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Douville et al. (2021) IPCC, Ch 8 (Fig. 8.1); 

Allan et al. (2020) NYAS. 

The Global Water Cycle

https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_Chapter08.pdf
http://doi.org/10.1111/nyas.14337
https://doi.org/10.1038/s41561-019-0374-y
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Climatological P minus E
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Method
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GPCP/GPCC/ 

ERA5/ERA5 MDiv 

amip, historical, 
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models
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Allan (2023) ERL

Land zonal mean 

https://doi.org/10.1088/1748-9326/acea36
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P-E Trends: 1983-2019
OBSERVATIONS         CMIP6 
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+0.2 mm/day

-0.05 mm/day

Allan (2023) ERL

https://doi.org/10.1088/1748-9326/acea36
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Chasing 

water 

through 

2015/16 

El Niño

mm/day

Boening et al. (2012) GRL: The 2011 La Niña so strong, the oceans fell 

 BAMS 

state of the 

climate 2015

↑?

https://doi.org/10.1175/2016BAMSStateoftheClimate.1
https://doi.org/10.1029/2012GL053055
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FUTURE CHANGE  CURRENT TRENDS
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MAX

MIN
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Thermodynamic amplification of P-E

Allan (2023) ERL Supplementary Fig. S17

https://doi.org/10.1088/1748-9326/acea36


• More intense water cycle increases transport of water to land

• But moisture export also enhanced in season of strongest drying 

• Wet season wetter by ~4%/oC, drying season ~3%/oC more intense

• Amplified seasonal range in P-E (>20% by 2100 over northern land)

• Similar patterns of present trends/future projection (e.g. Wainwright et al. 2022 GRL)?

• …but models fail to capture pattern of warming effects (e.g. Andrews et al. 2022 JGR)?

• Uncertain response over land (e.g. Allan et al. (2020) NYAS)

• Do models underestimate continental drying? Allan et al. 2022 JGR, Dunn et al. 2017 ESD

• Is terrestrial water storage declining? Will 2016 deficit be repeated in 2024? 

• Can observations provide emergent constraint on P-E amplification? 
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Conclusions

https://doi.org/10.1029/2021GL097231
https://doi.org/10.1029/2022JD036675
http://doi.org/10.1111/nyas.14337
https://doi.org/10.1029/2022JD036728
https://www.earth-syst-dynam.net/8/719/2017/esd-8-719-2017.html
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EXTRA SLIDES…



• ENSO variability captured 

• Discrepancy in simulated changes in 

1980s (ERA5/HadISDH and AMIP6)

•  e.g. Dunn et al. 2017 ESD; Byrne & 

O’Gorman (2018) PNAS

• Unrealistic drop in ERA5 column water 

vapour early 1990s (tropical ocean): 

• e.g. Allan et al. 2020 NYAS 

• Divergence between AIRS/ERA5 

upper troposphere trends in 2000s 

(esp. 400-700 hPa tropical oceans)
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Allan et al. 2022 JGR

Water vapour 

increasing

https://www.earth-syst-dynam.net/8/719/2017/esd-8-719-2017.html
https://doi.org/10.1073/pnas.1722312115
https://doi.org/10.1073/pnas.1722312115
https://doi.org/10.1111/nyas.14337
https://doi.org/10.1029/2022JD036728


CMIP6

AMIP6

OBS

ERA5

Can current water cycle changes 

constrain future projections?

• Douville et al. (2022) Comm. Earth & Env. water 

vapour observations constrain future projections    

~ 7% per oC increase in column moisture

• But observed warming/moistening smaller 

than CMIP6 (e.g. Allan et al. 2022 JGR) 
due to warming pattern (internal variability?)

Water vapour trend (%/decade)

https://doi.org/10.1038/s43247-022-00561-z
https://doi.org/10.1029/2022JD036728
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Precipitation minus Evaporation (P-E) 

•Net supply of Freshwater (land)

•Surface salinity and circulation (ocean)

• Balanced by moisture transport (atmosphere) & runoff (surface)

• P-E maximum: wet season/months, precipitation driven

• P-E minimum: lack of precip, high evaporation, drying ground

•diagnostic of dry period onset intensity

•relevance to flash droughts e.g. Black (2023) Adv. Atmos. Sci.

METHOD: 

• annual grid-point mean P-E and 3-month or 1-month annual max & min

• GPCP/ERA5 (1983-2019); ERA5, ERA5 moisture divergence (1960-2020)

• 17 CMIP6 models historical/ssp2-4.5 (1950-2014-2100); amip (1979-2014)

https://doi.org/10.1007/s00376-023-2366-5
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• Thermodynamic amplification of seasonal P-E with warming

• Changes over land across models less coherent (right)

Thermodynamic amplification of P-E
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-0.15 mm/day

+0.23 mm/day

UKESM1-0-LL

UKESM1-0-LL

INMCM; MICROC6

Similar to changes in wettest vs driest regions precip Liu & Allan (2013) ERL

INMCM; MICROC6

http://doi.org/10.1088/1748-9326/8/3/034002
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Emerging signals

➢ Emerging signals of more 

intense dry seasons over 

eastern Brazil, southern 

Africa and Australia 

(opposite in Sahel) 

Wainwright et al. (2022) GRL →

https://doi.org/10.1029/2021GL097231


• Amplification of P-E signal over ocean well understood

• P-E changes over land not well understood

• Seasonal amplification of P-E patterns? 

•Wet season P > E; Dry season (onset) E > P

• Intensification of wet season (+4.2 → +4.4 mm/day global land)

•More intense dry season onset over northern continents but not 

apparent over tropics? (-1.15 → -1.2 mm/day global land)

•See also IPCC (2021) TS Box 8.2; Chapter 8, Section 8.2

• Emerging regional signals of hydrological change?     
e.g. Wainwright et al. (2022) GRL 

•  Changing atmospheric circulation crucial but low confidence    

e.g. IPCC (2021) Fig. 8.21
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Conclusions

https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_TS.pdf
https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_Chapter08.pdf
https://doi.org/10.1029/2021GL097231
https://www.ipcc.ch/report/ar6/wg1/figures/chapter-8/figure-8-21/
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