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What Drives Projections of 
Subtropical Precipitation Decline? 



Introduction Method Results 

Precipitation declines in the subtropics. 
•  Model evidence (1pctCO2) 

“Dry get Drier” 

•  Observation (Neelin et al. 2006, PNAS) 



Dry getting drier? 

Introduction Method Results 

“If these models are correct, the levels of aridity 
of the recent multi-year drought or the Dust Bowl 
and the 1950s droughts will become the new 
climatology of the American Southwest within a 
time frame of years to decades.” 

      -- Seager et al. 2007, Science 



Dry getting drier? 

Introduction Method Results 

•  California Drought (2011-) 

•  Australia Drought (1997-2009) 



Dry getting drier? 

Introduction Method Results 

2 prominent mechanisms: 
•  “Dry-get-drier” 
•  Poleward expansion 

What drives the decline? 

Why not land? 



What drives the decline? 

Introduction Method Results 

•  “Dry-get-drier” (Held and Soden 2006, J. Climate) 

P −E = − ∇⋅ (q ⋅V )∫

δ(P −E) = − ∇⋅δ(q ⋅V )∫

δ(P −E) = − ∇⋅ (δq ⋅V )∫

δ(P −E) = − ∇⋅ (q ⋅V )× 7% /K∫ = (P −E)× 7% /K

δq ≈ q× 7% /K

δV ≈ 0

δ(P −E) = − ∇⋅ (δq ⋅V )∫ − ∇⋅ (q ⋅δV )∫ − ∇⋅ (δq ⋅δV )∫



What drives the decline? 

Introduction Method Results 

•  “Dry-get-drier” (Held and Soden 2006, J. Climate) 

δ(P −E) = (P −E)× 7% /K
Change in P-E Climatological (P-E)x7%/K 

δP∝ (P −E)
“Since the changes in precipitation have 
considerably more structure than the 
changes in evaporation, this simple picture 
helps us understand the zonally averaged 
pattern of precipitation change.” 



What drives the decline? 

Introduction Method Results 

Subtropical precipitation decline 

Increase in moisture 

Global mean warming 
(a thermodynamic response) 

Increased moisture export 

•  “Dry-get-drier” (Held and Soden 2006, J. Climate) 



What drives the decline? 

Introduction Method Results 

•  Poleward expansion (Scheff and Frierson 2012, J. Climate, GRL) 

δP∝ (P −E) ?? 

Most of the decline happens poleward of P-E minima. 

Southern Hemisphere % of negative δP (JJA) 
Tropical max P – E 

Subtrop min P – E 

Midlat max P – E 

South Pole 



What drives the decline? 

Introduction Method Results 

•  Poleward expansion (Scheff and Frierson 2012, J. Climate, GRL) 

      Change in zonal mean stream function 

(He and Soden 2015, J. Climate) 



Which one is right? 
•  “Dry-get-drier” 
•  Poleward expansion 

Atmospheric 
model 

Increasing CO2 

SST warming 

Mean SST warming Pattern of SST change 

Land-sea warming contrast 

Introduction Method Results 

Mean SST warming 
(Compo & Sardeshmukh 2009, C Dyn; Grise & Polvani 2014, GRL; He & Soden 2015, J Climate) 



Introduction Method Results 

Abrupt4xCO2 (13 CGCMs, CMIP5) 

Direct CO2 forcing 
Land-sea warming contrast 
Pattern of SST change 
Mean SST warming 

Fast  (1st year) 

Slow 

Fast precipitation response in the deep tropics: 
Bony et al. 2013 Nature Geo; Chadwick et al. 2014 GRL 



Fast VS Slow responses 

Introduction Method Results 

“Dry-get-drier” Fast precipitation decline Poleward expansion 



Fast VS Slow responses 

Introduction Method Results 

•  Neither “Dry-get-drier” nor poleward expansion is required for the 
subtropical precipitation decline. 

•  Neither of the two mechanisms contributes substantially to the 
subtropical precipitation decline. 



A more realistic scenario… 

Total Change 
(1pctCO2) 

Introduction Method Results 

AMIP_CO2 AMIP_mean AMIP_pattern 
CO2 + land-sea contrast Mean SST warming only Pattern of SST change only 



CO2 VS mean VS pattern 

Introduction Method Results 

•  Subtropical precipitation decline does not depend on the global mean SST 
warming. 

CMIP5  9-model mean 
AMIP_pattern = AMIP_future – AMIP_mean 



CO2 VS mean VS pattern 

Introduction Method Results 

“Dry-get-drier” 
& poleward expansion 



CO2 VS mean VS pattern 
δ(P −E) = − ∇⋅ (δq ⋅V )∫ − ∇⋅ (q ⋅δV )∫ − ∇⋅ (δq ⋅δV )∫

δP = − ∇⋅ (δq ⋅V )∫ − ∇⋅ (q ⋅δV )− ∇⋅ (δq ⋅δV )∫∫ +δE + R

Direct CO2 forcing (Bony et al. 2013, Nature Geo) 
Land-sea warming contrast (Chadwick et al. 2014, GRL; He & Soden 2015, J. Climate) 

(Seager et al. 2010, J. Climate) 



Dynamic change Thermodynamic change 

Evaporation change Eddy transport 

Direct CO2 VS Land-sea contrast 
δP in AMIP_CO2 



Direct CO2 VS Land-sea contrast 

Introduction Method Results 

•  Land-sea contrast drives dynamic change. 
•  Direct CO2 forcing reduces evaporation (He and Soden 2015, J. Climate). 

δP in aqua_CO2 (mm/day/K) 



Land-sea warming contrast 

Introduction Method Results 

•  Land-sea warming contrast drives precipitation decline over 
ocean but counteracts the precipitation decline over land, 
which would otherwise happen due to SST change.  



Summary 

* Conventional wisdom: “dry-get-drier” and poleward expansion. 

* Subtropical precipitation decline is primarily a fast response and does not 
depend on changes in moisture or poleward expansion of the Hadley cell. 

* The large-scale subtropical precipitation decline is driven by the land-sea 
warming contrast, direct CO2 forcing and, in certain regions, pattern of SST 
change. 

* The land-sea warming contrast drives precipitation decline over subtropical 
ocean but counteracts the precipitation decline over land.  



Thank you J 
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