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Overview

• Large initial-condition ensembles of Earth System Models 
isolate global SST and sea ice responses to aerosol forcing.

• They show a strong aerosol-dominated and transient signal in 
West African precipitation, consistent with a lot of prior work.

• Using the large ensemble SST and sea ice boundary conditions 
allows us to separate fast (aerosol-driven) and slow (ocean 
mediated) drivers of precipitation signals.

• The approach is relevant to North Atlantic themes of this 
workshop.



Aerosols Dominate Modeled Sahel Precipitation Changes

July-August-September (JAS) Sahel Precipitation Anomalies
in Large Initial Condition Ensembles

Observations and NCAR CESM1

10 year running mean of  land areas for 10N-20N, 20W-35E. 5-95% range shown for models.
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Aerosols Dominate Modeled Sahel Precipitation Changes

July-August-September (JAS) Sahel Precipitation Anomalies
in Large Initial Condition Ensembles

Observations and NCAR CESM1 Observations and ECCC CanESM2

10 year running mean of  land areas for 10N-20N, 20W-35E. 5-95% range shown for models.

• Many realizations sampled to extract a robust temporal signal to anthropogenic aerosol forcing.
• Regional warming is dominated by greenhouse gases (extra slides)



The Patterns of Drying and Moistening Are Robust

• Looking at the maps of aerosol forced precip changes over Africa, we see similar patterns of 

response over Africa in the two models. In the early period (1970s minus 1950s), there is 

widespread drying across NH Africa. In the latter period (2000s minus 1970s), there is wetting 

over the Sahel and Sahara with some drying in the Gulf of Guinea region. 

• That the responses are similar despite the differences in the representation of aerosols between 

the two models is an indication that this response is robust to model differences (notably the 

substantially stronger indirect effect in CESM1).

• These maps suggest that the aerosol forcing played a major role in both the drying in the 1950s 

to 1980s and the recovery in precipitation after the 1980s.

JAS Sahel Precipitation Response to Aerosol Forcing

CESM1 and CanESM2 similar 
despite distinctive aerosol 
schemes.

Again, many realizations 
required to estimate this signal.

Aerosol driven drying through 
the 1970’s, and aerosol driven 
recovery through the 2000’s.

CESM1 CanESM2

What is the dynamics of this response?
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Framework: Fast and Slow Drivers
We use AGCM simulations to separate fast radiative/cloud and slow SST/sea-ice drivers. 
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1. Fast (radiative/cloud) response:
• The atmosphere/land response 

that is directly due to the 
radiative forcing.

• E.g. Li et al. 2018 study of East 
Asian Monsoon.

2. Slow (SST/sea ice) response:
• The atmospheric response that is 

mediated by changes to SST and 
sea ice.

• E.g. Wang et al. 2016 study of 
tropical trade wind response to 
aerosol-forced SST changes.

Setup:
• 100 Year time slice simulations
• Carried out for epochs of 1950’s, 

1970’s, 2000’s
• Limited testing of additivity (see 

discussion)
• Carried out using NCAR CAM5 and 

ECCC CanESM2



Slow Forcing: SST and Sea Ice Responses from the Large Ensembles

• The SST anomalies calculated from the Large Ensembles. Purple contours indicate the SIC 

anomalies on 2.5% intervals.

• We see that the both models cool over the full period (2000s minus 1950s), with particularly 

strong cooling in the North Pacific and Indian Oceans. Notably, both have a patch of warming 

in the North Atlantic, which is due to a combination of a net decrease in SO4 concentrations 

over the North Atlantic, with some contribution likely due to adjustments in the AMOC in 

response to the forcing (AMOC index a potential supp figure?).

• In the latter portion of the period (2000s minus 1970s), we instead see a net warming in the 

North Hemisphere, largely driven by a substantial warming throughout the North Atlantic that 

includes the subtropical gyre. There is also some warming in the sub polar North Pacific in both

models, while the Western Pacific downwind of industrial regions of Asia cool. There is also 

substantial cooling in the Indian Ocean, with a notable east-west gradient in the anomaly.

• The residual of these two maps, gives the early period (1970s minus 1950s) change, which is 

characterized by a widespread, North Hemisphere dominated cooling. Notably, there are still 

“cooling holes” in the North Atlantic in the early period for both models, despite the increasing 

NA/EU emissions during this time. This is again likely due to forced adjustments of the AMOC.
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Fast Forcing: Aerosol Responses

• Note complicated structure of late 20th century aerosol forcing.
• Radiative/cloud responses are stronger in CESM1 (not shown).
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How Do Our AGCM Experiments Capture the Coupled 
Model Response?

JAS Precipitation Response, 1970’s-1950’s

• In principle, the Total response from the AGCM simulations should reproduce the response seen

in the LE. 

• We see that for the early period, CAM5 does a reasonable job over Africa while CanAM4 does 

not reproduce the CanESM2 response. (show 2000s minus 1970s as well?)

• While it does have a drying signal in the Sahel, CanAM4’s drying response in the early period 

is not statistically significant and not as spatially coherent as the CanESM2 response. That they 

nonetheless share the same sign in the Sahel may suggest that this is due to low signal-to-noise 

in CanAM4, rather than strictly due to a deficiency arising from the AGCM method.

• For both models,  the AGCM simulations match the LENS better in the latter period, 

particularly in the case of CanAM4.

• Spatial Correlation scores between AGCM and LENS

Period Models Global Global Land Africa (30S:30N and 

20W:45E) Land

1970s minus 1950s CanAM4 vs. CanESM2 0.402 0.353 0.136

CAM5 vs. CESM1 0.513 0.387 0.367

2000s minus 1970s CanAM4 vs. CanESM2 0.343 0.504 0.625

CAM5 vs. CESM1 0.470 0.624 0.759
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• The precipitation response patterns are broadly consistent across the globe (extra slides).
• Regional details differ, of course: AMIP versus coupled, time slice versus transient.



CAM5 Results: Slow Driving Controls Decadal Variability
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CAM5 Results: Slow Driving Controls Decadal Variability

• Fast aerosol driving dries throughout the period.
• SST driving moistens starting in 1970’s.

• 1970’s to 2000’s northward shift over West Africa 
combines aerosol drying and SST moistening.

JAS Precipitation Response, CAM5



CAM5 Results: Slow Driving Controls Decadal Variability

• Fast response causes downwelling response in both periods

• Slow response causes upwelling response in both periods, though it is considerably weaker in 

the early period.

• In the total response, we see that the omega response aloft over the Sahel (10N to 20N) changes 

sign, corresponding to the switch from the fast drying in the 1970s minus 1950s to a slow 

response dominated wetting in the 2000s minus 1970s.

•

JAS Vertical Velocity Response, CAM5
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July-September Precipitation Changes, CanAM4
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CanAM4 Results: Signal Is Weak and 
Controlled by Fast Driving

• Signals are highly structured and marginally significant
• Aerosol driving changes through two periods.

• Slow driving more consistent through two periods.

July-September Precipitation Changes, CanAM4



CanAM4 Results: Fast Driving of (Weak) 
Decadal Variabiltiy

• In CanAM4, the responses are weaker, but we nonetheless see a fast downwelling response in 

the early period, but interestingly, little significant vertical velocity change in the latter period.

• In both periods there are slow upwelling responses, which correspond to the wetting response in

the region. 

July-September Vertical Velocity Response, CanAM4
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CanAM4 Results: Fast Driving of (Weak) 
Decadal Variabiltiy

• Overall, sign of response is similar in CAM5 and 
CanAM4.

• Balance of slow and fast responses that determines 
the overall climatological impact.

• In CanAM4, the responses are weaker, but we nonetheless see a fast downwelling response in 

the early period, but interestingly, little significant vertical velocity change in the latter period.

• In both periods there are slow upwelling responses, which correspond to the wetting response in

the region. 
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Dominance of the Dynamical Response

• We expect that d(P-E) = dMC = dDY + dTH over long time scales, but there are substantial 
errors introduced when calculating the moisture convergence using monthly data (in the Li et 
al., 2018 formulation). 

• Notably, there are large errors introduced due to averaging out sub-monthly variations in the 
Sahara and Arabian peninsula (show in supplementary?).

• Nonetheless, d(P-E) ~d(MC) to a reasonable approximation, particularly over tropical oceans, 
with corr(d(P-E), dMC) > 0.8 for CAM5 and >0.5 for CanAM4 over the globe.

• Over Africa, we take the correlation between 0 and 20N, excluding the Sahara, and obtain 
reasonable spatial correlation scores of >0.6 for CAM5 and >0.5 for CanAM4 in most of the 
experiments (slightly lower for experiments with smaller changes e.g. CanAM4 SLOW 1970s 
minus 1950s).

• In all the simulations, we see that the response is strongly dominated by the Dynamic portion of 
the response in all experiments and in both models. This is in line with the breakdown of the 
dMC components calculated for the Asian monsoon (Li et al., 2018).

The proximity of the bars to unity indicates 
how well moist convergence from monthly 
data explain changes to P-E.

For all experiments, it is the dynamical 
contribution of the response that is most 
important.

Altered monsoonal circulations are the main 
drivers of the different responses, as opposed 
to thermodynamic changes.

To explore: connection to ‘tug-of-war’ in 
monsoonal circulation between slow and fast 
responses for greenhouse warming (Shaw and 
Voigt 2015).
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Key Points

• Coupled ocean-atmosphere large ensembles isolate global SST 
and sea ice response to aerosol forcing.

• These simulations confirm that West African precipitation 
response is dominated by aerosol forcing.

• Fast (aerosol-driven) drying is in a tug-of-war with slow (ocean 
mediated) moistening.

• Fast and slow responses are fairly robust and reflect circulation 
changes, but their timing and relative contributions are model 
dependent.
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Discussion

• Over the 1970’s-2000’s period, CanAM4 fast response is weak 
and is not a simple drying, but is more structured.

• There are distinctive roles for transport of pollutants and for 
black carbon forcing that need to be sorted out in these two 
models.
• A tug-of-war effect is also seen in East Asian monsoon response 

to greenhouse gas forcing. How are these results related?
• We have diagnosed nonlinear interactions between 

greenhouse forcing and aerosol forcing (extra slides). How 
should this be dealt with?



Extra Slides



Aerosol Forcing Drives Precipitation Changes in West Africa

July-August-September Sahel Surface Temperature and 
Precipitation Anomalies w.r.t. 1950-1909

10 year running mean

Averaging box: land 
areas for 10N-20N, 
20W-35E

5-95% range shown 
for models.



Are AGCMs a Good Testbed for Understanding Precipitation 
Responses?

Coupled LENS
(CESM1 LENS)

AGCM Timeslice
(CAM5, Fast Plus 

Slow,100 y)

July-September Precipitation Changes, CESM1 (mm/day)

• AGCM experiments captures global pattern of precipitation changes over land from coupled models
• Over tropical ocean and coastal regions, some AGCM responses appear unrealistically amplified.

2000’s Minus 1950’s 2000’s Minus 1970’s



Nonlinear Interactions between Greenhouse and Aerosol 
Forcing?

- CESM1 20-member large 

ensemble uses All-but-Aerosol 

forcing.

- CESM1 also has a 3-member 

Aerosol-Only ensemble (with 

differences in tropical emissions).

- Aerosol-Only response in SW is 

weaker than Aerosol-Only.

- Note that CanESM2 large 

ensemble uses Aerosol-Only.

• If greenhouse warming response 

significantly modulates aerosol 

forcing, a cleaner coupled model 

intercomparison might be 

required.



Coupled and AGCM Experiments

Model Simulation Name Anthropogenic 
Aerosols

GHG Other Ens. 
Size

Years

CESM1 Historical (ALL) Historical Historical Historical 35 1920-2080

CESM1 Historical All-but-
Aerosol (XAER)

Pre-industrial Historical Historical 20 1920-2080

CESM1 Historical All-but-
GHG (XGHG)

Historical Pre-industrial Historical 20 1920-2080

CESM1 Historical Aerosol 
Only (AER)

Historical Pre-industrial Pre-industrial 3 1850-2005

CanESM2 Historical Historical Historical Historical 50 1950-2020

CanESM2 Historical Aerosol 
Only

Historical Pre-industrial Pre-industrial 50 1950-2020

Model Simulation 
Nickname

Aerosol 
Emissions

SST/SI Simulation 
Years

CAM5 SCTRLA2000
2000-2009 HadISST 2000’s >100

CAM5 SCTRLA1950
1950-1959 HadISST 2000’s >100

CAM5 SPERT1950A2000
2000-2009 HadISST 2000’s minus (2000’s –

1950’s) CESM1 Aerosol Anomaly
>100

CAM5 SPERT1950A1950
1950-1959 HadISST 2000’s minus (2000’s –

1950’s) CESM1 Aerosol Anomaly
>100

CAM5 SCTRLA1970
1970-1979 HadISST 2000’s >100

CAM5 SPERT1970A1970
1970-1979 HadISST 2000’s minus (2000’s –

1970’s) CESM1 Aerosol Anomaly
>100

CanAM4 SCTRLA2000
2000-2009 HadISST 2000’s >100

CanAM4 SCTRLA1950
1950-1959 HadISST 2000’s >100

CanAM4 SPERT1950A2000
2000-2009 HadISST 2000’s minus (2000’s –

1950’s) CanESM2 Aerosol Anomaly
>100

CanAM4 SPERT1950A1950
1950-1959 HadISST 2000’s minus (2000’s –

1950’s) CanESM2 Aerosol Anomaly
>100

CanAM4 SCTRLA1970
1970-1979 HadISST 2000’s In Progress

CanAM4 SPERT1970A1970
1970-1979 HadISST 2000’s minus (2000’s –

1970’s) CanESM2 Aerosol Anomaly
In Progress

Coupled

AGCM



Decadal Variations of Anthropogenic Aerosol Forcing
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