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What is the impact of clouds on climate? 

How do clouds change with changes in global mean sea surface temperature? 

How do such changes alter the sensitivity of our climate to perturbations?  

The questions we all like to know 



Part 1: Clouds in past and modern science 

Part 2: Challenges in understanding the role of clouds in climate (change) 

What is the impact of clouds on climate? 

The questions we all like to know 



The Earth’s energy balance 
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Building climatologies and (simple) climate models 
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Where to put the (relevant) clouds? 

?

?

how much cloud is there? 

how is that cloud distributed horizontally and vertically? 



Flat Cloud 

Ralph Abercromby: 
“I shall pass by with barest notice the flat thin layers or sheets of clouds that are so often found 
in fine weather, and which are technically known as stratus-clouds. There is so little distinctive 
about this cloud form that it scarcely appears in folk-lore, though I believe that in Lancashire 
these flat sheets of condensed vapour are still called “the blanket of the sun”. … We will 
therefore pass on to the more striking and important (of clouds)” 

Abercromby (1888) 



First estimates of the albedo 

Arrhenius (1896), Abbot and Fowle (1908), Figure by Bjorn Stevens 

Albedo ~ 37% 



Three layers of cloud and albedo prescribed 

warming with increased high cloud 

cooling with increased low cloud 

Conclusion 6) “e effects of cloudiness … on the 
equilibrium temperature were also presented”   

Manabe and Wetherald (1967) 



Distribution of cloud amount 

Hughes (1984) 



Cloud amount was underestimated 

Figure by Bjorn Stevens 



Surface-based observations 

Warren et al. (2007) 

during 1954-1997: 
average percent of sky covered 



Early estimates of cloud albedo were not bad, but overestimated 
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A break from cloud science? 
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After all, flat layers of cloud were boring 



Hildebrandson (1910) 



Other scientific interests drive cloud science 

Abercromby: 

“Understanding clouds through observing and measuring them would allow mankind to 
leave its fear of clouds behind, and instead conquer nature and utilize it for purposes of 
which poets and painters could have never dreamt of”. 

The desire to limit devastation and nuisance related to clouds let to: 

•   Storm and weather forecasting 

•   Cloud laboratory experiments (cloud seeding and modification programs) 



Observing clouds in a similar manner around the world 

Hildebrandson (1910) 



Severe storm research 

Photographs courtesy by NOAA 

The Thunderstorm Project 
1363 penetrations through thunderstorms at various altitudes without an accident 



Severe storm research 

1. three stages in the life cycle of cumulus 
2. ascending air cools at a rate faster than wet adiabatic 
3. areas of stormy turbulence are surrounded by a narrow belt of smooth cloud-filled air 

“One may say that heretofore meteorologists, in emphasizing the thunderstorm updraft, 
have been barking up the wrong tree. e downdraft is by far the most striking feature, at 
least in the levels at or near the ground.” 

Byers (1949) 



Making rain 

Heywood (1940), Byers and Hall (1954), Berry and Reinhard (1974) 



The first parameterizations 

Kessler (1963,1994), Mason (1969), Ogura and Takahashi (1971) 

Kessler’s funded project in the US (‘63): “e purpose of the project is to increase 
understanding of the roles of cloud conversion, accretion, evaporation and entrainment processes 
in shaping the distributions of water vapor, cloud, and precipitation associated with tropical 
circulations” 

Mason: “Microphysical research is irrelevant to natural problems when disregarding the dynamics 
of the "ow”   

Ogura and Takahashi: “e growth and fallout of precipitation interact with the updraft, which 
in turn controls the amount and development of hydrometeors, and latent heating” 



Role of clouds as buoyant hot towers 

Riehl and Malkus (1956), Malkus and Riehl (1960), Willoughby (1998)  

Moist adiabatic ascent in hurricane eyewalls takes 
place in regions of buoyant hot towers, that entrain 
air and force dry ascent in the eye.  



The large-scale circulation 

Hadley/Walker Circulation

EQ

Cloud Clusters

trade winds

stratocumulus

cold, eastern subtropical oceanwarm, western tropical oceans

Land/Sea Circulation

tradewinds

Stevens (2005), after Arakawa (1975) 

Clouds are not just visual expressions of the state of the atmosphere, or a collection of small 
droplets that produce considerable rainfall, rather, they are a crucial component of the 
dynamics of the atmosphere as a whole 



Theoretical models of boundary layer clouds 

The vertical structure of the boundary layer can be represented by one or two idealized (bulk/
slab) layers. For each layer the prognostic equations of thermodynamic quantities are 
integrated, or vertically averaged, over the depth of that layer: 
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Doug Lilly’s mixed layer model 

“e interaction of large-scale atmospheric 
properties and thermal convection is a 
principal unsolved problem in the development 
of forecast and or general circulation models. 

e phenomenon considered here (cloud top 
mixed layers) represents one form, in some 
respects a relatively simple one, of this 
interaction. ere is considerable lack of highly 
de#nitive observational data on layered 
convection; in fact on most kinds of non-
violent cloud convection.  

A principal motivation for this work was to 
sharpen the questions to be asked and to help 
avoid purely exploratory observations, which 
may already exist in sufficient abundance.” 

Lilly (1968), picture from a biography in the book by Fedorovich et al (2004) 



Stratocumulus 
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Radiative cooling at the top drives turbulence 

Unlike deep convection: SW heating and LW cooling effects do not cancel 

Large decks of stratocumulus particularly interesting to studies questioning aerosol effects on 
cloud albedo  

Stevens (2005) 



Dirty clouds 

Twomey (1977) 



Clouds as a feedback mechanism? 

“In order to understand  the possible role of cloudiness as a global climate feedback 
mechanism, it is necessary to have a realistic, large-scale, radiative and dynamical model of the 
land-atmosphere-ocean system, that includes some microphysical aspects of cloud formation”   

Schneider (1978) 



International Satellite Cloud Climatology Project (WCRP / 1982) 

Past cloud climatologies did not contain sufficient information on cloud-top temperature (or 
altitude) or on the optical properties of clouds required by climate modelers to calculate the 
first-order effects of clouds on the earth’s radiation budget or the climate feedbacks 
produced by cloud 

Schiffer and Rossow (1983) 



Visible satellite imagery 



Doppler radar 



Doppler radar 



After an era of intensive cloud studies driven by various scientific interests, we have: 

 A good theoretical understanding of the processes that govern clouds - whether 
 microphysical, turbulent, radiative or dynamical processes 

 A hierarchy of model and simulation tools to study clouds on a variety of scales 

 State-of the art satellite and ground-based observation platforms 

 International programs that combine our efforts 

 We have a reasonably good idea of the impact of clouds on our current climate 
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How do clouds change with changes in global mean sea surface temperature? 

How do such changes alter the sensitivity of our climate to perturbations?  



Positive cloud feedback in observations and climate models 

Dessler (2010) 

CERES+ERA 

ECHAM 



Cloud feedbacks by cloud type 

Zelinka et al (2012) 

LW 

SW 

Net 



Biases in reflected shortwave radiation 

Stevens and Schwartz (2012) 

red = too much absorption in the model 
blue = too little absorption in the model 



Bender et al (2006) 

Yet our models poorly reproduce variability in e.g. the planetary albedo 

Correlation between albedo from ERBE and climate models 



Biases in seasonality cloud amount 

Qian et al (2012) 

Manus, Papua New Guinea North Slope of Alaska Barrow  



Uncertainty in measurements 

Qian et al (2012) 

TSK = total sky cover from radiative flux measurements 
TSI = cloud cover from total sky imager (picture right) 
ARSCL = cloud cover from combined radar and lidar measurements 



Stubenrauch, Rossow and Kinne (2012, WCRP report) 

Uncertainty in measurements 





Stubenrauch, Rossow and Kinne (2012, WCRP report) 

Uncertainty in measurements 



Uncertainty in precipitation patterns 

Hirota et al (2011) 



Distribution of heating impacts the circulation 

Schumacher et al (2003) 

more stratiform rain leads to a  
stronger vertical gradient of  
heating at upper levels 



Distribution of heating impacts the circulation 

Schumacher et al (2003) 

observed 

modeled 

ω’ < 0 ω’ > 0 



Uncertainties in the representation of clouds affect: 

 The reflection, absorption and emission of radiation 

 The redistribution of sensible and latent heat 

 The thermodynamic structure of the atmosphere 

 The large-scale circulation and the hydrological cycle 

 The coupling of the atmosphere with the ocean and with land 



And thus climate sensitivity 

models with a larger positive cloud  
feedback have a larger climate sensitivity 

Figure courtesy: Brian Medeiros  



Increased complexity in models 



Need for COOKIE’s? 

Increased complexity in models 



The incredibly rich nature of clouds can simply not be described with a single physical 
law that captures all processes and their interactions, across all the scales that they 
encompass 

but this is what models need (parameterization) 

Key issue 



The incredibly rich nature of clouds can simply not be described with a single physical 
law that captures all processes and their interactions, across all the scales that they 
encompass 

but this is what models need (parameterization) 

Key issue 

Parameterizations are developed based on a limited and idealized set of cases, 
that may not represent the conditions experienced in climate models 

The parameters used are not or difficult to observe 

Models have grown increasing complex 

Do we understand what processes are key? 

From observations alone it is hard to disentangle processes 

Synthesizing modeling and observational work is challenging 



Key issue 

Two examples: 

edges of clouds (entrainment) 

cloud clumping (organization) 



Edges of clouds (entrainment) 

20 dBZ
24 dBZ

Gerber Liquid Water [g kg-1] Cloud Fraction

H
ei

gh
t [

m
]

subcloud layer

adiabatic

in situ cloud fraction from
surveillance legs

Medeiros and Stevens (2010) 



The edges of clouds (entrainment) 

mean profile (~ environment)
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to evaporation of cloud droplets due to entrainment drying 
exceeds entrainment warming  



Observations dispute applicability bubble theories to cumulus  

Malkus (1953,1964), Scorer and Ludlam  (1953) 



Heavy correspondence making some important points 

Malkus: “e next steps in cumulus studies should be, in contrast to synthesizing parameters and 
introduction of empirical constants, an attempt to eliminate these by determining a functional 
form for entrainment rate involving as many variables as may be necessary to construct a 
timedependent, life-cycle model. 
… 
In conclusion, this writer is grati#ed to perceive that, despite their continuing scepticism 
toward contributions reaching them from this side of the Atlantic. Scorer and Ludlam 
have #nally discovered for themselves that mixing between cumulus clouds and the surrounding 
air is of some non-negligible signi#cance.” 

Scorer and Ludlam: “e real issue is not whether Dr. Malkus's half-dozen disposable constants 
or our disposable form is to be #tted to the observations, but whether the one theory or the other 
helps us to understand what is actually happening during convection.” 

How to quantify a process such as entrainment? 

Malkus (1953,1964), Scorer and Ludlam  (1953) 



It is deducible, not (yet) predictable, but crucial 
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Siebesma et al (2006) 



How do clouds get deep? 

Malkus: “We learned that cumulus clouds, like people, go through a life cycle; they are born, grow 
to maturity, age and die. Unlike people, however, the fatter they are the longer they live, and the 
taller and more successful they grow” 

Boing et al. (2012) 



Clustering of clouds (organization) 

Forcing by hotspots 

Latent heat release induced mesoscale circulations 

Downdrafts trigger formation of clouds nearby 

Mutual protection hypothesis 

Malkus (1957), Zipser (1969), Lopez (1978), Randal and Huffman(1980),Tompkins (2001) 





Entrainment and organization affect precipitation globally 
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Hohenegger and Stevens (2013) 

ocean land 

Entrainment affects the magnitude of precipitation maximum, organization affects the 
timing of the precipitation maximum 



Not just in deep convection 

How does shallow convection organize? 

How does the albedo change? 

Figure from B. Stevens, Snodgrass et al (2009), Zuidema et al (2012), Terai and Wood (2013)  



If precipitation is key … 

Seifert et al. (2010) 

N = 300 cm-3 

N = 140 cm-3  

  yes   /   no 

turbulence-enhanced 
coalescence applied?  



Shading represents inter-quartile spread of an ensemble of 14 LES codes

Values on y-axis represent the maximum, minimum and mean of the full ensemble
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Van Zanten et al. (2012, JAMES)  

Uncertainties in Large Eddy Simulation 



Organization in large domain high resolution LES runs 



Small scale processes may have large scale effects, but are hard to observe and model on 
large scales 

Small scale experiments lack realistic large scale motions 

Even in current “high” resolution simulations, sub-grid scale processes are only crudely 
represented 

Challenges 



Small scale processes may have large scale effects, but are hard to observe and model on 
large scales 

Small scale experiments lack realistic large scale motions 

Even in current “high” resolution simulations, sub-grid scale processes are only crudely 
represented 

What is the relative role of different processes in controlling cloud distributions? 

Large-scale motions versus small-scale motions?  

Meteorology versus chemistry (aerosol)? 

How do we use high resolution models and observations to guide climate modeling?  

Challenges 



On the bright side 

We will get more Vitamin D 

There are job opportunities for you! 



Recap 

Clouds can be viewed in different ways  

Our understanding of clouds is the result of decades of research that were driven by various 
scientific interests 

There is considerable insight into the behavior of clouds  

These studies have led to the development of many simulations, conceptual models and 
sophisticated measurements 

The increase in capability and information however has also  led to more complexity and 
possibilities 

The rich nature of clouds may affect climate in different ways 

You may help decipher which ones matter 



The next two weeks 

Part 1: 

Clouds as radiative, (thermo)-dynamic and microphysical entities 

Part 2: 

Modeling and observation of clouds across scales 

Part 3: 

The interaction of clouds with other processes in the climate system 


