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If I were to recount what I just said to my 5-year old daughter, this is what I got. So, here is the fairy tale, which I hope is an interesting one.
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Part 1: an overview of the new physics in AM3. Improvements are made in convection and clouds, aerosol-cloud interactions, gas-phase and aerosol chemistry, etc.



Part 2. When the model physics is settled, one can compute aerosol forcing. As you will see, the inclusion of aerosol-cloud interactions is a game changer. How to narrow down the uncertainties in forcing?



Part 3. One would naturally want to know how the climate system responds to forcing. Another important factor determining response is climate sensitivity, which is tied to model physics.



The overarching goal is to understand how aerosols affect climate.



The research enterprise outlined here has three underpinnings. Theories of different kinds. In-situ and satellite-based observations. Models of different scales, from process model all the way up to general circulation models. 



The three tools are complementary to one another. For example, observations guide model development, while a model can help interpret obs.



You will see examples of throwing all three of them at tough problems.



During this talk, You will see we make use of all three of them to get over some tough problems.



Model physics and chemistry in the 
GFDL AM3 Model (to be used for AR5)

•Aerosol-Liquid Cloud Interactions
A prognostic scheme of cloud droplet number 
concentration (Ming et al., 2007) with an explicit 
treatment of aerosol activation at cloud base (Ming et 
al., 2006).
•Convection Parameterization
Move from the relaxed Arakawa-Schubert (RAS) in 
AM2 to the Donner deep convection scheme (Donner, 
1993) and the University of Washington (UW) shallow 
convection scheme (Bretherton et al., 2003). By 
providing in-plume updraft velocity, the latter two are 
ideal for implementing aerosol/cloud microphysics.
•Online aerosol transport and tropospheric and 
stratospheric chemistry
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shallow cu: The base mass flux in the plume is determined by estimates �of the boundary layer eddy kinetic energy and of the convective �inhibition, following Bretherton 2004.�deep cu: The base mass flux is determined based on a relaxation of CAPE �to a specified value over a fixed time-scale. 



Large-scale

Sub-grid variation in LS updraft velocity.



UW shallow convection

TKE-based updraft velocity at cloud base from closure;

Droplet evaporation from inhomogeneous lateral mixing;

Droplet detrainment at multiple levels;

Loss of droplets to precipitation.



Anthropogenic aerosol radiative flux 
perturbation (RFP, W m-2) at TOA from pre- 
industrial to present-day

AM3 (to be 
used for AR5)

AM2 (used 
for AR4)

Direct effects – 
Sulfate and 
organic carbon

0
(assuming 
internal mixing 
of sulfate and 
black carbon)

-1.3
(external mixing)

Direct effects - 
Black carbon 0.5

(external mixing)

Indirect effects -1.3 Not included
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Forcings are for anthropogenic aerosols from pre-industrial time to present-day. They are measured as TOA flux changes, as opposed to instantaneous forcing.



On the direct effect side, the total forcing in AM3 is 0 at TOA (emphasize). Here, we introduce internal mixing. In comparison, external mixing was used in AM2. Strong cooling from sulfate and OC, and fairly strong warming from BC. The net is -0.8 W m-2.



On the indirect effect side, we are now having a very strong cooling, -1.3, which is in line with existing studies.



In AM3, all the aerosol cooling is now from indirect effects, essentially all from perturbing clouds. This will have tremendous implications for interpreting observed climate change, and, on the technical side, for model analysis.



Pose a question. Does the zero number mean DE is all gone, not important any more?



This is why people at GFDL are now saying the AR5 world is going to be very different from the AR4 world.



Comments:

Not “forcings” but radiative flux perturbations.



0 W m-2

Direct Effects 
(TOA)

-1.3 W m-2

TOA – all-sky

Aerosol direct effects 
Importance of atmospheric absorption

Surface – all-sky

-1.0 W m-2TOA – clear-sky
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TOA – all-sky: it’s zero almost everywhere.



If ones move down from TOA to surface, the forcing becomes strongly negative. Of course, the difference is caused by atmosphere absorption.



Note the clear-sky forcing is still rather negative, consistent with the observationally-based studies.



The increased absorption and decreased scattering is a result of introducing internal mixing. How do we get it about right?



A sanity check on aerosol absorption 
Comparison with AERONET measurements of co-albedo

AM3

AM2

Credit: Paul Ginoux

Presenter
Presentation Notes
Paul’s note “he AERONET values are the latest level 2(Quality assured) data, but they correspond to 440 nm. There is no values at 550nm. Because the model is at 550nm, we should expect to have higher values of the co-albedo at 550nm. ”



My estimate is 10-20% higher.



Explain one-to-one line and factor-of-two lines. Comment on overall good agreement (mostly within a factor of two) and regional biases.



AM2 grossly overestimates absorption.



A recurrent theme in the AM3 model development cycle and also throughout this talk is that whenever possible, we use observations, both satellite and in-situ, to guide model development and to validate model physics.



1st and 2nd aerosol indirect effects

-0.6 W m-2

2nd Indirect 
Effect

-0.6 W m-2
1st Indirect Effect
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Explain the differences between 1st and 2nd indirect effects.



Comment on the regional pattern (centering over industrial regions in the mid-latitudes, also over biomass burning regions in the tropics). Note that we will discuss the relative importance of extratropical and tropical aerosols later.



Land-sea contrast, mostly overland, a break from previous studies (most marine clouds, more susceptible). Our reasons (marine aerosols are more abundant in the preindustrial time, lack of natural continental sources). 



A preliminary simulation of the 20th century 
climate using the IPCC emissions

Credit: Dan Schwarzkopf
Larry Horowitz
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Dissecting indirect effects on the process level 

An approach to narrowing down the 
uncertainties in aerosol indirect effects

GCM Dynamics 
& PhysicsCloud 

Albedo 
Effect

Foster et al. (2007)

Forcing estimates in AR4
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A theoretical constraint on cloud 
susceptibility
Revisiting Twomey’s Cloud Susceptibility:
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Difference in cloud albedo (x1000) caused by a 
uniform 10% increase in droplet number in July.

Oreopoulos and Platnick (2008)

Comparison of AM3-simulated cloud 
albedo susceptibility with satellite data

MODIS

AM3
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Cloud is more susceptible over ocean than over land. Higher over the straticumulus regions.



Comment:

How do the figures answer the question in the title?



Dissecting 2nd Indirect Effect on the Process Level
PI/PD
Emissions

Dry
Aerosols

Cloud Liquid

Advection

Dry/Wet
Removal

ActivationEvaporation

2nd IE

Cloud
Droplets

Cloud
Albedo



How Droplet Number Affects Cloud Liquid?
The governing equation for cloud liquid can be simplified into
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In this model configuration, n/m is less than 1/7 (0.14).



Model-Simulated Dependence of Cloud Liquid on 
Droplet Number
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Aerosols are important for understanding 
regional climate change

Surface temperature (K) Precipitation (mm day-1)

AERO

GAS

BOTH

SUM

AERO

GAS
BOTH

SUM

Ming and Ramaswamy (2009)

Zonal-mean responses to aerosol direct and indirect 
effects simulated with a slab ocean model 

Presenter
Presentation Notes
Message?

How does it link to previous figures?



How does the tropical heat engine 
response to aerosol forcing, and why?
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From the viewpoint of atmospheric energy transport, the 
response gives rise to a cross-equatorial heat flux from SH 
to NH.

GAS

AERO
BOTH

Picking up 
energy

Dumping 
energy

Even the 
North Pole 
kicks in.
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what purposes do these circulation changes serve in the greater context of re-establishing energy balance in response to aerosol forcing.



Santa claus won’t be happy about this.



Concluding remarks

•In AM3, a prognostic scheme of droplet number 
establishes a physical link between aerosols and clouds;

•Theories, models and measurements are used to better 
constrain indirect effects;

•Aerosol-induced circulation changes need to be studied 
more thoroughly.



The End
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