comm.). We also added 

the 10 best performing models based on their likelihood inferred from the comparison to Global Navigation Satellite System 

(GNSS) and relative sea level records in Caron et al. (2018). We consider relative sea level (for tide gauge records) and sea-200 

surface height outputs (for satellite altimetry) from the models. 

Instead of calculating melt rates from tide gauge records within the Kalman Smoother framework, we incorporate recently 

published barystatic GRD estimates from Frederikse et al. (2020). The estimates have been updated to 2020 (Thomas 

Frederikse, pers. comm.); therefore, the data was extrapolated to the year 2021 based on a linear fit to the last 5 years at each 

grid point (using either a linear or quadratic fit does not significantly affect the extrapolation over one year). The GRD 205 

ensemble consists of 100 representative members (again, these were chosen such that they have a similar median and standard 

deviation as the 5,000 member ensemble from Frederikse et al., 2020) that combine mass changes from glaciers (Parkes and 

Marzeion, 2018; Zemp et al., 2019), ice sheets (Kjeldsen et al., 2015; Imbie et al., 2018; Bamber et al., 2018; Adhikari et al., 

2019; Mouginot et al., 2019) and terrestrial water storage including hydrology (Humphrey & Gudmundsson, 2019), water 

impoundment in artificial reservoirs (Chao et al., 2008) and groundwater depletion (Döll et al., 2014; Wada et al., 2016). Here, 210 

the sum of the individual contributions is considered. 
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Figure 12: Global map of tide gauges used in this study and their net availability in time. a Shown are tide gauges as black edged 
markers with colors representing different regions. The colored shadings on the map represent the six regions used for basin-scale 
averages described in Thompson and Merrifield (2014). b The corresponding availability as a function of time differentiated for 215 
each region. 

IBE variations are derived from sea-level pressure data from atmospheric reanalysis models, specifically the 20th century 

reanalysis v3 covering the period 1900 to 2015 (Slivinski et al., 2019) and the NCEP-NCAR reanalysis 1 (Kalnay et al., 2018) 

from 2016 to 2021. Both reanalyses were interpolated from different global grids onto the 74,742 grid points for the regional 

sea-level fields considered in the Kalman Smoother. They are combined after adjusting them to the same mean at each grid 220 

point over the five overlapping years between 2011 and 2015. The choice of using the 20th century reanalysis v3 is based on 

its availability over long periods. Other datasets (e.g., HADSLP) are not considered, as the IBE has only a very minor 

contribution compared to other processes and every additional dataset would double the total ensemble size considered here. 

IBEs are calculated from the combined and interpolated sea-level pressure fields as follows: 

𝜇ூ஻ா ൌ െ
௉ೌ ି௉തೌ

ఘ௚
 ,           (6) 225 

where 𝜇ூ஻ா is the inverted barometer contribution to sea level, 𝑃௔ the atmospheric pressure at sea level (the overbar represents 

the spatial average over the global ocean surface: ~1013 hPa), 𝜌 is a constant reference ocean density, and g the acceleration 

due to gravity (Ponte, 2006).  
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Satellite altimetry is required for the calculation of the RSOI reconstruction of residual sea level, which interpret as 

sterodynamic. Here we use monthly sea-surface height fields from Copernicus Marine Environment Monitoring Service 230 

(CMEMS) (Copernicus Climate Change Service, Climate Data Store, 2018), which are available on a global grid of 0.25 

resolution and cover the period 1993 to 2021. To make the satellite data comparable to the relative sea level at tide gauges, we 

add the dynamic atmospheric correction that represents IBE variations at timescales longer than 20 days (Ponte and Ray, 2002) 

and the deformational component of barystatic GRD (Frederikse et al., 2020). We also correct the satellite record for a globally 

uniform drift of about -1.5 mmyr-1 from the TOPEX mission before 1999 following WCRP (2018). At higher latitudes, we fill 235 

data gaps due to seasonal sea-ice using a DINEOF approach (Coulsen et al., 2021) if records provide at least 50% data coverage 

over the entire period. We then built annual averages based on the gap-filled monthly data. For computational reasons we only 

consider every fourth grid point leaving us with a total of 74,742 locations. 

3 Results 

3.1 Validation 240 

The GMSL and basin-scale averages (based on basin definitions following Thompson & Merrifield, 2014) of the new 

reconstruction of relative sea level and its individual contributors are presented in Figure 23. Overlaid are the global and 

regional averages from satellite altimetry. We note that covariance information from satellite altimetry was used to determine 

the sterodynamic component in the reconstruction, and as such the validation here is not fully independent. The correlations 

between (detrended) basin-scale averages of the reconstruction and satellite altimetry observations are all larger than r = 0.89 245 

with maximum values of r = 0.99 in the eastern Pacific (Tab.Table 1). The high level of agreement between both products 

also holds at local levels, which is demonstrated by the correlation map in Fig, 2a. The median correlation over the entire 

oceans worldwide is about r = 0.87 with more than 95% of all grid points having a correlation coefficient of 0.7 or higher. In 

general, correlations are highest closer to the coast and in tropical latitudes of the Pacific and Indian Oceans. The higher 

correlation along coasts may be related to propagating signals that induce coherence over large distances and are often linked 250 

to large scale modes of variability (Hughes et al., 2019). The high correlations in tropical latitudes of the Pacific and Indian 

Ocean is due to the dominant influence of Pacific climate variability (El Nino Southern Oscillation and Pacific Decadal 

Oscillation) onto regional sea level worldwide (Hamlington et al., 2013). Lowest correlations are found, as common in other 

spatiotemporal reconstructions (Carson et al., 2017; Dangendorf et al., 2019), along the pathways of major ocean circulation 

systems such as the Gulf Stream, the Kuroshio, or the Antarctic Circumpolar region. This is because those areas are 255 

characterized by considerable small-scale variability due to the presence of mesoscale eddies, which reduces, in combination 

with the sparse sampling of tide gauges, the skill of the reconstruction. The reconstruction is also meant to capture primarily 

large-scale patterns by reducing it to the 10 major modes. However, this eddy-related noise averages out at basin scales, leading 

to consistently larger correlation coefficients (Tab.Table 1). 
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 260 

Figure 23: Global and regional reconstructed sea-level changes, their contributing causes, and comparison to observations from 
satellite altimetry. Shown is the Pearson correlation coefficient between the (detrended) new reconstruction and (detrended) satellite 
altimetry at each grid point over the world’s oceans over the overlapping period from 1993 to 2021 (a) and the time series of global 
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(b) and regional basin-scale (c-h) sea level and its causes. In b-h the satellite altimetry record is shown for comparison as well. 
Uncertainties are shown as shadings. 265 

 

The good correspondence between the new reconstruction and satellite altimetry is not only limited to the variability but 

becomes also visible in the linear trend and acceleration maps (including the solid earth component of barystatic GRD and 

relative sea-level signals of GIA as determined by the Kalman Smoother, which has been added to satellite altimetry) over 

their overlapping period from 1993-2021 (Figure 43). The spatial pattern correlation between the two resulting maps for trends 270 

and acceleration coefficients (both estimated via ordinary least squares) is r = 0.97 and r = 0.92, respectively. There is no 

systematic bias between observed and reconstructed trends and accelerations, which is reflected in median differences of about 

0.04 mmyr-1 and -0.01 mmyr-2, respectively. 95% of all locations worldwide show differences in trends and accelerations that 

are smaller than an absolute value of 0.85 mmyr-1 and 0.26 mmyr-2, respectively (Figure 34). The majority of trends (98.9% 

of the entire ocean area) and accelerations (96.5% of the entire ocean area) in the residuals (satellite observations minus 275 

reconstruction) are also not statistically significant, and the few that are statistically significant do not cluster in a specific 

region. Again, at basin scales those differences are even smaller (Figure 23, Tab.Table 1).  

 

Figure 34: Trends and acceleration from satellite altimetry and the reconstruction over 1993 to 2022. Trends (left) and acceleration 
(right) as determined by satellite altimetry (top) and the reconstruction (middle). Also shown are the differences between the two 280 
products (satellite altimetry minus reconstruction, bottom). Note that all trend maps show relative sea level trends and thus include 
the relative sea-level change signal of GIA as determined within the Kalman Smoother reconstruction. The pattern correlation 
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between the two trend maps is r = 0.97 and between the two acceleration maps r = 0.92. The RMS difference is 0.43 mmyr-1 and 0.13 
mmyr-2, respectively. Note that the trend and acceleration differences are insignificant over 98.9% and 96.5% of the global ocean, 
respectively. 285 

Table 1: Linear trends in global and basin-scale sea level from the Kalman Smoother and satellite altimetry over 1993 to 2021. All 
trends have been calculated based on ordinary least squares regression. Trend uncertainties are presented as standard errors 
assuming that the residuals are autocorrelated and can be reasonably well approximated by an autoregressive process of the order 
one. They also contain the reconstruction uncertainty. Also shown are the respective correlation coefficients calculated from the 
detrended global and basin-scale averages. 290 

 

An additional independent way of testing the performance of the new reconstruction is by assessing the inferred sterodynamic 

component against independent estimates of steric height as derived from temperature and salinity observations. Here we make 

use of various global (WCRP, 2018; Frederikse et al., 2020; Camargo et al., 20222020) and basin-scale (Frederikse et al., 

2020) estimates, all of them based on ensembles of different products. An important consideration here is that a comparison 295 

between steric and sterodynamic height is only straightforward at basin or global scales, as the former does not contain any 

manometric signals due to ocean circulation changes (Bingham and Hughes, 2012; Dangendorf et al., 2021). At a basin scale, 

manometric sea-level changes (that manifest in ocean bottom pressure) are thought to be a minor contribution at interannual 

and longer timescales (Frederikse et al., 2020), while at global scales they entirely cancel out. The results of the comparison 

are summarized in Figure 54 and Tab.Table 2. Linear trends agree within their respective uncertainties everywhere during 300 

the overlapping period from 1958 to 2018 (considering 95% confidence levels, i.e., two times the standard error given in 

Tab.Table 1) except for the Northwest Pacific and the Subpolar North Atlantic, where the Kalman Smoother reconstruction 

produces (mean) sterodynamic trends that are 169% (0.49 mmyr-1 difference) and 153% (0.33 mmyr-1) larger than from the 

steric height fields based on temperature and salinity observations. Although they agree within their uncertainties, trends in 

the Indo-Pacific region are also overestimated by 154% (0.35 mmyr-1) by the Kalman Smoother reconstruction. There are 305 

several possible reasons for that mismatch. The reconstruction in the Northwestern Pacific primarily relies on tide gauges that 

are situated in areas of high seismic activity (Oelsmann et al., 2023). While we have screened the dataset before inclusion into 

the reconstruction, we cannot rule out that residual signals propagate into the reconstruction of the spatial portion of the 

South Atlantic 3.43 ± 0.39 3.52 ± 0.21 0.13 ± 0.09 0.10 ± 0.05 0.89

Indo-Pacific 3.60 ± 0.33 3.67 ± 0.19 0.07 ± 0.09 0.04 ± 0.05 0.90

East Pacific 2.20 ± 1.10 2.15 ± 1.09 0.33 ± 0.27 0.35 ± 0.27 0.99

Subpolar 
North Atlantic

1.86 ± 0.32 1.92 ± 0.35 -0.04 ± 0.08 -0.07 ± 0.09 0.90

Subtropical 
North Atlantic

3.53 ± 0.52 3.26 ± 0.62 0.23 ± 0.12 0.30 ± 0.12 0.91

Northwest
Pacific

3.44 ± 0.48 3.58 ± 0.44 -0.01 ± 0.13 -0.08 ± 0.12 0.94

Global 3.17 ± 0.38 3.22 ± 0.21 0.12 ± 0.06 0.10 ± 0.03 0.96

Linear Trends ± SE [mmyr-1] over 1993 to 2021

Kalman Smoother Satellite Altimetry

CorrelationBasin
Acceleration ± SE [mmyr-2] over 1993 to 2021

Kalman Smoother Satellite Altimetry
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sterodynamic component as determined by the RSOI. Furthermore, both regions and specifically the Subpolar North Atlantic 

contain large shallow continental shelf seas, in which ocean bottom pressure changes (i.e., manometric sea-level changes) 310 

dominate the sterodynamic variability (Landerer et al., 2007). Thus, the larger trends may also indicate an increase in wind-

driven manometric changes onto the shallow shelf that would not be seen in steric height alone. Indeed, large portions of the 

Northwestern European shelves have experienced positive trends due to shifts in the North Atlantic Oscillation and the 

corresponding westerly winds over the second half of the 20th century (Dangendorf et al., 2014b; Gräwe et al., 2019).  As a 

test we calculated the basin average in the Subpolar North Atlantic with and without the Northern European shelf. Without the 315 

Northern European Shelf, the trend was ~0.1 mmyr-1 smaller than with it, thus explaining a maximum of~30% of the total 

difference. A similar test in the Northwestern Pacific did not yield any significant trend differences. Finally, we use the outputs 

from one-dimensional GIA models (Caron et al., 2018) within the Kalman Smoother framework, which may perform 

reasonably on a global scale but are characterized by larger uncertainty locally (Thompson et al., 2023). Thus, a fraction of the 

mismatch in the Subpolar North Atlantic might also arise from uncertainties in GIA models propagating into the sterodynamic 320 

reconstruction. Lastly, we note that temperature and salinity-based steric height products are deeply uncertain as well (e.g., 

MacIntosh et al., 2016; Rietbroek et al., 2016; Cheng et al., 2020) and contain only very little information about the deep ocean 

below 2000m. Overall, however, the agreement between the two products is therefore reasonable. This is also reflected in 

correlations, which range from r = 0.57 in the South Atlantic to r = 0.87 in the East Pacific, indicating a moderate to strong 

agreement in the variability in all basins (Tab.Table 2). Similar conclusions can be drawn for the global mean. The linear 325 

trends between the Kalman Smoother reconstruction and different steric height estimates agree within their respective 

uncertainties (central trend in the Kalman Smoother reconstruction is only 0.17 mmyr-1 larger than the ensemble mean from 

Frederikse et al. (2020)) and the variability is significantly correlated (r = 0.68) over the period 1958 to 2018. Before 1958, 

the global average from Frederikse et al. (2020) is based on only one available reconstruction from Zanna et al. (2019). Both 

show some similarities in the first decades of the 20th century, although the steric height estimate from Zanna et al. (2019) 330 

exhibits slightly stronger and more enhanced warming in the 1930s than the Kalman Smoother estimate from tide gauges 

(Figure 54a). Again, those differences are largely within the respective error bars.  

Table. 2 | Performance metrics of the Kalman Smoother reconstruction. Shown are the linear correlation coefficients between 
detrended basin-scale and global averages of sea level from the Kalman Smoother reconstruction and satellite altimetry as well as 
the sterodynamic sea level (SDSL) component from the Kalman Smoother reconstruction and steric height from Frederikse et al. 335 
(2020) (left). Also shown are the linear trends from the latter two over their overlapping period from 1958-2018. Trend uncertainties 
are shown as standard errors assuming that the residuals are autocorrelated and can be reasonably well approximated by an 
autoregressive process of the order one. They also contain the reconstruction uncertainty. 
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 340 

Figure 45: Comparison between observed steric and reconstructed sterodynamic global and regional mean sea level. a Global mean 
(thermos-)steric sea level from different observational products based on temperature observations versus the new estimate from 
the reconstruction. b Basin-scale regional averages of steric height from observational products (Frederikse et al., 2020) and the new 
sterodynamic estimate from the reconstruction. Uncertainties are shown as shadings. 

Next, we look at individual tide gauge sites and compare them with the time series of the nearest neighbor grid point from the 345 

weighted fields of the Kalman Smoother reconstruction and satellite altimetry. Figure 5 6 a-g shows seven worldwide 

distributed sites: San Francisco (United States), Brest (France), Nagasaki (Japan), Honolulu (Hawaii), La Libertad (Ecuador), 

Fremantle (Australia), and Chuuk, Moen Island (Micronesia). We note that the nearest neighbour time series from the weighted 

fields of the Kalman Smoother do not contain the residual term from the Kalman Smoother and are thus purely the result of 

the known modelled processes (i.e., the sum of sterodynamic, barystatic GRD, IBE, and GIA) at each location (Hay et al., 350 

2017). At all seven locations the nearby reconstruction provides a good representation of the interannual variability, which is 

Basin
Kalman Smoother

vs. Satellite Altimetry
(1993-2021)

SDSL Kalman Smoother 
vs. Steric Height 

(1958-2018)

South Atlantic 0.89 0.57 0.86 ± 0.14 0.88 ± 0.10

Indo-Pacific 0.90 0.79 0.99 ± 0.16 0.64 ± 0.22

East Pacific 0.99 0.87 0.22 ± 0.23 0.47 ± 0.20

Subpolar 
North Atlantic

0.90 0.61 0.95 ± 0.13 0.62 ± 0.13

Subtropical 
North Atlantic

0.91 0.61 1.36 ± 0.21 1.29 ± 0.20

Northwest
Pacific

0.94 0.79 1.20 ± 0.18 0.71 ± 0.19

Global 0.96 0.68 0.87 ± 0.10 0.71 ± 0.11

Correlation

SDSL Kalman Smoother 
(1958-2018)

Steric Height Frederikse
(1958-2018)

Linear Trends ± SE [mmyr-1]
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reflected in strong correlation coefficients that range from r = 0.75 in Brest to r = 0.91 in Chuuk, Moen Island. Linear trends 

over their overlapping periods agree within their respective uncertainties and trend differences are everywhere smaller than 

0.6 mmyr-1. We note that the agreement between satellite altimetry and the Kalman Smoother reconstruction is consistently 

better than with the tide gauge records. This is because the Kalman Smoother best represents large-scale processes (with small-355 

scale processes being absorbed by the residual process), but it also reflects dependence of the reconstruction on the quality of 

satellite altimetry in the coastal zone. The latter may miss some fundamental processes that take place very close to the shore 

(e.g., Cazenave et al., 2022) such as coastally trapped signals from wind (Calafat and Chambers., 2013) and river discharge 

(Piecuch et al., 2018) or nonlinear VLM rates (Oelsmann et al., 2023), and is also known to have degraded quality due to 

correction issues in the coastal zone (e.g., Passaro et al., 2018; Vignudelli et al., 2019). This limitation is evident by comparing 360 

satellite altimetry observations and the reconstruction during individual peaks such as the 1997/1998 El Nino with the 

significantly smaller amplitude signal in thewhere the reconstruction underestimates the amplitude compared to the tide gauge 

record of at San Francisco (Figure 5a6a).  

 

Figure 56: Estimates of relative mean sea level and individual contributing factors at tide gauge locations and related biases. Shown 365 
are tide gauge and satellite altimetry records (with GIA added from the reconstruction) at seven selected locations (a-g) together 
with the new reconstruction and the estimates of individual contributing factors. Uncertainties are shown as shadings. Correlations 
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between the reconstruction and the tide gauge are shown in the lower right of each panel. h Differences between linear trends 
estimated from tide gauge records and the new reconstruction over the overlapping period between 1900 and 2022. 

Figure, 5h 6h shows the linear trend differences between tide gauge records and the nearest neighbour time series of the 370 

weighted fields of the Kalman Smoother reconstructions at all 516 sites during the overlapping period at each location. The 

median difference over all sites is 0.1 mmyr-1 with a standard deviation of 1.8 mmyr-1. This suggests that while there is only a 

minor systematic bias (0.1 mmyr-1) between tide gauge observations and the reconstruction, there are many sites where the 

observed trends cannot solely be explained by the sum of individual components.  64% of all sites show trend differences 

below 1 mmyr-1, while a trend difference of about 0.5 mmyr-1 or less is observed at 33% of all sites. The largest and sometimes 375 

systematic differences occur in GIA hotspots of Scandinavia and the North American west coast, in parts of the Gulf of Mexico, 

and the Pacific coast of South America. There are several possible explanations for those larger differences: First, our process 

estimates may have larger uncertainties than implied in the pre-described ensembles including those resulting from limitations 

in one-dimensional GIA modelling (Thompson et al., 2023). Second, there may be processes that affect tide gauges at the coast 

(such as nonlinear VLM) but that are not explicitly included as priors in the Kalman Smoother fields. While those can, in 380 

principle, be captured by the residual term at individual tide gauge sites, they are not part of the global and regional sea level 

reconstructions (Hay et al., 2015; Hay et al., 2017). 

The good agreement between the reconstruction and both satellite altimetry and steric height at basin scales, however, suggests 

that both the sum and individual components are generally well captured by the reconstruction. Indeed, when comparing to 

the 516 tide gauge records over the satellite period from 1993 to 2021, trend differences are in the order of 0.2±2.17 mmyr-1 385 

(median ± standard deviation). The trend differences are -0.06±0.42 mmyr-1 when considering satellite altimetry at the same 

locations. Thus, there may indeed be other processes such as residual VLM unrelated to GIA that are captured by tide gauges 

but not included within the weighted fields of the Kalman Smoother reconstruction. To test this hypothesis, we downloaded 

VLM rate estimates from GNSS as provided by SONEL (URL7A from Gravelle et al., 2023), which are available for 601 

locations worldwide that provide a minimum observation length of seven years. Not all GNSS locations align with the tide 390 

gauge sites in our assessment. Accordingly, we only consider VLM estimates from locations that have a maximum distance of 

eight kilometres (this is the number below which results remain essentially unchanged) to the tide gauge records, and where 

at least 75% of the period since 1993 is covered by the tide gauge record. This results in 90 sites worldwide. At those 90 

locations we replace the weighted GIA estimate from the Kalman Smoother reconstruction by the VLM estimate. To avoid 

double-counting of the VLM effects related to contemporary GRD, we removed the linear rate estimate of its deformational 395 

component since 1993 from GNSS estimates. We also added the GIA sea-surface height component from the weighted Kalman 

Smoother GIA fields to the GNSS estimates (Tamisiea, 2011). The trend comparison is performed over the period 1993 to 

2021 to ensure that the time window relative to GNSS observations is comparable. The trend differences between observed 

tide gauge records, the nearby weighted Kalman Smoother fields, and the nearby weighted Kalman Smoother fields with 

GNSS-based VLM are shown in Figure 6 7 as spatial maps (Figure 6a7a,b) and empirical distributions (Figure 6c7c). The 400 

trend differences for the 90 selected sites, 0.27±1.67 mmyr-1, are not significantly different to those obtained at all 516 sites 
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(0.1±1.8 mmyr-1). However, replacing the GIA crustal rates with the GNSS-based VLM at the 90 sites significantly reduces 

the trend differences to -0.1413±1.00 mmyr-1 (i.e., a reduction by 40% in the standard error). Applying the same test to the 

entire period over which tide gauges provide data results in very similar results (reduction from 1.5 to 1 mmyr-1 standard error 

at 119 sites). The reduction is most prominent at the locations of former ice sheets in Scandinavia and North America, but also 405 

visible at sites that are known to be affected by residual VLM such as along the Japanese coastline. Thus, a fraction of the 

observed differences to tide gauge observations are likely related to unaccounted VLM (in addition to shorter-term variations, 

for instance, associated with near-coastal processes that are neither captured by satellite altimetry nor the reconstruction). This 

result also indicates that the Kalman Smoother framework is robust against potential biases through these residual processes. 

Future work might assess the suitability of the framework for the assessing of nonlinear VLM at individual tide gauge sites 410 

(Kopp et al., 2014; Dangendorf et al., 2021).  

 

Figure 67: Linear trend biases at tide gauge sites and the role of VLM. Shown are the linear trend differences between tide gauge 
records and the new reconstruction over the overlapping period between 1993 and 2021 considering reconstructed GIA as VLM (a) 
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and an alternative estimate where the reconstruction is combined with observed VLM from GNSS (corrected for VLM from 415 
contemporary GRD and with sea-surface height changes due to GIA added) (b). The corresponding Kernal density estimates of 
trend differences between tide gauge records and the reconstruction over their overlapping period from 1993 to 2021 is shown in c.  

3.2 Trends and variability in GMSL 

After demonstrating the performance of the new reconstruction, we now turn our attention to the modelled changes over the 

20th century. Again, the respective global and basin-scale time series of sea level and individual contributors are shown in 420 

Figure 2 3 with their respective linear trends summarized in Tab.Table 3. In the new reconstruction, GMSL has been 

increasing by a linear rate of about 1.5±0.19 2 mmyr-1 since 1900. This is lower than the reported 1.7±0.2 mmyr-1 by Church 

and White (2011)  and the 2.10±0.3 mmyr-1 by Jevrejeva et al. (2014) (both for shorter periods)over the period 1900 to 2009, 

but consistent with more recent reconstructions that consider the spatial patterns of individual sea-level processes as prior 

estimates in the reconstruction process (Hay et al., 2015; Dangendorf et al., 2017; Dangendorf et al., 2019; Frederikse et al., 425 

2020).  

Table 3: Linear trends in global and regional sea level and individual contributors over 1900 to 2021. All trends have been calculated 
based on ordinary least squares regression. Trend uncertainties are presented as standard errors assuming that the residuals are 
autocorrelated and can be reasonably well approximated by an autoregressive process of the order one. They also contain the 
reconstruction uncertainty. 430 

 

It is well known that the reconstructions generally agree well since the 1970s, while they diverge before (Oppenheimer et al., 

2019; Palmer et al., 2021). Frederikse et al. (2020) estimated GMSL, but also compared it to the sum of independently 

measured/modelled contributions. While the long-term trends over 1900 to 2018 of both agreed within their respective 

uncertainties (1.56±0.2 mmyr-1 for GMSL compared to 1.52±0.2 mmyr-1 for the sum of individual contributions), some 435 

differences appear between both curves between the 1920s and early 1950s. All former GMSL reconstructions, including the 

Frederikse et al. (2020) curve, show enhanced rates peaking in the 1940s and 1950s, while the sum of individual contributions 

Basin

South Atlantic 1.70 ± 0.12 0.41 ± 0.15 1.28 ± 0.35 -0.05 ± 0.02

Indo-Pacific 1.47 ± 0.14 0.51 ± 0.13 1.13 ± 0.29 -0.18 ± 0.02

East Pacific 1.20 ± 0.10 0.08 ± 0.09 1.13 ± 0.28 0.10 ± 0.04

Subpolar 
North Atlantic

1.12 ± 0.08 0.57 ± 0.08 0.32 ± 0.07 0.28 ± 0.13

Subtropical 
North Atlantic

2.20 ± 0.12 0.71 ± 0.14 0.97 ± 0.19 0.58 ± 0.15

Northwest
Pacific

1.71 ± 0.10 0.60 ± 0.09 1.21 ± 0.31 -0.06 ± 0.04

Global 1.50 ± 0.20 0.44 ± 0.24 1.10 ± 0.27 -0.02 ± 0.01

Relative Sea 
Level

Sterodynamic 
Sea Level

Barystatic 
GRD

Glacial 
Isostatic 

Linear Trends ± SE [mmyr-1]
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peaks in the 1930s. This is illustrated in Figure 7b8b, in which rates of GMSL rise were calculated using a Singular System 

Analysis with an embedding dimension of 15 (thereby smoothing the time series to time scales longer than 30 years; Moore et 

al., 2005) (error bars consider the reconstruction uncertainty). Interestingly, in the new reconstruction, rates peak earlier and 440 

closely resemble the sum of individual components from Frederikse et al. (2020). We attribute this behaviour to the inclusion 

of barystatic estimates in the new Kalman Smoother framework, which changes the regional sea-level fields near major melt-

sources and then propagates these into the estimation of residual sterodynamic fields. This becomes visible when comparing 

the differences between the regional sea-level rates from this study minus those from Dangendorf et al. (2019) over the period 

from 1930 to 1939 (Figure 89). Notable differences occur in the vicinity of major melt sources (i.e., Greenland, Svalbard, and 445 

Alaska), confirming that the original Kalman Smoother framework is not able to properly assign the sea-level signal during 

this period to its individual barystatic components given the available number of tide gauges and their location in the far-field 

of melt sources (Hay et al., 2017). Here, this problem is overcome, by pre-describing the melt-signals in the initial prior 

estimates. We also find significant differences in the Pacific region, indicating that the inclusion of the barystatic estimates 

impacts the estimation of the spatial pattern of sterodynamic sea-level change. In Dangendorf et al. (2019) the RSOI was 450 

applied to the full sea-level signal and therefore also included potential short-term effects of barystatic GRD processes, while 

here the RSOI is solely applied to residual signals after accounting for all other budget components.  

We note, however, that the overall evolution of multidecadal rates in GMSL remains generally consistent with moderate rates 

at the beginning of the 20th century, enhanced rates in the 1930s, a slowdown with a low in the 1960s, and a persistent increase 

in the rates of rise thereafter (Dangendorf et al., 2019). Consequently, central estimates of multidecadal trends have exceeded 455 

4 mmyr-1 since 2019 for the first time in the observational history, leading to an overall acceleration of about 0.08±0.04 mmyr-

2 since 1970 (Figure 7b8b). Over the shorter altimetry period since 1993, acceleration coefficients are slightly larger, but 

consistent within the error, with values of 0.1±0.06 mmyr-2 and 0.12±0.1 mmyr-2 for satellite altimetry and the Kalman 

Smoother reconstruction, respectively.  
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 460 

Figure 78: GMSL and nonlinear rates in comparison to former reconstructions. a Shown are GMSL time series from this study 
(1900 to 2022) in comparison to selected former reconstructions. All time series have been adjusted to a common mean of zero over 
the overlapping period from 1993 to 2010. b The corresponding nonlinear trends as determined by a Singular Spectrum Analysis 
with an embedding dimension of 15, which extracts signals that are representative of timescales longer than 30 years. Uncertainties 
are shown as shadings and represent 95% confidence intervals. 465 

Steric and barystatic sea level have contributed about one third and two thirds to the increase in GMSL since 1900, respectively 

(Tab.Table 3). For the steric contribution rates of sea-level rise have been consistently increasing from slightly negative rates 

in 1900 to rates close to 2 mmyr-1 in 2021 (Figure 10). The negative rates in the early 20th century are consistent with the steric 

reconstruction from Zanna et al. (2019) and global atmospheric mean surface temperature reconstructions (Lenssen et al., 

2019), indicating that both the ocean and the atmosphere were globally in a cooling phase during that period. Barystatic 470 

contributions to sea level have been more variable than the steric height with peak rates in the 1930s (consistent with 

accelerated warming at high latitudes of the Northern Hemisphere, see Hergerl et al. (2018)) and since the early 2000s and 

near-zero rates in the late 1960s and early 1970s (Figure 109). This period of low rates has previously been attributed to the 

increased activity in dam building at that time (Frederikse et al., 2020), preventing freshwater from flowing into the ocean. 

The increase in the rates since the early 1970s (which is consistent with former reconstructions summarized in Palmer et al. 475 

(2021)) was initially driven by the steric contribution and later by the barystatic component of sea-level rise. Overall, barystatic 
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sea-level change is the dominant factor behind the acceleration since 1970 (Figure 110) although this perspective would 

change if considering individual sources of barystatic sea level (i.e., glaciers, Greenland icesheet, Antarctic icesheet, 

hydrology); in that case steric height would be the single most important driver of acceleration since 1970, consistent with 

Dangendorf et al. (2019). 480 

 

Figure 89: Rate differences between this study and the regional sea-level fields from Dangendorf et al. (2019; D19) over the period 
1930 to 1939. Differences have been calculated between GIA-corrected fields and thus primarily reflect differences between GRD, 
sterodynamic sea level, and IBE effects.  
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 485 

Figure 910: Rates of GMSL rise and its causes. Shown are the nonlinear rates of GMSL rise and its individual contributors as 
determined from the Kalman Smoother framework and satellite altimetry. Rates have been calculated with a Singular System 
Analysis using an embedding dimension of 15 (equal to a cutoff period of 30 years). 
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 490 

Figure 1011: GMSL acceleration since 1970 and individual contributors. a Time series of GMSL and steric and barystatic 
contributions since 1970. Also shown for comparison is the GMSL ensemble estimate based on previous reconstructions as assembled 
by Palmer et al. (2022). Thin lines show the annual reconstructions, thick lines represent a quadratic fit. b Quadratic coefficients as 
estimated over different periods and individual contributors. 

3.3 Trends and variability in regional sea level 495 

At basin scales, the trends as well as the relative contributions of individual components can vary significantly (Tab.Table 3). 

Most notably, in the Subtropical North Atlantic relative sea level has increased 146% faster than GMSL leading to rates of 

about 2.2±0.11 12 mmyr-1. While barystatic GRD contributions have been slightly below the global average due to their 

proximity to Northern Hemispheric melt sources, sterodynamic and GIA contributions have been rising at faster rates than 

anywhere else. This is qualitatively consistent with the results from Frederikse et al. (2020) for the shorter period since 1958 500 

and reflects, in terms of the sterodynamic component, the above average increase in ocean heat content in the Subtropical Gyre 
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(Cheng et al., 2022). The lowest trends over the 20th century occurred in the Subpolar North Atlantic with rates of about 

1.12±0.07 08 mmyr-1. These lower trends are foremost a result of the reduced contributions of barystatic GRD, which has been 

increasing at a pace 71% less than the global mean (0.32±0.05 07 mmyr-1 compared to 1.1±0.27 mmyr-1). 

 505 

Figure 1112: Linear trends in reconstructed sea level and the individual contributing factors over 1900 to 2021. Shown are the linear 
trend maps for relative sea level (a), sterodynamic sea level (b), effects of Gravitation, Rotation, and Deformation (GRD, c), Glacial 
Isostatic Adjustment (GIA, d), and Inverse Barometer Effects (IBE, e). In a, linear trends are presented for all contributors averaged 
over 5 degrees latitude bands.  

 510 
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An important feature of the new reconstruction is that it provides not only global and basin-scale estimates but also local sea-

level changes including estimates of the individual contributors (Figure 56). This is a major advance relative to earlier studies 

particularly with respect to the representation of dynamic redistribution processes within the sterodynamic component. 

Previous studies of sea-level budgets based on conventional steric height products from temperature and salinity profiles 

pointed to the difficulty of properly estimating the manometric sea-level contribution in the coastal zone (Cabanes et al., 2001; 515 

Miller and Douglas, 2004; Frederikse et al., 2018; Dangendorf et al., 2021). In contrast, here the sterodynamic signal is entirely 

determined by coastal signals as measured by tide gauges. This enables us to perform more sophisticated analyses of past 

trends and accelerations at a global level with focus on individual budget contributions. 

Figure 11 12 shows linear trend maps for relative sea level and individual sterodynamic, barystatic GRD, GIA, and IBE 

contributions since 1900 including five-degree latitudinal averages of the corresponding trends. Linear trends in the 520 

reconstruction range from -4.2 mmyr-1 to 11.7 mmyr-1 for relative sea levels (Figure 11a12a). Negative trends are primarily 

located in centers of postglacial uplift where former ice sheets were located (Scandinavia and North America) and are therefore 

caused by the GIA signal and to lesser extent due to GRD in response to modern melting (Figure 11d12d). The largest positive 

trends appear in eddy-rich regions near western boundary currents such as the Kuroshio, the Gulf Stream, and the Agulhas 

system and are related to changes in ocean circulation (i.e., the sterodynamic component, Figure 11b12b). Those changes are 525 

more localized and can reverse sign over a few 100s of kilometers and are generally very uncertain due to the paucity of tide 

gauge records in those regions. Larger geographical areas characterized by strong positive trends are also found along the U.S. 

East and Northwest coasts, both of which are related to GIA and specifically postglacial subsidence of peripheral bulges 

(Figure 11d12d). There is also a strong trend gradient in sea level across the Central Pacific (negative to neutral trends in the 

east, strong positive trends in the west that also persist into portions of the Indian Ocean) possibly caused by wind- (Merrifield, 530 

2011) and buoyancy-driven (Piecuch and Ponte, 2012) sterodynamic processes linked to Pacific decadal climate variability 

(Figure 11b12b). For instance, the Southern Oscillation Index, measuring sea-level pressure differences between Darwin and 

Tahiti, indicates a weakening over the 20th century (Power & Kociuba, 2010). Similarly visible is the meridional gradient in 

the South Pacific discussed in greater detail, albeit for shorter time periods, in Volkov et al. (2017) and Dangendorf et al. 

(2019). Both studies found a link between sea level in this region and wind-forcing linked changes in the intensity and position 535 

of Southern Hemispheric Westerlies. However, more research is warranted to clarify the role of these processes on the 

centennial timescales as represented here by the linear trends. Barystatic GRD trends are spatially smoother (Figure 11c12c) 

with strong spatial gradients only in the vicinity of major 20th century melt-sources. Latitudinal averages (Figure 11a12a) 

indicate a general tendency towards larger trends in lower latitudes with local maxima around ~40 North and South. This 

pattern is largely dominated by the barystatic GRD terms and results from the fact that most major melt-sources in the 20th 540 

century were in high (northern) latitudes. The local maxima result from additional around ~40 degrees North and South are 

coming fromdue to the sterodynamic contribution and reflect gyre dynamics. IBE contributions are minor everywhere except 

at latitudes south of 50S, where trends of up to 0.8 mmyr-1 are visible. These trends stem from atmospheric pressure changes 

linked to a hemispheric-scale intensification and poleward shift of the westerlies in this area (Swart et al., 2015), although we 
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caution that that the IBE here is based on only one atmospheric reanalysis dataset. Atmospheric reanalyses are generally known 545 

for their uncertainty in this region (Piecuch et al., 2016). 

 

Figure 1213: Acceleration coefficients for reconstructed sea level and the individual contributing factors over 1970 to 2021. Shown 
are the acceleration coefficient maps for relative sea level (a), sterodynamic sea level (b), effects of Gravitation, Rotation, and 
Deformation (GRD, c), Glacial Isostatic Adjustment (GIA, d), and Inverse Barometer Effects (IBE, e). In a, acceleration coefficients 550 
are presented for all contributors averaged over 5 degrees latitude bands. 
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Next, we turn our attention to the spatial acceleration pattern since 1970 (Figure 1213). The choice of the period is based on 

the persistence of the acceleration visible in GMSL rise since 1970 (Figure 1011). There is a large spatial variability in 

acceleration coefficients ranging from negative values (i.e., deceleration) as low as -0.8 mmyr-2 to positive accelerations as 555 

large as 1.17 mmyr-2. Thus, regionally the acceleration coefficients, even over this 52-year period since 1970, can vary by an 

order of magnitude relative to the global mean value (0.08 mmyr-2). This indicates that acceleration coefficients are very 

sensitive to regional redistribution processes and natural climate variability, hampering a robust and timely detection of more 

persistent forced long-term signals (Haigh et al., 2014; Dangendorf et al., 2014; Hamlington et al, 2022). Decelerations in the 

rate of sea-level rise primarily occur as a result of barystatic GRD effects in the vicinity of major melt-sources, particularly 560 

around Greenland (Figure 12a13a,c). There is also one larger spot of pronounced deceleration coefficients in the South Pacific 

Ocean south of 50°S. Previous studies have indicated that this deceleration is related to an increased amplitude and localized 

northward shift of Southern Hemispheric Westerlies in the South Pacific (Volkov et al., 2017; Dangendorf et al., 2019). As a 

result, upper ocean warm water has moved northwestward leading to a deceleration of the sterodynamic signal southward 

(Figure 12b13b) and, at the same time, the initiation of an acceleration hotspot in the central Subtropical South Pacific. Note 565 

that IBE contributions have slightly compensated these sterodynamic effects due to changes in sea-level pressure (Figure 

12e13e). The acceleration in the tropical South Pacific further extends into both the equatorial Western Pacific and large parts 

of the tropical Indian Ocean making it the largest continuous area affected by accelerating sea levels over this period 

worldwide. This trend is also supported by the latitudinal averages in Figure 12a13a, thus bolstering results from earlier 

studies based on different techniques (Merrifield et al., 2009) or earlier versions of the Kalman Smoother using different priors 570 

(Dangendorf et al., 2019) that indicated an important role of tropical regions and the Southern Hemisphere in driving the recent 

acceleration in GMSL. Again, barystatic GRD effects (Figure 12c13c) are spatially smoother than their sterodynamic 

counterparts (Figure 12b13b), and they contribute coherently positively to the acceleration, making it the most dominant 

contribution in latitudinal averages south of 30°N (Figure 12a13a).  

To better place some of the observed decelerations/accelerations into a historical context, we select five case-study sites in 575 

areas of strong deceleration/acceleration (the purple boxes in Figure 13a14a). Around Greenland relative sea levels have been 

alternating around zero since 1900 with positive rates peaking in the 1920s and late 1980s and negative lows in the 1930s and 

the 2010s (Figure 13b14b). The transition from increasing rates in the 1970s and 1980s to negative rates in the 2000s has led 

to a deceleration in this area, which is largely driven by barystatic GRD effects (Coulsen et al., 2022). However, we note that 

the low rates in the 2000s are still slightly higher than the lows in the 1930s and are thus not unprecedented. Qualitatively 580 

consistent with Spada et al. (2014), sterodynamic sea level has risen steadily in this area with an average rate of ~0.6 mmyr-1. 

The largest uncertainties in the total rates are related to the GIA contributions, likely due to ice histories and Earth rheology 

assumptions in modelling (Spada et al., 2014). In the South Pacific, sea levels have been decelerating over this period as well 

(Figure 13c14c), but the decomposition into individual components is very different compared to the Greenland example. 

Here, the sterodynamic component has been the dominant source of multidecadal variability in the rates. Over the entire period, 585 

sterodynamic sea level has been decreasing by an average rate of ~1 mmyr-1. Minima in the signal occurred in the 1940s and 



28 
 

the late 2000s, but they have been partially counterbalanced by barystatic GRD and IBE contributions.  In the Gulf Stream 

(Figure 13d14d) and Kuroshio regions (Figure 13e14e), rates have been rising faster than elsewhere with average rates of 

approximately 2.7 mmyr-1 and 1.9 mmyr-1, respectively. This rise is clearly dominated by sterodynamic contributions. In the 

larger Kuroshio region (Figure 13e14e), rates have consistently increased from 1 mmyr-1 in 1980 to 5.8 mmyr-1 in the most 590 

recent years, while in the larger Gulf Stream region the increase only began in the late 1990s from 3.1 mmyr-1 in 1999 to 

7 mmyr-1 in 2021. In both regions accelerations have also been reported for the adjacent coastlines of Japan (Usui and Ogawa, 

2022) and the United States Southeast (Dangendorf et al., 2023; Yin et al., 2023; Steinberg et al., 2024) with rates exceeding 

10 mmyr-1 locally. In both regions, sterodynamic variability has been the most dominant contributor to variations in the rates, 

while barystatic GRD contributed a smoother but consistently positive signal over most of the 20th century. Due to the 595 

geographic proximity to the location of the Laurentide ice sheet, GIA adds more uncertainty to the total rates of relative sea 

level in the Gulf Stream region than in the Kuroshio region (Figure 13d14d,e). In the Tropical Western Pacific, sea levels 

have also been rising faster (2 mmyr-1) than GMSL (1.6 mmyr-1) (Figure 13f14f). High rates (close to 5 mmyr-1) occurred in 

the early 1900s and the late 1990s. Both peaks were dominated by the sterodynamic component and were coeval with minima 

in the Southern Oscillation Index (representing sea-level pressure differences between Tahiti and Darwin). While sterodynamic 600 

rates slightly decreased after the peak in 1999, rates in relative sea level plateaued due to increasing contributions from 

barystatic GRD. Both GIA and IBE contributions play a minor role in these areas. In general, we find that sterodynamic mostly 

dominates nonlinear rates locally at time scales up to a few decades, while barystatic contributions become more important at 

larger spatial and temporal scales. 

Overall, these results underscore the importance of embedding recent accelerations into a historical context. The new Kalman 605 

Smoother reconstruction provides interesting new insights into the causes of sea-level changes at a near-global coverage that 

complements tide gauge and satellite observations and can motivate more detailed assessments in case-study regions that are 

beyond the scope of this study. 

4 Data and Code Availability 

We provide access to the full sea-level reconstruction including all contributing processes and related uncertainties. The data 610 

is archived as MATLAB and netcdf files and can be accessed via zenodo under the following link: 

https://doi.org/10.5281/zenodo.10621070 (Dangendorf, 2024). Data is provided as a spatiotemporal field for each individual 

component with 74,742 grid points, a separate uncertainty field, and the associated global- and basin-scale averages and their 

related uncertainties. Codes for the analysis of the sea-level fields and the production of the figures are also provided. The 

code for the Kalman Smoother reconstruction is currently still being prepared for publication but available from the main 615 

author upon request. We intend full publication of the Kalman Smoother approach with the next version of the reconstruction 

in a future release with cleaned-up and annotated codes.    
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Figure 1314: Acceleration since 1970 and nonlinear rates in selected hotspot regions around the world. a Map of acceleration 
coefficients determined over the period from 1970 to 2022 (same as Fig. 6) together with selected areas (purple boxes), for which 620 
average rates of sea-level rise are shown in b-f. Rates of nonlinear relative sea-level rise and individual contributing factors as 
determined by the new reconstruction are shown for Greenland (b), the South Pacific (c), the Gulf Stream extension region (d), The 
Kuroshio extension region (e), and the Tropical Western Pacific (f). Nonlinear rates have been determined with a Singular Spectrum 
Analysis with an embedding dimension of 15, producing trends that are representative for timescales longer than 30 years. 
Uncertainties are shown as shadings and represent 95% confidence intervals. 625 
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5 Discussion and Conclusions 

Here we have introduced a new Kalman Smoother based estimate of global and regional sea-level changes and their causes 

over the period from 1900 to 2021. Innovations compared to earlier versions (Hay et al., 2015; Dangendorf et al., 2019) are 

our adoption of adjusted estimates of GIA, observation-based and reconstructed barystatic GRD (as a combination of 630 

contributions of glaciers, ice sheets, hydrology, and terrestrial water sources), IBE contributions, and (reconstructed) 

sterodynamic variability. As a result, the new reconstruction moves beyond global and regional sea-level estimates to resolve 

the individual contributing processes locally over the entire 20th and early 21st century.  

The updated GMSL new reconstruction extends our earlier estimate basedprovides six more years of data than our earlier 

works using on slightly different techniques (Dangendorf et al., 2019; the RSOI approach was used in that study as a post-635 

processing step at timescales smaller than 30 years, while here the RSOI is integrated directly into the Kalman Smoother 

framework for the reconstruction of sterodynamic sea level) by six more years. The reconstruction shows excellent agreement 

to satellite altimetry in terms of variability (median r ~ 0.86 over the entire oceans), trends (median differences of 

0.02±0.42 mmyr-1), and accelerations (median differences of -0.01±0.13 mmyr-2) over their overlapping period from 1993 to 

2021. We also find moderate to good agreement between reconstructed sterodynamic sea level and independent steric height 640 

estimates from temperature and salinity fields in terms of correlation but note that three out six ocean basins show trends that 

are larger than in steric height fields. Compared to tide gauge records extending back into the early 20th century, the 

reconstruction at a nearby site, as a sum of barystatic GRD, sterodynamic sea level, IBE, and GIA, often underestimates the 

absolute trends. However, we demonstrate that for 90 sites that are equipped with nearby GNSS the resulting trend error can 

be reduced by ~40% when VLM from GNSS is considered in the comparison. This indicates that unaccounted residual VLM, 645 

for instance, induced by fluid withdrawals or tectonics (Shirzaei et al., 2022), which has not been explicitly included as a prior, 

is a significant driver of these differences. It also indicates that the Kalman Smoother framework is robust against such local 

processes. 

Over 1900 to 2021 our GMSL record shows a long-term trend of about 1.5 mmyr-1, a value that is consistent with the central 

estimate provided by the Intergovernmental Panel on Climate Change 6th Assessment Report (Oppenheimer et al., 2019; Fox-650 

Kemper et al., 2021). Barystatic sea level and steric expansion have contributed approximately 2/3 and 1/3 to this increase, 

respectively. Multidecadal nonlinear trends of GMSL rise indicate four phases of varying rates: moderate rates in the early 

20th century (~1 mmyr-1), enhanced rates at the end of the 1930s and the beginning of the 1940s (~2 mmyr-1), reduced rates in 

the 1960s (~0.5 mmyr-1), and a persistent acceleration thereafter. While this pattern generally agrees with previous estimates 

of GMSL change (Church and White, 2011; Hay et al., 2015; Dangendorf et al., 2017; Dangendorf et al., 2019; Frederikse et 655 

al., 2020; Palmer et al., 2021), the peak in the late 1930s occurs almost a decade earlier than in other reconstructions. This 

earlier occurrence is more consistent with the sum of individual components from Frederikse et al. (2020) and represents 

primarily the result of the consideration of pre-described barystatic GRD estimates in the Kalman Smoother.   More research 

is needed to clarify by how far uncertainties in the barystatic GRD estimates (Malles & Marzeion, 2021) may affect the budget 
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and the Kalman Smoother estimates of total GMSL change. The persistent acceleration after the low rates in the 1960s has led 660 

to central estimates of nonlinear rates, for the first time, exceeding 4 mmyr-1 since 2019 at a multidecadal timescale (Figure 

10). The exceedance of this 4 mmyr-1 level may mark an important threshold change. For instance, it has recently been reported 

that widespread retreat of coastal habitats such as tidal marshes and mangroves is likely under sustained sea-level rise rates of 

4 mmyr-1 (Saintilan et al., 2023). The fact that GMSL has now exceeded that threshold means that a large portion of the ocean 

is already being aimpacted by those rates. While the acceleration was initiated by steric expansion in the 1960s and early 665 

1970s, it has been the mass loss from glaciers and ice sheets that has dominated the acceleration over the last few decades. 

Spatially, the highest coastal trends since 1900 have occurred in the vicinity of western boundary currents and tropical regions. 

The acceleration since 1970 was highest in the Kuroshio region, the Subtropical North Atlantic (Dangendorf et al., 2023; Yin 

et al., 2023), and (sub-)tropical regions of the Indo-Pacific regions consistent with earlier studies (Merrifield et al., 2006; 

Dangendorf et al., 2019). In contrast to GMSL, the varying rates of sea-level rise in those regions have been dominated by 670 

sterodynamic processes at timescales of ~30 years. This reinforces our conclusion that a better understanding and prediction 

of local sea level at decadal timescales requires a fundamentally deeper understanding of sterodynamic variability (Dangendorf 

et al., 2021). 

Our new reconstruction may be relevant for several applications. First, it extends the satellite record back to 1900, adding more 

than four times the original data. Thus, the reconstruction can be used to better characterize natural variability in local sea level 675 

and provide a more robust detection of emerging trends and accelerations from the satellite record. Trend and acceleration 

detection techniques have recently been used for decadal predictions/trajectories (Hamlington et al., 2022; Sweet et al., 2022) 

as a decision-making support tool in the realm of dynamic adaptation pathways (Haasnoot et al., 2013). The new reconstruction 

also provides important information on sea level and its contributing factors in otherwise data-sparse regions such as South 

Asia and Africa (Woodworth et al., 2010), complementing the sparse tide gauge records that exist and serving as a benchmark 680 

for datum homogenization procedures of uncertain observations (Hogarth et al., 2020). The reconstruction can also be used as 

a boundary condition for global (Muis et al., 2020) and regional storm tide modelling (e.g., Arns et al., 2015) to incorporate 

possible dependencies and changes through time or serve as a basis for high resolution sea-level reconstructions for impact 

assessments (Treu et al., 2023). Last, we note that an earlier version of our reconstruction (Dangendorf et al., 2019) was 

partially based on historical climate model outputs as priors. This prevented the IPCC from more detailed comparisons with 685 

climate model outputs over the historical period in addition to tide gauges (Oppenheimer et al., 2019; Fox-Kemper et al., 2022). 

The new reconstruction is entirely based on observational products and thus independent of climate model simulations. Thus, 

more detailed comparisons as well as detection and attribution assessments are now possible.  

Author contributions 

S.D. designed and performed the research and wrote the first draft of the paper. All authors shared ideas and contributed to the 690 

writing of the manuscript. 



32 
 

Competing interests 

The authors declare that they have no conflict of interest. 

Acknowledgements 

We acknowledge Carling Hay for sharing and explaining her code, and for providing comments and suggestions on an early 695 

draft. We thank Lambert Caron and Thomas Frederikse for sharing their GIA and GRD datasets, respectively. Chris Piecuch 

is acknowledged for his thorough review of an earlier draft of the manuscript. S.D., Q.S., T.W., and P.T. acknowledge the 

NASA grant 80NSSC20K1241. S.D. also acknowledges David and Jane Flowerree for their endowment funds. 

Financial support 

This research has been supported by the National Aeronautics and Space Administration (grant number: 80NSSC20K1241). 700 

References 

Ablain, M., Cazenave, A., Larnicol, G., Balmaseda, M., Cipollini, P., Faugère, Y., ... & Benveniste, J. (2015). Improved sea 

level record over the satellite altimetry era (1993–2010) from the Climate Change Initiative project. Ocean Science, 11(1), 

67-82. 

Adhikari, S., Ivins, E. R., Frederikse, T., Landerer, F. W., & Caron, L. (2019). Sea-level fingerprints emergent from GRACE 705 

mission data, Earth Syst. Sci. Data, 11, 629–646. 

Albert, S., Leon, J. X., Grinham, A. R., Church, J. A., Gibbes, B. R., & Woodroffe, C. D. (2016). Interactions between sea-

level rise and wave exposure on reef island dynamics in the Solomon Islands. Environmental Research Letters, 11(5), 

054011. 

Arns, A., Wahl, T., Dangendorf, S., & Jensen, J. J. C. E. (2015). The impact of sea level rise on storm surge water levels in 710 

the northern part of the German Bight. Coastal Engineering, 96, 118-131. 

Bamber, J. L., Westaway, R. M., Marzeion, B., & Wouters, B. (2018). The land ice contribution to sea level during the satellite 

era. Environmental Research Letters, 13(6), 063008. 

Beckers, J. M., & Rixen, M. (2003). EOF calculations and data filling from incomplete oceanographic datasets. Journal of 

Atmospheric and oceanic technology, 20(12), 1839-1856. 715 

Bingham, R. J., & Hughes, C. W. (2012). Local diagnostics to estimate density‐induced sea level variations over topography 

and along coastlines. Journal of Geophysical Research: Oceans, 117(C1). 

Cabanes, C., Cazenave, A., & Le Provost, C. (2001). Sea level rise during past 40 years determined from satellite and in situ 

observations. Science, 294(5543), 840-842. 



33 
 

Calafat, F. M., & Chambers, D. P. (2013). Quantifying recent acceleration in sea level unrelated to internal climate variability. 720 

Geophysical Research Letters, 40(14), 3661-3666. 

Calafat, F. M., & Chambers, D. P. (2013). Quantifying recent acceleration in sea level unrelated to internal climate variability. 

Geophysical Research Letters, 40(14), 3661-3666. 

Calafat, F. M., Chambers, D. P., & Tsimplis, M. N. (2014). On the ability of global sea level reconstructions to determine 

trends and variability. Journal of Geophysical Research: Oceans, 119(3), 1572-1592 725 

Camargo, C. M., Riva, R. E., Hermans, T. H., & Slangen, A. B. (2020). Exploring sources of uncertainty in steric sea‐level 

change estimates. Journal of Geophysical Research: Oceans, 125(10), e2020JC016551. 

Caron, L., Ivins, E. R., Larour, E., Adhikari, S., Nilsson, J., & Blewitt, G. (2018). GIA model statistics for GRACE hydrology, 

cryosphere, and ocean science. Geophysical Research Letters, 45(5), 2203-2212. 

Carson, M., Köhl, A., Stammer, D., Meyssignac, B., Church, J., Schröter, J., ... & Hamlington, B. (2017). Regional sea level 730 

variability and trends, 1960–2007: A comparison of sea level reconstructions and ocean syntheses. Journal of Geophysical 

Research: Oceans, 122(11), 9068-9091. 

Cazenave, A., Gouzenes, Y., Birol, F., Leger, F., Passaro, M., Calafat, F. M., ... & Benveniste, J. (2022). Sea level along the 

world’s coastlines can be measured by a network of virtual altimetry stations. Communications Earth & Environment, 

3(1), 117. 735 

Chao, B. F., Wu, Y. H., & Li, Y. S. (2008). Impact of artificial reservoir water impoundment on global sea level. science, 

320(5873), 212-214. 

Cheng, L. et al. Improved estimates of ocean heat content from 1960 to 2015. Science Advances, 3, e1601545 (2017). 

Chambers, D. P., Merrifield, M. A., & Nerem, R. S. (2012). Is there a 60‐year oscillation in global mean sea level?. Geophysical 

Research Letters, 39(18) 740 

Church, J. A., White, N. J., Coleman, R., Lambeck, K., & Mitrovica, J. X. (2004). Estimates of the regional distribution of sea 

level rise over the 1950–2000 period. Journal of climate, 17(13), 2609-2625. 

Church, J. A., & White, N. J. (2006). A 20th century acceleration in global sea‐level rise. Geophysical research letters, 33(1). 

Church, J. A., & White, N. J. (2011). Sea-level rise from the late 19th to the early 21st century. Surveys in geophysics, 32(4), 

585-602. 745 

Church, J.A. et al. Sea Level Change. Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to 

the Fifth Assessment Report of the Intergovernmental Panel on Climate Change, eds Stocker, TF, et al., Ch. 13, Cambridge 

Univ. Press (2013).  

Christiansen, B., Schmith, T., & Thejll, P. (2010). A surrogate ensemble study of sea level reconstructions. Journal of Climate, 

23(16), 4306-4326 750 

Coulson, S., Dangendorf, S., Mitrovica, J. X., Tamisiea, M. E., Pan, L., & Sandwell, D. T. (2022). A detection of the sea level 

fingerprint of Greenland Ice Sheet melt. Science, 377(6614), 1550-1554. 



34 
 

Dangendorf, S., Rybski, D., Mudersbach, C., Müller, A., Kaufmann, E., Zorita, E., & Jensen, J. (2014a). Evidence for long‐

term memory in sea level. Geophysical Research Letters, 41(15), 5530-5537 

Dangendorf, S., Calafat, F. M., Arns, A., Wahl, T., Haigh, I. D., & Jensen, J. (2014b). Mean sea level variability in the North 755 

Sea: Processes and implications. Journal of Geophysical Research: Oceans, 119(10). 

Dangendorf, S., Marcos, M., Wöppelmann, G., Conrad, C. P., Frederikse, T., & Riva, R. (2017). Reassessment of 20th century 

global mean sea level rise. Proceedings of the National Academy of Sciences, 114(23), 5946-5951. 

Dangendorf, S., Hay, C., Calafat, F. M., Marcos, M., Piecuch, C. G., Berk, K., & Jensen, J. (2019). Persistent acceleration in 

global sea-level rise since the 1960s. Nature Climate Change, 9(9), 705-710. 760 

Dangendorf, S., Frederikse, T., Chafik, L., Klinck, J. M., Ezer, T., & Hamlington, B. D. (2021). Data-driven reconstruction 

reveals large-scale ocean circulation control on coastal sea level. Nature Climate Change, 11(6), 514-520. 

Dangendorf, S., Hendricks, N., Sun, Q., Klinck, J., Ezer, T., Frederikse, T., ... & Törnqvist, T. E. (2023). Acceleration of US 

Southeast and Gulf coast sea-level rise amplified by internal climate variability. Nature Communications, 14(1), 1935. 

Dangendorf, S. (2024) Kalman Smoother Sea Level Reconstruction, https://zenodo.org/records/10621070.  765 

Döll, P., Müller Schmied, H., Schuh, C., Portmann, F. T., & Eicker, A. (2014). Global‐scale assessment of groundwater 

depletion and related groundwater abstractions: Combining hydrological modeling with information from well 

observations and GRACE satellites. Water Resources Research, 50(7), 5698-5720. 

Ekman, M. (1988). The world's longest continued series of sea level observations. Pure and applied Geophysics, 127, 73-77 

Fasullo, J. T., & Nerem, R. S. (2018). Altimeter-era emergence of the patterns of forced sea-level rise in climate models and 770 

implications for the future. Proceedings of the National Academy of Sciences, 115(51), 12944-12949. 

Fox-Kemper, B., H.T. Hewitt, C. Xiao, G. Aðalgeirsdóttir, S.S. Drijfhout, T.L. Edwards, N.R. Golledge, M. Hemer, R.E. 

Kopp, G. Krinner, A. Mix, D. Notz, S. Nowicki, I.S. Nurhati, L. Ruiz, J.-B. Sallée, A.B.A. Slangen, and Y. Yu, 2021: 

Ocean, Cryosphere and Sea Level Change. In Climate Change 2021: The Physical Science Basis. Contribution of Working 

Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change [Masson-Delmotte, V., P. 775 

Zhai, A. Pirani, S.L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M.I. Gomis, M. Huang, K. Leitzell, E. 

Lonnoy, J.B.R. Matthews, T.K. Maycock, T. Waterfield, O. Yelekçi, R. Yu, and B. Zhou (eds.)]. Cambridge University 

Press, Cambridge, United Kingdom and New York, NY, USA, pp. 1211–1362, doi: 10.1017/9781009157896.011. 

Frederikse, T., Simon, K., Katsman, C. A., & Riva, R. (2017). The sea‐level budget along the Northwest Atlantic coast: GIA, 

mass changes, and large‐scale ocean dynamics. Journal of Geophysical Research: Oceans, 122(7), 5486-5501. 780 

Frederikse, T., Jevrejeva, S., Riva, R. E., & Dangendorf, S. (2018). A consistent sea-level reconstruction and its budget on 

basin and global scales over 1958–2014. Journal of Climate, 31(3), 1267-1280. 

Frederikse, T., Landerer, F., Caron, L., Adhikari, S., Parkes, D., Humphrey, V. W., ... & Wu, Y. H. (2020). The causes of sea-

level rise since 1900. Nature, 584(7821), 393-397. 

Gelb, A. (Ed.). (1974). Applied optimal estimation. MIT press 785 



35 
 

Gravelle, M., Wöppelmann, G., Gobron, K., Altamimi, Z., Guichard, M., Herring, T., & Rebischung, P. (2023). The ULR-

repro3 GPS data reanalysis and its estimates of vertical land motion at tide gauges for sea level science. Earth System 

Science Data, 15(1), 497-509. 

Gräwe, U., Klingbeil, K., Kelln, J., & Dangendorf, S. (2019). Decomposing mean sea level rise in a semi-enclosed basin, the 

Baltic Sea. Journal of Climate, 32(11), 3089-3108. 790 

Haasnoot, M., Kwakkel, J. H., Walker, W. E., & Ter Maat, J. (2013). Dynamic adaptive policy pathways: A method for crafting 

robust decisions for a deeply uncertain world. Global environmental change, 23(2), 485-498. 

Haigh, I. D., Wahl, T., Rohling, E. J., Price, R. M., Pattiaratchi, C. B., Calafat, F. M., & Dangendorf, S. (2014). Timescales 

for detecting a significant acceleration in sea level rise. Nature Communications, 5(1), 1-11. 

Hamlington, B. D., Leben, R. R., Strassburg, M. W., Nerem, R. S., & Kim, K. Y. (2013). Contribution of the Pacific Decadal 795 

Oscillation to global mean sea level trends. Geophysical Research Letters, 40(19), 5171-5175. 

Hamlington, B. D., & Thompson, P. R. (2015). Considerations for estimating the 20th century trend in global mean sea level. 

Geophysical Research Letters, 42(10), 4102-4109 

Hamlington, B. D., Chambers, D. P., Frederikse, T., Dangendorf, S., Fournier, S., Buzzanga, B., & Nerem, R. S. (2022). 

Observation-based trajectory of future sea level for the coastal United States tracks near high-end model projections. 800 

Communications Earth & Environment, 3(1), 230. 

Hay, C. C., Morrow, E., Kopp, R. E., & Mitrovica, J. X. (2013). Estimating the sources of global sea level rise with data 

assimilation techniques. Proceedings of the National Academy of Sciences, 110(supplement_1), 3692-3699. 

Hay, C. C., Morrow, E., Kopp, R. E., & Mitrovica, J. X. (2015). Probabilistic reanalysis of twentieth-century sea-level rise. 

Nature, 517(7535), 481-484. 805 

Hay, C. C., Morrow, E. D., Kopp, R. E., & Mitrovica, J. X. (2017). On the robustness of Bayesian fingerprinting estimates of 

global sea level change. Journal of Climate, 30(8), 3025-3038. 

Hegerl, G. C., Brönnimann, S., Schurer, A., & Cowan, T. (2018). The early 20th century warming: Anomalies, causes, and 

consequences. Wiley Interdisciplinary Reviews: Climate Change, 9(4), e522. 

Hinkel, J., Lincke, D., Vafeidis, A. T., Perrette, M., Nicholls, R. J., Tol, R. S., ... & Levermann, A. (2014). Coastal flood 810 

damage and adaptation costs under 21st century sea-level rise. Proceedings of the National Academy of Sciences, 111(9), 

3292-3297. 

Hogarth, P., Hughes, C. W., Williams, S. D. P., & Wilson, C. (2020). Improved and extended tide gauge records for the British 

Isles leading to more consistent estimates of sea level rise and acceleration since 1958. Progress in Oceanography, 184, 

102333. 815 

Holgate, S. J., Matthews, A., Woodworth, P. L., Rickards, L. J., Tamisiea, M. E., Bradshaw, E., ... & Pugh, J. (2013). New 

data systems and products at the permanent service for mean sea level. Journal of Coastal Research, 29(3), 493-504. 

Formatted: English (United States)



36 
 

Hughes, C. W., Fukumori, I., Griffies, S. M., Huthnance, J. M., Minobe, S., Spence, P., ... & Wise, A. (2019). Sea level and 

the role of coastal trapped waves in mediating the influence of the open ocean on the coast. Surveys in Geophysics, 40, 

1467-1492. 820 

Humphrey, V., & Gudmundsson, L. (2019). GRACE-REC: a reconstruction of climate-driven water storage changes over the 

last century. Earth System Science Data, 11(3), 1153-117. 

Irish, J. L., Sleath, A., Cialone, M. A., Knutson, T. R., & Jensen, R. E. (2014). Simulations of Hurricane Katrina (2005) under 

sea level and climate conditions for 1900. Climatic Change, 122, 635-649. 

Kalnay, E., Kanamitsu, M., Kistler, R., Collins, W., Deaven, D., Gandin, L., ... & Joseph, D. (2018). The NCEP/NCAR 40-825 

year reanalysis project. In Renewable energy (pp. Vol1_146-Vol1_194). Routledge. 

Kalman, Rudolph Emil. "A new approach to linear filtering and prediction problems." (1960): 35-45 

Kanamitsu, M., Ebisuzaki, W., Woollen, J., Yang, S. K., Hnilo, J. J., Fiorino, M., & Potter, G. L. (2002). Ncep–doe amip-ii 

reanalysis (r-2). Bulletin of the American Meteorological Society, 83(11), 1631-1644. 

Kjeldsen, K. K., Korsgaard, N. J., Bjørk, A. A., Khan, S. A., Box, J. E., Funder, S., ... & Kjær, K. H. (2015). Spatial and 830 

temporal distribution of mass loss from the Greenland Ice Sheet since AD 1900. Nature, 528(7582), 396-400. 

Kolker, A. S., Allison, M. A., & Hameed, S. (2011). An evaluation of subsidence rates and sea‐level variability in the northern 

Gulf of Mexico. Geophysical Research Letters, 38(21). 

Kopp, R. E., Horton, R. M., Little, C. M., Mitrovica, J. X., Oppenheimer, M., Rasmussen, D. J., ... & Tebaldi, C. (2014). 

Probabilistic 21st and 22nd century sea‐level projections at a global network of tide‐gauge sites. Earth's future, 2(8), 383-835 

406. 

Landerer, F. W., Jungclaus, J. H., & Marotzke, J. (2007). Ocean bottom pressure changes lead to a decreasing length‐of‐day 

in a warming climate. Geophysical Research Letters, 34(6). 

Lenssen, N. J., Schmidt, G. A., Hansen, J. E., Menne, M. J., Persin, A., Ruedy, R., & Zyss, D. (2019). Improvements in the 

GISTEMP uncertainty model. Journal of Geophysical Research: Atmospheres, 124(12), 6307-6326. 840 

Li, G., Tornqvist, T., & Dangendorf, S. (2023). First real-world time-travel experiment shows ecosystem collapse due to 

climate change. 

Li, S., Wahl, T., Piecuch, C., Dangendorf, S., Thompson, P., Enríquez, A., & Liu, L. (2023). Compounding of Sea‐Level 

Processes During High‐Tide Flooding Along the US Coastline. Journal of Geophysical Research: Oceans, 128(8), 

e2023JC019885. 845 

MacIntosh, C. R., Merchant, C. J., & von Schuckmann, K. (2017). Uncertainties in steric sea level change estimation during 

the satellite altimeter era: Concepts and practices. Integrative Study of the Mean Sea Level and Its Components, 61-89. 

Malles, J. H., & Marzeion, B. (2021). Twentieth century global glacier mass change: an ensemble-based model reconstruction. 

The Cryosphere, 15(7), 3135-3157. 

Marzeion, B., Jarosch, A. H., & Hofer, M. (2012). Past and future sea-level change from the surface mass balance of glaciers. 850 

The Cryosphere, 6(6), 1295-1322. 



37 
 

Merrifield, M. A., Merrifield, S. T., & Mitchum, G. T. (2009). An anomalous recent acceleration of global sea level rise. 

Journal of Climate, 22(21), 5772-5781. 

Merrifield, M. A. (2011). A shift in western tropical Pacific sea level trends during the 1990s. Journal of Climate, 24(15), 

4126-4138. 855 

Meyssignac, B., Becker, M., Llovel, W., & Cazenave, A. (2012). An assessment of two-dimensional past sea level 

reconstructions over 1950–2009 based on tide-gauge data and different input sea level grids. Surveys in Geophysics, 33(5), 

945-972. 

Miller, L., & Douglas, B. C. (2004). Mass and volume contributions to twentieth-century global sea level rise. Nature, 

428(6981), 406-409. 860 

Moore, J. C., Grinsted, A., & Jevrejeva, S. (2005). New tools for analyzing time series relationships and trends. Eos, 

Transactions American Geophysical Union, 86(24), 226-232. 

Mouginot, J., Rignot, E., Bjørk, A. A., Van den Broeke, M., Millan, R., Morlighem, M., ... & Wood, M. (2019). Forty-six 

years of Greenland Ice Sheet mass balance from 1972 to 2018. Proceedings of the national academy of sciences, 116(19), 

9239-9244. 865 

Muis, S., Apecechea, M. I., Dullaart, J., de Lima Rego, J., Madsen, K. S., Su, J., ... & Verlaan, M. (2020). A high-resolution 

global dataset of extreme sea levels, tides, and storm surges, including future projections. Frontiers in Marine Science, 7, 

263. 

Nerem, R. S., Beckley, B. D., Fasullo, J. T., Hamlington, B. D., Masters, D., & Mitchum, G. T. (2018). Climate-change–driven 

accelerated sea-level rise detected in the altimeter era. Proceedings of the national academy of sciences, 115(9), 2022-870 

2025. 

Oelsmann, J., Marcos, M., Passaro, M., Sanchez, L., Dettmering, D., Dangendorf, S., & Seitz, F. (2023). Vertical land motion 

reconstruction unveils non-linear effects on relative sea level. 

Oppenheimer, M., Glavovic, B., Hinkel, J., van de Wal, R., Magnan, A. K., Abd-Elgawad, A., ... & Sebesvari, Z. (2019). Sea 

level rise and implications for low lying islands, coasts and communities. 875 

Palmer, M. D., Domingues, C. M., Slangen, A. B. A., & Dias, F. B. (2021). An ensemble approach to quantify global mean 

sea-level rise over the 20th century from tide gauge reconstructions. Environmental Research Letters, 16(4), 044043. 

Parkes, D., & Marzeion, B. (2018). Twentieth-century contribution to sea-level rise from uncharted glaciers. Nature, 

563(7732), 551-554. 

Passaro, Marcello, Stine Kildegaard Rose, Ole B. Andersen, Eva Boergens, Francisco M. Calafat, Denise Dettmering, Jérôme 880 

Benveniste (2018), ALES+: Adapting a homogenous ocean retracker for satellite altimetry to sea ice leads, coastal and 

inland waters, Remote Sensing of Environment, 211, 456-471, ISSN 0034-4257, https://doi.org/10.1016/j.rse.2018.02.074. 

Piecuch, C. G., Thompson, P. R., & Donohue, K. A. (2016). Air pressure effects on sea level changes during the twentieth 

century. Journal of Geophysical Research: Oceans, 121(10), 7917-7930. 



38 
 

Piecuch, C. G., Huybers, P., Hay, C. C., Kemp, A. C., Little, C. M., Mitrovica, J. X., ... & Tingley, M. P. (2018). Origin of 885 

spatial variation in US East Coast sea-level trends during 1900–2017. Nature, 564(7736), 400-404. 

Piecuch, C. G., Bittermann, K., Kemp, A. C., Ponte, R. M., Little, C. M., Engelhart, S. E., & Lentz, S. J. (2018). River-

discharge effects on United States Atlantic and Gulf coast sea-level changes. Proceedings of the National Academy of 

Sciences, 115(30), 7729-7734. 

Piecuch, C. G., Calafat, F. M., Dangendorf, S., & Jordà, G. (2019). The ability of barotropic models to simulate historical 890 

mean sea level changes from coastal tide gauge data. Surveys in geophysics, 40(6), 1399-1435. 

Ponte, R. M., & Ray, R. D. (2002). Atmospheric pressure corrections in geodesy and oceanography: A strategy for handling 

air tides. Geophysical research letters, 29(24), 6-1. 

Ponte, R. M. (2006). Low-frequency sea level variability and the inverted barometer effect. Journal of Atmospheric and 

Oceanic Technology, 23(4), 619-629. 895 

Power, S. B., & Kociuba, G. (2011). The impact of global warming on the Southern Oscillation Index. Climate dynamics, 37, 

1745-1754. 

Ray, R. D., & Douglas, B. C. (2011). Experiments in reconstructing twentieth-century sea levels. Progress in Oceanography, 

91(4), 496-515. 

Rietbroek, R., Brunnabend, S. E., Kusche, J., Schröter, J., & Dahle, C. (2016). Revisiting the contemporary sea-level budget 900 

on global and regional scales. Proceedings of the National Academy of Sciences, 113(6), 1504-1509. 

Saintilan, N., Horton, B., Törnqvist, T. E., Ashe, E. L., Khan, N. S., Schuerch, M., ... & Guntenspergen, G. (2023). Widespread 

retreat of coastal habitat is likely at warming levels above 1.5° C. Nature, 621(7977), 112-119. 

Shirzaei, M., Freymueller, J., Törnqvist, T. E., Galloway, D. L., Dura, T., & Minderhoud, P. S. (2021). Measuring, modelling 

and projecting coastal land subsidence. Nature Reviews Earth & Environment, 2(1), 40-58. 905 

Slivinski, L. C., Compo, G. P., Whitaker, J. S., Sardeshmukh, P. D., Giese, B. S., McColl, C., ... & Wyszyński, P. (2019). 

Towards a more reliable historical reanalysis: Improvements for version 3 of the Twentieth Century Reanalysis system. 

Quarterly Journal of the Royal Meteorological Society, 145(724), 2876-2908. 

Spada, G., Galassi, G., & Olivieri, M. (2014). A study of the longest tide gauge sea-level record in Greenland (Nuuk/Godthab, 

1958–2002). Global and planetary change, 118, 42-51. 910 

Strauss, B. H., Orton, P. M., Bittermann, K., Buchanan, M. K., Gilford, D. M., Kopp, R. E., ... & Vinogradov, S. (2021). 

Economic damages from Hurricane Sandy attributable to sea level rise caused by anthropogenic climate change. Nature 

communications, 12(1), 1-9. 

Sun, Q., Dangendorf, S., Wahl, T., & Thompson, P. (2023). Causes of accelerated High-Tide Flooding in the US since 1950. 

Swart, N. C., Fyfe, J. C., Gillett, N., & Marshall, G. J. (2015). Comparing trends in the southern annular mode and surface 915 

westerly jet. Journal of Climate, 28(22), 8840-8859. 



39 
 

Sweet, W. V., Hamlington, B. D., Kopp, R. E., Weaver, C. P., Barnard, P. L., Bekaert, D., ... & Zuzak, C. (2022). Global and 

regional sea level rise scenarios for the United States: Updated mean projections and extreme water level probabilities 

along US coastlines (No. 01). NOAA Technical Report. 

Tamisiea, M. E. (2011). Ongoing glacial isostatic contributions to observations of sea level change. Geophysical Journal 920 

International, 186(3), 1036-1044. 

Thompson, P. R., & Merrifield, M. A. (2014). A unique asymmetry in the pattern of recent sea level change. Geophysical 

Research Letters, 41(21), 7675-7683. 

Thompson, P. R., Hamlington, B. D., Landerer, F. W., & Adhikari, S. (2016). Are long tide gauge records in the wrong place 

to measure global mean sea level rise?. Geophysical Research Letters, 43(19), 10-403. 925 

Thompson, S. B., Creveling, J. R., Latychev, K., & Mitrovica, J. X. (2023). Three-dimensional glacial isostatic adjustment 

modeling reconciles conflicting geographic trends in North American marine isotope stage 5a relative sea level 

observations. Geology. 

The IMBIE team. Mass balance of the Antarctic Ice Sheet from 1992 to 2017. Nature 558, 219–222 (2018). 

https://doi.org/10.1038/s41586-018-0179-y. 930 

Treu, S., Muis, S., Dangendorf, S., Wahl, T., Oelsmann, J., Heinicke, S., ... & Mengel, M. (2023). Reconstruction of hourly 

coastal water levels and counterfactuals without sea level rise for impact attribution. Earth System Science Data 

Discussions, 2023, 1-23. 

Usui, N., & Ogawa, K. (2022). Sea level variability along the Japanese coast forced by the Kuroshio and its extension. Journal 

of Oceanography, 78(6), 515-527. 935 

van Veen, J. (1945). Bestaat er een geologische bodemdaling te Amsterdam sedert 1700. Tijdschr K Ned Aardr Gen, 62, 2-36. 

Vignudelli, S., Birol, F., Benveniste, J. et al. (2019). Satellite Altimetry Measurements of Sea Level in the Coastal Zone. Surv. 

Geophys., 40, 1319–1349 (2019). https://doi.org/10.1007/s10712-019-09569-1 

Volkov, D. L., Lee, S. K., Landerer, F. W., & Lumpkin, R. (2017). Decade‐long deep‐ocean warming detected in the 

subtropical South Pacific. Geophysical Research Letters, 44(2), 927-936. 940 

Vousdoukas, M. I., Clarke, J., Ranasinghe, R., Reimann, L., Khalaf, N., Duong, T. M., ... & Simpson, N. P. (2022). African 

heritage sites threatened as sea-level rise accelerates. Nature Climate Change, 12(3), 256-262. 

Wada, Y., Lo, M. H., Yeh, P. J. F., Reager, J. T., Famiglietti, J. S., Wu, R. J., & Tseng, Y. H. (2016). Fate of water pumped 

from underground and contributions to sea-level rise. Nature Climate Change, 6(8), 777-780. 

Wahl, T., & Dangendorf, S. (2022). Regional Sea Level. In Oxford Research Encyclopedia of Climate Science, 945 

https://doi.org/10.1093/acrefore/9780190228620.013.821.  

Wang, J., Church, J. A., Zhang, X., Gregory, J. M., Zanna, L., & Chen, X. (2021). Evaluation of the Local Sea‐Level Budget 

at Tide Gauges Since 1958. Geophysical Research Letters, 48(20), e2021GL094502. 

WCRP (2018). Global sea-level budget 1993-present. Earth System Science Data, 10(3), 1551-1590. 

Field Code Changed

Formatted: Font: 10 pt, German (Germany)

Formatted: German (Germany)

Formatted: Font: 10 pt

Formatted: Font: 10 pt

Formatted: Font: 10 pt

Formatted: English (United States)



40 
 

Woodworth, P. L., Pouvreau, N., & Wöppelmann, G. (2010). The gyre-scale circulation of the North Atlantic and sea level at 950 

Brest. Ocean Science, 6(1), 185-190. 

Yin, J. (2023). Rapid Decadal Acceleration of Sea Level Rise along the US East and Gulf Coasts during 2010–22 and Its 

Impact on Hurricane-Induced Storm Surge. Journal of Climate, 36(13), 4511-4529. 

Zanna, L., Khatiwala, S., Gregory, J. M., Ison, J., & Heimbach, P. (2019). Global reconstruction of historical ocean heat storage 

and transport. Proceedings of the National Academy of Sciences, 116(4), 1126-1131 955 

Zemp, M., Huss, M., Thibert, E., Eckert, N., McNabb, R., Huber, J., ... & Cogley, J. G. (2019). Global glacier mass changes 

and their contributions to sea-level rise from 1961 to 2016. Nature, 568(7752), 382-386. 

 


