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The water cycle under global warming 

Wet get wetter & dry get drier?

• Air holds more moisture with warming i.e. ~7%/ °K of global surface warming 
according to the Clausius-Clapeyron (CC) relationship.  

• If atmospheric circulation is held constant the water cycle amplifies (wet regions 
becoming wetter and dry regions becoming drier) following the CC scaling  (Held 
and Soden, 2006)

More 
Drought?

More 
Floods?



Ocean salinity and the changing water cycle

• Large uncertainty in directly 
estimating changes in the water cycle 
with lack of robust observational 
estimates of Precipitation and 
Evaporation over the ocean (Hegerl
et al. 2015).  

• Salinity observations with high spatiotemporal coverage  over the 
last decades offer a unique opportunity in terms of measuring the 
integrated effect of changes in the water cycle. Observations reveal 
a strong amplification of the mean salinity pattern with salty 
evaporation-dominated regions become saltier and fresh  
precipitation-dominated regions become fresher, consistent with an 
intensified water cycle (e.g. Durack et al. 2012, Skliris et al. 2016)

(1950-2016)

En4 dataset (Good et al. 2013)



Inferring water cycle change from 3-D salinity observations 

Observed 3-D global ocean 
salinity change 

Global water cycle change

Skliris et al. (2016)

Integrating salinity change along 
isopycnals (e.g. Helm et al. 2010)

Or
Integrating changes in the volumetric 
salinity distribution  (e.g. Skliris et al. 

2016)



Sea Surface Salinity Pattern Amplification (PA)

The amplification of the mean Sea Surface Salinity (SSS) pattern (PA) (Pattern Amplification, Durack et al. 
2012): The slope of the linear regression by basin zonal averages of SSS change versus the climatological 
mean SSS anomaly from the global climatological sea surface salinity.  

Based on analysis of observational datasets SSS PA amounts to 5.3% (En3, over 1950-2010, Skliris et al. 2014) 
- 8% (CSIRO, Durack et al. 2012, over 1950-2000).

SSS 
Pattern Amplification

(Skliris et al. 2014)



Sea Surface Salinity vs E-P Pattern Amplification (PA)

Puzzle
- While the global surface salinity pattern has amplified 
by 5%–8% since 1950 (Durack et al 2012, Skliris et al. 
2014), changes in full depth salinity suggest a water 
cycle change of only 2% – 3% (e.g. Skliris et al 2016). 

- Also surface salinity PA is approximately two times 
larger than  amplification of the water cycle in climate 
model projections (Durack et al 2012).

Durack et al. 2012



- NEMO (Nucleus for European Modelling of the Ocean) (Madec 2008) v3.5 in the global ORCA1 
configuration.  1° horizontal resolution and 75 z coordinate vertical levels. 

- Surface forcing is provided by CORE-2 normal year forcing (Large and Yeager 2009). 

- Louvain-la-Neuve ice model version 2 (LIM2) sea ice model (Timmermann et al 2005).

- The control simulation starts from rest and is integrated for a spin-up period of 400 years. It is then 
continued for a further 100 years to allow comparison with perturbation experiments. 

- Perturbation 100-yr experiments start from the 400-yr control run. Both step and linear change in  
forcing i.e. (a) WF: +10% step change vs +1%/decade, (b) HF: +2 W/m2  vs. 0.2 W/m2/decade,  
(c) Ice loss: 0.03 Sv vs. 0.003 Sv/decade       

NEMO  ocean model 100-yr idealised perturbation experiments

To investigate surface salinity pattern response to change in forcing: (a) Water cycle (E-P-R) pattern 
amplification  (b) Increased Ice mass loss (c) Increased surface net heat flux (d) All forcings combined

Zika, J. D., Skliris, N., Blaker, A.T., Marsh, R. Nurser, G., Josey, S. A.. (2018). Improved estimates of water cycle 
change from ocean salinity: the key role of ocean warming Environ. Res. Lett. 13, 074036



Surface salinity pattern amplifies 
substantially with both the increase 
of the Water Cycle amplitude and  
surface warming. 

Ice mass loss plays a minor role in 
amplifying the salinity pattern 
(freshening of high latitudes 
especially in the Arctic)

Simulated sea surface salinity trend over 
100 years in response to: (a) 1% per 
decade water cycle amplification; (b) 
idealised water flux anomaly from ice 
mass loss (water flux anomalies are 
applied in green boxes); (c) 0.2 W m−2 per 
decade surface heat flux anomaly; (d) 
combined water cycle amplification, heat 
flux and glacial mass loss forcing;

(a)

(b)

(c)

(d)

100-yr experiments: SSS pattern response to change in forcing



Surface Salinity Pattern Amplification in 100-yr perturbation experiments 



How does ocean warming leads to salinity pattern amplification?
Employing the Water Mass Transformation framework in salinity space (Zika et al. 2015):

- The volume of water contained between surfaces of constant salinity only varies if there are changes in 
surface water fluxes or changes in mixing. 

- The water mass framework permits a balance to be defined between the rate of change of the mean 
deviation of salinity over the whole ocean (W; the average deviation of salinity, ! , from its global mean, 
̅!), variations in the water cycle F# , which transports fresh water from saline regions (where ! > ̅! ) to 

fresh regions (where ! < ̅!) and a diffusive flux D which transports salt back from saline to fresh regions:

Where Vo is the global ocean volume



We use changes in W and the Water cycle amplitude 
(Fw) to infer change in the magnitude of the 
Diffusion Flux term (D) between the Control and 
Heat Flux anomaly perturbation experiments 

Perturbation experiment : + 0.2 W m−2 /decade 
- Using change in W (+0.021 PSS) we infer a reduction in D of 8.45 × 102 kg s−1 between the 
control and linearly increasing heat flux experiment. This is equivalent to a fresh water flux 
anomaly of 24 mSv from saline to fresh regions (i.e. a reduction in the mean fresh water flux due 
to mixing which is from fresh to saline waters). 

- This change in diffusive flux due to the warming anomaly has the same effect on the full depth 
salinity contrast as an increase in the water cycle of approximately 1% on average over the 
experiment.



Ocean Surface warming 
reduces mixed layer depths 
leading to a strong 
amplification of the surface 
salinity pattern

Perturbation experiment
Surface heat flux anomaly: 
+ 0.2 W m−2 per decade

SSS

We hypothesise that the reduction in 
the diffusive flux of fresh water from 
fresh to saline regions in our 
warming experiments is at least in 
part explained by  changes in near-
surface stratification.



To attribute observed salinity PA to the three discussed processes (water cycle change, ice mass 
loss and ocean warming), we use Linear Transient Response (LTR) theory (Hasselmann et al 1993). 

We diagnose the time-dependent response of PA based on the time dependent change in a particular 
forcing (water cycle change, ice mass loss and ocean warming), using the time dependent response 
of the system to step changes in those forcings.

If RPA is the linear transient response (LTR) of PA to a step increase in a specified forcing (F; e.g. the 
water cycle), then the linear response of PA to time-variable forcing (F(t)) follows as:

Our step change perturbation experiments allow us to diagnose RPA for each forcing: water cycle 
change; ice mass loss; and surface warming.

A fundamental assumption in the LTR approach is that the relationship between forcing effects and their response is 
linear. We assess this assumption by comparing the linear trend forcing experiment results to predictions made by 
LTR which exploit output from the step change experiments.

How can we quantify contributions to observed SSS PA?



Comparison between simulated pattern amplification in 
response to different forcing anomalies (solid lines) and
reconstructions based on transient linear response theory 
(dashed lines). Shown are the water cycle linear trend (cyan), 
ice mass loss (blue), surface warming (red) and all forcing 
(black) experiments

The response of surface salinity to different
forcing anomalies is approximately linear



- Observed SSS PA over 1958-2017 (En4): 5±1.1 %

- Observed ocean warming contribution to SSS PA (from 
ocean heat content anomaly): 2.21±0.46%

- Observed ice mass loss contribution: 0.75±0.14%

- Inferred water cycle amplification contribution: 
2.04±1.2%,  corresponding to a  3.6±2.1% water cycle 
amplification per degree of surface warming

From Zika et al. 2018

Using observed changes in ocean warming (from 
ocean heat content anomaly) and ice mass loss we 
quantify reconstructed (LTR) contributions to the 
observed SSS PA, and then we infer the contribution of 
the water cycle amplification to SSS PA 



• Numerical simulations show that the surface salinity pattern amplifies 
substantially with anomalous surface warming. 

• This change is coincident with a reduction in the diffusive flux of fresh water 
from fresh to saline waters and reduced mixed layer depths. 

• Approximately 45% of observed surface salinity pattern amplification over 
1958-2017 can be explained by ocean warming and 15% by ice mass loss. 
The remaining signal (~40%) can be attributed to a water cycle amplification 
of 3.6%±2.1 per degree of surface warming 

• There is potential for water cycle changes to be monitored using surface 
salinity observations if these surface warming effects are appropriately 
accounted for.

Conclusions
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