
Origin of the solar-cycle imprint on 
global sea level change
Shuhei Masuda1, John Philip Matthews2,3 & Yosuke Alexandre Yamashiki4

In order to improve insight into the causes of sea-level variability we investigate poorly understood 
11-year solar-cyclic oscillations in the temporal rate of global sea-level change. Our approach is based 
mainly on a thorough reassessment of relevant historical datasets and on an analysis of precise 
altimetric sea-height observations. We first demonstrate that the temporal rates of change of water 
volumes stored on land also fluctuate on comparable 11-year timescales, suggesting that the solar-
cyclic sea level oscillations we observe result from adjustments taking place in the water-mass balance 
between the oceanic and terrestrial realms. We then show that these water-mass transfers result 
primarily from systematic changes that take place in the El Niño Southern Oscillation during the 
course of the solar cycle. We interpret these evolutionary changes on the basis of a causal sequence 
that commences within the Quasi-Biennial-Oscillation, a system of regular upper-atmospheric 
wind reversals that exhibits a clear solar-cyclic dependence and has a well-defined impact on the 
development of the Madden Julian Oscillation. The latter can influence the strength and rate of 
evolution of the El Niño Southern Oscillation which, in turn, determines the level of net terrestrial 
water storage through its effect on rainfall patterns. Recognition of this underlying solar-cyclic 
modulation advances our understanding of the factors determining historical and future variability in 
global mean sea level.

With roughly 10% of the world’s population living in low-lying (< 10 m above sea level) coastal zones1, increases 
in global mean sea level (GMSL) inevitably engender widespread societal anxiety and reinforce the need for 
accurate sea-level prediction2,3. It is therefore of particular concern that GMSL has been rising monotonically 
over the last 100 years (Fig. 1 grey line)4,5.

GMSL is determined primarily by contributions from steric height change (ocean expansion on warming), 
meltwater runoff (from glaciers), ice losses from Greenland and Antarctica, and changes in terrestrial water 
storage (TWS), which, roughly speaking, is determined by the difference between terrestrial precipitation and 
river runoff. Sea-level height measurements made by satellite altimeters (from 1993 onwards) have enabled the 
magnitudes of these separate contributions to be accurately assessed5–7. Thus from 1993 to 2018, the average 
rate of sea level rise of 3.16 mm/year consisted of 1.19 mm/year from thermal expansion of the subsurface ocean 
due to global warming and 1.97 mm/year from barystatic oceanic mass increase (mostly through the melting of 
polar ice).

In addition to this well-defined linear trend, long-term coastal tide-gauge observations have revealed quasi-
decadal variability in the temporal rate of change of global mean sea level (GMSLT) of between 3 and 5 mm/
year in amplitude8,9, which has been linked9 to the 11-year solar cycle (supplementary text #1). In Fig. 1 (red 
line) we use longer-term reconstruction data to confirm the presence of essentially similar oscillations. The 
close correlation of these signals with solar activity (as represented by the sunspot number, SSN; blue line) is 
quantified by a statistical significance of over 80% (correlation coefficient = 0.12 with 115 degrees of freedom), 
although we note the presence of a number of anomalous peaks in the time series (which are discussed later). In 
contrast to GMSLT, we note that the corresponding GMSL-SSN relation is difficult to isolate or identify since it 
is buried in a large monotonically increasing trend.

These clear indications of solar influence have received no generally accepted interpretation. A putative 
origin within the thermal expansions and contractions of oceanic waters in response to the cyclic variations 
in Total Solar Irradiance (TSI) can be rejected, as this would require some 5 to 7 times more variability in heat 
input than is actually observed within the TSI cycle itself9. An alternative interpretation relies on solar-wind 
modulation of the incoming galactic cosmic ray (GCR) flux to produce an amplification of the variability of the 
radiative flux entering the ocean by influencing basin-wide cloud coverage10,11. However, recent oceanographic 
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data indicate that the contribution from oceanic thermal expansion exhibits little relation to solar-cycle phase. 
This latter result is consistent with the conclusions of9 and of other ocean-state estimations12 (supplementary 
text #2 and Fig. S1).

Results
Based on an in-depth consideration of global freshwater circulation, historical records and recently acquired 
remotely-sensed observations of both sea level and terrestrial water distributions, we show that these sea level 
oscillations stem mainly from variability in TWS arising from changes in the water-mass balance between the 
oceanic and terrestrial realms. In order to demonstrate the causal effect of such water-mass redistributions, 
we first investigate the long-term record offered by the Palmer Drought Severity Index (PDSI)13 which uses 
historical temperature and precipitation data to estimate relative dryness on the basis of a standardized index for 
terrestrial conditions that ranges from − 10 (dry) to + 10 (wet). Negative values of the time derivative (PDSIT) 
indicate a net discharge of water from land to sea (corresponding to increasing GMSL i.e. positive values of 
GMSLT) (see “Materials and Methods”). Results derived for PDSIT are given in Fig. 2A (red line) and show a 
clear 11-year periodicity which is highly correlated with the prevailing solar activity. The correlation between 
the red and blue curves is significant at a 99.9% level or higher (correlation coefficient = − 0.31 with 1174 degrees 
of freedom).

However, as the PDSI data contain a wide variety of influences (see supplementary text #3), the synchronization 
of PDSIT with the 11-year solar cycle breaks down occasionally (e.g., peaks in 1940s, 1960s and 1970s), as Fig. 2A 
and thus Fig. 1 both demonstrate. The histogram-style plot of Fig. 2B nevertheless shows the robust underlying 
dependence of PDSIT on the 11-year solar cycle that is a salient feature of these longer-term data. For SSN 
values above 100 (corresponding to solar maximum conditions; Smax), higher values of SSN correspond to more 
negative values of PDSIT. Thus, for SSN = 100 we have PDSIT = 0.004 while for SSN = 280 then PDSIT = − 0.033. 
These more negative values of PDSIT generally correspond to larger GMSLT values. In contrast, during solar 
minimum (SSN ≦ 100; Smin), the values of PDSIT remain weakly positive centered roughly on PDSIT = 0.003 
and are significantly larger than the values recorded under Smax conditions when GMSLT values are generally 
negative.

The relation between large-scale transfers of water from land to sea and mean sea level change, as indicated 
by this analysis of the long-term PDSI index, can be examined in a more quantitative fashion in order to better 
understand the underlying mechanisms. In Fig. 3 we use post-1993 altimetric data (green line) to accurately 
quantify GMSLT and to relate it to both terrestrial water storage and to the background variability in solar activity. 
It is clear that GMSLT follows the roughly sinusoidal variation in GCR count over the solar cycle (shown in blue), 
a result that is generally consistent with the post 1993 data presented in Fig. 1. In the case of Fig. 3 the (one 

Fig. 1. Global mean sea level and its temporal change rate. Annual Global Mean Sea Level (sum of major 
contributions; grey curve) after 1900 compiled from a range of available data as provided by Frederikse et al.5. 
Error bars denote 90% confidence intervals. The sea-level change rate derived from these same data (GMSLT) is 
shown in red. Sunspot numbers are given in blue.
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standard deviation) amplitude of the sinusoidal fluctuation in GMSLT lies at 1.33 mm/year (see supplementary 
text #4), a figure that we employ later.

In order to demonstrate the causal effect of large-scale water-mass redistributions on mean sea level, we 
next transform TWS storage data (expressed in units of gigatons; see “Materials and Methods” and ref.14) into 

Fig. 2. Dependence of PDSIT on solar activity. (A) Comparison of global mean Palmer Drought Severity Index 
change-rates (PDSIT) using a 3-year running mean (red curve) with sunspot number (SSN) (blue) for years 
1908 to 2005. (B) PDSIT for each bin interval used to sort the SSN data (the bin intervals represent increments 
of 10). Mean values are calculated when the data number exceeds 5.
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“equivalent” GMSL values (denoted as eGMSL). To do this we perform a global summation of terrestrial water 
storage assessments (though excluding Greenland and Antarctica), and then divide the net result by the fresh 
water density of 1.0 × 106 g/m3 and by the total area of the oceans of 3.6 × 1014 m2. Note that positive values of 
the time derivative (eGMSLT) indicate net discharge of water from land to sea and correspond to negative values 
of the time derivative of TWS (see “Materials and Methods”). The results derived for eGMSLT are given in Fig. 3 
(red line). They also show sinusoidal variability but now with an amplitude near 0.86 mm/year (representing 
one standard deviation). The clear 11-year periodicity exhibited here is comparable in amplitude and phase to 
the oscillatory GMSLT signal present in the altimeter data (green line). This demonstrates that the 11-year solar-
synchronized variation of GMSLT is mostly defined by change in TWS, as are the year-to-year variations of the 
GMSL budget15 (see supplementary text #5).

Synoptic mapping of PDSIT can reveal the important global implications of the dynamical processes driving 
these water-mass redistributions. Thus the geographical distributions of PDSIT are provided in the composites of 
Fig. 4, corresponding to Smax (SSN > 100) and Smin (SSN ≦ 100), respectively. In Fig. 4A, the pattern of PDSIT 
for Smax indicates progressive drying in the Amazon basin, Australia, South Africa, India and South-East Asia 
including the maritime continents. These trends point to reduced terrestrial water storage and so increasing 
GMSL. In contrast, the changes towards wetter conditions taking place in southern North America, Central 
Asia and southern China will tend to decrease GMSL. In terms of the total budget, the former effect outweighs 
the latter, which results in an increase in GMSL during the Smax phase. It is particularly noticeable that the 
geographical pattern exhibited in Fig. 4A is similar to that derived from empirical orthogonal function (EOF) 
analysis shown by Dai et al.16, which they linked to El Niño Southern Oscillation (ENSO) activity.

The pattern for Smax conditions exhibited in Fig. 4A is largely reversed for Smin conditions, as shown in 
Fig. 4B. In this case the Smin distribution is rather similar to La Niña conditions (Fig. 4B), particularly in terms 
of wet trends in the Amazon Basin and across eastern most of Australia. The total budget points to a decrease 
in GMSL during the Smin phase (Fig. 2B). Generally, the spatial patterns shown in Fig. 4A,B are consistent with 
results derived from TWS data (Fig. S2) although they cover a shorter time period. They are also consistent with 
the global ENSO-induced precipitation pattern discussed elsewhere17. Note that the total precipitation deposited 
per year over the oceans amounts to 3.91 × 105 km3 18, while the observed 11-year oscillation in GMSLT (of 
amplitude 1.35 mm/year) corresponds to variability in only about 0.12% (4.9 × 102 km3/year) of this total. Thus, 

Fig. 3. Temporal change rate of the altimetric global mean sea level and its relation to solar and terrestrial 
variables. The de-trended global-mean monthly change-rate in sea level derived from altimeter data with 
seasonal variations removed (green curve). The contribution (eGMSLT) from terrestrial water storage is shown 
in red. Both are processed using a 3-year running mean. Galactic Cosmic Ray count rates at Oulu are given 
in blue. The correlation between the green and red curves is significant at a 99.9% level or higher (correlation 
coefficient = 0.52 with 316 degrees of freedom). The correlation between the green and blue curves is also 
significant at a 99.9% level or higher (correlation coefficient = − 0.50 with 358 degrees of freedom).
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relatively minor fluctuations in the global water cycle can generate the levels of sea level change under discussion 
here.

Overall, these results suggest that the 11-year solar cycle can modulate precipitation and associated terrestrial 
water-mass redistributions by altering the genesis and climatological impact of the ENSO. We note that in the 
specific case of the Amazon, earlier research has indicated a link between Amazon runoff during the twentieth 

Fig. 4. Geographical distribution of PDSIT composited by SSN. (A) Composite values of PDSIT under solar 
maximum conditions (SSN > 100) and (B) under solar minimum conditions (SSN ≦ 100) for years 1908 to 
2005.
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century and the 11-year solar cycle19,20, with more recent evidence further supporting this suggestion21. Such a 
link is qualitatively consistent with our results, assuming that riverine discharge is largely reflective of basin-wide 
water storage levels. That is, high rainfall in the Amazon basin increases both instantaneous river discharge and 
the basin-wide water storage remaining on land, while the net contribution is towards a lowering of global sea 
level.

We next examine our earlier suggestion that the genesis and climatological impact of the ENSO can be 
influenced by solar activity. Figure  5A shows absolute values of the temporal variability of the averaged sea 
surface temperature in the NINO3.4 region (5°N–5°S and 170°–120°W), which is a useful index for classifying 
ENSO conditions. In particular, the absolute value of the temperature change-rate, |NINOT|, provides a good 
overall indication of the level of activity or rapidity of development of a given El Niño or La Niña event. In 
Fig. 5A the modulus |NINOT| is represented by a blue line, while the SSN time series is shown in red. Since 
ENSO genesis is known to depend on various factors such as subsurface conditions in the tropical ocean, meso-
scale atmospheric/oceanic dynamics, and air-sea interactions in terms of heat, fresh water and momentum, 
individual ENSO events can develop in highly diverse ways. Nevertheless, certain general characteristics become 
apparent over decadal time scales.

In parallel with the high variability shown in Fig. 5A, the time series of |NINOT| also reveals a subtle tendency 
for surface temperature change rates to increase during periods of Smin and to subside during periods of Smax. 
This synchronization with solar activity is clearly revealed by the wavelet analysis presented in Fig. 5B, in which 
the wavelet amplitudes of the |NINOT| time series show large values as they overlap with the strong band of 
wavelet amplitudes (white contours) centered on 11 years (132 months) that are derived from the SSN time 
series. The relation is best defined within the approximate periods from 1870–1890, 1940–1960, 1975–1985 and, 
with poorer definition, around 2005. The appearance of large amplitude spots from 1940–2000 shows that more 
active solar conditions (Solar Cycles 17 to 23) were generally prevalent during this period. We note that the 
amplitudes of the 11-year related signals are comparable to those of the interannual variability (< 60 months), 
where the most energetic frequency bands of ENSO activity are located. This indicates that the synchronized 
variations exhibited in Fig.  5B, which can be viewed as a solar-cyclic imprint on the |NINOT| time series, 
represent an important source of ENSO modulation. It should also be noted that it is difficult to unmask this 
relation by simply studying the time variation of the ENSO parameter NINOT (now treated as a real number) in 
relation to SSN, as Fig. S3 demonstrates.

Our explanation of this ENSO modulation by solar activity relies firstly on a consideration of the Quasi-
Biennial Oscillation (QBO), which is an upper atmospheric wind-reversal phenomenon of key importance 
within the climate system and one that is strongly influenced by solar activity22–25. Recently Hood et al. (2023) 
found firm evidence that both the QBO and solar activity can influence the Tropical Madden–Julian Oscillation 
(MJO)26, with MJO amplitudes significantly larger under solar minimum conditions when the QBO phase is 
easterly. In turn, the MJO is known to influence both phases of ENSO genesis (i.e. positive and negative), for 
example through the occurrence of westerly and easterly wind bursts in the tropical Pacific Ocean that may 
potentially initiate El Niño or La Niña activity27–29.

By making use of these recent research advances, we can investigate the extent to which the relationship 
between NINOT and solar activity (as defined by the GCR flux) depends on the phase of the QBO and the 
sign of the NINOT parameter. For the QBO we have adopted a commonly-used definition for the westerly and 
easterly phases as periods when the westerly and easterly wind speeds at the 50 hPa level exceed 5 and 10 m/s 
respectively.

As shown in Fig. 6A, the overall dependence on solar activity is not as clearly defined as in Fig. 5. In terms of 
the frequency of occurrence, for values of NINOT > 0.6 (i.e. to the right of the grey line that roughly demarcates 
the major El Niño events), 14 events occur during Smax and 23 during Smin. In terms of magnitude, the ranges 
of values taken are similar while the maximum values are 0.88 and 0.96 respectively. When this is divided into 
subsets according to QBO phase, the frequency of occurrence for the QBO westerly phase (cyan) is 12 events 
during Smax and 16 during Smin (1.3 times greater), while for the QBO easterly phase (magenta) the frequency 
is 2 and 7, respectively, with a larger ratio (3.5 times). The maximum values are 0.88 (Smax) and 0.96 (Smin; 
difference 0.08) for the QBO westerly phase and 0.72 and 0.87 (difference 0.15) for the QBO easterly phase. Thus 
the dependence on solar activity is somewhat better defined for the QBO easterly-phased values.

However, a stronger dependence is evident for periods when NINOT is negative (Fig. 6B). Analyzing in a 
similar fashion but now for NINOT < -0.6 (roughly indicative of the major La Niña events), there are 8 events in 
total during Smax and 15 events during Smin. In terms of magnitude, the ranges of these events are more diverse, 
with minimum values of − 0.84 and − 1.10 respectively. Dividing as before into subsets based on QBO phase also 
reveals significant differences. The frequency of occurrence for the QBO westerly phase (cyan) is 5 during Smax 
and 8 during Smin (1.6 times), while the corresponding values are 3 and 7 for the QBO easterly phase (2.3 times). 
With regard to the minimum values (and bearing in mind the negative signs) we have − 0.84 (Smax) and − 0.68 
(Smin; a difference of 0.08) for the QBO westerly-phased values, while the corresponding QBO easterly-phased 
values are − 0.73 (Smax) and − 1.10 (Smin; a difference of 0.37). This simple analysis reveals a more prominent 
solar influence for easterly QBO phases under solar minimum conditions, a result that closely parallels the 
requirements for enhanced MJO growth reported by Hood et al. (2023).

In terms of the relevant statistical parameters, when the correlation between NINOT and GCR is derived 
solely for the period when QBO phase is easterly, the correlation coefficient is − 0.21 when NINOT is negative 
and 0.16 when NINOT is positive. These values lie at 95% and 80% significance levels (with 110 and 81 degrees 
of freedom respectively). In contrast, no clear dependence is seen when the QBO phase is westerly (cyan). In this 
latter case the correlation coefficient is 0.07 when NINOT is negative and 0.09 when NINOT is positive. Neither 
of these values is significant (with 202 and 165 degrees of freedom respectively).
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Fig. 5. Showing the modulation of NINOT at 132-month periodicity corresponding to the 11-year solar 
cycle. (A) The absolute value of NINO34 sea surface temperature change rate (|NINOT|: blue curve) with 
sunspot number (SSN: red) for the period of 1854 to 2020. (B) The white contours represent the wavelet power 
spectrum for SSN, while shaded colors denote wavelet power spectrum for |NINOT|. The grey lines define the 
cone of influence of the wavelet power spectrum.
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Fig. 6. Dependence of NINOT solar modulation on QBO phase. (A) Scatter plot of NINO34 sea surface 
temperature change rate (NINOT) in relation to solar activity (GCR count rate) in the case of positive NINOT, 
corresponding to the El Niño development phase for the period of 1965–2020. The cyan dots are for QBO 
westerly phase, while magenta dots represent easterly QBO phase. (B) The same as A but for the case of 
negative NINOT, corresponding to the La Niña development phase. Significant dependence on solar activity is 
observed for magenta points in case (B), when the QBO phase is easterly and NINOT is negative.
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Despite the relatively short data length used in our analysis (covering solar cycles 20 to 24), these results 
demonstrate a dependence of NINOT on solar activity and also provide a good indication of its relation to 
QBO phase. On the basis of these findings, we hypothesize that more energetic ENSO (especially La Niña) 
activity develops during periods when Smin and easterly QBO phase coincide, since then larger-amplitude MJO 
generation is more likely to take place. Although this stimulation has been observed in relation to several events30, 
an in-depth treatment of the complex sequence of mechanisms involved in our interpretation lies outside the 
scope of the present article and will be the subject of future observational and modelling studies. We note, 
however, that the pioneering work of Labitzke and van Loon22,31 laid the groundwork for such a comprehensive 
approach by reporting that certain atmospheric modes were stimulated under specific QBO phase conditions 
(see supplementary text #6).

The amplification of the MJO should influence key aspects of subsequent ENSO activity, with increases in the 
speed of El Niño and La Niña development indicated within the data of Fig. 6. The speed of ENSO development 
is closely related to the amplitude of the event, though the latter is not necessarily determinative, in part due to 
the variety of potentially unstable phenomena inherent in the tropical atmosphere and oceans. This behavior 
underlines the need to recognize the importance of time-differentiated physical quantities. In specific terms 
relevant to the present study, a more rapid evolution to strong La Niña conditions will lead to increases in 
the levels of precipitation falling over land4 and thus have the effect of lowering global mean sea level when 
averaged over decadal time scales. Solar activity affects the MJO on an intra-seasonal time scale and ENSO 
affects precipitation with a lag of approximately 2 months16, so the whole process can be seen as an intra-year 
variation (Fig. 7). Although we have found a statistically valid link between global sea level changes and solar 
activity, a connection that is effected through ENSO variability, the fact that |NINOT| is dependent on a range of 
other factors means that there are times when the anticipated relation breaks down, such as when the genesis and 
evolution of a large El Niño event depends solely on oceanic conditions so that the solar-cyclic influence becomes 
secondary or is wholly masked. Put another way, the link between MJOs and ENSOs contains uncertainty. This 
provides a general explanation of why some peaks in the plot of GMSLT versus sunspot number of Fig. 1 and in 
the PDSIT plot of Fig. 2A appear “out-of-phase”.

Conclusion
In summary, this work considers the origin of an important aspect of the solar-cycle “footprint” on earth’s climate 
that has been largely overlooked in previous analyses. It demonstrates that the sun’s 11-year cycle modulates the 
rate of change of global mean sea level (GMSLT) by inducing systematic changes in the water-mass balance 
between the oceanic and terrestrial realms (Fig. S4). Such variations in the land-sea partition of precipitation 
(and hence in TWS) reflect the evolution of rainfall patterns during the course of the solar cycle across regions 
influenced by the ENSO. Furthermore, our study has revealed an important determinative factor in sea level 
development by establishing that this solar-cyclic imprint on GMSLT is sensitive to QBO phase, specifically 
around solar minimum under easterly QBO conditions, as then induced MJO amplitudes are generally larger 
and thus the potential impact on ENSO development more pronounced. A firmer appreciation of the origin 
and impact of these aspects of underlying solar control, together with knowledge of local impacts32,33, should 
contribute to improved projections of the future variability of sea level in coastal zones in addition to the local 
influences.

Materials and methods
Palmer Drought Severity Index
The Palmer Drought Severity Index (PDSI) is a climate index. It is calculated from temperature and precipitation 
data and is used to estimate relative terrestrial dryness. A soil–water balance model is assumed in the estimation 
process.

Terrestrial water storage data
We mainly use the reconstructed terrestrial water storage data14 derived by assimilating satellite observations 
obtained as part of the Gravity Recovery and Climate Experiment (GRACE) mission. GRACE detects fluctuations 
in gravity by measuring the changes in distance and velocity between twin spacecraft as they orbit Earth and 
can thereby detect variability in terrestrial water storage with unprecedented accuracy. In order to exploit these 
data in an effective manner, historical near-real-time meteorological datasets have been used in parallel with 
ensemble runs of a dedicated statistical model. We used a reconstructed dataset utilizing the GRACE product 
which was generated with a meteorological forcing derived from the ERA5 dataset for 1979–2019, as this covers 
the most recent period amongst several reconstructed datasets. In terms of overlapping periods, other datasets 
show similar time derivatives, and thus our conclusions hold irrespective of the type of forcing used. Further 
details of these aspects are summarized in Humphrey and Gudmundsson14.

Relation between changes in terrestrial water storage and global mean sea level
From a global perspective, changes in terrestrial water storage can be interpreted as having a direct effect on 
mean sea level, at least on the inter-annual time scales relevant to our study (fig. S4).
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Data availability
All data used in this study can be obtained from links given in the manuscript or in the supplementary materials 
[see “Materials and Methods”]. The GMSL data analysed during the current study is available at  h t t p s : / / z e n o d 
o . o r g / r e c o r d / 3 8 6 2 9 9 5 # . Y V Q o g D H P 2 U l     . The Sunspot Number data are available in WDC-SILSO, Royal  O b s e r 
v a t o r y of Belgium, Brussels, https://www.sidc.be/SILSO/DATA/SN_d_tot_V2.0.txt. The PDSI data is available 

Fig. 7. Schematic view of the complete cycle of interactions determining the solar-cyclic imprint on global sea 
level change. The global map in relation to ENSO evolution can be found at  h t t p s :   /  / e r i k w k o l s t a  d . c o   m / 2 0  2  2 /  0 9  /  
0 8 / e  n  s o - p r e  c i p i t a  t i o n - m a p s /
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for Dai, A. 2011, Global Monthly Dai Palmer Drought Severity Index (PDSI) in the THREDDS Data Server, psl.
noaa.gov/thredds/catalog/Datasets/dai_pdsi/catalog.html. Galactic cosmic ray data is available in the Sodankyla 
Geophysical Observatory repository, https://cosmicrays.oulu.fi/readme.html. Altimeter data is available in the 
HDR GSFC. 2021. Global Mean Sea Level Trend from Integrated Multi-Mission Ocean Altimeters TOPEX/
Poseidon, Jason-1, OSTM/Jason-2, and Jason-3 Version 5.1. Ver. 5.1 PO.DAAC, CA, USA.,  h t t p s :  / / d o i .  o r g /        h  t t p s : 
/ / d o i . o r g / 1 0 . 5 0 6 7 / G M S L M - T J 1 5 1     . Terrestrial water storage datasets are available at  h t t p s :  / / fi  g s  h a r e . c  o m / a r t  i c l e s  
/ d a t a s  e t / G R A  C E - R E C  _ A _ r e  c o n s t r  u c t i o n  _ o f _ c l  i m a t e  - d r i v e  n _ w a t e  r _ s t o r  a g e _ c  h a n g e s  _ o v e r _  t h e _ l a  s t _ c e n t u r y / 7 
6 7 0 8 4 9. The monthly_grids_ensemble_JPL_ERA5_1979_201907. Sea surface temperature data in the NINO3.4 
region is available in the NOAA repository, compiled from NOAA ERSSTv5 data,  h t t p s :  / / w w w .  e s r l . n  o a a . g o  v / p s 
d  / d a t a /  g r i d d e  d / d a t a  . n o a a . e r s s t . v 5 . h t m l. Data table generated by Brian McNoldy, University of Miami  ( b m c n o l d 
y @ r s m a s . m i a m i . e d u ) was used. QBO data is available at  h t t p s :  / / w w w .  g e o . f u  - b e r l i  n . d e /  m e t / a g  / s t r a t  / p r o d u  k t e / q b 
o / q b o . d a t. All data used in this study can be obtained from links given in the manuscript or in the  s u p p l e m e n t a 
r y materials [see “Materials and Methods”].
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