
1. Introduction
Global mean sea level (GMSL) informs climate variations: sea level rise since the beginning of the 20th cen-
tury is indicated by increasing ocean heat content (OHC) and melting glacial ice (Cheng et al., 2019; Church 
et al., 2011; Hamlington, Fasullo, et al., 2019; Nerem et al., 2018). However, the rising trend in GMSL can 
be obscured by climate variabilities at various timescales, particularly the interannual one. Interannual 
variations in GMSL are dominated by El Niño-Southern Oscillation (ENSO) (e.g., Cazenave et al., 2012; 
Fasullo & Nerem, 2016; Gregory et al., 2013; Hamlington, Cheon, et al., 2019; Hamlington et al., 2020; Leul-
iette, 2015; Nerem et al., 2010). GMSL is manifested as a high correlation coefficient of 0.73 to the ENSO 
index during the 2005–2015 period (Piecuch & Quinn, 2016). Despite such a close GMSL-ENSO interannual 
relationship, the temporal features of GMSL could be distinct in one extreme ENSO event from another. For 
example, the peak strength of anomalous GMSL in extreme 2015–2016 El Niño was doubled than that in 
1997–1998 extreme event (Figure 1a), but the reason for this remains unclear.

Sea level variations can be decomposed into steric (both the heat content and salinity changes) and barys-
tatic (ocean mass) changes. The Earth's water balance is approximately a closed system at the interannual 
timescale; therefore, with the assumption that atmospheric water mass is relatively negligible at a monthly 
mean basis as the residence time of water vapor in the atmosphere is within 8–10 days (Ent & Tuinen-
burg, 2017), the interannual variation in barystatic sea level is a result of changes in terrestrial water storage 
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(TWS). Following Equations 1 and 2 in Llovel et al. (2011) (also see Wada et al., 2016) based on land hydro-
logical budget framework, we can formulate the TWS variations as:

 ocean TWS land land landM M P E R      (1)

where E  means the difference in each month, Pland is global-averaged land precipitation, Eland is global-av-
eraged land evapotranspiration, and Rland is global-averaged river runoff. Recent studies showed that TWS 
plays a major role in the asymmetric ENSO-related changes in GMSL (Boening et al., 2012; Fasullo & Ner-
em,  2016), as a consequence of ENSO teleconnections. By analyzing the Gravity Recovery and Climate 
Experiment (GRACE) data and simulations from a land surface model, Ni et al. (2018) demonstrated high 
correlations (with maximum cross-correlation coefficients up to ∼0.70) and coherence between TWS and 
ENSO during 2002–2015 for tropical river basins such as the Amazon and Orinoco.

ENSO shows its diversity in spatial structure and temporal evolutions (Capotondi et al., 2015; Timmermann 
et  al.,  2018). For example, the two types of warm-phase ENSO events were suggested to exist, namely, 
Eastern Pacific (EP) and Central Pacific (CP) types ENSO (Kao & Yu, 2009; Yeh et al., 2009). EP El Niños 
are generated by thermocline variations in the tropical Pacific and exhibit stronger OHC variations derived 
from recharge and discharge mechanisms (Jin, 1997). Whereas CP El Niños are suggested to be less involved 
in thermocline variations but are instead likely forced by subtropical zonal advection feedback such as the 
wind-evaporation-sea surface temperature feedback associated with the Pacific meridional mode (PMM) 
and Pacific internally driven modes (Chiang & Vimont, 2004; Min et al., 2017; Yu & Kim, 2011). Telecon-
nections originating from the two types of El Niños differ (Chen et al., 2016; Yeh et al., 2018; Yu et al., 2017). 

Figure 1. (a) Altimetry-observed global mean sea level (GMSL) in 1996–1998 and 2014–2016 overlaid with Oceanic 
Niño Index (ONI) strength shading (crimson and blue for 1996–1998; light red and green for 2014–2016). Error bars 
are the 90% confidence interval of standard deviation by the method in Section S2. Time series of sea level anomalies 
in (b) 1996–1998 and (c) 2014–2016 from Estimating the Circulation and Climate of the Ocean version 4 (ECCOv4r4): 
steric-plus-barystatic height (black line), steric height (blue bar), and barystatic height (red bar). Steric heights from 
ECCOv4r4 were derived according to Gill and Niller (1973). The barystatic heights from ECCOv4r4 are derived from 
the calculation of ocean bottom pressure with global mean air pressure removed (OBPNOPAB). Time series of Eastern 
Pacific (EP) indices and Central Pacific (CP) indices for (d) 1996–1998 and (e) 2014–2016.
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Recent studies investigated the 1997–1998 (EP; see Figure 1d) and 2015–2016 (a combination of EP and CP; 
see Figure 1e) El Niños to better understand extreme El Niños that exhibit various forcing mechanisms and 
their effects (Lin & Wu, 2019; Long et al., 2020; Paek et al., 2017). Various sea surface temperature patterns 
among different ENSO types can excite differing wave trains, resulting in spatially varied atmospheric circu-
lations (Paek et al., 2017), and the global water cycle (Liang et al., 2016; Xu et al., 2013). This study extends 
this line of work to examine the impacts of CP/EP ENSO on GMSL variation, a pioneering work to include 
the impacts of diverse ENSO on the interannual variations of TWS along with corresponding GMSL.

To explore the GMSL difference in 1997–1998 and 2015–2016 El Niños, we use satellite and reanalysis data 
sets to investigate the cause of GMSL differences between the two events, focusing on different ENSO types, 
and highlight the role of TWS in explaining the GMSL discrepancies observed in the two extreme events.

2. Data and Methods
We analyze satellite altimetry data using the altimeter products produced by Ssalto/Duacs and distributed 
by Aviso+, with support from Cnes (https://www.aviso.altimetry.fr). We use observations with global cov-
erage for steric and barystatic heights obtained in situ Argo ocean float measurements from Scripps Institu-
tion of Oceanography (Argo, 2000; Barnoud et al., 2021; processed by the Scripps Institution of Oceanogra-
phy, version: 2019) and Gravity Recovery and Climate Experiment (GRACE, RL06M; Landerer et al., 2020; 
Watkins et al.,  2015; Wiese et al.,  2016, 2018). Since the distribution of Argo is insufficient before 2004 
(Leuliette & Miller, 2009) and GRACE is available only after 2002, we used reanalysis data instead to cover 
the steric height and TWS before 2002.

The oceanic product of Estimating the Circulation and Climate of the Ocean version 4 (ECCOv4r4; ECCO 
Consortium, 2020; Forget et al., 2015) is also used in this study, which contains variables for sea-level budg-
ets and is commonly used for sea-level studies (e.g., Piecuch & Ponte, 2011; Storto et al., 2019). We analyze 
salinity and temperature (converted from potential temperature field) data from ECCOv4r4 to integrate 
ocean density from the surface to depth of 2,000 m following Equation 2 from Gill and Niller (1973) for 
steric variation:

 0

0

1steric variation , 2,000 mH dz H 
 


    (2)

The ocean bottom pressure with global mean air pressure removed (OBPNOPAB) in ECCOv4r4 represents 
barystatic height. Because the runoff input in ECCOv4r4 is a fixed seasonal cycle, this might influence the 
oceanic water budget by freshwater inputs (precipitation, evaporation, and runoff) within ECCOv4r4. In 
order to deal with this issue, we use another two independent data sets covering 1993–2016: European Cen-
tre for Medium-Range Weather Forecasts (ECMWF) Reanalysis version 5-land (ERA5-land; Muñoz Sabat-
er, 2019) and the offline Community Land Model Version 5 (CLM5; Lawrence et al., 2019) simulations, for 
land precipitation, evaporation, and runoff data to calculate TWS over all land areas, including Greenland 
and Antarctica. Assuming the TWS entering into the ocean distributes uniformly in global oceans (Farinotti 
et al., 2019; Jensen et al., 2013; Piexoto & Oort, 1992), we used −TWS (i.e., TWS multiplied by −1 to indicate 
from land into ocean) to approximate the barystatic height. For glacier-related information, water mass data 
for Greenland and Antarctica are obtained from RACMO2.3p2, an updated regional climate model. Outputs 
from RACMO2.3p2 are validated using GRACE (Noël et al., 2018; Van Wessem et al., 2018).

We employ the Oceanic Niño Index (ONI) from National Oceanic and Atmospheric Administration to 
characterize the strength of ENSO and the CP indices (CPI) and EP indices (EPI) to distinguish between 
different types of El Niño (Kao & Yu, 2009; Yu & Kim, 2010). All data sets in this study are summarized in 
Table S1.

We compared −TWS from ERA5-land and CLM5 to −TWS from GRACE during 2003–2016 as well as steric 
heights derived from Argo and ECCOv4r4 to demonstrate the veracity of model simulations. The temporal 
and spatial validations of ECCOv4r4 and those observations are shown and discussed in Section S1 (also see 
Table S2; Figures S1 and S2). ECMWF ocean and sea ice reanalysis (ORAS5; Zuo et al., 2019) are applied as 
independent oceanic data for consistency validation in Section S5. We bilinearly interpolate all ocean data 
sets (including altimetry, GRACE, and ECCO v4r4) to 1° globally in this study. The global mean of each 
time series is considered as area weighted and we notify readers that the definition of ocean areas vary from 

https://www.aviso.altimetry.fr/
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data set to data set. Notably, we interpolate the missing months in GRACE data using cubic interpolation 
following Piecuch and Quinn (2016). Long-term linear trends (Table S3) and seasonal cycles are removed, 
and a 3-month running mean is applied in the time series to focus on the interannual variations of ENSO 
(Llovel et al., 2011) before further analysis.

3. Results
3.1. Contrasting Sea-Level Variations in 1997–1998 and 2015–2016 El Niño

Figure  1a shows a GMSL anomaly with a peak value of 9.00  mm (seasonality and linear trend during 
1993–2016 removed) in January 2016 and 3.72 mm in February 1998 during the two extreme El Niño events, 
respectively. There is a striking difference of 5.28 ± 0.96 mm between the two events (the method for esti-
mating uncertainties can be found in Section S2). GMSL is decomposed into steric and barystatic contribu-
tions using ECCOv4r4 data (Figures 1b and 1c). The global mean steric heights peaked during the mature 
phases (December–January–February in 1997–1998 and 2015–2016) of the two events. The steric variation 
in 1997 was greater than that in 2015 because the 1997–1998 El Niño was categorized as a typical EP El 
Niño that brings stronger OHC variations (Yu et al., 2017). After the ONI peak in 1998, a decrease in GMSL 
occurred due to the development of a strong La Niña in 1998–1999. Figures 1b and 1c also illustrate that the 
global mean steric variations in both cases were relatively small when compared with barystatic variations. 
Evidently, the distinct GMSL evolutions in the two El Niño events can be mainly attributed to barystatic 
variations.

3.2. From Barystatic Height to TWS Variations

We next calculate −TWS from ERA5-land to estimate the ocean mass increase in terms of land hydrologi-
cal budget (Figure 2). ERA5-land reanalysis reveals that a portion of barystatic variation can be explained 
by −TWS with a correlation coefficient of 0.57 (p < 0.01, based on 1993–2016 period between ECCOv4r4 
and ERA5-land) and by GRACE with a correlation coefficient of 0.67 (p < 0.01, based on 2003–2016 period 
between GRACE and ERA5-land). Furthermore, the CLM5 simulated −TWS is with 0.80 (p < 0.01), 0.64 
(p < 0.01), and 0.50 (p < 0.05) correlation coefficients to barystatic height from ECCOv4r4, −TWS from 
GRACE, and −TWS from ERA5-land, respectively. The difference of −TWS (ERA5-land) in the mature 
phases of the two events was 2.99 ± 0.82 mm. On the other hand, the −TWS (CLM5) difference of the same 
time was 3.18 ± 0.86 mm, which was smaller although the peak during 2015–2016 was still higher than that 
during 1997–1998. We also check whether the difference of −TWS in the two events was from land ice melt 
from Greenland and Antarctica. With RACMO2.3p2 data set (yellow line in Figure 2), it shows that the land 
ice loss was not the primary cause of the observed barystatic difference in GMSL.

The increase in ocean mass was associated with the observed −TWS anomalies, indicating that more water 
mass was transported from land to the ocean in 2015–2016 El Niño event. Comparing the CPI and EPI for 

Figure 2. Time series of global mean sea level (GMSL) contributed from barystatic height from Estimating the 
Circulation and Climate of the Ocean version 4 (ECCOv4r4) (green line), from global mean −terrestrial water storage 
(TWS) from Gravity Recovery and Climate Experiment (GRACE) (blue line), from global mean −TWS from European 
Centre for Medium-Range Weather Forecasts Reanalysis version 5-land (ERA5-land) (purple line), from global 
mean −TWS from Community Land Model Version 5 (CLM5) (red line), and from Greenland and Antarctica glaciers 
(GL + ANT, yellow line). Gray-shaded areas denote 1996–1998 and 2014–2016 events.
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1997–1998 and 2015–2016 El Niños, Figures 1d and 1e show that these two events have different character-
istics in terms of El Niño types. Positive EPI dominantly persisted throughout 1997–1998 period with CPI 
near zero in contrast to CPI and EPI that evolved similarly in the 2015–2016 event. As a result, the 1997–
1998 event was recognized as an EP El Niño and the 2015–2016 event was more like a mixed EP and CP El 
Niño (Paek et al., 2017). Therefore, in order to understand whether the different barystatic heights relate to 
the El Niño types, we calculate the correlation coefficients, coefficient of determination (R2), and regression 
slope between CPI/EPI and global mean −TWS during 1993–2016 (Table 1; 2003–2016 for GRACE). The 
correlation coefficient of CPI and −TWS can be up to 0.63 (p < 0.01; from ERA5-land during 1993–2016), 
which means that the CP El Niño signature explains at most 39% of −TWS variations. Yet, the correlation 
coefficients of EPI and −TWS from all the products are low and did not pass the Student's t-test with 95% 
confidence level. Regression slopes of −TWS also show that −TWS increases more with CPI (can be up to 
1.50 ± 1.13 mm/CPI from CLM5 during 1993–2016) than EPI.

3.3. The Spatial Distributions of TWS With CP/EP El Niño

The global mean TWS decreases further under CP Niños (i.e., larger −TWS), which contributes equivalently 
to increasing GMSL, but how is the spatial distribution of TWS? Figures 3a and 3b show the mean of TWS 
from ERA5-land during July 1997 (2015)–June 1998 (2016), respectively (Figure S3 shows the same plot as 
Figure 3 but using data from CLM5). The boxed regions are with lower TWS in 2015–2016. Mean TWS dis-
tribution in 1997–1998 could be explained by the regression map of TWS with EPI during 1993–2016 (Fig-
ure 3c and Figure S4 show the extended regression map as Figures 3c and 3d but for 1981–2016). However, 
for the mean TWS in 2015–2016, the distribution of TWS in northwestern North America and Eurasia were 
less interpretable with only EPI but more likely to be accounted for CPI (Figure 3d). The two regression 
maps suggest that the EP and CP El Niños are associated with opposite influences on interannual TWS over 
most boxed areas. Regions with a negative anomalous TWS, such as northwestern North America, northern 
South America, central and southern Africa, Australia, eastern Siberian, and western Europe, are more 
common in CP El Niños. The results also reflect an asymmetric global hydrological response to different 
types of El Niño documented in previous studies (Liang et al., 2016; Xu et al., 2013).

4. Conclusions and Discussion
The two strongest El Niños (1997–1998 and 2015–2016 events) in recent decades exhibited a similar strength 
in ONI, but the physical mechanisms causing both developments and their spatiotemporal features differed 
considerably. The 1997–1998 event was a typical EP El Niño, but the 2015–2016 event was a combination of 

ECCOv4r4 ERA5-land CLM5 GRACE

CPI CorrCoef. 0.45 0.63 0.56 0.54

R2 0.20 0.40 0.32 0.29

mm/index 1.04 ± 0.90 0.88 ± 0.33 1.50 ± 1.13 0.99 ± 0.62

EPI CorrCoef. 0.19 −0.12 0.17 −0.01

R2 0.04 0.01 0.03 0.00

mm/index 0.44 ± 1.21 −0.16 ± 0.62 0.44 ± 2.76 −0.02 ± 1.31

Time period applied 1993–2016 1993–2016 1993–2016 2003–2016

Note. The uncertainties for the regression slopes are evaluated with 90% confidence intervals by the method mentioned 
in Sections S3 and S4. The italicized CorrCoef. passed the Student's t-test with p-value < 0.05 and the bolded one 
with p-value < 0.01. Autocorrelations of the time series are considered when accounting for the significance test of 
CorrCoef.

Table 1 
Correlation Coefficients (CorrCoef.), R2, and Ordinary Least Squares Linear Regression Slopes Between Central Pacific 
Indices (CPI) and Eastern Pacific Indices (EPI) and Time Series of Barystatic Height From Estimating the Circulation 
and Climate of the Ocean Version 4 (ECCOv4r4), −Terrestrial Water Storage From European Centre for Medium-Range 
Weather Forecasts Reanalysis Version 5-Land (ERA5-Land), Community Land Model Version 5 (CLM5), and Gravity 
Recovery and Climate Experiment (GRACE)



Geophysical Research Letters

KUO ET AL.

10.1029/2021GL094104

6 of 9

EP and CP El Niños. These give rise to the interannual GMSL between the two events differed by approxi-
mately 5.28 ± 0.96 mm. In this study, we demonstrate that the main difference in GMSL between the two 
extreme El Niño events originated from barystatic components, consistent with the findings in previous 
studies that the ocean mass changes dominate interannual variations in sea level (Cazenave et al., 2012; 
Fasullo & Nerem, 2016; Llovel et al., 2011). Note that interannual variations of steric height obtained from 
both ECCOv4r4 and ORAS5 data (Figure S4 and Table S3) were relatively smaller than those from Argo due 
to varying assimilation schemes and models (Balmaseda et al., 2015; Carton et al., 2019; Storto et al., 2019). 
If this result is due to systematic errors in modeling procedures, the contribution of density variation in this 
study may be underestimated.

The barystatic variation mainly came as TWS variations, and teleconnections from CP El Niño forcing con-
tribute more to the interannual variation of TWS, leading to the lower TWS and higher barystatic height. 
The regions of CP/EP ENSO-related TWS variations could be mostly explained from the precipitation pat-
terns shown in Figure 9 of Xu et al. (2013). Several regions cannot be purely explained with only precipita-
tion, where the evapotranspiration and runoff can be at play to modulate the net TWS variations during the 
CP and EP El Niños. Some diverse results from ERA5-land and CLM5 can be seen in Figures 3 and S3, and 
the discrepancies might come from different model resolutions, TWS schemes, and atmospheric forcings 
used in the two models. However, some regions (i.e., North America, central and southern Africa, Australia, 
Maritime Continent, and eastern Siberian) have consistent results between the two data sets. This might be 
also why, so far, consistent results of the global mean TWS can be seen from the two models. Further studies 
about model uncertainties of TWS predictability are necessary.

This study uses −TWS to represent the barystatic variations in the ocean. Here exists an uncertainty up to 
1.14 mm, calculated as the standard deviation of the difference between barystaticE M  from ECCOv4r4 and 

landE M   from ERA5-land throughout 1993–2016. Current land and ocean models do not consider the mod-
el-based Glacial Isostatic Adjustment signal, independent estimation of geocenter motion, and so on. The 

Figure 3. Mean terrestrial water storage (TWS) (European Centre for Medium-Range Weather Forecasts Reanalysis version 5-land [ERA5-land]) during (a) 
July 1997–June 1998 and (b) July 2015–June 2016. The numbers at the lower left corners of the panels (a and b) are the global area-weighted mean −TWS 
contributing to global mean sea level (GMSL) in each figure. Regression maps of (c) TWS (ERA5-land) and Eastern Pacific indices (EPI) during 1993–2016, (d) 
TWS (ERA5-land) and Central Pacific indices (CPI) during 1993–2016. Boxed regions are discussed in text and dotted grids passed the F-test with p-value < 0.05 
for the regression slope (see Section S4).
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land models may not reasonably simulate the ice melting in Greenland and Antarctica, either. Moreover, 
the atmospheric precipitable water is ignored in this study. These factors could also lead to uncertainties in 
our estimate that barystatic variation is forced by −TWS.

Previous studies have shown that the frequency of CP El Niños has increased in the early 21st century 
(Kao & Yu, 2009; Larkin & Harrison, 2005; Yeh et al., 2009), and future projections from climate model 
intercomparison projects demonstrate that the number of extreme El Niños will continue to increase (Cai 
et al., 2015) with more CP El Niños (Yeh et al., 2009, 2018). With the two extreme El Niños on the past re-
cords, we emphasize how the two types (CP and EP) of El Niño exhibit different teleconnections to TWS. 
This study makes a breakthrough in the previous view for interannual variations of GMSL excluding the El 
Niño complexity. Such consequent diverse responses of water redistributions on continents not only impact 
the temporary storage of water (i.e., terrestrial reservoirs), but also pose a danger to the coastal regions when 
combining with the sea level rising trend (Oppenheimer et al., 2019). Therefore, including the information 
of El Niño complexity and its change in the future is necessary to better understand and more accurately 
project future GMSL.

Data Availability Statement
The data used in this study can be obtained from ONI: https://climatedataguide.ucar.edu/climate-data/nino-
sst-indices-nino-12-3-34-4-oni-and-tni; AVISO+: https://www.aviso.altimetry.fr/es/data/products/sea-surface-
height-products/global/gridded-sea-level-anomalies-mean-and-climatology.html; Argo: http://sio-argo.ucsd.edu/
RG_Climatology.html; GRACE/GRACE-FO Mascon data: https://grace.jpl.nasa.gov/data/get-data/jpl_global_
mascons/; ECCOv4r4: https://www.ecco-group.org/products-ECCO-V4r4.htm; ORAS5: https://www.ecmwf.
int/en/forecasts/dataset/ocean-reanalysis-system-5; ERA5-land: https://cds.climate.copernicus.eu/cdsapp#!/
search?type=dataset&text=era5-land; information about CLM5 is in https://www.cesm.ucar.edu/models/
cesm2/land/ and the model outputs from CLM5 could be accessed from the corresponding author. All the 
data processing and figures are done with Matlab, with the external toolbox from M_Map (https://www.eoas.
ubc.ca/∼rich/map.html), cpt-city (http://soliton.vm.bytemark.co.uk/pub/cpt-city/), and SEAWATER library 
version 3.2 is attributed to Morgan, P. P. SEAWATER: a library of MATLAB® computational routines for the 
properties of sea water: Version 1.2. 1994. Report No.:222. http://hdl.handle.net/102.100.100/239771?index=1. 
The code for this study can be accessed from Zenodo (https://doi.org/10.5281/zenodo.5144491).
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